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Abstract 
Eukaryotic algae are responsible for approximately one-third of global carbon fixation. To maximise 

photosynthetic efficiency, algae have evolved biophysical carbon concentrating mechanisms (CCMs), 

concentrating inorganic carbon (Ci) to saturate Ribulose-1,5-bisphosphate carboxylase-oxygenase 

(Rubisco) with CO2. Central to the algal CCM is the pyrenoid, a dynamic, Rubisco-containing 

organelle located in the chloroplast. Diatoms, an algal group with CCMs, are found in freshwater and 

ocean environments. They are important primary producers responsible for up to 20% of global 

carbon fixation. Current understanding of the diatom CCM is incomplete with key pyrenoid 

components unknown or uncharacterized. These components include linker proteins which bind 

Rubisco to drive pyrenoid formation, carbonic anhydrases (CAs) which release CO2 for fixation by 

Rubisco and Shell proteins hypothesized to prevent CO2 loss from the pyrenoid. This study uses 

bioinformatic techniques to investigate linker proteins, CAs and Shell proteins, particularly focusing 

on the model diatom Thalassiosira pseudonana. A novel combination of structural and phylogenetic 

analysis gives insight into the complexities of CCM component evolution between ecologically 

relevant algal lineages.  
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Identification and Characterisation of 

Proteins within the Algal Pyrenoid 

Chapter 1: Introduction 
 

Carbon Concentrating Mechanisms and the Algal Pyrenoid 
Photosynthetic algae, in conjunction with cyanobacteria, are responsible for up to 50% of global 

carbon fixation(1ς3). This conversion of CO2 into organic carbon is catalysed by the enzyme Rubisco 

and supports nearly all life on earth(4). Despite being a highly abundant protein Rubisco has a slow 

catalytic rate and poor selectivity for CO2 over O2, resulting in energetically wasteful 

photorespiration reactions(5ς7). To overcome these limitations multiple strategies have evolved 

including the biochemical C4, and CAM pathways in higher plants and mostly biophysical carbon 

concentrating mechanisms (CCMs) in algae(8). Structural and temporal differences in leaf anatomy, 

and vascular physiology and stomatal opening allow C4 and CAM plants to reduce photorespiration 

and increase the availability of CO2 at Rubisco. On the other hand, biophysical CCMs operated by 

prokaryotic cyanobacteria and eukaryotic microalgae actively concentrate inorganic carbon (Ci) via a 

series of Ci transporters, conversion of the Ci species (CO2 in HCO3
-) by carbonic anhydrases (CAs), 

and aggregation of Rubisco to a distinct micro compartment(9ς12). In cyanobacteria Rubisco and 

CAs are encapsulated by a self-assembling proteinaceous sheath to form a carboxysome (150-200 

nm in diameter) (13ς16). HCO3
- is actively transported into the cytosol before diffusing into the 

carboxysome where it is dehydrated to CO2 by CA at the site of Rubisco(17).  

Eukaryotic algal, and a group of non-vascular plants called hornworts, also aggregate Rubisco but 

utilise larger microcompartments known as pyrenoids (~1-2 µm)(18). The pyrenoid is a dynamic 

phase separated organelle, penetrated by thylakoid tubules deriving from the wider thylakoid 

network(11). Through a series of transporters, HCO3
- is concentrated across the plasma and plastid 

membranes, delivered to the acidic thylakoid lumen, and converted to CO2 by CAs. CO2 defuses into 

the surrounding Rubisco-containing matrix and is prevented from dissipating out of the pyrenoid by 

an outer sheath. This pyrenoid-based CCM is shared between eukaryotic algae, however CCM 

components and pyrenoid morphology vary greatly between species, reflecting the polyphyletic 

nature of eukaryotic algae and multiple evolutions of the pyrenoid(6). To date, the majority of 

research into algal CCMs has been focused on the model green alga Chlamydomonas reinhardtii 

however, algae are polyphyletic and recent years have seen growing interest in the model diatoms 

Phaeodactylum tricornutum and Thalassiosira pseudonana. 

The biogeochemical importance and evolution of diatoms 
Diatoms are unicellular algae found in freshwater and marine environments. They play a key role 

within contemporary oceans, accounting for up to 20% of global photosynthesis (19). As a primary 

producer diatoms are principal contributors to biological carbon cycling. Through photosynthesis, 

inorganic atmospheric carbon (CO2) is transformed into organic carbon, generating organic matter. 

This is either consumed or becomes dead organic matter, which is broken down and stored in 

sediments(20). Unlike other algal species, diatoms possess a silicified cell wall (known as a frustule) 

and are a key component in the biogeochemical cycling of silicon(21,22). Frustule shape can be used 

to morphologically classify diatoms as either circular centric (e.g. T. pseudonana) or oblong shaped  
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Figure 1 Pyrenoid containing algae are found across the eukaryotic tree of life. A) Tree adapted from 
Mackinder et al (11) . Names of pyrenoid-containing algae are coloured. Algae with plastid acquisition 
by complex secondary endosymbiosis are found in the TSAR, Haptista, and Cryptista superfamilies. 
Complex red plastid origin is indicated by an asterisk and includes diatoms. B) Schematic outlining the 
Serial and Shopping bag endosymbiosis models. Schematic based on Morozov et al (27). Circles 
represent origin of genes in a given genome (grey: heterotrophic host, red and green: corresponding 
algae). Smaller circles repeat represent reduced organellar genomes 
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pennate diatoms (e.g. P. Tricornutum). In recent years, genomic analysis has provided additional 

understanding of diatom biodiversity and speciation. Wang et al carried out comparative 

Phylogenetic analysis of 35 diatom mitochondrial DNA genomes(23). They identified three classes 

within the Bacillariophta and Ochrophyta phyla to which diatoms belong. Centric diatoms are 

generally found in the classes Coscinodiscophyceae and Mediophycae which diverged from the 

pennate-containing Bacilariophyceae, around 131 Mya. Details of the diversification event leading to 

this morphological split are murky. It is thought that a combination of horizontal gene transfer, 

exchange of transposable elements and gene gain and loss led to the split around 70 Ma(20).   

As stramenopiles, diatoms are situated within the TSAR superfamily (Fig. 1A) and were derived by 

secondary endosymbiosis of a photosynthetic plastid-containing organism. A non-synthetic 

eukaryote acted as a heterotrophic host, engulfing an autotrophic photosynthetic eukaryote and 

acquiring a chloroplast in the process(24). A legacy of this is the four-layer chloroplast membrane we 

see today in cryptophytes, haptophytes, dinoflagellates, and diatoms. It has long been hypothesised 

that an endosymbiosis event involving a red algal symbiont led to the evolution of diatoms. 

However, in recent years genomic studies have suggested plastid acquisition by secondary 

endosymbiosis is far more complex (25,26). 

A phylogenomic study by Morozov and Galachyants found approximately equal evidence for red and 

green algal origins for diatom genes(27). Indeed, both P. tricornutum and T. pseudonana contain 

genes of red and green algal lineage, a phenomenon termed red-green mosaicism(28). Considering 

these findings two models of secondary endosymbiosis have been proposed. Firstly, ǘƘŜ Ψ{ŜǊƛal 

ŜƴŘƻǎȅƳōƛƻǎƛǎΩ ƳƻŘŜƭ ǿƘŜǊŜōȅ ǇƭŀǎǘƛŘǎ ŀǊŜ ŀŎǉǳƛǊŜŘ ŀƴŘ ǘƘŜƴ ƭƻǎǘ ƭŜŀŘƛƴƎ ǘƻ ǎƻ-called cryptic 

plastids, and secondly ǘƘŜ Ψ{ƘƻǇǇƛƴƎ .ŀƎΩ ŜƴŘƻǎȅƳōƛƻǎƛǎ ƳƻŘŜƭ ǿƘŜǊŜ ǎŜǾŜǊŀƭ ǇƭŀǎǘƛŘ ŀŎǉǳƛǎƛǘƛƻƴ 

events and subsequent losses lead to red-green mosaicism of the nuclear genome (Fig 1B )(29ς31). 

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 an exciting avenue of 

research yet to be pursued.  

  

Figure 2 T. pseudonana contains a lenticular pyrenoid A) {9a ƛƳŀƎŜΣ bƛƭǎ YǊ ƎŜǊ(110) B) TEM image Ursula 
Goodenough, P = pyrenoid, pyrenoid matrix highlighted in orange, surrounding thylakoids and pyrenoid-penetrating 
thylakoid highlighted in green. C) Cartoon representation of the T. pseudonana lenticular pyrenoid. Zoom in shows 
localisation of Thylakoid luminal CA, Rubisco, putative linker and shell proteins 
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Thalassiosira pseudonana: a model diatom 
The genome of the centric model diatom T. pseudonana (Fig 2A) was first sequenced in 2004, and 

since multiple genetic engineering methodshave been developed(32,33). Despite this, little is 

currently known about the T. pseudonana CCM, particularly the pyrenoid and its components. T. 

pseudonana possesses a lenticular pyrenoid with a singular thylakoid tubule traversing the matrix 

(Fig. 2B). As in C. reinhardtii, T. pseudonana Rubisco localises to the pyrenoid matrix, however a 

comprehensive study of T. pseudonana components has yet to be undertaken. To identify CCM-

related target proteins a colleague (Onyou Nam) carried out a series of co-immunoprecipitation 

experiments using T. pseudonana Rubisco. Proteins associated with Rubisco ǿŜǊŜ ΨǇǳƭƭŜŘ ŘƻǿƴΩ ŀƴŘ 

separated from cellular debris with the aim of identifying true Rubisco interactors. Mass 

spectrometry identified protein targets potentially associated with Rubisco, the pyrenoid, or wider T. 

pseudonana CCM. Several novel proteins were identified, including a family of 7 proteins that were 

later shown to localise to the pyrenoid outer layer (Fig 1C). These 7 proteins, previously identified as 

unknown proteins by Bowler et al, were teǊƳŜŘ Ψ{ƘŜƭƭ ǇǊƻǘŜƛƴǎΩ(34). The pulldown results also 

identified the novel CA Tp1766. CAs regulate the flux of CO2 throughout algal CCMs and 

characterising Tp1766 may give insight into the ways T. pseudonana delivers CO2 to Rubisco. 

 

CO2 delivery to Rubisco 
The model algae P. tricornutum, T. pseudonana and C. reinhardtii share similar CCM architecture and 

mechanisms despite containing evolutionary distinct components. Diatoms take-up both CO2 in 

HCO3
-from the environment. Uptake of CO2 is by passive diffusion, driven by the low cytoplasmic CO2 

concentration and permeability of lipid bilayers to CO2 (Fig. 3)(35). By contrast membranes are 

impermeable to HCO3
- and transmembrane transporters are required. In P. Tricornutum a study by 

Nakajima et al showed Solute-Like Carrier 4 (SLC4) SLC4 family transporters directly uptake HCO3
- 

from seawater across the plasma membrane(36). Fluorescent tagging localised SLC4 transporters to 

sites on the plasma and chloroplast membranes, supporting SLC4 as a carbon pump within the P. 

tricornutum CCM (Fig. 2)(36). Transcriptional data suggests the SLC4-2 homologue functions as a 

major uptake mechanism under low CO2 (LC) (~0.04% CO2) conditions. 

Although SLC4 homologues have been found in T. pseudonana the picture here is less clear. 

Phylogenetic analysis of SLC4 HCO3
- transporters in P. tricornutum, T. pseudonana, and 

phytoplankton by Hopkinson et al showed that the clade including SLC4-2 does not include a 

homologue from T. pseudonana(37). There is also little evidence showing SLC4 is responsible for 

HCO3
- uptake at the plasma membrane in both P. tricornutum and T. pseudonana, leaving this area 

still open for further research.  

The freshwater green alga C. reinhardtii uses a different array of transporters facilitate Ci flux across 

intracellular membranes. Under VLC conditions High Light Activated 3 (HLA3) and limiting CO2 

inducible 1 (LCI1) localise to the plasma membrane facilitating Ci transport into the cytoplasm (Fig 

3)(12,38,39). At the chloroplast envelope LCIA transports HCO3
- into the stroma, before delivery to 

the  thylakoid lumen by Bestrophin-like proteins 1-3 (BST1-3) (40). CAs play a key role in this carbon 

concentration process. Limiting-CO2-inducible B and C (LCIB and C) complex and localise to the 

pyrenoid periphery under VLC conditions, and within the thylakoid lumen CAH3 converts HCO3
- two 

CO2 for fixation by Rubisco(38,41). 
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Figure 3. CCM models of T. pseudonana, P. tricornutum and C. reinhardtii i(42,44ς46,51,78,111,112). PPC: 
Periplasmic Space; mit: Mitochondrion; CER: Chloroplast Endoplasmic reticulum; PPC; Periplasmic Compartment; 
CEV; Chloroplast Envelope.  
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The Role of CAs within the CCM 
To reduce dissipation of CO2 from the pyrenoid, chloroplast and cell efflux is CO2 regulated by 

interconversion is of CO2 and HCO3
- (figure 3). Specific localisation of CAs control the magnitude and 

direction of Ci fluxes, and therefore carbon concentration towards the pyrenoid. The contrasting 

membrane permeability of CO2 and HCO3- is capitalised on by CAs which catalyse CO2/HCO3
- 

interconversions (37). This is aided by pH changes across membranes, which shift CO2: HCO3
- 

equilibrium (Equation 1) in favour of either HCO3
-for concentration, or CO2 release for fixation by 

Rubisco(11). CAs are classified into eight different subtypes (ʰΣ ʲΣ ʴΣ ʵΣ ʸΣ ʹΣ ʻ ŀƴŘ ʽύ based on amino 

acid sequence, active site structure and metal cofactor(42). All eight CA families are present in 

photosynthetic microorganisms, however distribution and subcellular localisation of CAs vary 

between algal species.  

In P. tricornutum 15 putative CAs from five families (h Σ ʲΣ ΩΣ ʻ, and )̔ have been identified and 

localised to the cytosol, mitochondria, periplasmic compartment, stroma, and pyrenoid-penetrating 

thylakoid tubule (Fig. 4)(43,44). Interestingly, P. tricornutum specific localisation appears to reflect 

CA subtype: gamma in the mitochondria, alpha in stroma and PPC, beta in the pyrenoid matrix and 

theta in the pyrenoid tubule(45). However, recent localisation by Matsuda et al has placed a theta 

CAs in several compartments (46). Although CA activity only been confirmed in the two beta CAs 

(Pt̡ CA1-2) and theta CA (Pt̒ CA1), intact zinc binding sites in most of the other CAs suggests active 

site functionality(44,47). Pt̡ CA1 and 2 are highly CO2 responsive at the transcriptional level, 

potentially playing a key role within the pyrenoid matrix(48ς50).  

By contrast, in T. pseudonana 14 putative CA genes have been identified, however subcellular 

localisation does not appear related to CA subtype. CAs from six CA subgroups (ʰΣ ʵΣ ΩΣ ʸΣ ʻ ŀƴŘ ʽ) are 

distributed in the stroma, PPC, CER, mitochondria, cytoplasm, PPS, and pyrenoid thylakoid lumen 

(Fig. 3). ɻ CA1, y CA1 and ɻCA3 appear to play a role in acquiring HCO3
- and recapturing leaked CO2, as 

transcript levels increase under LC conditions(51). The remaining T. pseudonana CAs are CO2 

responsive, including cytoplasmic and external CAs, however further research is required to confirm 

their involved in the CCM.   

Recently four T. pseudonana theta CAs (Tp̒ CA1-4) have been localised to distinct subcellular 

compartments(46). Fluorescent localisation showed Tp̒ CA2 localises to the pyrenoid-penetrating 

thylakoid lumen, and is hypothesized to have an analogous function to C. reinhardtii CAH3 (Fig 

3)(46). A fifth novel CA (Tp1766) was identified by Onyou Nam, however much is still unknown about 

this protein including the CA subclass categorisation, subcellular localisation and functionality within 

the T. pseudonana CCM.  

Rubisco assembly within the pyrenoid matrix  
Within eukaryotic algae tight packing of Rubisco into the pyrenoid matrix is required for an efficient 

CCM (52,53). The pyrenoid matrix was initially thought to be crystalline, possessing a lattice 

arrangement(54). However, it is now understood that the pyrenoid is a dynamic organelle formed by 

a biophysical process known as Liquid-Liquid Phase Separation (LLPS) (55). LLPS is a physical process 

in which a homogeneous solution spontaneously demixes into two phases: one dense, the 

biomolecular condensate, where macromolecules are concentrated (e.g. Rubisco), and a second 

depleted phase (56). This allows compartmentalisation of proteins within a solution, without  the 

formation of a membrane. Banani et al identified LLPS to be driven by the collective protein-protein 

[Equation 1] 
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interactors of scaffold proteins, which act as linker proteins in the condensate(57). Scaffold proteins 

are characteristically multivalent, of low sequence complexity and intrinsically disordered proteins 

(IDPs). Through intra and inter protein interactions, scaffold proteins drive demixing and formation 

of dense phase liquid droplets. In C. reinhardtii this scaffold or linker protein has been identified as 

Essential Pyrenoid Component 1 (EPYC1). EPYC1 is essential for normal pyrenoid size, number, 

morphology, Rubisco content, and efficient carbon fixation under LC conditions(52). In vitro analysis 

has shown both EPYC1 and Rubisco are necessary and sufficient for driving LLPS, droplet formation 

and aggregation of the pyrenoid matrix(58). EPYC1 interacts with Rubisco via several repeated 

Rubisco binding motifs (RBMs) which directly bind alpha helices on the Rubisco small subunit (SSU), 

via salt bridges and hydrophobic interactions(52,59). Several further C. reinhardtii pyrenoid proteins, 

including the starch binding proteins SAGA1 and 2 and the transmembrane proteins RBMP1 and 2, 

also share this RBM(60). This suggests that RBMs mediate binding between the three pyrenoid sub-

compartments (thylakoid tubule, matrix, and outer layer) and facilitate pyrenoid formation. 

The organisational principles of RBMs are hypothesised to apply to a broad range of pyrenoid-

containing algae, although specific sequences and proteins may differ to C. reinhardtii (60). In 

diatoms, unpublished work by the Mueller-Cajar Lab has identified a putative P. tricornutum linker 

protein, named pyrenoid component one (PYCO1). Early in silico and in vitro analysis suggests some 

similarity to EPYC1, however further research is needed to fully understand PYCO1Ωs role in the CCM. 

An analogous linker protein has yet to be identified in T. pseudonana. As such, this study initially 

aimed to identify a T. pseudonana linker protein using a bioinformatic approach to search for EPYC1 

and PYCO1 homologs. As discussed in section 2.4, this was unsuccessful, and instead a 

bioinformatics comparison of EPYC1 and PYCO1 was undertaken to identify conserved linker protein 

characteristics. 

A diffusion barrier surrounding the pyrenoid         
To prevent leakage of CO2 back into the stroma, the third pyrenoid sub-compartment, the outer 

layer, is proposed to act as a diffusion barrier (61). The structural components and spatial 

organisation of the pyrenoid outer layer are best understood in C. reinhardtii. In vivo imaging 

techniques have identified at least three distinct components to the outer layer surrounding the 

pyrenoid; 1) a starch sheath, interspersed with 2) a LCI9 containing mesh-like structure, and 3) 

LCIB/C containing puncta around the periphery (Fig. 3)(62). The starch sheath develops rapidly under 

LC conditions and comprises of several starch plates organised in a homogenous distribution around 

the pyrenoid periphery(54,62,63). Fluorescent localisation data suggests that LCI9 has 

complimentary localisation forming a mesh-like structure between the starch plates, perhaps 

performing a structural function(62). As previously mentioned, the LCIB/C complex prevents 

dissipation of CO2 from the matrix under VLC by recapturing and converting CO2 to HCO3
- for uptake 

into the thylakoid lumen(64).  

A different pyrenoid outer compartment is present in diatoms. Within the T. pseudonana Rubisco 

pulldown a Onyou Nam identified a family of proteinsΣ ƴŀƳŜŘ Ψ{ƘŜƭƭΩ ǇǊƻǘŜƛƴǎΣ which when 

fluorescently tagged localised to the periphery of the T. pseudonana pyrenoid. In parallel, work was 

presented at the CCM10 conference in August 2022 by Yusuke Matsuda and Ben Engel regarding the 

identification and characterisation of a proteinaceous pyrenoid Shell within the pennate diatom P. 

tricornutum. Current data indicates that diatoms lack the ability to make starch within the 

chloroplast and this protein shell presents a possible diffusion barrier surrounding the pyrenoid 

matrix. Packaging Rubisco within a proteinaceous compartment would not be unique to diatoms as 

the cyanobacterial carboxysome is also proteinaceous(15).  
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Aims and Objectives 
Many questions remain unanswered regarding the protein components of the T. pseudonana CCM. 

Through bioinformatic methods this study aims to address three categories of CCM protein: linker 

proteins, CAs, and pyrenoid Shell proteins.  

1. To identify pyrenoid linker protein targets in T. pseudonana using sequence homology 

searches of EPYC1 and PYCO1. To briefly compare EPYC1 and PYCO1 through sequence and 

structural analysis, identifying conserved characteristics. 

2. To categorise the CA family of the novel T. pseudonana CA Tp1766 through phylogenetic 

analysis, using this to gain insight into the evolution of algal CCMs.  

3. To characterise the seven T. pseudonana Shell proteins using phylogenetic, sequence, and 

structural analysis. The relationships between Shell protein structure, function, localisation 

and evolutionary origin will be investigated by combining analysis techniques 

Pursuing these avenues of research will contribute to understanding of the T. pseudonana CCM with 

evolutionary implications for a wide range of algal species. Combining phylogenetic and structural 

biology approaches is a novel technique within the field of algal CCM research, and offers an exciting 

avenue of research. 
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Chapter 2: Bioinformatic comparison of pyrenoid linker proteins  
 

2.1 Chapter Summary 
Over the last 10 years, research in the model green alga, C. reinhardtii has identified the pyrenoid as 

a dynamic structure formed by LLPS (57). LLPS is a dynamic process during which a homogenous 

liquid separates into distinct phases or compartment (38). The dense compartments are known as 

biomolecular condensates, the assembly of which can be driven by attaining critical thresholds of 

specific, multi-valent, intrinsically disordered scaffold proteins (58). In the C. reinhardtii pyrenoid 

matrix, the disordered protein EPYC1 uses multivalency of the five designated RBMs to drive 

pyrenoid matrix formation (13,57). In the model diatom P. tricornutum, an alternate linker protein, 

Pyrenoid Component 1 (PYCO1) has been proposed by our collaborators in Oliver Mueller-/ŀƧŀǊΩǎ 

group, Nanyang University, Singapore. This study aimed to identify a pyrenoid linker protein in T. 

pseudonana by searching for PYCO1 and EPYC1 homologues. Unfortunately, both BLAST search and 

an unpublished bioinformatics pipeline in the lab that identifies linker proteins based on 

physicochemical properties, failed to identify any EPYC1 or PYCO1 T. pseudonana 

homologues/analogues. In lieu of putative T.pseudonana linker candidates, this study undertook a 

brief bioinformatic comparison of EPYC1 and PYCO1, to investigate conserved properties of linker 

proteins. 

 

2.2 Introduction 
The C. reinhardtii pyrenoid linker protein EPYC1 is highly abundant, induced under LC conditions, 

and essential for a functional CCM (35,41). In EPYC1 knockout mutants Rubisco does not phase 

separate and as a result, pyrenoids do not form (35). During in vitro demixing assays both EPYC1 and 

C. reinhardtii Rubisco SSU are required for formation of a biomolecular condensate. The mechanism 

behind EPYC1Ωs phase separating ability rests largely on its protein structure and physicochemical 

properties. The EPYC1 sequence consists of five repeat regions each containing a RBM (Fig. 4) 

(35,37,41). Disordered regions separate RBMs, and span the distance between Rubisco holoenzyme 

binding sites forming the pyrenoid matrix (37). Using the bioinformatics pipeline Flippr, EPYC1 

homologues have been identified in the green algal Ulva and Chlorella species. However, EPYC1 

homologues do not seem present in diatoms. 

The putative linker PYCO1 phase separates Rubisco in in the model diatom P. tricornutum. 

Unpublished work by Mueller-Cajar et al. has identified a chloroplast transit in PYCO1 sequence 

suggesting localisation to the chloroplast. Subsequent fluorescent imaging localised PYCO1 to the P. 

tricornutum pyrenoid matrix and demixing assays, and partitions diatom Rubisco into biomolecular 

condensates. Demixed droplets show slightly different characteristics to those seen in C. reinhardtii; 

ŘǊƻǇƭŜǘǎ ŀǇǇŜŀǊ ΨƎƭŀǎǎȅΩ ŀƴŘ phase separation less dynamic. These characteristics suggest PYCO1 is 

acting a pyrenoid matrix linker. Analysis of the PYCO1 primary sequence revealed a mostly 

disordered protin with repeated regions. Each repeat contains a ΨKWSPΩ motif predicted to act as a 

RBM binding the Rubisco SSU to stimulate matrix formation. These findings have led Mueller-Cajar 

et al to propose PYCO1 as a EPYC1 analog. In this study, bioinformatic analysis techniques were used 

to compare physiochemical characteristics of these two algal linker proteins.  
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2.3 Methods 
All supplementary files (File) can be found within the online repositary: 

https://github.com/CGMcKenzie/Supplementary_Files_Thesis_Caroline_McKenzie  

Bioinformatic search for  EPYC1 and PYCO1 protein homologues. BLAST searches of PYCO1 and 

EPCYC1 were conducted on the publicly accessible portal Genebank/National Centre for 

Biotechnology Information(65). Supplementary figures (Sf). 1 and 2. Transcript IDs: EPYC1, 

Cre10.g436550.t1.2; PYCO1, Phatr3_J49957.t1. 

Bioinformatic characterisation of EPYC1 and PYCO1. Rapid automatic detection and alignment of 

repeat (RADAR) regions were generated using the European Molecular Biology Laboratory-European 

Bioinformatics Institute (EMBL- EBI) web service, selecting defaults(66). Protein Disorder Profiles 

were created using the open access Predictor of Natural Disordered Regions (PONDR) web service 

selecting the VSL2, VL3, VL-XT, XL1-XT algorithms(67). 

Protein modelling of PYCO1.PYCO1 peptide repeat region structural model was generated by 

ŜƴǘŜǊƛƴƎ ǘƘŜ ǎŜǉǳŜƴŎŜ ΨPGQAYAGSGPRKNYSMVKWSPRGGΩ t9t-FOLD3.5 selecting no reference 

model, 5 structures, and all other default settings (File 1 20211026_PYCO1_repeat region_model1-5) 

(68) using PyMOL2.0 (Molecular Graphics System, Version 2.0 Schrödinger, LLC) Models 2 and 3 

were aligned to model 1 using the following alignment protocol (Sf. 3, File. 2 20211026_PYCO1_5 

models)   

PyMOL Align protocol: Choose selection > Align function > to molecule/selection.  

Protein modelling of Rubisco SSUs The C. reinhardtii Rubisco SSU holoenzyme crystal structure (PDB 

ID 7JFO) was refined in PyMOL2.0 by manually removing residues (File 3 230328_EPYC1_SSU) (62). 

The P. tricornutum Rubisco SSU was modelled using the open access web service AlphaFold2 Jupyter 

Notebook for Google Co-laboratory (referred to as AlphaFold Co-lab)(69). The full FASTA sequence 

(Accession number: AAV69748) was queried, selecting a model = 1 and all other default settings (File 

4 20211120_PtSSU_1_7f305_unrelaxed_model_1_rank_1). To model the T. pseudonana Rubisco SSU 

the full length FASTA sequence (Accession number YP_874497) was threaded into Thalassiosira 

antarctica Rubisco SSU crystal structure (PDB ID: 5MZ2/I) using the Protein Homology/analogY 

Recognition Engine V 2.0 (Phyre2).  hƴ Ψ9ȄǇŜǊǘ ƳƻŘŜΩΨ hƴŜ-ƻƴŜ ǘƘǊŜŀŘƛƴƎ Ω ǿŀǎ ǎŜƭŜŎǘŜŘ ǿƛǘƘ 

defaults (File 5 20211025_Tpthreaded_SSUintoTA_1) (70). Files 4 and 5 were imported into 

PyMOL2.0 and were aligned to File. 3 using the PyMOL alignment protocol (Files 

620211126_TP_PT_CR.2). Linker binding residues were manually selected and visualised by selecting 

Show > liquorice sticks 

 

  

https://github.com/CGMcKenzie/Supplementary_Files_Thesis_Caroline_McKenzie
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2.4 Results and discussion 
Bioinformatic analysis of EPYC1 and PYCO1 was unsuccessful in identifying a T. pseudonana 

homolog.  An EPYC1 BLAST search identified 14 proteins of significant alignment all from green algal 

species (Sf. 2) suggesting EPYC1 homologs are found within the Chlorphyceae clade. This finding was 

consistent with research by Meyer et al. who identified homologs of C. reinhardtii RBM-containing 

pyrenoid proteins in several green algal species(60). A lack of hits from the stramenopiles clade 

suggests EPYC1 homologues are not present in the pyrenoids of diatom species. Interestingly, when 

PYCO1 was subjected to BLAST search, only a single protein hit (PYCO1 itself) was identified. The 

complete absence of homologues suggests PYCO1 is unique to P. tricornutum, and not conserved 

between diatom species, including T. pseudonana.  

Both PYCO1 and EPYC1 have repeat regions containing RBMs. Sequence analysis of EPYC1 validated 

the presence of 4 tandem repeats ~60 amino acids in length, and a fifth much shorter repeat at the 

C-terminus (Fig. 4A). Each repeat contains an 11 residue RBM followed by an additional 6 residue 

RBM at the C- terminus. Bioinformatic analysis of PYCO1 detected four repeat regions each 

containing the KWSP RBM (Fig. 4B). In contrast to EPYC1, the PYCO1 repeat regions were much 

shorter (~37 amino acids), dispersed unevenly throughout the sequence, with no shortened C-

terminus RBM. This comparison suggests RBM-containing repeats are a characteristic of linker 

proteins, however repeat and RBM properties are not conserved. The length of the linker (non-RBM) 

section of each repeat is much shorter in PYCO1 compared to EPCY1. On the one hand, this is 

surprising as environmental selection pressures mean that physicochemical properties such as 

repeat length are often conserved between disordered proteins (60). However, the shorter linker 

region in PYCO1 may be a consequence of binding a different region of the SSU to EPYC1. The 

flexible linker region spans the distance between SSUs and binding to the solvent channel may 

reduce this distance in P. tricornutum.   

EYPC1 and PYCO1 are both highly disordered but differ in repeat characteristics, disorder 

distribution, structure and binding mechanism. Comparing the disorder profiles of EPYC1 and 

PYCO1 reveals these IDPs differ in disorder pattern. The regularly spaced troughs within the EPYC1 

disorder profile indicate a repeating section of secondary structure dispersed by disordered regions 

of a similar length (Fig.4C). The length of these disordered repeats (distance between troughs) 

reflects the repeat length of the flexible linker region within the primary sequence (Fig. 4A). This is 

consistent with the Rubisco-bound EPYC1 crystal structure in which each repeat region comprises of 

an alpha helix (RBM) and flexible domain (linker motif)(Fig.4D) (68). The combination of order and 

disorder in EPYC1 concurs with research into IDPs which suggests inherently unstructured proteins 

can retain some preferred structures, such as alpha helices (60). Functionally, this repeating pattern 

of structure and disorder allows EPYC1 to both bind the Rubisco SSU alpha helix whilst dynamically 

linking to additional Rubisco holoenzymes enabling pyrenoid matrix formation(55,60).  

Figure 4. Comparison of the linker proteins EPYC1 and PYCO1. A) EPYC1 has 4 repeat regions (highlighted in blue, 

cyan, green, and magenta), each containing a RBM (black bars and bold type) SSU. B) PYCO1 has 4 repeat regions 

(highlighted in magenta, cyan, blue, and green), each containing the KWSP motif (black bars and bold type) There is a 

fifth RBM at the C-terminus. C)  The EPYC1 disorder profile with a repeating pattern, reflecting the alpha helical (grey) 

and disordered domains (blue) of each repeat (D). D) EPYC1 binds the RuBisCO small subunit via a surface alpha helix. 

E) The disorder profile of PYCO1, which lacks a clear pattern of disorder. F) Alignment of the 3 best models of PYCO1 

repeat region  
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In contrast to the regular repeating disorder profile of EPCY1, four out of five neural networks 

analysed predicted PYCO1 to be almost completely disordered (Fig 1G). Only the long read network 

XL1-XT predicted multiple ordered regions, however these are not in a regular repeating pattern as 

would be expected if reflecting the KWSP motif. Indeed, such high disorder prevented confident 

peptide modelling of the PYCO1 repeat region. Alignment of the three best PYCO1 repeat region 

structural models generated in Phyre2 (figure 5H) gave Root Mean Square Deviation (RMSD) values 

of 4.109 Å between models 1 and 2; 5.647 Å, models 1 and 3; 5.738 Å models 2 and 3). A single 

model could not be confidently assigned as the PYCO1 repeat structure as RMSD values of 0-2 Å are 

considered to reflect structural similarity.  

 

The C. reinhardtii, T. pseudonana and P. tricornutum Rubisco SSU structures suggest different 

mechanisms of linker action. In silico alignments of the T. pseudonana, P. tricornutum and C. 

reinhardtii Rubisco SSU showed a similar overall structure, with low RMSD values 0.717 (T. 

pseudonana), and 0.734 (P. tricornutum) (Fig. 5). However, analysis of linker binding residues 

revealed distinctions between T. pseudonana, P. tricornutum and C. reinhardtii. CryoEM imaging has  

previously shown the EPYC1 RBM binds specific residues on both Rubisco SSU alpha helices (Figs. 4C, 

5) (59). A brief comparison of the T. pseudonana and P. tricornutum Rubisco SSUs revealed not all 

residues involved in hydrophobic and electrostatic interactions with EPYC1 are conserved. Although 

all three Rubisco SSUs possessed an aspartate residue aligning to C. reinhardtii D23, differently 

charged amino acids aligned to position V94. In the C. reinhardtii SSU at position M67 smaller 

alanine residues are present in diatom species. These differences could prevent a EPYC1 homolog 

binding to the SSU helices and may explain why PYCO1 is proposed to bind an alternative region of 

the Rubisco SSU.   

Unpublished CryoEM data from Mueller-Cajar et al has suggested PYCO1 binds to the solvent 

channel of Rubisco using the repeating KWSP motif. The individual residues predicted to bind PYCO1 

are located at the P. tricornutum SSU C-terminus, a disordered region lacking secondary structure 

(Fig. 5). The structural alignment of Rubisco SSUs revealed that, the C. reinhardtii SSU does not 

possess a flexible C-terminus aligning to those of T. pseudonana and P. tricornutum. Furthermore, 

the pair of beta strands immediately preceding the C-terminus in the diatom species is absent in C. 

reinhardtii. These finding suggest that although both EPYC1 And PYCO1 phase separate Rubisco, they 

are employing different mechanisms to do so. 

 

Chapter Conclusion. The comparison of EPYC1 and PYCO1 carried out in this study suggests that 

algal linker proteins are intrinsically disordered, a feature key to LLPS. However, differences in 

repeat length, RBM, and Rubisco SSU binding residues show linker mechanisms are not conserved 

between algal species. Linker proteins may have evolved convergently to facilitate pyrenoid phase 

separation and matrix formation.  If so, this would reflect the multiple evolutionary origins of the 

algal pyrenoid(11,53).  
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Figure 5. Alignment of the C. reinhardtii, P. tricornutum, and T. pseudonana Rubisco SSUs. 

 P. tricornutum (blue) and T. pseudonana (green) SSU models and were aligned to the C. reinhardtii R 

SSU (orange). EPYC1 binding residues are located within the two external facing alpha helices (shown 

top right hand corner). The KWSP domain is location at the C-terminus of the P. tricornutum SSU. 

Corresponding RBM- binding residues are shown in the aligned Rubiscos.  
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Chapter 3: Carbonic anhydrases and the CCM  
 

3.1 Chapter Summary  
Carbonic anhydrases are crucial within algal CCMs actively concentrating carbon through the 

interconversion of CO2 and HCO3-Φ 5ƛǾƛŘŜŘ ƛƴǘƻ у ǎǳōŎƭŀǎǎŜǎ όʰΣ ʲΣ ʴΣ ʵΣ ʸΣ ʹΣ ʻ ŀƴŘ ʽύ ǊŜŎŜƴǘ ǿƻǊƪ Ƙŀǎ 

characterised four T. pseudonana /!{Σ ¢Ǉʻ/!м-4, determining them theta CAs. It is not yet known 

into which CA family the novel T. pseudonana CA Tp1766 is grouped. To investigate Tp1766 using  

bioinformatic methods  a dataset of eukaryotic CAs was created and analysed phylogenetically. 

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 was used to categorise Tp1766. Comparing previously 

ŘŜǘŜǊƳƛƴŜŘ ǎǳōŎŜƭƭǳƭŀǊ ƭƻŎŀƭƛǎŀǘƛƻƴǎ ƻŦ ¢Ǉʻ/!м-4 with the phylogenetic tree gave further insight into 

the relationship between CA localisation and evolutionary distance. Further analysis of the tree 

provided insight into the categorisation of the C. reinhardtii CAs LCIB and LCIC. This phylogenetic 

analysis of broad range of CAs has provided specific family identification for Tp1766 and has 

implications for pyrenoid evolution. 

 

3.2 Introduction  
The algal CCM relies upon the active uptake of carbon dioxide, transport of HCO3

- across 

membranes, and recapturing of CO2 to prevent leakage(62). Central to these processes are CAs 

which catalyse the interconversion of CO2 and HCO3
- (Fig 3) (71)CAs regulate the flux of Ci across 

membranes within algal cells, ensuring saturation of CO2 at the active site of Rubisco(72). Within 

ǇƘƻǘƻǎȅƴǘƘŜǘƛŎ ƻǊƎŀƴƛǎƳǎ ǘƘŜǊŜ ŀǊŜ у ŘƛǎǘƛƴŎǘ /! ǇǊƻǘŜƛƴ ŦŀƳƛƭƛŜǎ όʰΣ ʲΣ ʴΣ ʵΣ ʸΣ ʹΣ ʻΣ ŀƴŘ ʽύ (73,74). 

Phylogenetic analysis can be used to distinguish between CA families and has previously been used 

to identify the new iota subclass (73). Whilst structural traits are often conserved between CA 

families, for example delta and alpha CAs have similar active site structures, there is often little 

primary sequence similarity (74).  This is characteristic of convergent evolution, by which CAs are 

thought to have evolved(75).  

Different algal lineages appear to utilise different familial CAs within the CCM. In C. reinhardtii,  the 

CAs LCIB and LCIC form a complex. The LCIB/C complex is localised to the stroma, associated with 

the pyrenoid at below atmospheric CO2 levels (VLC) and critical for survival under atmospheric (LC) 

levels of CO2. This suggests LCIB/C plays key role in the C. reinhardtii CCM (76). Categorising LCIB 

appears less straightforward. Structural analysis reveals resemblance of a beta CA (77)whereas 

phylogenetic analysis suggests LCIB is a member of the theta CA family (73,74). In P. tricornutum 

several CAs contribǳǘŜ ǘƻ ǘƘŜ //aΦ ¢ƘŜ ǘƘŜǘŀ /! tǘʻ/!м ƛǎ ƭƻŎŀǘŜŘ ǿƛǘƘƛƴ ǘƘŜ ǎƛƴƎǳƭŀǊ ǇȅǊŜƴƻƛŘ 

penetrating thylakoid, and directly supplies Rubisco with CO2 (44). It contains a cys-gly-his-rich 

(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 4) (80)Φ {ŜǾŜǊŀƭ ƻŦ ǘƘŜǎŜ ƛƴŎƭǳŘƛƴƎ ŜȄǘǊŀŎŜƭƭǳƭŀǊ ʵ/!м ŀƴŘ ʸ/!мΣ ŎȅǘƻǇƭŀǎƳƛŎ ΩCA2 

ŀƴŘ ǎǘǊƻƳŀƭ ʰ/!м ŀǊŜ ǎƘƻǿƴ ǘƻ ōŜ [/  inducible suggesting involvement in the T. pseudonana CCM 

(72,78,79). Localisation of T. pseudonana CAs has recently been updated by recent work done by the 

Matsuda Lab on theta type CAs(46)Φ CƻǳǊ ǇǳǘŀǘƛǾŜ ǘƘŜǘŀ /!ǎ ŎŀƴŘƛŘŀǘŜǎ ό¢Ǉʻ/!м-4) (Table 1)  have 

been identified(30). Sequence analysis, GFP fluorescent tagging and immunogold labelling  of 

¢Ǉʻ/!м-4 identified subcellular localisation. ¢Ǉʻ/!м ŀƴŘ ¢Ǉʻ/!о Ƨƻƛƴ ¢Ǉʰ/!м ƛƴ ǘƘŜ ǎǘǊƻƳŀΣ ŀƴŘ 
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¢Ǉʻ/!п ǊŜǎƛŘŜ ƛƴ ǘƘŜ Ŏȅǘƻǎƻƭ.  tŜǊƘŀǇǎ ǘƘŜ Ƴƻǎǘ ƛƴǘŜǊŜǎǘƛƴƎ ŦƛƴŘƛƴƎ ǿŀǎ ¢Ǉʻ/!н ƭƻŎŀƭƛǎŜǎ ǘƻ ǘƘŜ 

thylaƪƻƛŘ ƭǳƳŜƴ ƛƴ ŀ ǿŀȅ ǎƛƳƛƭŀǊ ǘƻ tǘʻ/!м όCƛƎ нύΦ ¢Ƙƛǎ Ƙŀǎ ŎƻƴǘǊƛōǳǘŜŘ ƎǊŜŀǘƭȅ ǘƻ ƻǳǊ ǳƴŘŜǊǎǘŀƴŘƛƴƎ 

of the T. pseudonana CCM however unpublished work from the Mackinder lab suggests this is not 

the complete picture. In the Rubisco pulldown by Onyou Nam identified a fifth putative theta CA, 

Tp1766. Containing the chloroplast transit peptide this novel protein may play involvement in the T. 

pseudonana CCM and is a novel target for research. 

Table 1 Protein IDs and localisation of T. pseudonana theta CAs 

Name Accession Protein ID Localisation Other names 

¢Ǉʻ/!м XP_002297285 

 

672 Stroma B8LE19 

¢Ǉʻ/!н XP_002286051 1093 Thylakoid lumen B8BPY6 

¢Ǉʻ/!о XP_002297284 

 

1765 Stroma B8LE17 

¢Ǉʻ/!п XP_002290372 5647 Cytosol  

¢Ǉʻ/!р XP_002297283 

 

1766 Unknown B8LE18 

 

This study aimed to investigate Tp1766 localisation using molecular cloning techniques 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 shifted to an accessible phylogeny-based 

approach. Over time it became clear that molecular biology would not be accessible, however 

phylogenetic analysis and other computational approaches proved of value and interest such that 

they became the focal point of this project.  
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 3.3 Methods 
The protocol used for phylogenetic analysis of CAs can be broken down into five stages, 1: Sequence 

Identification; 2: Alignment; 3: Creation of a preliminary phylogenetic tree; 4: Multiple refinement 

phases; and 5: Formation of a robust phylogenetic tree (Fig. 6).  

Sequence identification. The full length FASTA sŜǉǳŜƴŎŜǎ ƻŦ ¢Ǉʻ/!м-5 (Tab.1) were individually 

subjected to BLASTp search of NCBI database, selecting defaults. All hits were collated in 

Supplementary Table (St). 1. (File 7 211125_Table_CA). Zeta CAs were identified by BLAST search 

(defaults) of the T. weissflogii zeta CA (Accession Q50LE4) using the open access data base 

UniProtKB(80). Additional proteins from iota and eta CA subclasses were identified in the study by 

Jensen et al and Del Prete et al (73,81).  Finally, the known C. reinhardtii CCM CAs, CAH1-6 and CAG1 

were added to St. 1 totalling 53 CAs.  

Alignment. Full amino acid sequences from CAs File 7 were imported into Geneious2.0 (File 8 

220111_Table_CA_geneious). Sf aligned by the MAFFT Alignment protocol (See section 2.3) (File 9 

220111 _CA_Alignment_) 

Preliminary tree. A preliminary tree was created selecting File 9 following the FastTree protocol 

(section 2.3). (Sf. 4, File 10 220111_CA_Alignment_1 FastTree Tree ). This showed mostly correct 

grouping of CA families. 

FastTree protocol: Select MSA file > Tree > FastTree (with defaults)  

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

duplicate protein THAPSDRAFT_bd1766 was removed (Files 11-13 220118_CA_Alignment_2,  

220118_CA_Alignment_2 FastTree Tree, 220118_CA_Alignment_3), LCIB and LCIC were then added 

220314_CA_Alignment_4_MAFFT, 220314_CA_Alignment_4_MAFFT FastTree Tree, followed by 

removal of Tp_XP_002290372_theta/calmodulin as uncertainty it was a CA  (Note this  sequence 

was later readded as TP_5674.) tǘ.!±ллмпо ǿŀǎ ŀƭǎƻ ƳƛǎǘŀƪŜƴƭȅ ǊŜƳƻǾŜŘΣ ǘƘƛǎ ƛǎ tǘʻ/!пΦ ¢ƘŜ 

resulting dataset contained 53 sequences was realigned (File 14 

220314_Protein_Alignment_5_MAFFT) and FastTree created (Sf. 5, File 15 

220314_Protein_Alignment_5_MAFFT FastTree Tree. CA protein families mostly clustered together 

slight crossover between the alpha and eta families. 

Figure 6. Flowchart illustrating stages in phylogenetic analysis 
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Robust tree. An initial robust phylogenetic tree with 100 bootstrap replicates was created using 

following RaXML and Consensus tree protocols (File 16 220314_Protein_Alignment_5_MAFFT RAxML 

Tree RAxML Bootstrapping Trees consensus. This tree was successful in distinguishing between CA 

protein families and identified FsCA2_alpha as a mislabelled alpha CA; phylogenic analysis suggests 

gamma. 

RaXML protocol: Select MAFFT file > Tree> RAxML > select following the settings: Protein Model: 

GAMMABLOSSOM62, Algorithm: Rapid Bootstrapping, Number of Starting Trees or Bootstrap 

Replicates = (100), Parsimony Random Seed =1.  

Consensus Tree protocol: Select RAxML file >Tree > Consensus Tree Builder > select defaults and 

changing only Support Threshold = 0.  

Final tree. In a final refinement of the MSA (File 14) the mislabelled FsCA2_alpha was removed, 

¢Ǉʻ/!пκ TpCA_5674 added and TpCA_theta relabelled as TpCA_Tp1093. (St. 2, File 17 

220809_CA_table_53_) This dataset (File 17) was aligned (File 18 220809_MAFFTALIGN_53) and 

FastTree created (File 19 220809_MAFFTALIGN_53 FastTree Tree). A final robust tree was created by 

selecting the MSA (File 18) using the RaXML (selecting 1000 bootstrap replicates) and Consensus 

Tree protocols (Sf. 6, Files 20-21 220809_MAFFTALIGN_53 RAxML Bootstrapping Trees, 

220809_MAFFTALIGN_53 RAxML Bootstrapping Trees consensus). 

 

3.4 Results and Discussion 
Theta CAs are widespread in aquatic photosynthetic organisms. Phylogenetic analysis of eukaryotic 

CAs showed proteins cluster in eight distinct clades reflecting the CA families (Fig. 7). The tree is 

unrooted due to the convergent evolutionary nature of CAs. Consequently, it is not appropriate to 

draw conclusions relating to the evolutionary relationships between CA families, however 

phylogenetic analysis can be used to categorise individual CAs and discuss relationships within 

clades. Recently, Jensen et  al identified the novel T. pseudonana protein LCIP63 as an iota CA 

through phylogenetic analysis (73,81). In this study theta CAs were identified in C. reinhardtii and 

diverse diatom species (Fig.7). This is consistent with an extensive worldwide metatranscriptomic 

study by Karlusic et al. which identified chloroplast-targeted theta CAs in stramenopiles, 

cryptomonads and haptophyte genomes (82). The largest proportion of theta CAs were found in 

diatom species suggesting a predominance of this specific innovation (chloroplast theta CAs) within 

diatom chloroplasts (83). Indeed, chloroplast-targeted theta CAs were identified in the early 

diverging radial centric genius Leptocylindrus, implying theta CA presence in the diatom common 

ancestor (83). Nonoyma et al suggested theta CAs were acquired through horizontal gene transfer 

from haptophytes into a common ancestor, rather than via plastid secondary endosymbiosis (Fig. 

1B) (83). Further meta studies analysing theta CAs in red and green algal lineages could give further 

insight into the evolution of theta CAs. Indeed the categorisation of C. reinhardtii LCIB and LCIC as 

theta CAs (Fig 7) shows this CA family is widespread throughout eukaryotes. The 

Phylogenetic analysis suggests Tp1766 is a theta CA. All five T. pseudonana CAs including Tp1766 

fall within the theta CA clade with 99.5 bootstrap confidence. Within the theta clade they are 

ƎǊƻǳǇŜŘ ƛƴǘƻ ǘǿƻ ŘƛǎǘƛƴŎǘ ŎƭǳǎǘŜǊǎΦ ¢Ǉʻ/!н ŀƴŘ ¢Ǉʻ/!п ŦƻǊƳ ŀ sub-clade (bootstrap value with 89.9) 

ǎŜǇŀǊŀǘŜ ŦǊƻƳ ¢Ǉʻ/!мΣ ¢Ǉʻ/!оΣ ŀƴŘ Tp1766 ǿƘƛŎƘ ŎƭǳǎǘŜǊ ǿƛǘƘ CŎʻ/!мόōƻƻǘǎǘǊŀǇ ǾŀƭǳŜ ǿƛǘƘ ффΦфύΦ 

The close evolutionary relationships of ¢Ǉʻ/!мΣ ¢Ǉʻ/!оΣ ŀƴŘ Tp1766 is unsurprising as these three 

proteins are next to each other on the genome. The Tp1766 gene ƛƳƳŜŘƛŀǘŜƭȅ Ŧƻƭƭƻǿǎ ¢Ǉʻ/!о 

suggesting a gene duplication and adding confidence to the categorisation ƻŦ ¢Ǉмтсс ŀǎ ¢Ǉʻ/!р. 
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Both ¢Ǉʻ/!м ŀƴŘ ¢Ǉʻ/!о  ƭƻŎŀƭƛǎŜ ǘƻ ǘƘŜ ǎǘǊƻƳŀ (Fig. 3)Σ ŀƴŘ ŀǎ ŀ ŘǳǇƭƛŎŀǘƛƻƴ ƻŦ ¢Ǉʻ/!оΣ it could be 

ƛƴŦŜǊǊŜŘ ǘƘŀǘ ¢Ǉʻ/!р ǿƛƭƭ have similar subcellular localisation stroma (34). However, the different 

localisations of closely  
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 Figure 7 Theta CAs appear widespread in aquatic photosynthetic organisms Unrooted phylogenetic 

tree of Tp1766 and CAs from photosynthetic eukaryotes constructed using Maximum Likelihood 

(ML). Node labels represent species and CA family. Node values represent 1000 bootstrap replicates. 

The 8 CA families (hΣ ʲΣ ʴΣ ʵΣ ʸ ʹΣ ʻ and ̔ ύ ŀǊŜ ǊŜǇǊŜǎŜƴǘŜŘΦ .ŀŎƪ ŀǊǊƻǿ ƛƴŘƛŎŀǘŜǎ ¢Ǉмтсс ǿƛǘƘƛƴ ǘƘŜ 

theta clade. Bspp, Blastocystis sp.; Cr, Chlamydomonas reinhartii; Eh, Emiliania huxleyi; Fc, 

Fragilariopsis cylindrus; Fs, Fistulifera solaris; Mc, Micromonas commoda; Mp, Micromons pusilla; Pt, 

Phaeodactylum tricornutum; Pf, Plasmodium falciparum; Pr, Plasmodium reichenowi; Pvp, 

Plasmodium vinckei petteri; Sj, Saccharina japonica; To, Thalassiosira oceanica; Tp, Thalassiosira 

pseudonana; Tw Thalassiosira weissflogii. 



31 
 

related ¢Ǉʻ/!н ŀƴŘ ¢Ǉʻ/!п suggests evolutionary relationships between theta CAs do not 

necessarily reflect localisation. Instead, but presence of sequence features such as chloroplast 

transit peptide and ER transit peptide are more accurate predictors of subcellular localisation (34). 

The presence of signal sequences and fluorescent localisation of in ¢Ǉʻ/!р should be investigated to 

further current understanding of the role theta CA undertake in T. pseudonana.  

LCIB and LCIC are theta CAs. The C. reinhardtii CAs LCIB and LCIC localised to the stroma and trap 

incoming CO2 as HCO3- under conditions LC. Under VLC conditions these proteins form a complex 

(LCIB/C), localised to the vicinity of the pyrenoid and prevent CO2 dissipating from the matrix(64,76). 

Despite the importance of the LCIB/C complex, characterisation of these proteins into a CA family 

has been less than straightforward. Jin et al. compared the crystal structures of LCIB the P. 

tricornutum beta CA1 (tǘʲCA1) identifying both a general structural resemblance and conservation 

of residues within the beta catalytic core(77). Conflicting characteristics of LCIB were observed, 

(oligomerisation, disorder of important conserved residues, and apparent mutations within key CA 

activity residues) however thought to be insignificant enough that LCIB was categorised as a beta CA. 

A subsequent study by Kikutani et al. determined LCIB and LCIC contain a CGHR motif within their 

genetic sequences, suggesting LCIB and LCIC are theta CAs(44). This finding is supported by 

phylogenetic analysis (Fig. 7) which places LCIB and LCIC in the theta clade. The presence of these 

green algal CAs within the theta clade suggests this CA family is not 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. 

Iota CAs are not unique to diatom species. Analysis of the algal species present within clades 

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

four proteins from the diatom species T. pseudonana, P. tricornutum, T. oceanica and F. solaris (Fig. 

7). The iota family are a group of recently identified Low CO2 Inducible Proteins (LCIPs). The T. 

pseudonana ƘƻƳƻƭƻƎǳŜ [/Ltсо ƻǊ ¢Ǉʽ/! ƛǎ ǊŀǇƛŘƭȅ ŀƴŘ ǎǳōǎǘŀƴǘƛŀƭƭȅ ǳǇǊŜƎǳƭŀǘŜŘ ƛƴ ŎŜƭƭǎ ƎǊƻǿƴ 

under LC conditions (82). ImmunoƎƻƭŘ ƭŀōŜƭƭƛƴƎ ƭƻŎŀƭƛǎŜǎ ¢Ǉʽ/! ǘƻ ǘƘŜ ŎƘƭƻǊƻǇƭŀǎǘΣ ŀ ŦŜŀǘǳǊŜ 

consistent with the presence of a chloroplast transit peptide (73). Collectively these characteristics 

suggest involvement of ¢Ǉʽ/! ǿƛǘƘ ƛƴ ǘƘŜ T. pseudonana CCM.  As all sequenced diatoms, including 

ŎŜƴǘǊƛŎ ŀƴŘ ǇŜƴƴŀǘŜ ŘƛŀǘƻƳǎΣ ǇƻǎǎŜǎǎ ŀ ¢Ǉʽ/! ƘƻƳƻƭƻƎǳŜ ƛǘ Ƴŀȅ ǎŜŜƳ ǘƘŀǘ ŘƛŀǘƻƳǎ ƘŀǾŜ ŜǾƻƭǾŜŘ 

iota CAs as an additional string in their CCM bows (73). Indeed, phylogenetic analysis (Fig. 7) seems 

to suggest iota CAs are unique to diatoms. This conclusion may be misplaced as searches made 

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

of the iota family not yet recognised as CAs (73). When Karlusich et al searched the TARA oceans 

database for iota homologues, without restricting results to functional cas, a wide geographic and 

taxonomic distribution of iota homologues was revealed(83). Species present included in archaea, 

bacteria and the eukaryotic green algal species C. reinhardtii, Chlorella variabilis and Tetrabaena 

socialis. These findings suggest that the iota subclass is in fact not unique to diatoms, and iota CAs 

may play a role in green algal CCMs. The precise role of iota CAs in algal CCMs is yet to be 

established and presents an exciting avenue of further research.  

Chapter conclusion. Phylogenetic analysis and comparison of photosynthetic microalgal CAs has 

identified the novel protein TP 1766 as a theta CA and revealed the widespread distribution of 

several CA subclasses including theta and iota. The acquisition and evolution of CAs within algal 

appears complex, reflecting the convergent evolution of both CAs and pyrenoids. 
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Chapter 4: Characterising putative pyrenoid Shell proteins  

4.1 Chapter Summary 
Recent unpublished T. pseudonana Rubisco pulldown assays from the lab have identified seven 

putative Shell proteins (Shell 1-7) which localise to specific regions around the pyrenoid periphery. 

These novel proteins are hypothesised to act as a CO2 diffusion barrier and/or maintain the 

structural integrity of the pyrenoid. Little is currently known about similarities and differences 

between Shell 1-7, particularly their protein structures, evolutionary relationships and algal 

homologues. This study characterises Shell 1-7 using a threefold approach. Firstly, Shell protein 

homologues were identified and a consensus sequence determined by MSA. Secondly, phylogenetic 

analysis revealed evolutionary relationships between Shell 1-7 and 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 Shell proteins in T. pseudonana. 

 

4.2 Introduction 
Diffusion barriers surrounding the algal paranoid prevent CO2 leakage from the matrix. An 

extensive review of pyrenoids, by Barrett et al, revealed pyrenoid outer-layer morphology varies 

greatly between algal species(11). Analysis of TEM images categorised pyrenoid starch sheath 

morphologies into five groups (with example species): a single cytosolic plate (for example, 

dinoflagellates A. carterae and S. tridacnidorum), two starch plates (for example, dinoflagellate C. 

aff. operosum and chlorophyte C. glomerata), a loosely associated globular sheath (rhodophyte R. 

Violacea), multiple starch plates (chlorophytes C. geminata and C. reinhardtii) and no sheath 

(diatoms P. tricornutum and A baicalensis). The starch sheath has been proposed to function as a 

structural barrier preventing CO2 leaking from the paranoid matrix. Evidence for this is most strongly 

supported by research in C. reinhardtii. Mutatnt models have shown the starch sheath required for 

LCIB operation, and starch sheath formation correlates with the induction of the CCM under LC 

conditions(61,84). A study by Itakura et al showed increasing starch sheath surface area was 

favourable for pyrenoid number and CCM function(85). 

As algae derived by complex secondary endosymbiosis are unable to synthesise starch within the 

chloroplast it has been previously assumed that diatoms do not possess a pyrenoid outer-layer. 

Recent unpublished studies now present an alternative solution. Instead of the starch outer sheath 

P. tricornutum and T. pseudonana are posited to possess a protein layer surrounding the matrix. Due 

to their localisation, ǘƘŜǎŜ ǇǊƻǘŜƛƴǎ ƘŀǾŜ ōŜŜƴ ǘŜǊƳŜŘ Ψ{ƘŜƭƭ ǇǊƻǘŜƛƴǎΩ are are yet to be fully 

characterised. 

Localisation of pyrenoid Shell proteins in T. pseudonana. Unpublished microscopy images from 

fluorescent localisation experiments by Onyou Nam, show two distinct Shell protein sub-pyrenoid 

localisation patterns. Shell1,2, and 3 form a girdle-like 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 model of Shell protein placement within the T. pseudonana 

pyrenoid outer layer (Fig. 7).In vivo cryET images presented at CCM10, August 2022 by Matsuda and 

Engel, suggested P. tricornutum Shell protein homologues form a macromolecular structure a single 

protein in diameter. They predicted Shell proteins dock at 90° angles, although this has not been 

confirmed in vivo. The current T. pseudonana model proposes a similar one protein thick pyrenoid 

outer layer (Fig. 7). Localisation experiments for Shell 6 and 7 are currently being undertaken, with 



33 
 

the aim of incorporating these proteins into the T. pseudonana pyrenoid model. The structural and 

functional implications of distinct sub-pyrenoid Shell protein localisations are currently unknown. By 

modelling Shell protein 3D structures, this study aims to suggest a structural basis underlying 

localisation. 

AlphaFold computationally predicts Shell protein structures. Knowledge of protein structure 

provides insight into mechanisms of protein formation, molecular interactions and guides 

biochemical experimentation(86). At present all experimentally resolved macromolecular structures 

are available in the Protein Data Bank (PDB), an open access database containing thousands of 

protein structures (87). Typically, these structures have been solved using experimental techniques 

such as cryoEM and X-ray crystallography, which are both technically challenging and time-

consuming(69). Recent computational developments in protein structure prediction have 

revolutionised structural biology determination of novel proteins. AlphaFold is a machine learning 

algorithm which predicts protein structure from an amino acid query sequence(69). Physical and 

geometric constraints of protein structures are learnt from data within the PDB and combined with 

understanding of evolutionary conservation derived from MSAs (88). Using this multilevel approach, 

AlphaFold can predict 3D protein structure with near experimental accuracy (69). Despite the 

obvious benefits, the algorithm is not perfect, and limitations include an inability to accurately fold 

IDPs, protein multimers, and difficulty predicting docking interactions. Ideal candidates for analysis 

by AlphaFold include novel single-subunit proteins of low disorder. Excitingly, the T. pseudonana 

Shell proteins fall within this category, enabling analysis by AlphaFold. 

 

 

 

Figure 8 The proposed model of Shell protein localisation around the T. pseudonana 
pyrenoid. Unpublished fluorescent localisation images suggest Shell1,2 and 3 localise to a 
different region of the pyrenoid periphery to Shell4 and 5. Putative regions of high 
curvature (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. 

Phylogenetic analysis can use amino acid MSAs to illustrate how proteins have evolved. They can 

identify protein origin, the presence of a common ancestor, give insight into evolutionary 

ƳŜŎƘŀƴƛǎƳǎ ŀƴŘ ŀŎǘ ŀǎ ŀ ΨƳƻƭŜŎǳƭŀǊ ŎƭƻŎƪΩ ƳŜŀǎǳǊƛƴƎ ǘƘŜ ǊŀǘŜ ǇǊƻǘŜƛƴ ŜǾƻƭǳǘƛƻƴ (89,90). Molecular 

phylogenetics using protein MSAs has several benefits over their genetic counterparts. Variations 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 acts. (89,91). The 

availability of open access proteomic databases such as NCBI provide rich source of molecular data. 

Proteins from distantly related species can be easily identified and used to construct phylogenetic 

trees (65,89). As algae are polyphyletic this ability to 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 T. pseudonana Shell 

proteins and their homologues. 
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4.3 Methods 
Shell1-7 proteins in T. pseudonana were identified by Rubisco pulldown experiments by Onyou Nam. 

Protein sequence, Accession code and Genbank ID are detailed in supplementary table 3. All MSAs in 

this section (4.3) were undertaken using the MAFFT Alignment Protocol, detailed in section 2.3.All 

phylogenetic analysis used the FastTree, RaXLML, and Consensus protocols detailed in section 3.3. 

Any deviation in method is detailed.  

Identification of Shell protein homologues preliminary MSAs and phylogenetic analysis. 

The Shell1-6 full protein sequences were individually submitted for BLASTp search (with defaults) 

selecting an E value = 1. Hits were sorted by highest to lowest alignment length, and a cut-off length 

of 100 amino acids was employed. (File 22 220526_Collated shell csv files_Shell1-6). Proteins were 

categorised into diatoms, haptophytes, coccolithophores, pelagophytes, gram-positive bacteria, 

proteobacteria, Gram-negative bacteria, and Archaea.  

Protein hits were imported into GeneiousR11 and a preliminary MSA undertaken of the top 100 

sequences (File 23 220530_MAFFTalignment_100.1). (Sf. 7) 

As this alignment revealed highly conserved consensus regions a full MSA was undertaken with the 

144 Shell 1-BLASTprotein hits(File 24 220606_MAFFTAlignment_ 144 sequences).  From this MSA an 

initial FastTree was created (File 25 220606_MAFFTAlignment_ 144 sequences FastTree Tree). 

Phylogeny revealed a lack of clear clade groupings between Shell proteins. At this point in the 

project it became apparent that analysis of Shell7 should be included within this study.  

Initial Shell7 BLASTp analysis was undertaken with the full amino acid sequence selecting defaults 

and E = 1. (File 26 220801_Collated shell csv files_Shell1-7). None of the hits overlapped with hits 

from the Shell1-6 BLAST search (St. 4) and MSA revealed protein hits from Shell1-7 lacked the Shell1-

6 consensus region (File 27 220607_MAFFT_Alignment_154) (Sf. 8). To ensure the Shell7 hits 

contained the characteristic Shell beta fold the structure of the top hit Chrysochromulina tobinii 

calmodulin KOO34179.1 was modelled. The full KOO34179.1 amino acid sequence was entered into 

AlphaFold Co-lab selecting defaults, expect cycles =5, and rank = 5. The top ranked model showed 

lack of characteristic Shell protein beta fold (Sf. 9, File 28 

220608_KOO34179_c5ceb_unrelaxed_rank_1_model_1). This suggested the extended C-terminal 

region of Shell7 was skewing the search results. To identify true Shell7 homologues a new BLAST 

search (defaults, e = 1) was undertaken querying only the Shell7 beta sheet region. 

QGGRIKSFTFGEEIESVEVLLVTKHRNLKAMLEILQGPNDDNEIIEVETEDGRVHPFYTVIQTPGGANTLRVVNRSPV

EFPFEAFVRPFV. 

The protein hits unique to Shell7 were selected (KAH8046553, KAH8064147, KAH8066543, 

KAH8085487, KAH8094245, KOO28333, KOO34466, KOO34832, VEU33671) imported into 

GeneiousR11 and aligned with combined with Shell1-6 homologues(Files 29-30 220801_Collated 

shell csv files_Shell1-7; 220629_MAFFTShell protein144). The consensus region now appears present 

in all species. 

 

Consensus sequence identification and visualisation To identify Shell protein consensus sequence, 

residues >95%, >90%, >85%, and >75% conserved were identified in GeneiouR11 by selecting Display 

> Consesnsus > more options > threshold > 95% in the File 26 MSA. Residues were manually 

highlighted onto the consensus sequence (Sf 10). The selection process was repeated with threshold 

values of 90%, 85%, and 75%. The File 26 MSA was exported into Jalview2(92) and visualized as a 
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histogram: Consensus > show histogram. The histogram was copied and pasted into PowerPoint, 

residue single letter codes added beneath each corresponding bar and the consensus residues 

coloured. This identified small regions of low percentage conservation within the consensus region, 

suggesting insertions within certain Shell protein homologues (Sf. 11).  

MSA refinement. Several refinement phases removed proteins with duplicates or insertions. 
Returning to the MSA (File 26) in GeneiousR11, four proteins with insertions were identified and 
removed from the dataset (Aa_KAH8043819; Aa_KAH8097243; Aa_KAH8046392; Aa_KAH8070514). 
The dataset was realigned (File 31 220704_MAFFTAlignShellprot138). The duplicate proteins 
Aa_KAH8072502, Aa_KAH8075838 were identified, removed and dataset realigned (File 32 
220704_MAFFTAlignShellprot136). One further protein Aa_KAH8059281 removed from the dataset 
before alignment(Sf. 12, File 33 220704_MAFFTALIGN_Shell135. The final dataset contained 135 
proteins  
 
The final MSA (File 33) was exported into Jalview2(92) and trimmed to the consensus region (File 34 
220407_MAFFTALIGN_Shell135 Copy_ TRIMMED). A screenshot of the consensus sequence 
histogram was copied into Microsoft PowerPoint. The consensus sequence was typed out (single 
letter codes), aligned to the corresponding histogram bar, and manually coloured to reflect 
percentage conservation identified in GeneiousR11 (File 33). Hydrophobic residues were manually 
identified underlined in the sequence.  

 

Visualisation of consensus residue positioning using T. pseudonana Shell proteins structural 

models. To visualise consensus residue structural positioning the AlphaFold Co-lab structures of 

Shell1-7 were imported into PyMol2.0. The following structures (Files 35-41) were created using 

AlphaFold Co-lab by Onyou Nam by entering the full protein sequence, selecting defaults.  

Tp7881_unrelaxed_model_1_Shell1,  

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_f7947_unrelaxed_model_1_Shell6  

220613_Shell7_ef9c4_unrelaxed_rank_1_model_3_Shell7 

Shell protein beta folds were manually selected and renamed ShellX_betafold where X = Shell 

number. Beta folds were aligned by selecting Align > ShellX_betafold > Shell1_betafold (Sf. 13). 

Consensus residues at each percentage threshold were manually selected for to create four 

selections (95, 90, 85, 75). These selections were visualised using Show > Liquorice   > sticks. The 

selections were differentially coloured by sequentially selecting colour > red (95); colour > orange 

(90); colour> limegreen (85); colour > marine (75) (Sf. 14). Amino acids were manually removed 

either side of the consensus region to enable clear beta fold (Sf. 15, File 42 220726_Shell1-

7consensus). 

To determine the presence of consensus residues at the Shell protein surface the alignment in File 

42 was visualised as a surface model by selecting each Shell protein then Show > Surface (File 43 

220726_Shellsurfaceconsensus). Surface charge of each Shell proteins was visualised by selecting 

APBS electrostatics > main > polymer > Shell protein (with defaults) > run. The mƻŘŜƭ ΨǇǊŜǇŀǊŜŘлмΩ 

was selected (File 44 220726_Shellsurfacechargeconsensus) The red to blue sliding scale represents 

positive to negative charge. 
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Docking simulations of Shell protein dimers using AlphaFold Co-lab.  
An initial homodimer interaction between two Shell1 protein beta folds was modelled in AlphaFold 
Co-lab (Sf. 16)  selecting defaults, cycles = 3, rank = 3, 3D structure (File 45 
220725_Shell1homo1.1_2). Analysis of the highest ranking model showed low confidence the 
relative positions of the two proteins as the predicted pLDDT has low rank at the strands interfacing 
the proposed interaction (Sf. 17). The predicted aligned error (PAE plots) have low confidence in 
relative domain position. To check if this was a consequence of querying a trimmed Shell1 structure, 
a query with the full Shell1 homodimer was queried in AlphaFold Co-lab (Sf.18), selecting defaults 
(File 46 220726_Shell1fullhomo_1).The full sequence Shell1 homodimer query also showed no 
obvious protein interaction (Sf. 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 was undertaken using the stages illustrated in 
Figure 6. 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 phylogenetic analysis. The full amino acid sequence of Shell3 was subjected to BLAST 
search (defaults)(93). The top 100 hits were collated, full amino acid sequences inputted into 
GeneiousR11, and aligned (File 47 220530_MAFFTalignment_100.1, Sf. 20). This MSA was selected 
and FastTree created (File 48 220530_MAFFTalignment_100.1 FastTree Tree). Although this tree was 
unrooted, T. pseudonana Shell proteins occupy distinct clades (Sf. 21). This gave confidence to 
pursue this methodology of research. 
 
Full Shell protein homolog MSA and phylogenetic analysis. The MSA of 144 Shell homologs (File 26) 

was used to create a FastTree (File 49 220606_MAFFTAlignment_ 144 sequences FastTree Tree, Sf. 

22). This MSA (File 49) was duplicated creating File 50 220606_MAFFTAlignment_ 144 sequences 

Copy extraction 2 and File 51 220629_MAFFT142Shell (note these alignments/trees contain 142 

sequences despite the filenames). A FastTree  was created in which phylogeny is unclear and 

unrooted (File 52 220606_MAFFTAlignment_ 144 sequences Copy extraction 2 FastTree Tree, Sf. 23)  

Initial FastTree rooting. The P. tricornutum CA PTCABETA1 (Accession AAL07493) was added to the 

File 51 dataset and realigned (File 53 220622_MAFFT_164+CA). This file was wrongly labelled, there 

are 143 sequences including the CA. T. pseudonana Shell proteins were relabelled to ShellX where X 

is the Shell protein number. The addition of PTCABETA1 successfully rooted tree (File 54 

220622_MAFFT_164+CA FastTree Tree, Sf 24). 

MSA edited to contain the consensus region only. A copy of the File 51 dataset was made and 

trimmed to the previously identified consensus region (File 55 220801_Shell142_beta). This was 

realigned (File 56 220801_Shell142_beta ς realigned, Sf. 25) and preliminary FastTree created (File 

57 220801_Shell142_beta - realigned FastTree Tree, Sf. 26). 

Rooting the FastTree with CCM proteins. Sequences of the C. reinhardtii CCM proteins Bestrophin1-

3 (BST-1: A0A2K3CTN0, BST-2:  A0A2K3CTQ2, BST-3:  A0A2K3CTP3) were added to the dataset (File 

58 220801_Shell142_beta - realigned (modified) dataset). This dataset was realigned (File 59 

220802_MAFFTShellwithBST1-3) and FastTree created (File 60  220802_MAFFTShellwithBST1-3 

FastTree Tree, Sf. 27). Addition of BST1-3 successfully rooted the tree.  
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Further dataset refinement. Analysis of the MSA consensus region (File 59 ) s and FastTree (File 60) 

led to the removal of the following proteins from the dataset: Aa_KAH8066543 containing an 

insertion in consensus region, Ctob_KOO28333 a protein fragment, and 4 proteins from non-

eukaryotic species (Ob_HBO57542.1, Ea_ MBA45229.1, Ab_NCY17740.1, and Pb_ NDD31680.1). The 

resulting dataset containing 137 proteins was realigned (File 61 221007_MAFFT_137) and FastTree 

created (File 62 221007_MAFFT_137 FastTree Tree, Sf. 28). Branches were coloured manually in 

GeneiousR11 to reflect the algal lineage. 

Determining a robust phylogenetic tree. A robust phylogenetic tree with bootstrapping was created 

by selecting the MSA (File 61) and following the RaXML protocol in section 3.3 (Bootstrap Replicates 

= 1000.) A consensus tree was created following the protocol in section 3.3 (File 62 

221007_MAFFT_137 RAxML Bootstrapping Trees consensus Copy, Sf. 29). Branches were coloured 

manually to distinguish proteins from haptophyte, pelagophyte, and centric and pennate diatom 

groups. The T. pseudonana Shell proteins Shell1-7 were manually highlighted in bold. Multiple clade 

A homologues from A. anophagefferens and C. tobinii were hidden manually for clearer visualisation. 

 

Analysis of Shell1-7 predicted AlphaFold structures. The AlphaFold structures of Shell1-7 (Files 35-

41) were imported into PyMOL2.0, refined, and aligned to compare beta fold positioning.  

Tp7881_unrelaxed_model_1_Shell1, renamed Shell1_Tp7881_ 

Tp23918_unrelaxed_model_1_Shell2, renamed Shell2_Tp23918 

Tp7883_unrelaxed_model_1_Shell3, , renamed Shell3_Tp7883_ 

THAPSDRAFT_24512_56be9_unrelaxed_model_1_Shell4, renamed Shell4_Tp24512 

THAPSDRAFT_3883_df672_unrelaxed_model_1_Shell, renamed Shell5_Tp3883 

Tp8449_f7947_unrelaxed_model_1_Shell6, renamed Shell6_Tp8449 

220613_Shell7_ef9c4_unrelaxed_rank_1_model_3_Shell7, renamed Shell7_Tp1762 

To align Shell1-7 a ΨǎŜƭŜŎǘƛƻƴΩ ŦƻǊ ŜŀŎƘ {ƘŜƭƭ ǇǊƻǘŜƛƴ ōŜǘŀ ŦƻƭŘ ŎƻƴǎŜƴǎǳǎ ǊŜƎƛƻƴ ǿŀǎ ŎǊŜŀǘŜŘ (File 63 

221014_7shells.1.) Residues aligning with consensus residues QGGS---MTAAVVP were highlighted in 

sequence pane. Selection were renamed to ShellX_betafold where X is the shell number (Sf. 30). 

ShellX_betafold alignments were made between several Shell protein combinations selecting > 

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

RMSD values given (St. 5). The similarity between alignments one, two, and three led to final 

decision to align Shell2-7 ǘƻ Ψ{ƘŜƭƭмψōŜǘŀŦƻƭŘΩΦ !ƭƛƎƴƳŜƴǘǎ ǘƻ {ƘŜƭƭ м ǿŜǊŜ ŎƘƻǎŜƴ όмΣнΣпΣтΣу ŀƴŘ ф in 

St. 5) and refined by manual deletion of residues outside the consensus region (File 63, Sf. 31). 

Analysis of beta fold strand positioning between Shell1-5. In PyMOL2.0 Selections were made for 

strand 1A of Shells1-5 (St. 6) in the File 63 structural alignment. Strand residues were highlighted in 

the selection pane and renamed by Action > Rename selection > 1AShellX (Sf. 32). Shell2-5 strand 1A 

selection (1AShell2, 1AShell3, 1AShell4, and 1AShell5) were individually aligned to 1AShell1 using 

Alignment> action > align > to selection > 1AShell1. Alignments were refined by manual selection 

and removal of residues to visualise strand combinations(Files 64-67 221018_7shells.7_1A2A; 

221017_7shell.3_6A7A; 221017_7shells.4_13B_14B; 221018_7shells.6_8B9B). 
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4.4 Results 
The Shell1-7 protein structures share a characteristic beta fold. Initial AlphaFold Co-lab models of 

Shell1-7 were generated by Onyou Nam. Viewing the structures side-by-side reveals a characteristic 

beta fold comprising of eight beta strand pairs and two short additional outer strands (Fig. 9A). The 

beta fold consists of two halves (designated A and B); strands are curved and there is an overall twist 

to the fold (Fig. 9B). Shell 1-5 show additional secondary structure in the form of two short alpha 

helices directly above the beta fold. There are subtle distinctions between the seven Shell protein 

structures. Beta fold strands appear at slight different angles and orientations, and alpha helices 

differ in length and position. Each protein possesses a disordered N-terminal region containing 

transit peptide and chloroplast targeting domains. In addition, Shell7 contains a bulky alpha helical 

C-terminal domain. It still requires experimental validation if the C-terminal extension is part of the 

Shell7 gene model or codes for a separate protein. 

Broad parameter BLAST search of Shell1-7 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 a two-part consensus sequence, each part around 100 amino acids in length 

(Fig. 10A). Residues >75%, >85%, >90%, and >95% conserved (56 total) were highlighted and termed 

consensus residues. Short stretches (~3-5 residues long) of consensus residues were observed 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 out of the 56 residues). 

To investigate the structural positioning of consensus residues, T. pseudonana Shell protein 

AlphaFold models were aligned and consensus residues visualised in correspondence to their 

percentage conservation (Fig. 10B). Consensus residue location was analysed in 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%, and >фр҈ ŎƻƴǎŜǊǾŀǘƛƻƴΣ ŀǊŜ ŜȄǘŜǊƴŀƭ ŦŀŎƛƴƎ ŀƴŘ ƭƻŎŀǘŜŘ ǘƻ ǘƘŜ ΨŜŘƎŜǎΩ ƻŦ ǘƘŜ ōŜǘŀ ŦƻƭŘΦ 

Secondly, a high proportion of these residues are hydrophobic, located in the loop regions between 

beta strands, with outward facing side chains (Fig. 11). Thirdly, the most highly conserved residues 

(>фр҈ύ ŀǇǇŜŀǊ ǘƻ ƭƻŎŀƭƛǎŜ ƛƴ ǘƘŜ ǾƛŎƛƴƛǘȅ ƻŦ ǘƘŜ ΨŎƻǊƴŜǊΩ ǊŜƎƛƻƴǎ ƻŦ ǘƘŜ ōŜǘŀ ŦƻƭŘ όǎŜŜ Fig. 10B 

underside orientation).  

 

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 Shell1-7, with clusters of consensus residues facing 

the external environment. To see if these similarities extended to 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 within the centre region of the beta fold (RHS orientation), a feature absent in Shell 

1-6. There are some similarities in charge patterning between Shell1-6, however these were not 

quantified.  

Similarities between Shell1-7 consensus residue localisations suggested a Shell protein docking 

mechanism. Shell1 homodimer docking was simulated using AlphaFold Co-lab software. 

¦ƴŦƻǊǘǳƴŀǘŜƭȅΣ ǿƘŜƴ ΨŘƻŎƪŜŘΩ ƘƻƳƻŘƛƳŜǊǎ ŘƛŘ ƴƻǘ ŦƻǊƳ ŀ ŎƻƴŦƛŘŜƴǘ ǊŜǇƭƛŎŀōƭŜ ƛƴǘŜǊŀŎǘƛƻƴ 

(supplementary figure X). These findings leading to a halt and this avenue of research. 
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Figure 9) Predicted AlphaFold structures of Shell1 (blue), Shell2 (green), Shell3 (cyan), Shell 4 (magenta), Shell5 

(orange), Shell6 (purple), Shell7 (black), viewed from a RHS orientation B) The Shell1 beta fold structure in three 

orientations 
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Phylogenetic analysis of Shell proteins showed homologues from 11 species are distributed 

throughout the six clades, termed A, B, C, D, E and X (Fig. 12). Species are categorised as 

haptophytes (C. tobinii and E. huxleyi), centric diatoms (T. pseudonana, T. oceanica, and  C. 

tenuissimus), pennate diatoms (N. inconspicua, F. cylindrus, P. tricornutum, and P. multistriata) and 

pelagophytes (A. anophagefferens). Many of these species contain multiple Shell protein 

homologues, often closely related within a clade. For example, in clade A alone there are 27 A. 

anophagefferens and 12 C. tobinii homologs.  

Shell1-7 are located within five distinct clades termed A-E. T. pseudonana Shell proteins fall into the 

following clades: A) Shell1, Shell2, Shell3; B) Shell6; C) Shell4; D) Shell7; E) Shell5. Shell 1-6 appear to 

have at least one closely related T. oceanica homologue, often a sister branch. Interestingly, a sixth 

clade (X) contains near exclusively pennate diatom homologues and lacks a T. pseudonana Shell 

protein.  In clade X there are only two Shell protein homologues from the centric diatom C. tobinii. 

Figure 10 A) Two part Shell proteins consensus sequences constructed using Geneious and Jalview. Consensus 
residues >95% (red), >90% (orange),> 85% (green), and >75% (blue) are highlighted consensus sequence 
constructed using Geneious and Jalview. Hydrophobic residues are underlined. B) Aligned beta fold structure of 
TP Shell 1-7. Consensus residues highlighted corresponding to (A). Protein structures determined by AlphaFold, 
visualised in PyMOL2.0. 
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To place phylogenetic analysis in a 

structural context the Shell 1-7 beta 

fold structures were aligned. Shell2-7 

were individually aligned to Shell1 

giving RMSD values indicating 

structural similarity (Fig. 13). These 

values show Shell1-3 (0.194Å, 0.208 

Å) possess the highest structural 

similarity, followed by Shell6 (0.413Å), 

Shell4 (0.583Å), Shell7 (0.627Å) and 

Shell5 (0.893Å). Mapping each Shell 

protein RMSD value to the 

corresponding phylogenetic position 

(Fig. 12) showed differences in Shell 

protein beta fold structure are 

reflected by evolutionary distance. In 

clade A close evolutionary 

relationships between Shell1, 2, and 3 

are consistent with the close 

structural similarity and low RMSD 

value observed.  

To investigate nuances in beta fold 

positioning, alignments between 

Shell1-5 beta strands were made. The 

14 beta strands were assigned the 

identities 1A-7A and 8B-14B (Fig. 14) 

with A and B representing the two 

halves of the beta fold consensus 

regions (Fig. 10A). Alignments of the 

ǎŜƭŜŎǘƛƻƴǎ ΨǎǘǊŀƴŘм!{ƘŜƭƭнΩ ŀƴŘ 

Ψм!{ƘŜƭƭоΩ ǘƻ Ψм!{ƘŜƭƭмΩ ƎŀǾŜ wa{5 

values of 0.04Å and 0.09Å 

respectively, indicating near identical 

structural positioning. The structural 

similarity of strand positioning 

between Shell1,2, and 3 continues 

throughout the beta fold, with 

strands 6A, 7A, 13B, 14B, 8B and 9B 

appearing interchangeable (Fig. 14). 

Following alignment of 1AShell4 to 

1AShell1, there is a slight shift in the 

central strands (6A, 7A, 14B, 

and 13B) position. The Shell4 outer strands 8B, 9B remain 

closely aligned to Shell1 8B and 9B. Conversely, there is 

Figure 11 Surface representations Shell 
1-7 beta fold structures visualising 
Consensus residues and surface charge. 
From the RHS orientation. Consensus 
residues >95% (red), >90% (orange), 
>85% (green), and >75% (blue) are 
highlighted consensus sequence. Surface 
charge represented as a sliding scale 
from red (negative) to blue (positive.) 
Structures created in PyMOL2.0. Note 
Shell6 structure is missing strand 1A and 
2A. 
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ŘƛǎǘƛƴŎǘ ǎƘƛŦǘ ƛƴ ōŜǘŀ ǎǘǊŀƴŘ ǇƻǎƛǘƛƻƴƛƴƎ ǘƘǊƻǳƎƘƻǳǘ ǘƘŜ ŦƻƭŘ ŦƻƭƭƻǿƛƴƎ ŀƭƛƎƴƳŜƴǘ ƻŦ Ψм!{ƘŜƭƭрΩ ǘƻ 

Ψм!{ƘŜƭƭмΩΦ Lƴ {ƘŜƭƭр ǎǘǊŀƴŘǎ с!Σ т!Σ мо. ŀƴŘ мп. Ŏurve away from their Shell1 beta strand 

counterparts, indicating increased curvature within the beta fold.  
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4.4 Discussion  
 

Shell protein homologues are found in geographically and morphologically diverse algae sharing 

similar pyrenoid structure and and evolutionary origin. Mining proteomic databases for Shell1-7 

homologues identified 135 proteins from species grouped within the haptophyte and stramenopiles 

clades. These species are geographically widespread, found in coastal (C. tenuissimus and T. 

pseudonana), open ocean (T. oceanica), widespread marine (E. huxleyi, C. tobinii, N. inconspicua, 

P.tricornutum, and A. anophagefferens), freshwater (N. inconspicua, and C. tobinii) and polar oceanic 

(F. cylindrus) environments(94ς102). They also exhibit diverse cellular morphologies varying in 

shape, size, pigments, and cellular outer layer. These findings suggest Shell proteins are not unique 

to algal species found within the same environment, or with similar cellular composition, to T. 

pseudonana.  

Despite these differences the Shell protein containing algal species have two characteristics in 

common: pyrenoid morphology and 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 A. anophagefferens, these pyrenoids are similar in morphology being 

elongated and containing a single penetrating thylakoid tubule, in contrast to the green alga C. 

reinhardtii which possesses multiple thylakoid tubules branching from a central thylakoid knot(11). 

Haptophytes, diatoms and pelagophytes fall into the 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 Shell proteins 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 species A. 

anophagefferens. SEM images of A. anophagefferens have shown the pyrenoid is rarely traversed by 

thylakoids(100). The sheer number (37) of Shell proteins identified in database mining. Raises the  

possibility A. anophagefferens is employing Shell protein homologues for completely different 

function to T. pseudonana. Fluorescent localisation of A. anophagefferens Shell homologues from 

different phylogenetic clades (Fig. 12) may reveal an alternative function. As A. anophagefferens is 

the only pelagophyte species to have its genome sequenced, it is possible more algal species of the 

same subclass possess multiple Shell protein homologues.  

 

 

 

 

Figure 12 Phylogenetic tree of Shell protein homologues proteins constructed using Maximum Likelihood (ML). 

Node values represent 1000 bootstrap replicates. Protein colour reflects algal grouping. T. pseudonana Shell 

proteins are highlighted in bold. RMSD values are given for alignment of Shell2-6 structures to Shell1. Shell1-7 are 

group into clades A) Shell1, Shell2, Shell3 B) Shell6 C) Shell4 D) Shell7 E) Shell5. Asterisk indicates common 

ancestor. C. reinhartii BST1-3 root the tree.  

Aa, A. anophagefferens; Cr, Chlamydomonas reinhartii; Ct, C. tenuissimus; Ct, C. tobinii ; Eh, Emiliania huxleyi; Fc, 

Fragilariopsis cylindrus; Fs, Fistulifera solaris; Nt, N. inconspicua; Pt, P.tricornutum; P-mn, P. multistriata; To, T. 

oceanica; Tp, T. pseudonana. 
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Figure 13 Alignment of predicted show beta fold after fold structures into orientations, aligned 
to shell one (marine blue). A shell to (limegreen) and Shell three (cyan). B Shell6 (purple) C Shell4 
(magenta), D Shell7 (black) E Shell5(orange),. Arrow represents increasing difference in structure 
and increasing RMSD value 
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MSA of the Shell protein homologues revealed two highly conserved regions within primary 

protein sequence (Fig. 10). Analysis of the Shell protein consensus sequence revealed residues >75% 

conserved are distributed throughout the consensus sequence, often clustering as short stretches of 

consecutive residues ~2-8 amino acids in length. Visualisation of the consensus sequence as a 

histogram also shows many of the residues  <75% are often >50% conserved (Fig. 10A). Further 

analysis of the consensus sequence identified highly conserved hydrophobic residues across the 137 

Shell protein homologues. Such high conservation of consensus residues across diverse species 

suggests possible structural and/or functional involvement of these residues within algal Shell 

proteins.  

Shell protein consensus sequence residue localised to distinct regions in Shell protein 3D structure. 

Mapping consensus regions onto the Shell1-7 structural alignment (Fig 10A) reveals the two 

consensus sequence sections (Fig. 10A) are located to the two halves 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 residues (>95%) appearing closer to the edges. Viewing the Shell protein 

alignment from the underside 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 particular, the flexible 

loop regions appear to be populated with highly conserved hydrophobic G, P, T and W residues. This 

suggests these residues are critical within Shell protein structure and/or function. However, within 

beta sheets there are a limited number of residues 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 the increased frequency of hydrophobic residues in beta rich 

Figure 14 Shell1 beta fold with strands numbered. Cut through images depict Shell2-5 
aligned to Shell1 strand 1A, rotated by 90  
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structures(103). The current understanding of diatom Shell proteins in P. tricornutum (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 to interact at 90 degree angles 

along the edges/front/back of the beta fold. If this is replicated within T. pseudonana, the structural 

positioning of these highly conserved residues into loop regions and corners may play a role in Shell 

protein docking.  

Modelling Shell protein surface. The clustering of consensus residues to the edges and corners of 

the secondary structural model (Fig. 10B) is reflected in the surface models. The surface models of 

Shell1-7 show consensus residue side chains at the protein surface (Fig. 11). Although not identical, 

specific localisation of side chains appears conserved between Shell1-7. This suggests involvement 

consensus residues in Shell protein-Shell protein interactions. Modelling surface hydrophobicity 

showed consensus residue positioning does translate into neutral patches, although these are 

reduced in size (Fig. 11). The most consistent feature between Shell1-6 is a region of negative charge 

(red) in the cleft where an alpha helix sometimes sits. From the right hand side (RHS) 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 charge pattern affects 

Shell7 localisation and protein interactions is yet unknown.  

Shell protein docking simulations do not suggest an obvious method of Shell protein interaction 

Computational simulations in AlphaFold Co-lab failed to confidently predict Shell protein homodimer 

interactions (supp fig). As modelling simulations improve it may be possible to predict Shell protein 

docking in silico, however shared localisation of multiple Shell proteins (Fig. 8) presents that multiple 

Shell proteins interact in a complex pattern to form the pyrenoid outer layer. There is also the 

possibility that an additional protein is involved in macromolecular structure. Future research, using  

in vivo imaging techniques, may reveal Shell protein associations and pyrenoid outer layer structure 

in T. pseudonana.  

Phylogenetic analysis suggests divergent evolution of Shell proteins from a common ancestor.  

Shell protein phylogenetic analysis forms six distinct 

clades (A, B, C, D,E and X) with branching patterns 

suggesting multiple rounds of evolution(Fig. 12).  The 

C. reinhardtii proteins BST1-3 are an outgroup, 

rooting the tree and suggesting the node position of 

a Shell protein common ancestor. This ancestor 

underwent four divergence events (Fig. 14) first 

separating into clades D, E and the remaining 4 

clades. Two subsequent events led to the divergence 

of clades C and B, followed by a final divergence 

event forming clades A and X. Despite these multiple 

rounds of evolution Shell proteins retain high 

sequence similarity, as demonstrated through 

presence of a consensus sequence (Fig. 10A). It is 

plausible that a Shell protein common ancestor also 

possessed such a consensus sequence, probably most 

similar to the consensus region of proteins in clade D.  

The clear absence of Shell protein homologues in 

green and red algal lineages suggests Shell proteins 

Figure 15 Diagram outlining Shell protein 
divergence events identified by 
phylogenetic analysis (Fig. 12). Asterisks 
represent divergence events.  Line length 
are not quantitative representations of 
evolutionary time   
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were not present in the algal endosymbionts forming haptophytes and stramenopiles (Fig.1). If they 

were, it is unlikely that Shell proteins have subsequently disappeared from all sequenced red and 

green algal species. Instead, it is more probable the Shell protein common ancestor was present in 

the heterotrophic host pre-endosymbiosis. If so, Shell proteins would predate the origin of both 

centric and pennate diatoms originating around 141Mya (23). 

Pennate diatoms have evolved a Shell protein distinct from T. Pseudonana. Shell protein homologs 

from diverse species are distributed throughout the phylogenetic tree (Fig 12). Proteins from 

diatoms, pelagophytes and haptopytes are present throughout clades D,E,C and A, and clade B lacks 

only A. anophagefferens proteins .In contrast, clade X lacks T. pseudonana and comprises nearly 

entirely of Shell protein homologues from pennate diatom species of the class Bacillariophycae. If 

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 clade X (23). 

However, two of the 33 clade X proteins are from the centric diatom, C. tenuissimus. This makes the 

picture within Clade X less clear and suggests a greater complexity to the evolution of Shell protein 

homologs.  

 

Combining sequence-based 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 data with 

phylogenetic analysis. This is desirable as protein structures are often better conserved than the 

sequences from which MSAs are derived (104). Generating phylogeny from structural data alone is 

challenging as there is a need to create a quantifiable metric 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 phylogeny(105). However, to determine the statistical 

significance of ƳƻƭŜŎǳƭŀǊ ǊŜƭŀǘƛƻƴǎƘƛǇǎΣ ŀ ƳŜǘǊƛŎ ǘŜǊƳŜŘ ǘƘŜ Ψv ǎŎƻǊŜΩ combining RMSD value, 

ŀƭƛƎƴƳŜƴǘ ƭŜƴƎǘƘΣ ŀƴŘ ƳƻƭŜŎǳƭŀǊ ŘȅƴŀƳƛŎǎ Ŏŀƴ ōŜ ǳǎŜŘΦ ¦ǎƛƴƎ ǘƘŜ Ψv ǎŎƻǊŜΩ ƳŜǘǊƛŎ aŀƭƛƪ Ŝǘ ŀƭΦ ǿŜǊŜ 

able to add statistical support to qualitative structural phylogeny of the ferritin-like protein 

superfamily(105,106). Such structural-phylogeny 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. Unfortunately, the ΨQ 

scoreΩ metric could not be employed as query structures need to be registered in the PDB, not 

simulated in AlphaFold. If the structures of Shell1-7 are solved experimentallyΣ ŀƴŀƭȅǎƛǎ Ǿƛŀ ǘƘŜ Ψv 

ǎŎƻǊŜΩ ƳŜǘǊƛŎ ǇǊŜǎŜƴǘǎ ŀƴŘ ƛƴǘŜǊŜǎǘƛƴƎ ŦǳǘǳǊŜ ŘƛǊŜŎǘƛon of study.  

Structural similarity between of T. Pseudonana Shell proteins is reflected by phylogenetic 

positioning. Aligning the structures of Shell2-6 to Shell1 revealed a pattern of decreasing structural 

similarity (Fig. 13). Shell2 and 3 were the most structurally similar to Shell1, giving 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 Shell1. Interestingly, when these RMSD values were 

mapped onto the corresponding phylogenetic branches, the trend in structural similarity was 

reflected with increased with phylogenetic distance from Shell1 (Fig. 12). This is perhaps 

unsurprising as protein sequence influences both phylogenetic positioning and protein structure, 

however it does suggest a consistency and evolutionary conservation of both Shell protein sequence 

and structure in T. pseudonana. Combining structural and phylogenetic analysis in this way is a novel 

approach within the study of pyrenoid-associated proteins.  
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Analysis of beta strand positioning suggests a structural rationale behind shell protein localisation 

patterns. Alignments of individual beta strands in Shell 1-5 showed differences in strand positioning 

and fold curvature (Fig. 14). Shell 1-3 show near identical strand positioning throughout the beta 

fold. In comparison the slight shifts in shell4 strands 6A, 7A, 13B, and 14B suggest an overall 

increased curvature towards the centre of the beta fold. The Shell5 central strands show a more 

marked separation in positioning from Shell1,2, and 3. Furthermore, at the opposite end to the 

aligned strand (1A) strands 8B and 9B are twisted away from the other four Shell proteins analysed. 

This suggests not only increased curvature towards the centre of the beta fold but an overall twisting 

in the fold structure. These distinct twists in strand position may explain why the Shell 5 RMSD value 

is the greatest (0.893Å) (Fig. 13). The apparent increased curvature of Shell4 and 5 could explain 

their distinct sub-pyrenoid localisation. Fluorescent microscopy images have shown Shell4 and 5 

localise to the cylindrical surface of the T. pseudonana lenticular pyrenoid (Fig. 8). This circular 

region may possess higher curvature than the rectangular localisation pattern of Shell1,2, and 3. If 

so, 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 curvature, Shell6 and 7 would be 

predicted to localise with Shell4 and 5 in the more curved regions surrounding the pyrenoid. As 

localisations experiments for Shell6 and 7 are currently being undertaken it will be interesting to see 

how they fit into the T. pseudonana Shell protein model. 

 

Chapter conclusions. The T. pseudonana Shell proteins share a conserved sequence with protein 

homologs from algal species derived by secondary endosymbiosis. It is likely that the diatom 

common ancestor possessed a Shell protein which then diverged into the homologs present today. 

Structural analysis of Shell1-7 has highlighted a characteristic beta fold and conserved positioning of 

consensus residues. Subtle differences in strand positioning between the T. pseudonana Shell 

proteins has been used form a high/low curvature hypothesis which suggests a structural basis for 

Shell protein localisation patterns.  

  



52 
 

Chapter 5: Final Conclusions and Future Perspectives 
Despite the great diversity in the pyrenoid structures, three key parts of the algal pyrenoid-based 

CCMs appear to be common between different algal and hornworts species. These are: the 

formation of a pyrenoid with a densely aggregated Rubisco matrix, the release of CO2 by CAs 

increasing CO2 concentration at the site of Rubisco, and thirdly, the formation of a diffusion barrier 

surrounding the matrix which prevents CO2 leakage from the pyrenoid(11). Little is currently known 

about the presence presence of traversing thylakoid membranes that appear to contain a CA to 

release CO2, particularly in the ecologically relevant diatom species. Through bioinformatics analysis 

this study has highlighted the underlying evolutionary complexity of pyrenoid components, with 

implications to the origins of algal species derived by secondary endosymbiosis.  

There appears to be convergent evolution of linker proteins between algal clades. Whilst C. 

reinhardtii EPYC1 homologues have been found in in green algal species, this study was unable to 

identify homologues in other lineages, including diatoms. As the pyrenoid containing algae are 

polyphyletic alternative mechanisms of matrix formation, perhaps analogous to EPYC1, must occur. 

In P. tricornutum, PYCO1 partitions RuBisCO by LLPS forming the pyrenoid matrix. The differences in, 

RBM, RuBisCO binding site, and secondary structural features highlighted in this study suggest 

convergent evolution of algal linker function but not necessarily linker mechanism. Convergent 

evolution of CCM components is consistent with the multiple evolutionary origins of pyrenoids(53). 

Linker analysis suggests the P. tricornutum and C. reinhardtii evolved independently developing 

distinct mechanisms of linker action within the pyrenoid. 

The specific localisation of CAs within T. pseudonana, P. tricornutum and C. reinhardtii sub 

compartments also suggests convergent evolution of pyrenoid components. In T. pseudonana and P. 

tricornutum, theta CAs localise to pyrenoid-penetrating thylakoid lumen, whereas in C. reinhardtii it 

is the alpha CA (CAH3) which is present (107). CAH3 releases CO2 for Rubisco and is essential for 

CCM function (108). Although functional studies of luminal Pt̒CA1 and Tp̒ CA2 are yet to be 

undertaken, they are proposed to fulfil the same function. If so, it would appear diatoms have 

convergently evolved a thylakoid-localised CA, distinct from the green algal lineage. This ǎǘǳŘȅΩǎ 

classification of the green algal LCIB and C as theta CAs show that this CA family is not unique to 

diatom species. It is possible future studies will reveal additional theta CAs across increasingly 

diverse algae, perhaps with implications for algal CCMs. 

The putative role of Shell proteins as a CO2 barrier, suggests an analogous function to the starch 

sheath observed in diverse algal species. If so, this suggests convergent evolution of pyranoid 

substructure and protein components. Despite this, phylogenetic analysis carried out in this study 

suggests within the shell protein family there is divergent evolution deriving from a common 

ancestor. The absence of Shell protein homologues from red and green algal lineages implies Shell 

proteins are unique to algae derived by complex secondary endosymbiosis. If so, Shell proteins 

would predate diatoms, originating before 141Mya and possibly even earlier if present in the 

haptophyte common ancestor (23,109). It is interesting to speculate on the role of Shell proteins 

within the heterotrophic host. It is currently debated whether the diatom common ancestor possess 

the peer annoyed. If so, did Shell proteins act as a CO2 diffusion barrier and if not, what was the 

alternative function of Shell proteins? Until further studies shed light on diatom pyrenoid evolution, 

this question may remain unanswered.  

Through combining bioinformatic analysis techniques, this study has highlighted the convergent 

evolution of algal pyrenoids and CCM components. Characterisation of the novel T. pseudonana 

Shell proteins was used to hypothesise the role differences in Shell protein structure relate to the 
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Shell protein localisation model. Structural phylogenetics, a novel technique in investigating algal 

CCMs, provided insight into the structural and sequence conservation between Shell proteins, 

relationships to Shell protein homologues and evolutionary origin. These findings, contribute to our 

understanding of the algal CCM within diverse algal lineages. The insight gained into diatom 

evolution, CCMs and relationship to other algal species is vital for understanding how diatoms shape 

global carbon flows, both now and in the future. 
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Supplementary documents 

Supplementary Figures  

 

Supplementary Figure 1:PYCO1 BLAST search results 
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Supplementary Figure 2: EPYC1 BLAST search results 
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Supplementary Figure 3: Alignment of PYCO1 repeat region peptide models  

 

 

 

 

 

 

 

 

 

 

 




























































