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Towards Subcellular Proteomic Maps in Model Marine Diatoms 

 

Abstract 

 

Marine phytoplankton forms the base of oceanic food webs and is integral to biogeochemical 

cycles that maintain Earth’s habitability. Marine diatoms are a diverse lineage of single-celled 

microalgae responsible for 20% of planetary primary production. Genome sequencing and genetic 

engineering techniques have established diatoms Phaeodactylum tricornutum and Thalassiosira 

pseudonana as marine microbiology “yeasts” making them invaluable to modern research on 

cellular mechanisms of elemental cycling in marine environments. We here describe advances 

on fundamental aspects of diatom cell biology related to iron, carbon, and silicon metabolism. 

 

We first present the foundational work to use engineered soybean ascorbate peroxidase APEX2 

for subcellular proteomic profiling in diatoms. APEX2 permits spatially resolved proteomic 

mapping by oxidizing biotin-phenol to phenoxyl radicals which can covalently react with nearby 

proteins. Tagged proteins can be isolated and analyzed using mass spectrometry. Using APEX2-

mediated proteomics, we cataloged vicinal proteins of Phaeodactylum tricornutum 

phytotransferrin, an environmentally ubiquitous endocytosed iron receptor. Proteins encoded by 

iron-sensitive genes expressed from a chromosomal gene cluster were identified and two of them 

colocalized with phytotransferrin adjacent to the chloroplast. This, along with their phylogenetic, 

domain, and biochemical analyses, suggests they are involved in intracellular iron processing.  
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Next, using fluorescence microscopy and circular dichroism we confirmed that PtEPYC1, an iron- 

and CO2-sensitive gene in P. tricornutum, encodes a chloroplast-localized disordered protein. 

Expression of its APEX2 fusion revealed a proteolytic pattern consistent with spacing of the 

identified protease cleavage sites. We hypothesize PtEPYC1 is involved in pyrenoid—RuBisCO-

containing subchloroplastic organelle crucial for CO2 fixation—organization in P. tricornutum and 

provide insights that suggest this role is coupled to cell cycle control mechanisms.  

 

Finally, we used bacterial conjugation to localize a biosilica-associated protein in Thalassiosira 

pseudonana and provide evidence for its expression as an APEX2 fusion. Biomineral 

morphogenesis proceeds inside a silica deposition vesicle (SDV), a hallmark, yet elusive, diatom 

compartment. T. pseudonana is a prime model system to study biosilicification which makes this 

result a valuable advance for the diatom community. 

 

In summary, proximity proteomics holds enormous potential to glean new insights into subcellular 

proteomic composition in these evolutionarily, ecologically, and biotechnologically relevant 

microalgae. 
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Dissertation structure. 

 

Chapter 1 is a “meta abstract”. It provides an overview of the model organisms, core biological 

concepts, and molecular tools crucial for the dissertation. It frames and unifies the following three 

chapters each of which has a separate “Introduction” section with further relevant background. 

Chapter 2 is a manuscript under review at eLife and available on bioRxiv. Chapter 3 is a work in 

progress in collaboration with a laboratory in Singapore. Parts of Chapter 4 have been integrated 

into a manuscript accepted for publication in Nature Methods and available on bioRxiv. Chapter 

4 also forms a base for a review/perspective manuscript I intend to prepare. Chapter 5 provides 

high-level conclusions and outlines directions for future work. 

 

Diatoms link evolutionary cell biology and biogeochemistry. 

 

Sequencing-enabled studies have revealed an unprecedented and underappreciated diversity of 

prokaryotic and eukaryotic microbial life forms in global marine habitats over the last two decades 

(de Vargas et al., 2015; Venter et al., 2005); modern era efforts that are continuing the legacy 

of Ernst Haeckel who first popularized marine microbes in the 19th century (Breidbach, 2005; 

Burki and Kealing, 2014). These investigations and the growing contemporary integrative marine 

microbiology research (Baltar et al., 2019) signal that fundamentally new insights into the basic 

cell biology may come from the ocean microbiome in coming decades. 

 

Marine phytoplankton—single-celled photosynthetic prokaryotes and eukaryotes—is estimated to 

account for up to 50% of global primary productivity (conversion of energy to organic substances 

by photosynthetic and chemosynthetic autotrophs) (Bowler et al., 2008). Diatoms are one of the 

most abundant and diverse microeukaryotic marine phytoplankton with estimated >105 species 

responsible for one fifth of the oxygen we breathe (Bowler et al., 2008; Kooistra et al., 2007). 
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They evolved in the Mesozoic Era between 250 (Armbrust et al., 2009) and 130 (Kooistra et 

al., 2007) million years ago and have intrigued scientists since the 1700s (Anonymous, 1703). 

 

Their dominance in the extant ocean and their prominent role in driving planetary iron, carbon, 

silicon, and nitrogen biogeochemical cycles can, at least in part, be attributed to their eclectic 

evolutionary trajectory involving secondary endosymbiosis between a heterotrophic host and 

photosynthetic red alga as well as extensive horizontal gene transfer (Armbrust et al., 2009; 

Benoiston et al., 2017). This resulted in diatom genomes becoming a chimera of plant, animal, 

and bacterial genes, an “evolutionary genetic jigsaw” endowing these organisms with some 

unique non-canonical metabolic signatures such as a full urea cycle typical of metazoans (Allen 

et al., 2011) and direct coupling of chloroplast and mitochondrial metabolisms (Bailleul et al., 

2015). Arguably, however, their most distinguishing feature are intricately ornamented silica-

based cell walls also called frustules (Figure 1.1).  

 

 
 
 

Figure 1.1. Diatoms: Nature’s nanotechnologists.  
(A) This microscope slide with 51 cleaned diatom frustules arranged in a symmetric pattern was prepared 
by the last living diatomist Klaus D. Kemp from the UK. I received it as a gift from Alina Chan.  
(B) Dark-field micrograph of the assembly. Diatoms synthesize silica-based cell walls with remarkably 
diverse morphologies and nanosized features that rival man-made nanotechnologies.  
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Building on the pioneering work by Volcani and his coworkers (Li and Volcani, 1985), 

understanding how the information to control biosilica morphogenesis is encoded in diatom 

genomes remains active and highly interdisciplinary area of research (De Tommasi et al., 2017). 

A collective body of work on diatom biomineralization over the past few decades is already 

inspiring a wealth of possible applications in biotechnology, nanotechnology, and medicine 

(Mishra et al., 2017; Panwar et al., 2019; Ragni et al., 2018). 

 

Modern diatom cell biology is dominated by two model species—Thalassiosira pseudonana and 

Phaeodactylum tricornutum—and was ignited by their full genome sequences (Armbrust et al., 

2004; Bowler et al., 2008) and methods for their genetic manipulation (Apt et al., 1996; Karas 

et al., 2015; Poulsen et al., 2006). T. pseudonana and P. tricornutum are representative of centric 

and pennate diatoms, respectively; the two major morphological diatom categories differing in 

their cell body symmetry axis (Armbrust et al., 2009). Diatoms have relatively small diploid 

genomes (~32.4 Mbp/24 chromosomes for T. pseudonana and ~27.4 Mbp/34 chromosomes for 

P. tricornutum) and >10,000 predicted genes with few introns (Armbrust et al., 2004; Bowler et 

al., 2008). Both model marine diatoms central to this dissertation are shown in Figure 1.2.    

 

 
 
Figure 1.2. Model marine diatoms Thalassiosira pseudonana and Phaeodactylum tricornutum.  
(A) Thalassiosira pseudonana CCMP1335 (the National Center for Marine Algae and Microbiota (NCMA) 
strain designation) is a centric model marine diatom with a pill box shape. It is fully silicified and has a 
diameter of ~5 μm. It was the first diatom with a sequenced genome (Armbrust et al. 2004). Red: 
chloroplast autofluorescence.   
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Figure 1.2 (Continued). 
 
(B) Phaeodactylum tricornutum CCMP2561 is a pennate model marine diatom here in its fusiform 
morphotype. It is unusual in two ways: it does not have a typical heavily silicified cell wall and it is 
pleiomorphic: it can shift among four different morphotypes (oval, fusiform, triradiate, cruciform). Fusiform 
cells measure between 20 and 30 μm. Its genome is also sequenced (Bowler et al., 2008).  

 

Environmental dominance, genomic and metabolic chimerism, breadth of possible applications, 

and facile genetic engineering of select species are positioning diatoms at the forefront of current 

marine microbiology and cell biology research. Thus, the time is ripe for implementation of modern 

molecular tools in these fascinating microeukaryotes to advance our knowledge of their cellular 

organization as it relates to driving Earth’s biogeochemical cycles and possible use in 

biotechnology. 

 

We here present the pioneering use of a recently developed genetically encoded chemical biology 

tag for high-resolution imaging and subcellular proteomics in diatoms. By applying this tool, we 

discover and describe novel proteins predicted to be involved in molecular processes downstream 

of an environmentally ubiquitous endocytosed iron receptor in P. tricornutum (Chapter 2). We 

then provide in silico, cellular, biochemical (Chapter 3), and technical (Chapter 4) advances 

pertaining to P. tricornutum chloroplast and T. pseudonana cell wall biology, respectively; two 

diatom compartments of biogeochemical relevance whose study will benefit from insights 

presented in Chapter 2. Finally, we critically assess these advances, provide a list of possible 

future steps, and end with a vision for further evolution of this work. 

 

We now describe cellular compartments we focus on in subsequent chapters, provide more 

information about the importance of the associated biogeochemical cycles, outline the underlying 

motivation for the work, and detail the implemented molecular tool. 
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Phytotransferrin endocytosis enables iron acquisition in diatoms.  

 

Phytoplankton blooms resulting from iron supplementation to large oceanic regions (Martin et al., 

1994) testify that the primary productivity in the ocean is limited by the micronutrient iron, a so 

called “iron hypothesis”, which is now widely accepted (Martin, 1990; Tagliabue et al., 2017). 

Subsequent iron fertilization studies (de Baar et al., 2005) and increased appreciation for iron’s 

critical role in cellular biochemistry (Cairo et al., 2006)—including its involvement in 

photosynthesis (Vigani et al., 2019)—fueled interest in oceanic iron from the interconnected 

chemical speciation (Blain and Tagliabue, 2016; Gledhill and Buck, 2012) and biological 

utilization (Benner et al., 2009; Desai et al., 2012) perspectives. 

 

Our laboratory has recently described a functional transferrin analog, phytotransferrin (pTF), in 

Phaeodactylum tricornutum (McQuaid et al., 2018; Morrissey et al., 2015). pTF is a cell surface 

ferric, Fe(III), iron receptor which is internalized via endocytosis (McQuaid et al., 2018; this work) 

and coordinates iron synergistically with carbonate anion similar to a human transferrin 

(Eckenroth et al., 2006). Work by McQuaid et al., 2018, is a groundbreaking advance in marine 

microbial ecology and provides a description of cellular adaptations to oceanic iron scarcity first 

envisioned by Anderson and Morel, 1982, when the “iron hypothesis” had not even been fully 

established. However, molecular underpinnings of the intracellular iron allocation pathways in 

diatoms downstream of phytotransferrin, including possible direct phytotransferrin interactors, are 

unknown. Here, we first identify these proteins using subcellular proteomics, and then provide cell 

localization, phylogenetic, and biochemical context to their predicted function. 
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Pyrenoid: subchloroplastic organelle crucial for CO2 concentrating mechanism in diatoms. 

 

Ribulose-1,5-bisphosphate carboxylase/oxygenase (RuBisCO) is likely the most abundant 

enzyme on Earth (Bar-On and Milo, 2019) and catalyzes the addition of CO2 to ribulose-1,5-

biphosphate, the first step of the Calvin-Benson-Bassham cycle which ultimately leads to most of 

our planet’s organic matter (Biel and Fomina, 2015; Raines, 2003). Microalgae, including 

diatoms, use pyrenoid, a specialized subchloroplastic organelle, to concentrate CO2 around 

RuBisCO (Matsuda et al., 2017; Meyer et al., 2018). This evolutionary adaptation helps them to 

offset issues associated with slow catalytic rate of RuBisCO and low CO2 concentration in aquatic 

habitats (Matsuda et al., 2017). 

 

There has been growing interest in understanding the physical organization and composition of 

the pyrenoid in the model green alga Chlamydomonas reinhardtii (Rochaix et al., 2017; Wunder 

et al., 2019). In particular, a series of studies established CrEPYC1 (Essential Pyrenoid 

Component 1) as a RuBisCO-binding protein likely allowing the pyrenoid to behave as a liquid 

and undergo a phase transition during cell division (Freeman Rosenzweig et al., 2017; 

Mackinder et al., 2016; Wunder et al., 2018). Such liquid-like compartments represent an 

emerging paradigm for intracellular organization in algae (Launay et al., 2019) and the rest of the 

tree of life (Falahati and Haji-Akbari, 2018; Turoverov et al., 2019). Building on the increasing 

evidence that certain componens of CO2 concentrating mechanisms (CCMs) in microalgae have 

convergently evolved (Matsuda et al., 2017; Tsuji et al., 2017), we here provide initial in silico, 

cellular, and biochemical characterization of PtEPYC1, a bioinformatically identified CrEPYC1-

like protein in Phaeodactylum tricornutum (Mackinder et al., 2016). 
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Silica deposition vesicle: membranous compartment for diatom cell wall synthesis.  

 

Silicon is the seventh most abundant element in the universe and a required nutrient for marine 

diatoms, some sponges, radiolarians, silicoflagellates, and several species of choanoflagellates 

(Tréguer et al., 2013). Many hypotheses exist on why diatoms use silicon to construct their cell 

walls: it may be energetically cheaper, allow for more efficient photosynthesis (Yool and Tyreell, 

2003), or provide mechanical protection against grazers (Pančić et al., 2019). Notably, iron 

limitation is known to increase intracellular silicon pools in diatoms and the thickness of their cell 

walls (Wilken et al., 2011) thus substantiating the need for integrative study of cellular 

mechanisms related to iron, silicon, and (indirectly also) carbon cycling in diatoms. 

 

Diatom cell walls are synthesized in a membrane-enclosed compartment called the silica 

deposition vesicle (SDV) (Drum and Pankratz, 1964; Schmid et al., 1979) and have been central 

to our studies of protein-guided biomineral morphogenesis in nature (Hildebrand et al., 2018). 

Silaffins—highly post-translationally modified proteins—are critical to this process in T. 

pseudonana. They are hypothesized to form a silaffin matrix together with polyamines leading to 

silicic acid precipitation and morphogenesis of the resulting silica inside SDV (Kröger, 2007; 

Kröger and Poulsen, 2008). Despite progress in characterizing silaffins (Poulsen and Kröger, 

2004) and other biosilicificaton proteins such as cingulins (Scheffel et al., 2011), silicanins 

(Kotzsch et al., 2017), and silicalemma (i.e. SDV membrane)-associated proteins (SAPs) 

(Tesson et al., 2017), our systems view of this process—including predicted silaffin-interacting 

proteins—remains elusive. Here, we describe the first successful repetition of bacterial 

conjugation in T. pseudonana which led to correct localization of a well-characterized silaffin 

TpSil3 (Gröger et al., 2016). 
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Engineered ascorbate peroxidases as genetically encoded chemical biology tools for 

subcellular proteomics. 

 

Our lack of compositional understanding of diatom subcellular compartments integral to 

biogeochemical cycles of iron, carbon, and silicon—such as phytotransferrin endosomes and 

PtEPYC1-containing pyrenoid in P. tricornutum, and silaffin-containing silica deposition vesicle in 

T. pseudonana—establishes a need to identify innovative approaches for their further 

interrogation. 

 

Engineered biotin ligases (e.g. BioID2, MiniTurbo, TurboID) and ascorbate peroxidases (e.g. 

APEX, APEX2) have been revolutionizing proteomic studies of organelles, subcellular 

compartments, protein complexes, and protein-protein interactions over the past five years 

(Gingras et al., 2019). These two classes of enzymatic tags—when fused with a protein of 

interest (POI; bait)—allow for covalent modification of nearby proteins with biotin using biotin and 

ATP (engineered biotin ligases) or biotin-phenol and hydrogen peroxide (engineered ascorbate 

peroxidases) substrates supplemented to genetically engineered cells (Trinkle, 2019). Proteins 

in the bait vicinty have to possess surface exposed lysines and tyrosines for efficient proximity 

labeling (i.e. covalent attachment of biotin or biotin-phenol) in the case of engineered biotin ligases 

and ascorbate peroxidases, respectively (Gingras et al., 2019). Biotinylated proteins can then be 

isolated and analyzed with mass spectrometry. Proximity labeling is thus complementary to 

organelle and protein complex fractionation and affinity purification, but has an important 

advantage over these two classic approaches in that it also allows for identifying proteins 

engaging in transient and weak interactions (Gingras et al., 2019).  

 

We chose to implement APEX2 in model marine diatoms P. tricornutum and T. pseudonana. 

APEX2 is a ~27 kDa soybean ascorbate peroxidase APX mutant (APXK14D/W41F/E112K/A134P) which 
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was engineered for improved kinetics, thermal stability, heme binding, and resistance to high H2O2 

concentrations using yeast display evolution from its predecessor APEX (APXK14D/W41F/E112K) (Lam 

et al., 2015; Martell et al., 2012). APEX2—activated by hydrogen peroxide—permits spatially 

resolved proteomic mapping by oxidizing biotin-phenol to short lived (<1 ms) phenoxyl radicals 

which can covalently react with electron-rich amino acid residues (primarily tyrosine) in proximal 

endogenous proteins (Gingras et al., 2019; Lam et al., 2015). This labeling reaction is 

schematized in Figure 1.3.  

 
 
Figure 1.3. APEX2-enabled proximity labeling—mechanism overview. Created with BioRender.com. 
 

Even though biotinylation diameter in the ~20 nm range is reported as consensus (Gingras et 

al., 2019; Martell et al., 2012; Trinkle et al., 2019), it should rather be viewed as a “contour map” 

where biotinylation efficiency diminishes nanometer by nanometer from APEX2-tagged bait 

protein (Hung et al., 2016). Importantly, when biotin-phenol is replaced with diaminobenzidine— 

an alternative APEX2 substrate—high-resolution electron microscopy can be performed (Martell 

et al., 2017). 

 

The conceptual overview of what APEX2-based studies in diatoms allow is presented in Figure 

1.4. In principle, APEX2-based proximity labeling and imaging can be applied to any protein in 

any transformable diatom species. Thus, the efforts herein form a platform to start cataloging 

proteomes relevant to partially understood diatom-specific biological processes beyond the three 

we focus on in subsequent chapters.   
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Figure 1.4. Conceptual overview of subcellular proteomics in diatoms facilitated by the engineered soybean 
ascorbate peroxidase APEX2.  
First, a diatom cell is genetically engineered to express an APEX2 fusion with a compartment-specific 
protein of interest/bait protein (POI; a chloroplast protein was chosen in this scheme). Next, supplementing 
the resulting cell line with biotin-phenol and hydrogen peroxide (APEX2 substrates) leads to short-lived 
radicals (black circles with “B”) which can covalently attach to surface-exposed amino acid residues in 
nearby proteins. Finally, biotinylated proteins can be isolated, identified with mass spectrometry, and used 
as new baits in subsequent proximity labeling cycles. Notably, the APEX2 tag allows for high-resolution 
electron microscopy subcellular localization studies if biotin-phenol is swapped for diaminobenzidine. 
Created with BioRender.com. 
 

We now provide the dissertation summary and highlight major dissertation achievements (Figure 

1.5) as well as note some (unanticipated) connections between chapters (Figure 1.6). 
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Dissertation roadmap, major achievements, and interconnectedness of chapters. 

 
 
 

Figure 1.5. Dissertation roadmap and highlights.  
Each chapter focuses on a cellular compartment integral to a major planetary biogeochemical cycle. 
Compartment-specific proteins tagged with APEX2 are briefly described and major achievements are 
highlighted. Created with BioRender.com.  
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Figure 1.6. Unexpected interconnectedness of chapters. 
Additional details on how the dissertation chapters connect to each other. While some discussion on these 
observed links is provided in the dissertation, they warrant further investigation. Created with 
BioRender.com. 
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Abstract  

 

Iron is a biochemically critical metal cofactor in enzymes involved in photosynthesis, respiration, 

nitrate assimilation, nitrogen fixation, and reactive oxygen species defense. Marine 

microeukaryotes have evolved a phytotransferrin-based iron uptake system to cope with iron 

scarcity, a major factor limiting primary productivity in the global ocean. Diatom phytotransferrin 

is internalized via endocytosis, however proteins downstream of this environmentally ubiquitous 

iron receptor are unknown. We applied engineered ascorbate peroxidase APEX2-based 

subcellular proteomics to catalog proximal proteins of phytotransferrin in the model diatom 

Phaeodactylum tricornutum. Proteins encoded by poorly characterized iron-sensitive genes were 

identified including three that are expressed from a chromosomal gene cluster. Two of them 

showed unambiguous colocalization with phytotransferrin adjacent to the chloroplast. Further 

phylogenetic, domain, and biochemical analyses suggest their involvement in intracellular iron 

processing. Proximity proteomics holds enormous potential to glean new insights into iron 

acquisition pathways and beyond in these evolutionarily, ecologically, and biotechnologically 

important microalgae. 

 

Keywords: ocean, iron cycle, diatoms, Phaeodactylum tricornutum, phytotransferrin, 

endocytosis, metal trafficking, chloroplast, proximity proteomics, APEX2 
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Glossary 

 

AA/AAs amino acid residue/amino acid residues 

APEX  engineered ascorbate peroxidase (APX) 

CREG  cellular repressor of E1A-stimulated genes 

DAB  3,3’-diaminobenzidine 

EYFP  enhanced yellow fluorescent protein 

FMN  flavin mononucleotide 

Fe’  dissolved labile iron pool (all unchelated iron species) 

MS  mass spectrometry 

HNLC  high-nutrient, low-chlorophyll 

ISIP  iron starvation-induced protein 

PBS  phosphate-buffered saline 

pTF  phytotransferrin 

RT  room temperature 

TEM  transmission electron microscopy 

TM  transmembrane 

TMT  tandem mass tag 

UTR  untranslated region 

V-ATPase vacuolar-type H⁺-ATPase 

WT  wild type 
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Introduction 

 

Iron (Fe) likely played an important role in the origin of life (Bonfio et al., 2017; Jin et al., 2018; 

Kitadai et al., 2019; Nitschke et al., 2013) and is fundamental in extant metabolisms acting as 

a cofactor in enzymes involved in DNA synthesis, cellular respiration, nitrogen fixation, and 

photosynthesis (Crichton, 2016). Early anoxic oceans were rich in readily bioavailable ferrous, 

Fe(II), iron, but with the rise of oxygenic photosynthesis and the Great Oxygenation Event (GOE) 

in the Paleoproterozoic ~2.3 billion years ago followed by the Neoproterozoic Oxygenation Event 

(NOE) ~1.5 billion years later, most of it oxidized into insoluble ferric, Fe(III), minerals which are 

not bioavailable (Camacho et al., 2017; Knoll et al., 2017; Och and Shields-Zhou, 2012). 

Conceivably, these large global shifts in ocean chemistry could have had a major role in driving 

the evolution of novel Fe uptake mechanisms. 

 

Fe availability limits primary productivity in high nutrient, low chlorophyll (HNLC) regions which 

cover ~25% of the modern ocean habitat (Boyd and Ellwood, 2010) as demonstrated by 

numerous large-scale Fe fertilization experiments (Martin et al., 1994; de Baar et al., 2005) and 

natural Fe upwelling events (Ardyna et al., 2019) invariably resulting in diatom-dominated 

phytoplankton blooms. Dissolved Fe(III) in marine environments is primarily found complexed to 

organic ligands (Hutchins and Boyd, 2016; Tagliabue et al., 2018) such as bacterially-produced 

siderophores (Boiteau et al., 2016) and hemes (Hogle et al., 2014), but low (pM) amounts of 

unchelated labile Fe(III), Fe’, serve as a crucial source of iron for eukaryotic phytoplankton, 

particularly diatoms (Morel et al., 2008). Diatoms—responsible for 45% of global primary 

production (Benoiston et al., 2017)—have convergently evolved phytotransferrin (pTF), which 

serves as the basis of a high-affinity nonreductive carbonate ion-coordinated ferric iron binding 

and acquisition pathway (McQuaid et al., 2018; Morrissey et al., 2015). Phytotransferrin 
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sequences have a broad taxonomic distribution and are abundant in marine environmental 

genomic datasets (Bertrand et al., 2015; Marchetti et al., 2012). 

 

Phytotransferrins are estimated to have emerged concurrently with the NOE exemplifying the link 

between large environmental changes and molecular innovation (McQuaid et al., 2018). pTF 

(Ensembl ID: Phatr3_J54465, UniProt ID: B7FYL2) from the model diatom Phaeodactylum 

tricornutum (Bowler et al., 2008) was first identified as an iron-sensitive transcript and named 

ISIP2a (iron starvation induced protein 2a) (Allen et al., 2008), although its expression levels 

remain relatively high in iron-replete conditions as well (Smith et al., 2016). pTF localizes to the 

cell surface and intracellular puncta, presumably endosomal vesicles (McQuaid et al., 2018), 

which is further supported by the presence of an endocytosis motif in the C-terminus of the protein 

(Lommer et al., 2012). In diatom pTF, dissolved labile ferric iron is coordinated synergistically 

with carbonate (CO3
2-) anion, a common feature of all transferrins (Zak et al., 2002). Thus, decline 

in seawater carbonate concentrations due to ocean acidification caused by elevated atmospheric 

CO2 may negatively impact this prevalent iron uptake system in diatoms and other marine 

phytoplankton (McQuaid et al., 2018). Diatom pTF is phylogenetically related to Fe-assimilation 

(FEA) domain-containing proteins, such as the recently characterized phytotransferrin from the 

marine picoalga Ostreococcus tauri (Scheiber et al., 2019); and represent functional and 

evolutionary analogs of transferrins (McQuaid et al., 2018), iron delivery proteins found in 

multicellular organisms that employ the same mode of binding (Cheng et al., 2004). 

 

While accessing and binding dilute dissolved labile ferric iron on the cell surface is important, 

subsequent internalization and delivery to target sites within complex cellular milieu are also 

critical. Fe(III) is highly insoluble and conversion between Fe(III) and Fe(II) can lead to toxic 

reactive oxygen species causing damage to proteins, lipids, and nucleic acids (Cheng et al, 

2004). Precise control of iron internalization and intracellular trafficking in either of its redox states 
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is thus crucial for maintenance of cellular homeostasis (Philpott and Jadhav, 2019; Wang and 

Pantopoulos, 2011). Human iron-laden transferrin (Tf) bound to transferrin receptor is 

internalized via clathrin-mediated endocytosis. Endosome acidification leads to carbonate 

protonation and Tf conformational change resulting in iron release. Fe(III) is then reduced by six-

transmembrane epithelial antigen of prostate 3 (STEAP3), exported to the cytoplasm through 

divalent metal transporter 1 (DMT1; also NRAMP2) or Zrt- and Irt-like protein (ZIP) 14, and 

offloaded to iron chaperones for distribution to cellular iron sinks (Bogdan et al., 2016; Eckenroth 

et al., 2011; Philpott and Jadhav, 2019; Wang and Pantopoulos, 2011). In contrast, proteins 

which conduct key endosomal processes and biochemical transformations as well as mediate 

subsequent intracellular allocation of internalized Fe(III) downstream of diatom pTF are unknown. 

 

To investigate the proximal proteomic neighborhood of diatom pTF and thus the degree of 

mechanistic resemblance between transferrin and phytotransferrin pathways, we turned to 

APEX2, an engineered heme-containing ascorbate peroxidase (Lam et al., 2015) that functions 

as a dual probe for electron microscopy (Martell et al., 2017) and proximity proteomics (Hung et 

al., 2016). When genetically fused with a protein of interest, the ~27 kDa APEX2 enzyme permits 

spatially resolved proteomic mapping by oxidizing biotin-phenol to short lived (<1 ms) phenoxyl 

radicals which can covalently react with electron-rich amino acid residues (tyrosine, but likely also 

tryptophane, histidine, and cysteine) on the surface of nearby endogenous proteins. Tagged 

proteins can then be isolated by purification with streptavidin beads and analyzed using mass 

spectrometry (MS). The “biotinylation radius” in APEX2 experiments should be seen as a “contour 

map” or a “probability gradient” where the likelihood of tagging decreases with distance away from 

APEX2-tagged protein of interest (Hung et al., 2016; Lam et al., 2015). Target hits can therefore 

include both strong and stable as well as weak and transient direct interactors, and also vicinal, 

juxtaposed proteins not interacting with the bait (Lundberg and Borner, 2019). Replacing biotin-

phenol with diaminobendizine (DAB) enables high-resolution electron microscopy experiments 
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(Martell et al., 2017; Martell et al., 2012) making APEX2 a powerful bifunctional probe. APEX2 

has thus far been used to investigate a variety of cellular compartments and processes including 

the mitochondrial nucleoid-associated proteome (Han et al., 2017), post-Golgi vesicle trafficking 

(Otsuka et al., 2019), stress granules (Markmiller et al., 2017), protein occupancy at defined 

genomic loci (Myers et al., 2018), chromatin interactions (Qiu et al., 2019), lipid droplets 

(Bersuker et al., 2018), Golgi-localized proteolysis (Hwang et al., 2016), subcellular RNA 

localization (Fazal et al., 2019), the ciliary membrane-associated proteome (Kohli et al., 2017), 

G protein-coupled receptor (GPCR) signaling (Paek et al., 2017), bacterial pathogen inclusion 

membranes (Dickinson et al., 2019), and finally also endocytosis (Del Olmo et al., 2019). These 

studies, conducted in diverse model systems including mammalian cell culture, fruit fly, yeast, 

and bacteria, testify to the breadth of APEX2 applications and associated insights and advances 

that have been achieved in a relatively short time since the technique was first described (Lam 

et al., 2015). 

 

Here, we present further evidence for P. tricornutum phytotransferrin pTF endocytosis, 

demonstrate correct subcellular localization and activity of its APEX2 fusion, identify almost 40 

proximal proteins in proximity proteomics experiments conducted in quintuplicate, and, finally, 

provide initial characterization, using dual fluorophore protein tagging fluorescence microscopy, 

phylogenetic, domain, and biochemical analyses, for three proteins (pTF.CREGr, pTF.CatCh1, 

pTF.ap1) believed to act in association with endocytosed pTF downstream of iron binding at the 

cell surface. Bacterially-expressed recombinant pTF.CREGr displays flavin reductase activity in 

vitro suggesting this protein may be involved in intracellular ferric, Fe(III), iron reduction, while 

bioinformatic interrogation of pTF.CatCh1 and its localization indicate it may be a chloroplast-

associated metallochaperone. 
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The overall outline of our work is shown in Figure 2.1. To the best of our knowledge, this study 

represents the first application of APEX2 in a marine microbial model system. We conclude with 

a vision board summarizing outstanding questions in diatom cell biology that could immediately 

benefit from this and related chemical biology approaches. 
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Figure 2.1. Functional APEX2-enabled proteogenomics with pTF (phytotransferrin/ISIP2a/Phatr3_J54465) 
in the model marine diatom Phaeodactylum tricornutum.  
(A) pTF-APEX2 encoding episome is introduced into P. tricornutum cells using bacterial conjugation.  
(B) The resulting transconjugants are genotyped and evaluated for fusion protein expression. APEX2 
activity and fusion protein localization are then confirmed with an enzymatic assay and electron microscopy, 
respectively.  
(C) In the proximity proteomics experiment, pTF-APEX2 expressing cell line is supplemented with biotin-
phenol and hydrogen peroxide, reaction quenched, and cells lysed. Cell lysate is then subjected to 
streptavidin pull-down, proteins analyzed with mass spectrometry (MS), peptides mapped to a P. 
tricornutum proteome database, and corresponding genes identified.  
(D) Interesting MS hits are further evaluated experimentally (e.g. for colocalization with the bait protein (i.e. 
pTF) and for predicted biochemical activity) as well as bioinformatically. Created with BioRender.com.  



 

29 

 

Figure 2.1 (Continued). 
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Results 

 

Phytotransferrin (pTF) is localized to endosome-like vesicles. 

To further examine pTF localization and possible occurrence within intracellular vesicles, a pTF-

mCherry encoding episome was conjugated (Karas et al., 2015; Diner et al., 2016) into ΔpTF P. 

tricornutum cells (McQuaid et al., 2018). After labeling the fluorescent transconjugant cell line 

with 100 μM of the membrane dye MDY-64 for 10 min at room temperature, vesicles with 

colocalized mCherry and MDY-64 signal were observed (Figure 2.2A). 

 

Phytotransferrin-APEX2 fusion proteins are enzymatically active in vivo. 

To generate pTF-APEX2 expressing diatom cell lines, an episome encoding pTF 

(Phatr3_J54465) with C-terminal APEX2 was assembled and conjugated into WT P. tricornutum 

(Figure 2.2B). Considering the predicted pTF domains (Figure 2.2—figure supplement 1A), this 

likely resulted in APEX2 facing the cytosol both at the cell surface and once internalized into 

vesicles. Western blot with pTF-specific antibodies (McQuaid et al., 2018) confirmed the ~84.7 

kDa fusion protein expression in 4 out of 5 tested cell lines. The protein was largely present in the 

insoluble cell lysate fraction (Figure 2.2C), possibly further indicative of its membrane localization. 

Amplex UltraRed, a highly sensitive APEX2 substrate (Hung et al., 2016), was used to assay live 

pTF-APEX2 expressing cells. A resorufin (reaction product) signal up to 4- and 40-fold above WT 

background was observed in experiments performed at room temperature (data not shown) and 

on ice (Figure 2.2D; Supplemental file 2), respectively, indicating active APEX2 with 

incorporated heme. Resorufin was also directly visualized by confocal microscopy (Figure 2.2—

figure supplement 1B) and a strong cytosolic signal not tightly localized to the expected site of 

origin, similar to previous reports (Martell et al., 2012), was observed. This result may indirectly 

support our pTF orientation model. APEX2 was active only in the presence of both Amplex 

UltraRed and hydrogen peroxide (Figure 2.2—figure supplement 1C) implying that endogenous 
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H2O2 levels are not sufficient to drive APEX2-catalyzed reaction, and that the overall cell surface 

and intracellular milieu in P. tricornutum is permissive to the APEX2 catalytic cycle. 
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Figure 2.2. Association of pTF with intracellular vesicles and demonstration of APEX2 activity in 
Phaeodactylum tricornutum.  
(A) pTF-mCherry colocalizes with the membrane dye MDY-64 on the cell surface and within intracellular 
vesicles. The fusion protein was expressed under the pTF promoter and terminator in a ΔpTF genetic 
background. Cells were stained with 100 μM MDY-64 for 10 min at room temperature. Scale bar is 10 μm. 
Protein fusion schematic created with BioRender.com.  
(B) Top: pTF-APEX2 flanked by nitrate-inducible NR (nitrate reductase) promoter, terminator, and UTRs. 
Linker sequence between pTF and APEX2 was KGSGSTSGSG. Bottom: Schematic of the pTF-APEX2 
expressing episome. Tetracycline (TetR) and ampicillin (AmpR) resistance genes for E. coli selection, 
bacterial replication origin, yeast centromere (CEN6-ARSH4-HIS3) for episome maintenance, 
phleomycin/zeocin (ShBle) resistance gene for P. tricornutum selection, origin of conjugative transfer (oriT). 
Plasmid map created with BioRender.com.  
(C) Anti-pTF western blot confirming fusion protein expression (~84.7 kDa) (lanes s1–s4; left: soluble cell 
lysate fraction, right: insoluble cell lysate fraction) in WT P. tricornutum background. Teal circle: APEX2, 
grey oval: pTF.  
(D) Left: pTF-APEX2 expressing, but not WT, cells convert APEX2 substrate Amplex UltraRed (50 μM) into 
a colored product resorufin in the presence of 2 mM H2O2. Right: >40-fold higher resorufin signal was 
observed in supernatants from pTF-APEX2 expressing cells than those from WT cells. Triplicate cultures 
from one WT and one pTF-APEX2 expressing cell line (strain “s2”) were used in this experiment. Standard 
deviation is shown. P. tricornutum cartoons created with BioRender.com.  
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Figure 2.2 (Continued). 
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pTF-APEX2 is localized to the cell membrane and intracellular vesicles. 

To confirm pTF-APEX2 is localized to the cell surface and intracellular vesicles similar to mCherry 

fusions, pTF-APEX2 expressing cells (strain “s2”, Figures 2.2C, 2.2D) were treated with 25 mM 

3,3’-diaminobenzidine (DAB) in the presence of 3 mM H2O2 for 15 min on ice (Figure 2.3A). This 

reaction leads to DAB polymerization and local precipitation around APEX2 that can be stained 

with osmium tetroxide and visualized with transmission electron microscopy. Cells were 

embedded in a 3% agar matrix to prevent losses during numerous washing steps (Figure 2.3—

figure supplement 1A). Tightly localized signal was observed on the cell membrane and in 

intracellular vesicles indicating that pTF-APEX2 fusion trafficked to the correct subcellular sites 

(Figure 2.3B). Additionally, we observed mitochondrial signal in WT and pTF-APEX2 cell lines 

subjected to the DAB reaction (Figure 2.3B; Figure 2.3—figure supplement 1B). Analysis of 

the P. tricornutum proteome revealed 8 peroxidases with Arg38, His42, His163, and Asp208; 

catalytic residues that are conserved across all identified ascorbate peroxidases including 

soybean APX (Raven et al., 2003) and its engineered version APEX2 (Figure 2.3—figure 

supplement 1C). Three of these contain proline in place of alanine at position 134 relative to 

APEX2, a substrate-binding loop mutation rendering APEX2 highly active (Martell et al., 2015), 

and another putative peroxidase is predicted to localize to mitochondria (Figure 2.3—figure 

supplements 1D, 1E). APEX2 was inactivated in iron-limiting conditions (40 nM total Fe) and 

could be reactivated by supplementing fixed cells with 10 μM hemin chloride for 3 hrs (data not 

shown), but this substantially increased background in the Amplex UltraRed assay. Therefore, 

subsequent proximity labeling experiments were carried out on cells growing in iron-replete 

conditions. 
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Figure 2.3. pTF-APEX2 localizes to the cell membrane and intracellular vesicles.  
(A) Summary of the transmission electron microscopy protocol. Briefly: WT and pTF-APEX2 expressing 
cells were fixed, treated with diaminobenzidine (DAB), post-fixed with osmium tetroxide, embedded in agar, 
negatively stained with uranyl acetate, dehydrated, embedded in resin, and visualized. Created with 
BioRender.com.  
(B) Expected cell surface and intracellular pTF-APEX2 localization. Teal and brown arrows point to APEX2-
induced signal and cell wall, respectively. Zoomed in is the cell periphery clearly showing cell membrane, 
and not cell wall, is occupied by the fusion protein (top left image). pTF-APEX2-containing vesicles of 
various sizes were seen (bottom two images on the left; acquired with backscatter scanning electron 
microscopy). Zoomed in are cell membrane and vesicles with pTF-APEX2 (middle left image). Mitochondrial 
signal in both WT and pTF-APEX2 expressing cells is likely due to endogenous (mitochondrial) APEX2-like 
peroxidases. Scale bar is 1 μm. P. tricornutum cartoons created with BioRender.com. 
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Figure 2.3 (Continued). 
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Identification of the proximal phytotransferrin proteome with biotin-phenol labeling. 

To identify proteins proximal to pTF, quintuplicate cultures from one WT and one pTF-APEX2 

expressing cell line (strain “s2”, Figures 2.2C, 2.2D) were grown to mid- to late-exponential phase 

and supplemented with 2.5 mM biotin-phenol and 1 mM hydrogen peroxide, following the APEX2 

proximity labeling protocol developed for yeast (Hwang and Espenshade, 2016; Hwang et al., 

2016). Incubation with hydrogen peroxide was extended to 20 min to mirror Amplex UltraRed 

assay and DAB reaction conditions (Figure 2.4A). Increasing the biotin-phenol concentration from 

0.5 mM, usually used in mammalian cells, to 2.5 mM, and exposing cells to osmotic stress with 

1.2 M sorbitol (both are critical for efficient labeling in yeast) was necessary to detect enrichment 

of biotinylated proteins in experimental samples (Figure 2.4B). This result confirmed our 

hypothesis that the lack of heavy silicification in P. tricornutum (Francius et al., 2009; Tesson et 

al., 2009), making its cell wall composition and cell membrane permeability likely similar to those 

in yeast, would permit labeling. Streptavidin pull-downs were then performed with clarified cell 

lysates followed by tandem mass tag (TMT)-based quantitative proteomics. WT and pTF-APEX2 

proteomic replicates, with the exception of one WT and one pTF-APEX2 condition, formed two 

distinct clusters (Figure 2.4—figure supplement 1; Supplemental file 3) indicating minimal 

technical variability. 38 statistically significant proteins (P ≤ 0.05) with APEX2/WT ratios of at least 

1.5 were identified (Figure 2.4B). These ratios were obtained from average total peptide counts 

across quintuplicates (Supplemental file 4). Predicted endogenous biotinylated proteins were 

also detected and had APEX2/WT ratios close to 1, thus serving as an intrinsic pull-down control 

(Supplemental file 1—Table S1; Supplemental file 4). Some background enrichment in WT 

cells was likely due to endogenous APEX2-like peroxidases and one would thus expect 

mitochondrial proteins with APEX2/WT ratios close to 1 to be present in our MS dataset. Indeed, 

at least three were detected: mitochondrial chaperonin CPN60 (Phatr3_J24820, UniProt ID: 

B7FQ72, APEX2/WT = 0.99), mitochondrial import receptor subunit TOM70 (Phatr3_J47492, 

UniProt ID: B7G3J4, APEX2/WT = 0.91), and acetyl-CoA dehydrogenase (Phatr3_J11014, 
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UniProt ID: B7FTR6, APEX2/WT = 1.23) (Supplemental file 4). 14 proteins with an APEX2/WT 

ratio of at least 2 were detected. Of these 14 proteins, 9 are known to be transcriptionally sensitive 

to iron availability; this is also the case for an additional 5 proteins with APEX2/WT ratio of at least 

1.5 (Supplemental file 4) (Smith et al., 2016). We note that pTF was present, but not enriched, 

in our pTF-APEX2 proteomics samples (Supplemental file 4). One possible explanation for this 

result is that pTF does not have surface exposed amino acid residues that are permissive to 

biotinylation by APEX2-generated phenoxyl radicals, something only pTF structure would reveal; 

and so its presence in all of our pull-down samples could be due to unspecific binding to 

streptavidin beads.  

 

Some of the most apparent biologically interesting hits are summarized in Figure 2.4C. 

Considering iron is critically involved in all the major photosynthetic complexes photosystem II, 

photosystem I, and cytochrome b6f (Rochaix, 2011), we asked if some of the proteins are 

perhaps predicted to be targeted to the chloroplast. Indeed, five are predicted to go to the plastid 

with low confidence by ASAFind (Gruber et al., 2015), including two (Phatr3_J51183 and 

Phatr3_J54986) that are part of a gene cluster on chromosome 20 and two (Phatr3_J41423 and 

Phatr3_J55031) that are known to associate with the P. tricornutum chloroplast (Allen et al., 

2012; Kazamia et al., 2019; Kazamia et al., 2018; Figure 2.4C). Further details on how ASAFind 

works and which proteins are given a low confidence chloroplastic prediction are presented in 

Gruber et al., 2015 and Materials and Methods, respectively. We elaborate on the potential role 

for these proteins in intracellular iron trafficking in Discussion. 
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Figure 2.4. Proximity proteomics with APEX2 reveals candidate proteins involved in phytotransferrin (pTF) 
endocytosis in Phaeodactylum tricornutum.  
(A) Summary of the proximity proteomics experiment. Briefly: WT and pTF-APEX2 expressing cells were 
chilled on ice, pelleted, treated with 1.2 M sorbitol, supplemented with 2.5 mM biotin-phenol and 1 mM 
H2O2. The labeling reaction was quenched, cells were lysed, and evaluated for biotin enrichment. 
Supernatants were then subjected to streptavidin pull-down followed by quantitative mass spectrometry 
using tandem mass tags (TMT). Created with BioRender.com.  
(B) Left: Enrichment of biotinylated proteins over WT background was observed with streptavidin blot; ~66.5 
kDa biotinylated BSA control; equal loading. The most prominent band in all samples is likely the 
endogenous biotin-containing propionyl-CoA carboxylase (Phatr3_J51245, ~72.5 kDa). Right: Vulcano plot 
of quantitative MS data highlighting proteins with APEX2/WT ratio of at least 1.5 and P-value ≤0.05 (shaded 
area with teal data points). Proteins from a known iron-sensitive gene cluster located on chromosome 20 
are highlighted. P. tricornutum cartoons created with BioRender.com.  
(C) 14/38 (10 shown here) MS hits are proteins with iron-sensitive transcripts. Proteins we tagged with 
EYFP and co-expressed with pTF are bolded. Chloroplast localization and the associated prediction 
confidence were determined with SignalP 4.1 and ASAFind version 1.1.7. *Experimentally shown to localize 
to the pyrenoid—a RuBisCO-containing subchloroplastic organelle—in the interior of the P. tricornutum 
chloroplast (Allen et al., 2012). **Experimentally shown to be localized adjacently to the chloroplast 
(Kazamia et al., 2019; Kazamia et al., 2018).  
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Figure 2.4 (Continued). 
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Proteins encoded by an iron-sensitive gene cluster on chromosome 20 colocalize with 

pTF. 

We focused on three proteins among the top MS hits—Phatr3 IDs: J51183 (hereafter: 

pTF.CREGr; CREG-like protein with likely Reductive function), J52498 (hereafter: pTF.CatCh1; 

Chloroplast-AssociaTed CHaperone 1), and J54986 (hereafter: pTF.ap1; pTF-Associated Protein 

1)—that are expressed from a previously identified iron- (Allen et al., 2008) and silicon-sensitive 

(Sapriel et al., 2009) gene cluster on chromosome 20 (Figure 2.5A). One additional protein 

(ISIP2b/Phatr3_J54987), which is also transcriptionally sensitive to iron and silicon and that we 

did not detect in our proximity proteomics experiment, is also encoded by this uncharacterized 

locus. We note that pTF is not co-located with these genes, but instead lies on chromosome 7 

(genomic location 1,000,053–1,001,833, forward strand). All three genes exhibit a transcriptional 

profile similar to pTF (Figure 2.5—figure supplement 1), two proteins (pTF.CREGr and pTF.ap1) 

are predicted to go to the chloroplast (with low confidence as determined by ASAFind) (Figure 

2.4C), and two (pTF.CatCh1 and pTF.ap1) contain a C-terminal transmembrane domain 

(Supplemental file 1—Table S2). It was hypothesized that organellar pH and proteome 

biochemistry co-evolved (Brett et al., 2006); we note the isoelectric points of all three proteins 

are close to 5 overlapping the expected endosomal pH (Supplemental file 1—Table S2). To test 

whether any of them colocalize with pTF, co-expression episomes were assembled and 

conjugated into WT P. tricornutum cells which resulted in diatom cell lines expressing pTF-

mCherry and MS hit-EYFP fusion proteins. Detailed assembly strategy and cell line verification 

results are presented in Figure 2.5—figure supplement 2A and Figure 2.5—figure supplement 

2B, respectively. pTF.CREGr and pTF.CatCh1 colocalized with pTF in the chloroplast vicinity or 

on the chloroplast margin, respectively (Figure 2.5B). Colocalization of pTF.ap1 with pTF close 

to the chloroplast was also evident, though somewhat less precise (Figure 2.5—figure 

supplement 3). Imaging conditions were optimized with mCherry and Venus expressing P. 
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tricornutum cell lines for minimal cross-channel bleed-through (Figure 2.5—figure supplement 

2C). 
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Figure 2.5. Proteins from a known iron-sensitive locus in Phaeodactylum tricornutum colocalize with pTF 
and chloroplasts.  
(A) Genes corresponding to a subset of proteomic hits are clustered together on chromosome 20. With the 
exception of ISIP2b, which we did not detect in our proximity proteomics experiment, all the proteins were 
co-expressed with pTF as fusions with fluorescent proteins. Corresponding Ensembl and UniProt IDs are 
noted. Numbers indicate base pairs. Created with BioRender.com.  
(B) Two proteins—pTF.CREGr and pTF.CatCh1—show clear, yet distinct, colocalization with pTF and the 
chloroplast periphery. pTF.CREGr-EYFP was consistently punctate whereas pTF.CatCh1-EYFP lined the 
chloroplast margin. pTF-mCherry punctum was almost exclusively positioned next to this “chloroplast lining” 
pattern. Scale bar is 10 μm. P. tricornutum is pleiomorphic which explains why different cell morphologies 
were observed in pTF.CREGr-EYFP (fusiform morphotype) and pTF.CatCh1-EYFP (triradiate morphotype) 
cell lines. Protein fusion schematics created with BioRender.com.  
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Figure 2.5 (Continued). 
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Phylogenetic, domain, and biochemical characterization of pTF.CREGr and pTF.CatCh1 

support a putative role in diatom iron metabolism. 

To shed light on possible functions of the two poorly annotated proteins that colocalized with pTF 

and to examine their occurrence in other diatoms and marine phytoplankton beyond 

Phaeodactylum tricornutum, phylogenetic analysis was performed. pTF.CREGr homologs were 

identified across the tree of life (Figure 2.6). Further investigation of the protein sequence 

alignment underlying the phylogentic tree revealed 12 amino acid residues that are at least 90% 

conserved across all homologs (Figure 2.6—figure supplement 1). Diatom proteins can be seen 

in a crown group with other complex plastid-containing algae such as cryptophytes, haptophytes, 

pelagophytes, chlorarachniophytes, and dinoflagellates (Archibald, 2009; Oborník and Füssy, 

2018) suggesting their function may be distinct from those in the sister animal group. Indeed, 

pTF.CREGr and its paralog Phatr3_J10972 are annotated with a flavin mononucleotide (FMN)-

binding domain (data not shown) hinting at a possibility that pTF.CREGr is involved in oxidation-

reduction reactions mediated by this ubiquitous and versatile coenzyme (Mansoorabadi et al., 

2007) as opposed to having a more canonical role in cellular profileration and differentiation 

associated with CREG1 homologs in multicellular organisms (Ghobrial et al., 2018). 
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Figure 2.6. pTF.CREGr homologs are present across the tree of life.  
pTF.CREGr homolog search was performed with the National Center for Biotechnology Information (NCBI) 
and the Marine Microbial Eukaryote Transcriptome Sequencing Project (MMETSP) databases (Caron et 
al., 2016; Keeling et al., 2014). Notably, a clear division between the diatom-containing crown group (algae 
with complex plastids) and animals can be seen suggesting distinct roles for this protein in multicellular 
versus single-celled organisms. Red dots indicate predicted gene duplication events. pTF.CREGr clusters 
with its paralog, Phatr3_J10972. Scale bar: 0.5 substitutions per position.  
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Figure 2.6 (Continued). 
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We then performed a detailed analysis of the pTF.CREGr amino acid sequence (UniProt ID: 

B7G9B3) and compared it to the human CREG1 (UniProt ID: O75629). pTF.CREGr has a 

predicted 18 amino acid residues long signal peptide ending in SGA that may be recognized by 

an endoplasmic reticulum-localized signal peptidase (Benham, 2012; Tuteja, 2005). Both N-

glycosylation and O-glycosylation may occur in pTF.CREGr (Figure 2.7A). These pTF.CREG 

features suggest that the protein enters and travels along the secretory pathway (Bard and Chia, 

2016; Benham, 2012). The protein alignment revealed that pTF.CREGr contains a tetrapeptide 

motif which is located on the loop occluding the FMN-binding pocket at the human CREG1 dimer 

interface (Sacher et al., 2005; Figure 2.7A). The human CREG1 motif differs from the 

pTF.CREGr one at only one site: glutamine (Q) at position 143 in the human CREG1 (DPQS) is 

replaced by glutamic acid (E) at the corresponding position 147 in the diatom protein (DPES). To 

compare structures of both proteins, a pTF.CREGr homology model was created using Phyre2 

web portal and structurally aligned with the human CREG1 monomer (PDB ID: 1XHN) (Sacher 

et al., 2005). This comparison revealed that pTF.CREGr also contains a loop possibly preventing 

FMN binding which is further supported by the fact that the PQ side chains (in human CREG1)—

known to be sterically preventing FMN binding (Sacher et al., 2005)—largely align with the PE 

side chains (in pTF.CREGr) (Figure 2.7B). We noticed the amino acid residue composition in this 

loop region alone may largely explain the phylogenetic clustering in Figure 2.6 (Figure 2.6—

figure supplement 1). The DPES sequence motif observed in pTF.CREGr is 100% conserved 

in Pteridomonas danica (single-celled heterotrophic stramenopile), a Pterosperma species 

(single-celled green alga), Gossypium barbadense, Durio zibethinus, and Theobroma cacao (all 

three plants). 

 

FMN-binding domain annotation does not necessarily imply FMN binding (Sacher et al., 2005) 

and tight FMN coordination is not a requirement for enzymes involved in iron reduction (Filisetti 

et al., 2003). Flavin reductases—particularly of bacterial origin—are known to first reduce 
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exogenous flavins using NAD(P)H as a cofactor after which these reduced flavins pass electrons 

further downstream to facilitate iron reduction (Fontecave et al., 1994; Schröder et al., 2003). 

We thus asked if pTF.CREGr perhaps exhibits flavin reductase activity. To this end, various 

truncations of His6-tagged pTF.CREGr were expressed in Escherichia coli and purified using Co2+ 

immobilized metal affinity chromatography (IMAC) to test solubility (Figure 2.7—figure 

supplement 1A). A construct encoding pTF.CREGr with 31 N-terminal amino acid residues 

deleted and leading to a soluble protein was selected for larger-scale purification. Despite slight 

precipitation and degradation during the purification process, the Co2+-bound fraction exhibited 

modest yet reproducible flavin reductase activity, as measured by the enzyme-facilitated oxidation 

of NADPH in the presence of the potential flavin substrates flavin mononucleotide (FMN) and 

riboflavin (Figure 2.7C; Figure 2.7—figure supplement 1B; Supplemental file 5). Comparable 

consumption of NADPH was not seen when either flavins or pTF.CREGr were omitted from the 

reaction (Figure 2.7—figure supplement 2; Supplemental file 5), suggesting that pTF.CREGr 

is capable of reducing exogenous flavins. Whether the observed flavin reduction by pTF.CREGr 

is further coupled to ferric iron reduction in vivo is unclear (Figure 2.7D).  
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Figure 2.7. pTF.CREGr exhibits flavin reductase activity.  
(A) pTF.CREGr (UniProt ID: B7G9B3) features and its amino acid sequence alignment with human CREG1 
(UniProt ID: O75629). pTF.CREGr has a predicted 18 amino acid residues long signal peptide that ends 
with SGA (blue underline; predicted with SignalP 4.1). This motif is closely related to Type I signal peptidase 
recognition site AXA indicating that pTF.CREGr may enter the secretory pathway. Blue triangle points to a 
putative peptidase cut site. The core signal peptide sequence is enriched in hydrophobic amino acid 
residues which is a common signal peptide feature (black underline). N-terminal Met in Met-Phe (grey 
underline) may be acetylated by an N-terminal acetyltransferase (NAT), perhaps NatC or NatE which use 
Met-Phe sequence as their substrate (Ree et al., 2018). Tyrosine immediately succeeding SGA (green 
triangle) is a feature that ASAFind version 1.1.7 used to classify pTF.CREGr as a low confidence 
chloroplast-directed protein. Yellow triangle indicates an asparagine residue that is predicted to be N-
glycosylated in human CREG1 (Sacher et al., 2005). Ser32 and Ser133 (red triangles) are predicted to 
undergo mucin-type O-glycosylation. These putative glycosylation sites further support the notion that the 
protein trafficks along the secretory pathway. Finally, amino acid residues 141–144 in human CREG1 
(DPQS)—which are located on the loop occluding the FMN-binding pocket (Sacher et al., 2005)—are 
largely conserved (DPES) in pTF.CREGr (shaded black rectangle). 
(B) Structural comparison between human CREG1 (PDB ID: 1XHN) and pTF.CREGr homology model 
(created with Phyre2 web portal) suggests pTF.CREGr is unable to coordinate FMN at the possible dimer 
interface. Human CREG1 does not bind FMN (Sacher et al., 2005) due to the loop occluding the FMN-
binding pocket (grey rectangle). Pro146 and Glu147 in pTF.CREGr are predicted to protrude into this pocket 
as is known to be the case for their human CREG1 counterparts Pro142 and Gln143. Grey: human CREG1 
chain A (i.e. monomer 1), colored by secondary structure: human CREG1 chain B (i.e. monomer 2), blue: 
pTF.CREGr homology model. N- and C-termini in protein structures are depicted. Created with UCSF 
Chimera version 1.11.1 and BioRender.com. 
(C) pTF.CREGr can reduce exogenous flavins. Comparison of NADPH oxidation (measured by decrease 
in absorbance at 320 nm) by recombinant pTF.CREGr supplemented with flavins (flavin mononucleotide 
(FMN) and riboflavin) versus a flavin-only, no enzyme treatment. Assays were started by the addition of 
enzyme or water blank and carried out in triplicate for each treatment. Background 320 nm absorbance of 
water blanks (approx. 0.186) was subtracted from each replicate. Standard deviation is shown. 
(D) Possible pTF.CREGr enzymatic mechanism. NADPH cofactor is used by pTF.CREGr to reduce 
exogenous or perhaps very transiently bound flavins (demonstrated in this study). It remains to be shown 
whether this flavin reduction activity is further coupled to ferric, Fe(III), iron reduction which is typical for 
some—primarily bacterial—flavin reductases. Created with BioRender.com.  
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Figure 2.7 (Continued).  
 

  



 

52 

 

In contrast, pTF.CatCh1 homologs were identified predominately in diatoms (Figure 2.8A). This 

protein is paralogous to ISIP2b which lies in the same chromosome 20 gene cluster. They share 

3 CXC and 1 CXXC motifs indicative of redox-active, iron-sulfur cluster-containing, and metal-

binding proteins (Figure 2.8B). One of the CXC motifs and the CXXC motif are conserved across 

the vast majority of homologs in our phylogenetic analysis (Figure 2.8—figure supplement 1A), 

and the latter is predicted to be located in the disordered C-terminal domain in pTF.CatCh1 

(Figure 2.8—figure supplement 1B) possibly indicating redox-controlled coupling of metal 

coordination and order-disorder transitions take place in this region (Erdős et al, 2019). The 

pTF.CatCh1 region from amino acid residue 34 to 226 contains 20 cysteines, suggestive of 

possible metal binding (Poole, 2014), and the predicted transmembrane domain (amino acid 

residues 296–315) is flanked by a polyserine ([Ser]6) and a short arginine-rich stretch (RKL[R]3). 

These observations are synthesized in a domain organization schematic shown in Figure 2.8—

figure supplement 1C. We further elaborate on possible roles of the conserved cysteine-

containing CX(X)C and other identified motifs in pTF.CatCh1 in Discussion. 
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Figure 2.8. pTF.CatCh1 is a cysteine-rich diatom-specific protein, possibly a metallochaperone.  
(A) pTF.CatCh1 homolog search was performed with NCBI and marine microbial eukaryote (MMETSP) 
databases and numerous, almost exclusively diatom, proteins were identified. Notably, pTF.CatCh1 is 
paralogous to ISIP2b. Scale bar: 0.1 substitutions per position.  
(B) pTF.CatCh1 and ISIP2b share 3 CXC and 1 CXXC motifs, known divalent metal coordination motifs in 
proteins such as metallochaperones which facilitate intracellular transport of metal ions and their delivery 
to other metalloproteins. Blue triangles: additional conserved cysteines for a total of 20. Cysteines in 
pTF.CatCh1 are patterned as follows: C–X9–C–X6–C–X20–C–X1–C–X7–C–X9–C–X6–C–X18–C–X1–C–X22–
C–X8–C–X6–C–X19–C–X1–C–X7–C–X7–C–X6–C–X18–C–X2–C. The first and the last cysteine are located at 
positions 34 and 226, respectively; X: non-cysteine amino acid residue.  
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Phylogenetic characterization was performed with pTF.ap1 as well and numerous homologs with 

at least five highly conserved motifs were identified in diatoms and other marine microeukaryotes, 

including chlorophytes, cryptophytes, and haptophytes (Figure 2.8—figure supplements 2A, 

2B). These pTF.ap1 homologs contain five 100% conserved cysteines indicating this protein may, 

similarly to pTF.CatCh1, also coordinate metal ions, possibly iron (two conserved cysteines are 

shown in Figure 2.8—figure supplement 2B). 
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Discussion 

 

ISIP2a (iron starvation induced protein 2a) was previously identified in P. tricornutum as a marker 

for iron (Fe) limitation (Allen et al., 2008). It was subsequently shown to be involved in Fe 

acquisition (Morrissey et al., 2015) and to be widespread in ocean phytoplankton communities 

(Bertrand et al., 2015; Carradec et al., 2018). In a breakthrough study, McQuaid et al., 2018 

demonstrated that ISIP2a is a type of transferrin, phytotransferrin (pTF), that is crucial for 

acquisition of dissolved labile ferric, Fe(III), iron; a critical micronutrient for cellular biochemistry. 

McQuaid et al., 2018, showed that pTF is essential for high-affinity iron uptake in diatoms and 

that carbonate, CO3
2-, and Fe(III) interact synergistically to control the iron uptake rate. The finding 

that carbonate ions are required for the activity of a key diatom iron transport system is noteworthy 

and suggests that ocean acidification might inhibit iron uptake. The occurrence of transferrin in 

single-celled marine diatoms and other marine phytoplankton raises significant evolutionary and 

functional questions concerning its origin and role. In the current work, we used phytotransferrin 

(pTF) as a bait to implement APEX2-mediated proximity proteomics in a model marine diatom P. 

tricornutum, and the resulting data provide several advances regarding the function of pTF and 

its putative downstream interaction partners. 

 

McQuaid et al., 2018 observed pTF in intracellular puncta, showed that clathrin-mediated 

endocytosis inhibitor reduces iron (Fe) uptake rates, visualized vesicles after adding iron to an 

iron-limited WT P. tricornutum culture stained with the membrane dye FM1-43, but our MDY-64 

labeling data provide the first direct evidence that diatom pTF is indeed associated with 

intracellular membranous compartments. Further studies are needed to elucidate pTF dynamics 

upon internalization—especially after iron addition to iron-deplete cells—and its trafficking in the 

endomembrane system (Naslavsky and Kaplan, 2018). This may include a combination of time-

lapse microscopy using pTF-EYFP expressing P. tricornutum cells stained with the FM1-43 dye, 
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pulse-chase experiments, biophysical techniques, and mathematical modeling (Mayle et al., 

2012). 

 

Enzymatically active APEX2 in P. tricornutum was largely expected as heme-containing 

horseradish peroxidase (HRP) had been successfully expressed in diatoms (Sheppard et al., 

2012). However, it was less clear what the contribution of endogenous peroxidases would be to 

the background signal in various APEX2 assays. In our Amplex UltraRed assay experiments, an 

order of magnitude higher signal-to-noise ratio was detected when live cells were reacted on ice 

as opposed to on room temperature, suggesting endogenous P. tricornutum peroxidases, but not 

exogenous APEX2, are largely inhibited on ice. This is noteworthy as it suggests that performing 

APEX2 assays on ice may represent a generalizable experimental strategy for mesophilic 

phytoplankton model systems other than diatoms.  

 

Identifying Amplex UltraRed assay conditions which minimized WT background was promising, 

but not a guarantee that some endogenous enzymes would not be able to process other APEX2 

substrates, such as those crucial for electron microscopy (3,3’-diaminobenzidine) and proximity 

proteomics (biotin-phenol). Indeed, mitochondrial background signal was detected in our electron 

microscopy experiments both in WT and pTF-APEX2 expressing cells. Nevertheless, C-terminal 

tagging of pTF with APEX2 resulted in the expected cell surface and vesicular fusion protein 

localization away from mitochondria indicating no spatial overlap between endogenous APEX2-

like enzymes and pTF-APEX2. Inconsistent size and shape of vesicle-like structures observed in 

our EM micrographs were conceivably due to a combination of arbitrary cell orientation inside 

agar blocks (where diatom cells were embedded) and the exact z position of ultramicrotome cut 

sites. Some off-target biotinylation in our proximity labeling experiments was likely due to 

background mitochondrial peroxidase activity as indicated by the presence of mitochondrial 

proteins in our MS data. Their APEX2/WT ratios were close to 1 which provides us with more 
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confidence that those with elevated ratios above 1.5 were enriched due to APEX2 activity. Many 

of these have biologically relevant annotations for proteins we might expect to play a role in 

endosomal Fe assimilation which further supports this notion. Future efforts to express pTF 

tagged with N-terminal APEX2, which should lead to intravesicular proximity labeling according 

to our pTF orientation model, as well as optimizing conditions for APEX2 reactivation in iron-

deplete conditions with hemin chloride might lead to identification of additional proteins. Proteomic 

maps with improved spatial and temporal resolution may emerge from experiments conducted 

with synchronized cell lines sampled at different timepoints throughout diel cycle as iron 

metabolism genes, including pTF, are highly expressed at night (Huysman et al., 2014; 

Lundberg and Borner, 2019; Smith et al., 2016). We are particularly excited by the recent 

demonstration of using TurboID—an engineered biotin ligase—for proximity proteomics in plants: 

Arabidopsis thaliana (Kim et al., 2019; Mair et al., 2019) and Nicotiana benthamiana (Zhang et 

al., 2019). Due to its independency of Fe and considering the presence of putative APEX2-like 

peroxidases in P. tricornutum causing unwanted mitochondrial background, TurboID (Branon et 

al., 2018) could represent a valuable proximity proteomics tool in this model marine diatom. These 

proposed next steps, improvements, and alternative experimental approaches should cross-

validate the proteins identified in this study as well as lead to new ones. 

 

The largely uncharacterized gene cluster on chromosome 20 we focused on is transcriptionally 

upregulated in iron-deplete (Allen et al., 2008; Smith et al., 2016) and silicic acid-replete (Sapriel 

et al., 2009) conditions corroborating a known, albeit understudied, link between iron and silicon 

metabolism in diatoms (Brzezinski et al., 2015; Durkin et al., 2012; Hutchins et al., 1998; 

Leynaert et al., 2004). Operon-like gene clusters encoding secondary metabolite pathway 

components are common in plants (Boycheva et al., 2014; Nützmann et al., 2017) and a 

compact ~7 kbp gene cluster encoding enzymes for domoic acid production has recently been 

characterized in a cosmopolitan diatom Pseudo-nitzschia multiseries (Brunson et al., 2018). We 
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propose a term “nutritional gene cluster” to describe loci that are sensitive to fluctuations in 

environmental nutrient status such as the studied ~5.6 kbp one in P. tricornutum. Our phylogenetic 

analyses suggest all three proteins encoded by this locus are broadly present in diatoms and 

other (marine) microeukaryotes while pTF.CREGr homologs are found across the tree of life. 

They—along with the rest of our proteomic data—provide an emerging view of possible molecular 

parallels and differences between metazoan transferrin and marine microbial phytotransferrin 

pathways. 

 

In transferrin-mediated Fe uptake in human cells, endosome acidification induces structural 

rearrangements in transferrin and causes protonation of coordinated carbonate leading to iron 

release (Cheng et al., 2004). This event is concurrent with or followed by iron reduction by 

endosomal ferric reductase STEAP3 and export through Fe(II)-specific divalent metal transporter 

DMT1/NRAMP2 (Oghami et al., 2005). Two putative proton pumps are present among our MS 

hits: Phatr3_J23497—predicted as a P-type ATPase—and Phatr3_J27923—a vacuolar-type H+-

ATPase subunit A. Multisubunit V-ATPases regulate pH homeostasis in virtually all eukaryotes 

and are known to function as endosome acidifying protein complexes (Finbow and Harrison, 

1997; Maxson and Grinstein, 2014; Merkulova et al., 2015). This makes Phatr3_J27923 a 

candidate protein involved in acidification of phytotransferrin-rich endosomes in P. tricornutum. 

Notably, V-ATPase transcripts were overrepresented in diatoms following iron enrichment 

(Marchetti et al., 2012), possibly to account for an increase in the number of endosomes 

associated with pTF-driven Fe acquisition. V-ATPase is also involved in silica deposition vesicle 

(SDV) acidification in diatoms (Hildebrand et al., 2018; Vartanian et al., 2009; Yee et al., 2019). 

Such endosome acidification, perhaps via V-ATPase, may thus facilitate phytotransferrin-bound 

ferric, Fe(III), iron release, possibly for processing by an iron reducing enzyme that performs a 

function similar to metalloreductase STEAP3. 
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Human cellular repressor of E1A-stimulated genes 1 (CREG1) is a homodimer with a loop 

occluding the flavin mononucleotide (FMN)-binding pocket at the dimer interface, typical of 

evolutionarily related FMN-binding split barrel fold oxidoreductases such as those found in 

bacteria and yeast (Sacher et al., 2005). In humans, CREG1 is involved in embryonic 

development, growth, differentiation, and senescence as part of the endosomal-lysosomal 

system, though its exact function and role are debated (Ghobrial et al., 2018). CREG1-like 

protein pTF.CREGr (Phatr3_J51183) was proposed to be central for sustained growth of iron-

limited P. tricornutum cells (Allen et al., 2008) or to serve as a cell surface iron receptor (Lommer 

et al., 2012). CREG transcripts were more commonly found in diatom transcriptomes from the 

Southern Ocean as opposed to non-Southern Ocean regions suggesting their importance in 

coping with iron limitation in this major HNLC zone (Moreno et al., 2018). This may also explain 

why many more diatom homologs are not present in our phylogenetic tree as marine microbial 

eukaryote transcriptomes from MMETSP (Caron et al., 2016; Keeling et al., 2014) were not 

obtained from iron-limited cultures.  

 

Evolutionary link of CREG proteins to FMN-binding split barrel fold oxidoreductases and 

phylogenetic classification of pTF.CREGr away from multicellular organisms prompted us to 

investigate whether this protein could be a ferric reductase. Importantly, none of the four canonical 

predicted ferric reductases (FRE1–4, Phatr3 IDs: J54486, J46928, J54940, J54409) that (may) 

have a role in cell surface iron reduction processes (Allen et al., 2008; Coale et al., 2019) were 

present in our MS data. In contrast, our data demonstrating punctate pTF.CREGr colocalization 

with pTF in the vicinity of chloroplast periphery suggest that this protein has no cell surface-

associated role, but rather acts intracellularly, perhaps in an endosomal-lysosomal system. This 

localization pattern is consistent with the observation that proteins with low confidence ASAFind 

chloroplast prediction (such as pTF.CREGr) can be associated with “blob-like structures” (BLBs) 

adjacent to, but not inside, the chloroplast (Gruber et al., 2015; Kilian and Kroth, 2005). Our 
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detailed protein feature analysis revealed a signal peptide and multiple putative glycosylation sites 

which suggests that pTF.CREGr enters the secretory pathway. While the nature of pTF.CREGr 

recruitment to pTF-rich endosomes is unclear, it is possible that pTF.CREGr-containing vesicles 

intersect and fuse with pTF-rich endosomes en route through the secretory pathway. Considering 

vesicular trafficking is highly dynamic and bidirectional (Naslavsky and Kaplan, 2018; Progida 

and Bakke, 2016), and that early endosomal traffic consists of sequential vesicle fusion events 

(Brenner, 2012), this idea is at least in principle plausible. Likely, but not confirmed, APEX2 

orientation away from the cell surface and endosome interior in our proximity labeling experiments 

and the reported inability of phenoxyl radicals created by APEX2 to penetrate endomembranes 

(Rhee et al., 2013), would in this case suggest that pTF.CREGr—at some point during its 

recruitment to pTF-rich endosomes—nevertheless has to be exposed to the cytosol to promote 

efficient biotinylation. Alternatively, we do not completely exclude the possibility that lipid 

composition of P. tricornutum endomembranes is permissive to phenoxyl radical diffusion (Zulu 

et al., 2019).   

 

FMN-binding domain annotation in pTF.CREGr encouraged us to perform sequence and 

structural alignments between human CREG1 and pTF.CREGr. These analyses revealed that 

pTF.CREGr contains a conserved tetrapeptide motif which may coincide with a loop region—in 

particular with proline and glutamine residues at positions 142 and 143, respectively—that 

prevents FMN binding in human CREG1 (Sacher et al., 2005). The notion that pTF.CREGr is not 

able to tightly coordinate FMN is further supported by the fact that our pTF.CREGr purifications 

were not yellow as one would expect from a typical flavoprotein (Theorell, 1935). In bacteria, 

flavin reductases can also function physiologically as ferric reductases, promoting the transfer of 

electrons to ferric, Fe(III), iron using reduced flavins as intermediates (Fontecave et al., 1994; 

Schröder et al., 2003). This inspired our biochemical characterization of pTF.CREGr which 

revealed that the protein is indeed able to reduce free biologically-relevant flavins FMN and 
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riboflavin in an NADPH-dependent manner. While the true physiological role of pTF.CREGr is 

unclear at present, it is possible that the observed flavin reductase activity of the enzyme is 

coupled to ferric iron reduction as part of the phytotransferrin (pTF)-dependent iron uptake system 

in diatoms. Intracellularly synthesized flavins likely serve as substrates for pTF.CREGr (P. 

tricornutum contains a riboflavin kinase, an enzyme that catalyzes FMN synthesis from riboflavin; 

Phatr3_J52223), however one additional possibility is that oceanic flavins from the shared 

extracellular metabolite pool co-endocytose with pTF (Monteverde et al., 2018). Since most 

FMN-binding split barrel fold oxidoreductases and some flavin reductases act as dimers (Sacher 

et al., 2005; Schröder et al., 2003; Tanner et al., 1996), pTF.CREGr oligomerization state has 

yet to be precisely defined (using non-denaturing gel electrophoresis, size-exclusion 

chromatography, and/or dynamic light scattering). We do note that putative homodimerization 

region in pTF.CREGr homology model contains many hydrophobic amino acid residues and 

overall follows the compositional character of the human CREG1 dimerization interface (Figure 

2.7—figure supplement 3). Where in pTF.CREGr does NADPH-based flavin reduction happen 

and how both substrates are transiently coordinated represent another two critical questions to 

be answered in future biochemical and structural experiments. In summary, pTF.CREGr may be 

a ferric reductase critical for endosome-associated iron reduction step facilitating further 

intracellular iron allocation and assimilation. Intracellular Fe(III) reduction with pTF.CREGr would 

be consistent with the nonreductive cell surface Fe(III) uptake proposed for pTF (McQuaid et al., 

2018; Morrissey et al., 2015).  

 

Subsequent ferrous, Fe(II), iron export from endosomes would have to be mediated by a specific 

divalent metal transporter. This role could be fulfilled either by natural resistance-associated 

macrophage proteins (NRAMPs) (Nevo and Nelson, 2006) or Zrt- and Irt-like proteins (ZIPs) 

(Jeong and Aide, 2013) as members of both divalent metal transporter families can export Fe(II) 

from intracellular compartments, such as vacuoles (Blaby-Haas and Merchant, 2012). While 
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most algal genomes—including the genome of another model diatom Thalassiosira 

pseudonana—usually encode at least one NRAMP (Blaby-Haas and Merchant, 2012; Kustka 

et al., 2007), no NRAMP homologs—and thus no DMT1 homologs as DMT1 is a member of the 

NRAMP protein family—are present in P. tricornutum (Kustka et al., 2007; Lampe et al., 2018; 

Rastogi et al., 2018). We therefore propose ZIPs as putative endosomal Fe(II) exporters in P. 

tricornutum. This hypothesis is supported by the fact that ZIP14 can act as an Fe(II) exporter in 

human transferrin-rich endosomes (Bogdan et al., 2016; Zhao et al., 2010) and that eleven ZIP 

genes, three of which are upregulated in iron-deplete conditions (Phatr3 IDs: J22166, J26405, 

and J52343), exist in P. tricornutum (Smith et al., 2016).  

  

No functional annotation could be predicted and no structural homology models were generated 

for pTF.CatCh1 in Pfam (El-Gebali al., 2019) and by Phyre2, respectively. pTF.CatCh1 is a 

~37.43 kDa large protein with a predicted signal peptide (AAs 1–26) ending in ASA, two N-

glycosylation NXS/T sequons (i.e. asparagines in the identified motifs NST and NLS may be 

glycosylated) (Rao and Wollenweber, 2010), and 13 predicted O-glycosylation sites, all of which 

suggests the protein enters the secretory pathway (data not shown). It contains a cysteine-rich 

domain (AAs 34–226) and a disordered C-terminal domain split in two by a predicted 

transmembrane (TM) region (AAs 296–315) which is preceded by a hexaserine stretch and is 

followed by a short arginine-rich motif. Flexible polyserine linkers are found in modular, 

multidomain proteins (Uversky, 2015), and such positively charged amino acid residue tracts in 

the vicinity of TM regions were shown to be orientation determinants in outer chloroplast 

membrane proteins (May and Soll, 1998). Disordered domains are known mediators of protein-

protein interactions and play an important role in the formation of protein complexes (Uversky, 

2015; Uversky, 2016). It is therefore plausible that pTF.CatCh1 interacts with pTF with its C-

terminal disordered region. The cysteine-rich domain contains one CXC and one CXXC motif 

which are present in pTF.CatCh1 homologs nearly without exception suggesting their critical 
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functional role. Additional two CXC motifs and 12 cysteines are conserved in the pTF.CatCh1 

paralog ISIP2b. 20 cysteines in pTF.CatCh1 indicate that parts of its final structure may be 

stabilized by disulfide bonds which would likely have to be contingent on the protein exposure to 

an oxidizing compartment, perhaps the chloroplast endoplasmic reticulum (cER) that is 

responsible for trafficking of complex plastid-destined glycosylated proteins in P. tricornutum 

(Grosche et al., 2014; Peschke et al., 2013). Our microscopy data shows that pTF.CatCh1 might 

perform its cellular function anchored to the outer chloroplast membrane with its C-terminal 

transmembrane domain. Two cysteine amino acid residues spaced by one, two, or multiple non-

cysteine amino acid residues such as the CXC and CXXC in pTF.CatCh1 are biologically 

ubiquitous functional motifs. They were identified in DNA-binding zinc finger domains (Kluska et 

al., 2018), metalloregulatory and metal sensing proteins (O'Halloran, 1993), intracellular metal 

chelators metallothioneins (Romero-Isart and Vašák, 2002; Ziller and Fraissinet-Tachet, 

2018), redox-active proteins such as thioredoxins (Fomenko and Gladyshev, 2003; Fomenko 

et al., 2008; Gat et al., 2014) and diflavin oxidoreductases (Banci et al., 2013), iron-sulfur (Fe–

S) cluster-containing proteins, including chloroplastic ones (Przybyla-Toscano et al., 2018), and 

metallochaperones, particularly those involved in copper binding (Blaby-Hass et al., 2014; 

O’Halloran and Culotta, 2002; Robinson and Winge, 2012). While zinc fingers can engage in 

protein-protein interactions and bind iron (Kluska et al., 2018), pTF.CatCh1 is almost certainly 

not a zinc finger-containing protein as such a ubiquitous structural motif should easily be modeled 

by Phyre2. Methalothioneins and thioredoxins are low molecular weight proteins approx. 10 kDa 

in size (Collet and Messens, 2010; Romero-Isart and Vašák, 2002) making pTF.CatCh1 too 

large (~37.43 kDa) to qualify as one. Four cysteines are needed to coordinate [2Fe–2S] or [4Fe–

4S] Fe–S cluster types (Brzóska et al., 2006). While we think the conserved four cysteines in 

CX(X)C motifs in pTF.CatCh1 could be compatible with Fe–S cluster coordination, such proteins 

are typically localized to the chloroplast lumen (Przybyla-Toscano et al., 2018). Even though we 

could not find an example where an Fe–S cluster-containing protein was shown to localize to one 
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of the outer complex plastid membranes, we do not completely exclude the possibility that 

pTF.CatCh1 is one considering Fe–S clusters are known to act as iron sensors (Dupuy et al., 

2006). A protein located on the outer boundary of a heavy iron consumer such as chloroplast 

could conceivably play an iron sensing role. Finally, metallochaperones are known to engage in 

protein-protein interactions (Rosenzweig, 2002) and are important in preventing metal-induced 

toxicity caused by Fenton reactions, especially common with iron (Valko et al., 2005). Four 

cysteines can directly coordinate ferrous, Fe(II), iron (Brzóska et al., 2006) and CXXC is a 

common feature of metal-binding proteins including those that bind iron (Fomenko et al., 2008; 

Gladyshev et al., 2004). While we acknowledge that some other potential roles for pTF.CatCh1 

outlined above cannot be completely ruled out, we here propose that pTF.CatCh1 is a 

metallochaperone localized to the chloroplast margin as suggested by our fluorescence 

microscopy data, possibly binding ferrous, Fe(II), iron downstream of the reduction step, and 

directing Fe traffic to the chloroplast interior. Our metallochaperone hypothesis is further 

strengthened by the observation that the CXXC motif in pTF.CatCh1 is preceded by an aspartic 

acid residue resulting in DCXXC, a motif that is known to be particularly permissive to binding 

divalent metal ions (Banci et al., 2002; Banci et al., 2006). Interestingly, this aspartic acid residue 

is absent in ISIP2b. The observed colocalization of pTF.CatCh1 with pTF on the chloroplast 

periphery may alternatively indicate that Fe(III), as opposed to Fe(II), is offloaded directly from 

pTF to pTF.CatCh1 which would imply the existence of an additional intracellular Fe(III) reduction 

pathway. Such chloroplast-associated Fe(III) reduction pathway is present in Arabidopsis thaliana 

(Jeong et al., 2008). Taken together, the two highly conserved CX(X)C motifs identified in 

pTF.CatCh1 indicate this protein serves an important, likely chloroplast iron homeostasis-related 

function, but further cellular, biochemical, and structural dissection is needed to unambiguosly 

elucidate it. 
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It is unclear which proteins could mediate the subsequent ferrous, Fe(II), iron import into the 

chloroplast, but we note that transcripts for two (Phatr3_EG02047 and Phatr3_J54552) putative 

cation diffusion facilitators (CDFs)—organellar divalent metal ion transporters—are upregulated 

under iron limitation in P. tricornutum (Allen et al., 2008; Smith et al., 2016), so they may fulfill 

this role. P. tricornutum genome also encodes a protein (Phatr3_EG02421) with ~30% identity to 

the Arabidopsis thaliana Permease In Chloroplast 1 (PIC1). PIC1 is of cyanobacterial origin, 

located on the inner chloroplast membrane, and critical for chloroplastic (likely ferrous) iron import 

(Duy et al., 2007; Jain et al., 2014), so we do not exclude the possibility that this PIC1-like protein 

Phatr3_EG02421 with three predicted transmembrane helices, rather than either of the two iron-

sensitive CDFs, performs this function.  

 

Chloroplasts are the most iron-rich system in plant cells (López-Millán et al., 2016). Iron—in 

particular in the form of iron-sulfur clusters (Balk and Schaedler, 2014)—serves as an essential 

cofactor for the photosynthetic electron transfer chain, catalytic processes such as chlorophyll 

biosynthesis, and chloroplast protein import (Marchand et al., 2018; Soll and Schleiff, 2004). A 

complex vesicle-based system possibly in perpetual dynamic exchange with cytosolic vesicles is 

present in chloroplasts (Lindquist and Aronsson, 2018), an endoplasmic reticulum to Golgi to 

chloroplast protein trafficking pathway exists (Radhamony and Theg, 2006; Villarejo et al., 

2005), and further hypotheses for such specialized vesicle-mediated plastid targeting of proteins 

are established (Baslam et al., 2016). Moreover, erythroid cell mitochondria receive iron via direct 

interaction with transferrin-rich endosomes by a so called “kiss-and-run” mechanism (Hamdi et 

al., 2016). In aggregate, while very little is known about intracellular iron trafficking in diatoms or 

other algae with complex plastids, a direct link between endocytic internalization of 

phytotransferrin-bound iron and its offloading to or adjacent to chloroplasts as suggested by our 

results seems plausible. Analysis of our mass spectrometry hits that were not co-expressed with 

pTF reveals four additional proteins—ISIP1 (Phatr3_J55031), FBP1 (Phatr3_J46929), 14-3-3 
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(Phatr3_J5651), and FBAC5 (Phatr3_J41423)—that support the idea of a direct cell surface-to-

chloroplast iron trafficking axis in P. tricornutum. 

 

ISIP1 (iron starvation-induced protein 1; Phatr3_J55031) is induced by iron limitation in P. 

tricornutum (Allen et al., 2008) and other marine microalgae (Marchetti et al., 2012), and was 

the second most enriched protein in our MS dataset. It is an environmentally ubiquitous protein 

that has a role in iron uptake and colocalizes with pTF adjacent to the chloroplast in what was 

referred to as an “iron processing” compartment (Kazamia et al., 2019; Kazamia et al., 2018). 

Metal homeostasis by such discrete membranous compartments is widespread in nature (Blaby-

Haas and Merchant, 2014). Copper- and zinc-storing compartments, cuprosomes and 

zincosomes, respectively, are present in the model chlorophyte microalga Chlamydomonas 

reinhardtii (Aron et al., 2015; Hong-Hermesdorf et al., 2014; Merchant, 2019), and lipid-bound 

iron-accumulating ferrosome compartments exist in diverse bacteria (Komeili, 2018). 

Phatr3_J46929—a siderophore ferrichrome-binding protein (FBP1) (Coale et al., 2019)—was 

another highly enriched protein in our dataset indicating the internalization pathways for inorganic 

(i.e. phytotransferrin-bound) and organic (i.e. siderophore-bound) iron in P. tricornutum may be 

physically coupled intracellularly and similarly directed to iron-accumulating vesicles close to the 

chloroplast. 

 

Preproteins in Arabodopsis thaliana are targeted to the chloroplast—specifically to Toc 

GTPases—by the cytosolic guidance complex consisting of a protein dimer comprised of HSP70 

(heat shock protein 70) and 14-3-3 (Bölter, 2018; Soll and Schleiff, 2004). 14-3-3 proteins are 

widespread regulatory proteins usually acting through protein-protein interactions (Soll and 

Schleiff, 2004). They recognize phosphorylated serines and threonines in preprotein transit 

peptides and serve as cytosolic chaperones preventing premature chloroplast-specific activity of 

bound preproteins (May and Soll, 2000). One of our MS hits—Phatr3_J5651—is a 14-3-3 protein 
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and it is plausible that pTF.CatCh1 localization to the chloroplast margin depends on this 

chloroplast targeting pathway. Two small heat shock proteins are also among our highly enriched 

proteins—Phatr3_J54656 and Phatr3_J46468—however they belong to the HSP20 family and it 

is more likely they are involved in iron stress response more broadly (Carra et al., 2019) as 

opposed to interacting with Phatr3_J5651 specifically. 

 

Finally, the most enriched protein in our MS dataset was Phatr3_J41423, iron-sensitive and iron-

independent class I fructose-biophosphate aldolase 5 (FBAC5), which was shown to be localized 

to the pyrenoid in the interior of the P. tricornutum chloroplast and was proposed to link Calvin-

Benson-Bassham cycle activity with the CO2 concentrating mechanism (Allen et al., 2012). 

FBAC5 is one of the most reliable markers for diatom iron stress as demonstrated by laboratory 

culture (Cohen et al., 2018; Lommer et al., 2012), microcosm incubation (Cohen et al., 2017; 

Cohen et al., 2017), and field studies (Bertrand et al., 2015), however its exact role, despite 

some existing hypotheses, has remained elusive. FBAs are known moonlighting proteins 

(Jeffrey, 2018) and were shown to have a role in endosome acidification via direct interaction 

with V-ATPase (Merkulova et al., 2011) which offers a tantalizing possibility for ancillary FBAC5 

function in P. tricornutum. 

 

Additional notable proteins with APEX2/WT ratio of at least 1.5 include a Rab family small GTPase 

Sec4 (Phatr3_J30139) which was observed to localize between chloroplasts and nuclei during P. 

tricornutum cell division (Tanaka et al., 2015), Phatr3_J41172, annotated as Ca2+-binding protein 

calreticulin, and an α-carbonic anhydrase Phatr3_J42574 (predicted to be chloroplastic with low 

confidence). 

 

Interestingly, rat calreticulin is homologous to an iron-binding protein mobilferrin (Conrad et al., 

1993). This protein was shown to associate with transferrin-containing vesicles and to act as an 
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intermediate between transferrin-bound iron and iron incorporation into hemoglobin in 

erythroleukemia cells (Conrad et al., 1996). It was also identified as a constituent of a paraferritin 

protein complex with ferrireductase activity in rats (Umbreit et al., 2002; Umbreit et al., 1996). 

This may suggest that Phatr3_J41172, despite calreticulin annotation, has a role in intracellular 

iron transport, perhaps to direct iron from ferrosome compartments to non-chloroplastic iron sinks 

such as mitochondria or vacuole. 

 

Considering carbonic anhydrases catalyze rapid conversion of HCO3
- to CO2 (Matsuda et al., 

2017), the presence of an α-carbonic anhydrase Phatr3_J42574 in our data raises an intriguing 

possibility: could it be that pTF-bound carbonate not only coordinates iron, but is itself a cargo? It 

would be conceivable that a protonated carbonate released from pTF gets metabolized by a 

carbonic anhydrase with the resulting CO2 permeating through the chloroplast and increasing CO2 

levels around RuBisCO for efficient CO2 fixation. Such direct molecular bridge between iron 

acquisition and CO2 concentrating mechanism (CCM) would further explain commonly observed 

prevalence of diatoms in phytoplankton blooms in times of oceanic iron repletion.  
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Conclusion and Outlook 

 

We here implemented the bifunctional genetically encoded probe APEX2 for use in diatoms which 

will complement existing efforts to comprehensively map diatom organellar proteomes (Schober 

et al., 2019). Direct imaging of APEX2-tagged phytotransferrin in Phaeodactylum tricornutum 

revealed its tight cell membrane and vesicular localization consistent with fluorescent microscopy 

results (McQuaid et al., 2018; Morrissey et al., 2015; this study). APEX2-based imaging is thus 

complementary to super-resolution microscopy in diatoms (Gröger et al., 2016) and represents 

a basis for electron tomography applications (Sengupta et al., 2019). In the proximity proteomics 

experiment, several proteins with a predicted role in iron metabolism and protein transport were 

identified, and we showed that two of them—pTF.CREGr and pTF.CatCh1—colocalize with pTF 

adjacent to the chloroplast suggesting a direct cell surface-to-chloroplast iron trafficking axis. 

Initial biochemical data for pTF.CREGr support its hypothesized role as a ferric reductase, similar 

to bacterial flavin reductases. In vivo experiments involving either split fluorescent proteins (Kudla 

and Bock, 2016) or fluorescence resonance energy transfer (FRET) (Marshall et al., 2012) will 

determine if they directly interact with or are only vicinal to pTF. Differential fluorophore tagging 

of these two and other identified proteins coupled with time-lapse microscopy should shed light 

on their localization dynamics relative to pTF. Finally, genome editing using either TALENs or 

CRISPR/Cas9 (Kroth et al., 2018) coupled with physiological measurements of the resulting 

knockout cell lines under various environmental conditions will also be crucial to advance the work 

herein. 

 

In conclusion, our data enable proposition of a model connecting cell surface ferric iron binding, 

internalization, and intracellular trafficking in Phaeodactylum tricornutum (Figure 2.9) with many 

outstanding questions ripe for additional study. 
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Figure 2.9. Emerging view of inorganic iron allocation pathways in Phaeodactylum tricornutum.  

We propose a hypothetical model for clathrin-mediated internalization of phytotransferrin (pTF)-bound 
ferric, Fe(III), iron, its trafficking, and offloading to the chloroplast. Data from this proteomics study (light 
green and blue panels) and previous transcriptomics studies (grey panels)—which identified additional 
endocytosis-, trafficking-, and metal transport-related iron-sensitive genes—are synthesized. One 
phytotransferrin-Fe(III) complex is shown for clarity. Detailed chloroplast membrane layers are omitted 
(diatom chloroplasts contain four membranes). In this model, pTF undergoes a structural change upon 
endosome acidification mediated by a V-ATPase releasing Fe(III) which gets reduced by a ferric reductase, 
a role which may be served by the flavin reductase pTF.CREGr (zoomed in is the proposed mechanism for 
flavin-mediated iron reduction by pTF.CREGr suggested by our data). Reduced iron may then be exported 

through an endosomal ferrous transporter (perhaps one of the proteins from the Zrt- and Irt-like protein 
(ZIP) family) and offloaded to a chloroplastic metallochaperone (maybe pTF.CatCh1) located on the outer 
chloroplast membrane. How would ferrous iron subsequently get internalized into the chloroplast is 
unknown, but we propose this role might be fulfilled either by cation diffusion facilitators (CDFs), which can 
transport divalent metals across organellar membranes, or a PIC1-like iron permease. Our colocalization 
data suggest pTF may be recruited to the chloroplast margin together with pTF.CatCh1 which would imply 
an additional Fe(III) reduction pathway. 14-3-3 proteins such as the identified Phatr3_J5651 could be 
involved in the chloroplast offloading process. The whole pathway might intersect with that for internalizing 
siderophore-bound iron as indicated by the presence of a ferrichrome-binding protein (FBP1) in our data. 
pTF-coordinated carbonate may itself be a cargo; its endosomal protonation would provide bicarbonate 
acting as a substrate for the uncharacterized carbonic anhydrase Phatr3_J42574. We acknowledge that 
this would likely represent a minor contribution to the total inorganic carbon fluxes that fuel CO2 fixation. 
The ferroportin (Ward and Kaplan, 2012) homolog present in P. tricornutum may export ferrous iron from 
cell, although we note that plant homologs can have intracellular roles (Morrissey et al., 2009). NH: 
NADPH, N+: NADP+, FLox: oxidized flavin, FLred: reduced flavin. Created with BioRender.com.  
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Materials and Methods 

 

Vector construction 

 

pJT_NR_pTF-AP2: Gibson Assembly (Gibson et al., 2009) was performed with three DNA 

fragments: (1) linearized pPt-BR322-1 episome backbone (Addgene, Cambridge, MA, plasmid 

“pPtPBR1”, Catalog #80388) opened ~280 bp downstream of the tetracycline resistance gene, 

(2) amplicon with nitrate reductase gene (NR) promoter, 5’ NR UTR, and pTF, and (3) gBlocks 

Gene Fragment (Integrated DNA Technologies (IDT), Coralville, IA) with linker sequence, APEX2 

codon optimized using IDT Codon Optimization Tool (selecting “Thalassiosira pseudonana” from 

the “Organism” drop-down menu), 3’ NR UTR, and NR terminator.  

 

pJT_native_pTF-mCherry: Gibson Assembly was performed with two DNA amplicons: (1) pPt-

BR322-1 episome backbone split into two fragments and (2) expression cassette including pTF, 

mCherry, and pTF promoter and terminator. 

 

pJT_pTF-mCherry_MS hit-EYFP: pJT_native_pTF-mCherry was split into two fragments via 

PCR stitching (keeping ampicillin resistance gene split). MS hit genes were amplified using cDNA 

from iron-starved WT P. tricornutum cells and assembled with EYFP and Phatr_J23658 (gene 

encoding flavodoxin) promoter and terminator through two PCR stitching rounds into a single 

fragment. Gibson Assembly was then performed to combine all three final amplicons. Detailed 

assembly scheme is presented in Figure 2.5—figure supplement 2A. 

 

pJT_Δ31_pTF.CREGr-His6: Cloning of gene fragments into the E. coli protein expression vector 

PtpBAD-CTHF was performed as described previously (Brunson et al., 2018). Briefly, PtpBAD-

CTHF was linearized by digestion with XhoI (New England Biolabs (NEB), Ipswich, MA, Catalog 
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#R0146S) and the resulting DNA was column purified. Truncated Δ18_pTF.CREGr gene was 

obtained by PCR from P. tricornutum gDNA with PrimeSTAR polymerase (Takara Bio, Kusatsu, 

Japan) and primer set JT31/JT32 to incorporate the appropriate Gibson Assembly overhangs and 

remove the predicted N-terminal signal peptide (amino acid residues 1–18). Insertion of truncated 

pTF.CREGr into linearized PtpBAD-CTHF was performed using Gibson Assembly Master Mix 

(NEB, Catalog #E2611S), 1 uL of the Gibson Assembly reaction mixture was transformed via heat 

shock into chemically competent NEB 5-alpha cells (NEB, Catalog #C2988J), and cells were 

incubated on lysogeny broth (LB)-Tet10 plates overnight at 37°C. Transformants were screened 

by colony PCR using the primer set JT37/JT38 and Sapphire polymerase (Takara Bio), and 

positive clones were selected for outgrowth. Isolated plasmids were sequence-validated by 

Sanger sequencing (Eurofins, Luxembourg, Luxembourg). A sequence-validated clone was 

designated as PtpBAD-Δ18_pTF.CREGr-CTHF and transformed into chemically competent BL21 

E. coli cells (NEB, Catalog #C2530H) which were plated on LB agar with tetracycline (10 μg/mL). 

The resulting transformants were used for subsequent Δ18_pTF.CREGr expression experiments. 

Following unsuccessful expression testing of the Δ18 N-terminal truncation construct, an 

additional set of N-terminal truncations (Δ26, Δ31, Δ39, Δ43) was generated by PCR using 

PrimeStar polymerase, primer sets JT33/JT32, JT34/JT32, JT35/JT32, JT36/JT32, and PtpBAD-

Δ18_pTF.CREGr-CTHF as a template. Assembly, colony PCR screening, plasmid isolation, 

sequencing, and transformation into chemically competent BL21 E. coli cells of all additional 

expression vectors, including PtpBAD-Δ31_pTF.CREGr-CTHF (=pJT_Δ31_pTF.CREGr-His6), 

was performed as above. An additional N-terminal His6 Δ39 construct was built (PtpBAD-NTH-

Δ39_pTF.CREGr) using the vector NTH-PtpBAD (constructed similarly to PtpBAD-CTHF, see 

Brunson et al., 2018 and Savitsky et al., 2010), but was not pursued beyond initial expression 

testing. 
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pTF (Phatr3_J54465) in all episomes was in its native form (3 exons, 2 introns). Molecular cloning 

primers are listed in Supplemental file 1—Table S3. Vector details, further amplicon information, 

and fusion protein sequences are catalogued in Supplemental file 1—Table S4. PrimeSTAR 

GXL DNA Polymerase (Takara Bio) is recommended for amplifying (parts of) diatom episomes. 

 

Related resource: Turnšek J. and Gholami P. 2017. Guidelines for highly efficient construction 

of diatom episomes using Gibson Assembly. protocols.io. DOI: 

dx.doi.org/10.17504/protocols.io.jy7cpzn 

 

Diatom culturing, conjugation, and genotyping 

 

Culturing: Sequenced Phaeodactylum tricornutum strain CCMP632 (synonymous to CCMP2561 

and CCAP 1055/1; NCMA, East Boothbay, ME) was used throughout the study and grown at 

18°C, 300 μmol quanta m−2 s−1, and a 10 h:14 h dark:light cycle in biotin-free L1 medium prepared 

by mixing 1 L Aquil salts, 2 mL nitrate and phosphate (NP) nutrient stock, 1 mL trace metal stock, 

and 1 mL thiamine hydrochloride and cyanocobalamin (TC) stock unless otherwise noted. 

Preparation of Aquil salts: 0.5 L anhydrous salts (0.5 L Milli-Q, 24.5 g NaCl, 4.09 g Na2SO4, 0.7 g 

KCl, 0.2 g NaHCO3, 0.1 g KBr, 900 μL 33.3 mg/mL H3BO3 stock, 300 μL 10 mg/mL NaF stock) 

and 0.5 L hydrous salts (0.5 L Milli-Q, 11.1 g MgCl2 x 6H2O, 1.54 g CaCl2 x 2H2O, 100 μL 170 

mg/mL SrCl2 x 6H2O stock) were prepared separately, combined, and filter sterilized (0.2 μm). 

Preparation of NP nutrient stock: 37.5 g NaNO3 and 2.5 g NaH2PO4 were dissolved in 100 mL 

Milli-Q, filter sterilized (0.2 μm), and stored at 4°C. Preparation of trace metal stock (for 1 L 1,000x 

stock): 3.15 g FeCl3 x 6H2O, 4.36 g Na2EDTA x 2H2O, 0.25 mL 9.8 g/L CuSO4 x 5H2O, 3.0 mL 

6.3 g/L Na2MoO4 x 2H2O, 1.0 mL 22 g/L ZnSO4 x 7H2O, 1.0 mL 10 g/L CoCl2 x 6H2O, 1.0 mL 180 

g/L MnCl2 x 4H2O, 1.0 mL 1.3 g/L H2SeO3, 1.0 mL 2.7 g/L NiSO4 x 6H2O, 1.0 mL 1.84 g/L Na3VO4, 

1.0 mL 1.94 g/L K2CrO4, and Milli-Q up to 1 L were combined, filter sterilized (0.2 μm), and kept 
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at 4°C. Preparation of TC stock: 20 mg thiamine hydrochloride and 0.1 mL 1 g/L cyanocobalamin 

stock were mixed in 100 mL Milli-Q. The solution was stored at 4°C. ΔpTF P. tricornutum strain 

(maintained in the Allen lab; McQuaid et al., 2018) was additionally supplemented with 200 μg/mL 

nourseothricin (GoldBio, Saint Louis, MO, Catalog #N-500-1). All transconjugant P. tricornutum 

strains were supplemented with 50 or 100 μg/mL phleomycin (InvivoGen, San Diego, CA, Catalog 

#ant-ph-10p). 

 

Conjugation: (1) Bacterial donor preparation: Chemically competent pTA-Mob-containing 

TransforMax™ EPI300™ E. coli cells (Lucigen, Middleton, WI, Catalog #EC300110) were 

transformed with sequence-verified pPt-BR322-1 episomes. Transformants were selected on 

gentamycin-, carbenicillin-, and tetracycline-containing LB agar plates. 3 mL overnight LB cultures 

supplemented with antibiotics were inoculated from glycerol stocks. (2) P. tricornutum 

preparation: ~2 x 108 P. tricornutum cells (in 200 μL) from mid- to late-exponential phase were 

spread on pre-dried (i.e. plates with lid half open and kept in the laminar flow hood for at least 90 

min) ½ L1 1% agar plates with 5% LB and left growing for 1 or 2 days. Plates were additionally 

supplemented with 200 μg/mL nourseothricin for conjugation of ΔpTF P. tricornutum cells. (3) 

Conjugation: Overnight bacterial cultures were diluted 1:50 in 25 mL LB supplemented with 

antibiotics, grown at 37°C until OD600 0.8–1, spun down, resuspended in 150 uL Super Optimal 

broth with Catabolite repression (SOC) medium, and spread as evenly as possible on top of a P. 

tricornutum lawn. Plates with donor-P. tricornutum co-culture were first left in dark and 30°C for 

90 min, then for 1 or 2 days at standard growth conditions. (4) Selection: Co-culture lawn was 

scraped off of plates with 1 mL fresh L1 medium, transferred to a microcentrifuge tube, and 200 

μL spread on pre-dried (see above) ½ L1 1% agar plates with 50 or 100 μg/mL phleomycin. Plates 

were additionally supplemented with 200 μg/mL nourseothricin for conjugation of ΔpTF P. 

tricornutum cells. Porous adhesive tape was used to seal the plates and transconjugants emerged 



 

75 

 

after ~10 days of incubation under standard growth conditions. Please see Karas et al., 2015 and 

Diner et al., 2016 for further description of diatom conjugation. 

 

Genotyping: Candidate transconjugant colonies were inoculated in 300 μL L1 medium 

supplemented with 50 or 100 μg/mL phleomycin (and 200 μg/mL nourseothricin in case of ΔpTF 

P. tricornutum cells) and typically grown for ~1 week. 0.5 μL liquid culture was then genotyped 

using either Phire Plant Direct PCR Master Mix (Thermo Fischer Scientific, Waltham, MA, Catalog 

#F160L) or Phire Plant Direct PCR Kit (Thermo Fischer Scientific, Catalog #F130WH). 200 μL of 

each genotype positive strain was passaged in 30 mL L1 medium supplemented with 50 or 100 

μg/mL phleomycin (and 200 μg/mL nourseothricin in case of ΔpTF P. tricornutum cells). 

 

Related resource: Turnšek J. 2017. Simple & rapid genotyping of marine microeukaryotes. 

protocols.io. DOI: dx.doi.org/10.17504/protocols.io.jcdcis6 

 

RNA extraction and cDNA synthesis 

 

Diatom culture: 100 mL P. tricornutum culture was grown in iron-limiting conditions (L1 medium 

with 7.5 nM total Fe) for 2 weeks. Cells were then centrifuged, supernatants discarded, pellets 

flash frozen in liquid nitrogen, and stored at -80°C. 

 

RNA extraction: Cell pellets were resuspended in 800 μL Trizol, equal amount of 100% ethanol, 

and centrifuged in spin columns. Columns were then washed with 400 μL RNA Wash Buffer 

followed by on-column DNA digestion with 5 μL DNase I in 75 μL DNA Digestion Buffer for 15 min 

at RT, washing twice with 400 μL Direct-zol RNA PreWash, and once with 700 μL RNA Wash 

Buffer. RNA was eluted with 50 μL DNase/RNase-Free Water, RNA integrity number (RIN) 

evaluated with 2200 TapeStation (Agilent Technologies, Santa Clara, CA; measured RIN was 
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7.0), concentration estimated with Qubit 2.0 Fluorometer (Thermo Fischer Scientific; measured 

concentration was 27.6 ng/μL), and samples stored at -80°C. Direct-zol™ RNA Miniprep Plus 

RNA extraction kit was used (Zymo Research, Irvine, CA, Catalog #R2070). 

 

cDNA synthesis: 1 μL total RNA was combined with 0.5 μL Oligo(dT)20 Primer, 0.5 μL 10 mM 

dNTP Mix, and 3 μL nuclease-free water followed by 5 min and 1 min incubation at 65°C and on 

ice, respectively. After 5 μL cDNA Synthesis Mix (1 μL 10x Reverse Transcription buffer, 2 μL 25 

mM MgCl2, 1 μL 0.1 M DTT, 0.5 μL RNase OUT, 0.5 μL SuperScript III Reverse Transcriptase) 

was added, samples were incubated for 50 min and 5 min at 50°C and 85°C, respectively, then 

chilled on ice. Finally, 1 μL RNase H was added and sample kept for 20 min at 37°C. cDNA was 

stored at -20°C until use. cDNA synthesis kit was from Thermo Fischer Scientific (SuperScript™ 

III First-Strand Synthesis System, Catalog #18080-051). 

 

MDY-64 labeling and imaging 

 

10 mL of a ΔpTF P. tricornutum pTF-mCherry expressing strain grown in iron-limiting conditions 

(L1 medium with 7.5 nM total Fe) was spun down, supernatant discarded, and pellet resuspended 

in 50 μL phosphate-buffered saline (PBS) (pH 7.4). 0.5 μL 10 mM MDY-64 stock (in DMSO; 

Thermo Fischer Scientific, Catalog #Y7536) was added, cells incubated for 10 min at RT, pelleted, 

resuspended in 50 μL fresh PBS (pH 7.4), and imaged. 5 μL cell suspension was placed between 

a 1.5 mm microscope slide and a cover slip (this setup applies to all imaging experiments in the 

study). Imaging conditions: Leica TCS SP5 confocal microscope (Leica Microsystems, Wetzlar, 

Germany), argon laser strength set to 30%, 458 nm laser line at 50% maximun strength, emission 

window set to 477–517 nm (MDY-64; MDY-64 excitation and emission maxima are 451 nm and 

497 nm, respectively), 514 nm laser line at 50% maximum strength, emission window set to 620–
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640 nm (mCherry; mCherry excitation and emission maxima are 587 nm and 610 nm, 

respectively). 

 

Protein expression analyses 

 

pTF-APEX2 detection: Cell pellets from 8 mL mid- to late-exponential WT or transconjugant 

cultures were resuspended in 150 μL cell lysis buffer (50 mM Tris-HCl, 200 mM NaCl, 1 mM DTT, 

1 mM PMSF, pH 8.5) and sonicated for 5 min (30 sec on, 1 min off) with Bioruptor UCD-200TM 

(Diagenode, Liège, Belgium). The resulting lysates were centrifuged, total protein content in 

supernatants measured with Bradford Assay Kit (Thermo Fischer Scientific, Catalog #23236), and 

insoluble fractions resuspended in 150 μL cell lysis buffer. 1 μg soluble protein and 0.5 μL 

resuspended insoluble protein fraction were resolved on a NuPage 4-12% Bis-Tris 1.5 mm gel 

(Thermo Fischer Scientific, Catalog #NP0335BOX), wet transferred to polyvinylidene difluoride 

(PVDF) membranes (Thermo Fischer Scientific, Catalog #LC2005), and visualized with 

WesternBreeze™ Chemiluminescent Kit, anti-rabbit (Thermo Fischer Scientific, Catalog 

#WB7106). 

 

pTF-mCherry detection: Cell pellets from 400 μL mid- to late-exponential WT or transconjugant 

cultures were resuspended in 50 μL cell lysis buffer (50 mM Tris-HCl, 200 mM NaCl, 1 mM DTT, 

1 mM PMSF, pH 8.5) and sonicated 15 min (30 sec on, 1 min off) with Bioruptor UCD-200TM. 1 

μL whole cell lysates were resolved on a NuPage 4-12% Bis-Tris 1.5 mm gel, wet transferred to 

PVDF membranes, and visualized with WesternBreeze™ Chemiluminescent Kit, anti-rabbit. 

 

pTF antibody details: Amino acid residues 32–223 served as the immunogen (N-terminal pTF 

region just downstream of the signal peptide). The antibody was produced in a rabbit. 1:10,000 

dilution of 1.14 mg/mL antibody stock was used for background-free results. 
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Protein ladder: MagicMark™ XP Western Protein Standard (Thermo Fischer Scientific, Catalog 

#LC5602). 

 

Related resource: Turnšek J. 2017. HA tag enables highly efficient detection of heterologous 

proteins in Phaeodactylum tricornutum (Pt) exconjugants. protocols.io. DOI: 

dx.doi.org/10.17504/protocols.io.j7ncrme 

 

Amplex UltraRed assay and resorufin imaging 

 

Amplex UltraRed assay: 5 mL WT or pTF-APEX2 expressing cells in mid- to late-exponential 

phase were incubated on ice for 5 min, spun down, supernatant discarded, pellet resuspended in 

500 μL ice-cold PBS (pH 7.4), and transferred to microcentrifuge tubes. Cells were spun down 

again, resuspended in 200 μL ice-cold reaction buffer (50 μM Amplex UltraRed (AUR; Thermo 

Fischer Scientific, Catalog #A36006), 2 mM H2O2, in PBS (pH 7.4)), and incubated on ice for 15 

min unless otherwise noted. 50 μL supernatant was mixed with 50 μL PBS (pH 7.4) and resorufin 

fluorescence measured in a black microtiter plate with black bottom using Flexstation 3 microtiter 

plate reader (Molecular Devices, San Jose, CA; excitation: 544 nm, emission: 590 nm; resorufin 

excitation and emission maxima are 568 nm and 581 nm, respectively). Horseradish peroxidase 

(HRP) was always included as a positive assay control. Fluorescence was normalized to OD750 

of experimental P. tricornutum cultures. Amplex UltraRed was prepared as 10 mM stock in DMSO 

and stored in 20 μL aliquots at -20°C. 3% (w/w) H2O2 stock (Sigma-Aldrich, Saint Louis, MO, 

Catalog #323381-25ML) was stored in 100 μL aliquots at -20°C. 

 

Resorufin imaging: WT and pTF-APEX2 expressing cells after performing the Amplex UltraRed 

assay were imaged with Leica TCS SP5 confocal microscope using the following parameters: 
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argon laser strength at 30%, 514 nm laser line at 50% maximum strength, resorufin emission 

window: 575–605 nm, autofluorescence emission window: 700–750 nm.  

 

Transmission electron microscopy (TEM) 

 

Part 1: Labeling 

5 mL WT or pTF-APEX2 expressing cells from mid- to late-exponential phase were spun down 

(4,000 rpm, 4°C, 10 min) and fixed in 5 mL ice-cold 2% (w/v) paraformaldehyde (PFA) and 2% 

(v/v) glutaraldehyde in 0.15 M sodium cacodylate buffer (pH 7.4) for 30 min on ice. Cells were 

rinsed in 5 mL 0.15 M sodium cacodylate buffer (pH 7.4) five times for 3 min on ice, then once 

again in 5 mL 0.15 M sodium cacodylate buffer (pH 7.4) with 10 mM glycine for 3 min on ice. Cells 

were then treated with 25 mM 3,3’-diaminobenzidine (DAB; Sigma-Aldrich, Catalog #D8001) as 

follows: 5.36 mg DAB was dissolved in 1 mL 0.1 N HCl and sonicated for 45 min. 5 mL of 0.3 M 

sodium cacodylate buffer (pH 7.4) was added to dissolved DAB, final volume adjusted to 10 ml 

with ddH2O, solution filtered through a 0.22 μm syringe filter, and 3 μL 30% (w/w) H2O2 added for 

3 mM final concentration. Cells were incubated in 5 mL of this reaction buffer for 15 min on ice, 

rinsed five times for 3 min in 5 mL 0.15 M sodium cacodylate buffer (pH 7.4), post-fixed in 2 mL 

1% osmium tetroxide (OsO4) (Electron Microscopy Sciences, Hatfield, PA, Catalog #19150) in 

0.15 M sodium cacodylate buffer (pH 7.4) for 30 min on ice, and rinsed in 5 mL ice-cold ddH2O 

five times for 3 min. Cells were then resuspended in 300 μL melted 3% agar, poured onto a glass 

slide sitting on ice, and cut into small ~3 x 3 x 1 mm pieces which were transferred into scintillation 

vials with 10 mL ice-cold ddH2O. All shorter spin down steps were done at 4,000 rpm and 4°C for 

1.5 min. All buffers were used ice-cold. 
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Part 2: TEM prep 

Agar blocks were fixed in 10 mL 2% (v/v) glutaraldehyde in ddH2O to crosslink agar, rinsed five 

times for 2 min in 5 mL ice-cold ddH2O, and left incubating in 5 mL 2% uranyl acetate (Electron 

Microscopy Sciences, Catalog #22400) overnight at 4°C. Next morning, agar blocks were first 

dehydrated in the following ethanol series: 20%, 50%, 70%, 90%, 100% (on ice, 10 mL), 100%, 

100% (at RT, 10 mL), then infiltrated with 10 mL 50% epoxy resin for ~1 h. To prepare 20 mL 

100% resin, Durcupan ACM mixture (Electron Microscopy Sciences, Catalog #14040) 

components were combined as follows: 11.4 g A (epoxy resin), 10 g B (964 hardener), 0.3 g C 

(964 accelerator), and 0.1 g D (dibutyl phthalate) in this exact order (for 50% resin 1 part 100% 

resin was combined with 1 part 100% ethanol). Agar blocks were transferred into 10 mL 100% 

resin for ~4 h, then into fresh 10 mL 100% resin overnight, again into fresh 10 mL 100% resin for 

4 h the following morning before finally being poured into aluminum boats and left to polymerize 

in 60°C oven for at least 48 h (usually over the weekend). Polymerized resins were detached from 

aluminum boats, agar blocks dense with cells cut out, and glued to “dummy” blocks by incubation 

in a 60°C oven for at least 15 min. ~500 nm thick sections were cut with an ultramicrotome (Leica 

Ultracut), stained with 1% toluidine blue, and observed under light microscope to make sure 

embedded cells were exposed. ~100 nm thick sections were then cut, placed on TEM grids, 

labeled, and saved until imaging. Imaging was performed with JEOL JEM-1200 (Japan Electron 

Optics Laboratory, Akishima, Tokyo, Japan) transmission electron microscope at 80 keV. 

Backscatter scanning electron microscopy was performed with Zeiss Merlin (Oberkochen, 

Germany) scanning electron microscope (SEM) at 2 keV by placing ~80 nm thick sections on a 

silicon wafer and imaged with inverted contrast which gives a TEM-like image. 

 

  



 

81 

 

Proximity labeling 

 

Part 1: Labeling 

25 mL WT and pTF-APEX2 expressing cells in mid- to late-exponential phase—cell density of all 

cultures at the time of harvest was ~2 x 107 cells/mL which corresponds to OD750 ~0.4—were 

cooled on ice for 10 min and pelleted (4,000 rpm, 4°C, 10 min). Supernatants were discarded, 

pellets were resuspended in 0.5 mL ice-cold PBS (pH 7.4), transferred to microcentrifuge tubes, 

and spun down (4,000 rpm, 4°C, 10 min). Cells were then resuspended in 0.5 mL ice-cold 1.2 M 

D-sorbitol in PBS (pH 7.4), supplemented with 2.5 mM biotin-phenol (Berry & Associates, Dexter, 

MI, Catalog #BT 1015), incubated on a tube rotator at 4°C for 90 min, supplemented with 1 mM 

H2O2, and incubated on a tube rotator at 4°C for another 20 min. Labeling reaction was quenched 

by washing cells twice (4,000 rpm, 4°C, 5 min) with 0.5 mL ice-cold quenching solution (10 mM 

sodium ascorbate (VWR International, Radnor, PA, Catalog #95035-692), 5 mM Trolox (Sigma-

Aldrich, Catalog #238813-5G), 10 mM sodium azide (VWR International, Catalog #AA14314-22) 

in PBS (pH 7.4)). 50 μL of quenched cell suspension was saved for a streptavidin blot. The 

remaining 450 μL was spun down (4,000 rpm, 4°C, 10 min) and lysed in 250 μL cell lysis buffer 

(50 mM Tris-HCl, 200 mM NaCl, 1 mM DTT, 1 mM PMSF, pH 8.5) by sonication for 15 min (30 

sec on, 1 min off). Cell lysates were spun down at 4,000 rpm and 4°C for 45 min and protein 

concentration in supernatants measured using Bradford Assay Kit. For streptavidin blot, 25 μL 

saved quenched cells were first sonicated for 15 min (30 sec on, 1 min off). 2.5 μL whole cell 

lysate and 1 ng biotinylated BSA positive control (Thermo Fischer Scientific, Catalog #29130) 

were then resolved on a NuPage 4-12% Bis-Tris 1.5 mm gel and wet transferred to a PVDF 

membrane. Membrane was washed twice with 15 mL PBST (PBS (pH 7.4) with 0.1% (v/v) Tween-

20) for 5 min, left blocking overnight at RT and gentle shaking in PBST supplemented with 5% 

BSA (Sigma-Aldrich, Catalog #A9647-100G), and washed once with 15 mL PBST for 5 min. It 

was then incubated for 1 h at RT and gentle shaking in 15 mL PBST supplemented with 5% BSA 
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and 1:15,000 HRP-conjugated streptavidin (Thermo Fischer Scientific, Catalog #S911). Finally, 

membrane was washed three times with 15 mL PBST supplemented with 5% BSA for 5 min and 

once with 15 mL PBST for 10 min after which it was visualized with SuperSignal™ West Dura 

Extended Duration reagent (Thermo Fischer Scientific, Catalog #34075) using C-DiGit® Blot 

Scanner (Li-COR, Lincoln, NE). 

 

Protein ladder: WesternSure® Pre-stained Chemiluminescent Protein Ladder (HRP-conjugated 

protein ladder) (Li-COR, Catalog #926-98000). 

 

Part 2: Pull-down and mass spectrometry 

 

Pull-down: 50 μL streptavidin beads (Thermo Fischer Scientific, Catalog #88816) were pelleted 

with a magnetic rack (~5 min to pellet fully). Supernatant was discarded and beads were washed 

twice with 1 mL ice-cold cell lysis buffer (50 mM Tris-HCl, 200 mM NaCl, 1 mM DTT, 1 mM PMSF, 

pH 8.5). 360 μg protein in 500 μL total volume (x μL supernatant from cell lysis with 360 μg protein 

and 500-x μL cell lysis buffer) was incubated on a tube rotator overnight at 4°C. Streptavidin 

beads were washed to remove nonspecific binders the next morning as follows: 2x 1 mL cell lysis 

buffer, 1x 1 mL 1 M KCl, 1x 1 mL 0.1 M Na2CO3 (pH 11.5), 1x 1 mL 2 M urea (pH 8.0) in 10 mM 

Tris-HCl, 2x 1 mL cell lysis buffer, 2x 1 mL PBS (pH 7.4). PBS after the final washing step was 

removed before storing beads at -80°C. Notes: All streptavidin beads collection steps were 5 min 

long. All the washing solutions were ice-cold. Microcentrifuge tubes were either very briefly 

vortexed (~2 sec) or tapped by hand between each washing step to promote bead resuspension. 

 

On-bead digestion and TMT labeling: Samples were prepared as previously described 

(Kalocsay, 2019). Liquid reagents used were HPLC quality grade. Washed beads were 

resuspended in 50 μL of 200 mM EPPS (4-(2-Hydroxyethyl)-1-piperazinepropanesulfonic acid) 
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buffer (pH 8.5) and 2% (v/v) acetonitrile with 1 μL of 2 mg/mL lysil endoproteinase Lys-C stock 

solution (FUJIFILM Wako Pure Chemical Corporation, Richmond, VA, Catalog #125-05061), 

vortexed briefly, and incubated at 37°C for 3 hours. 50 μL of trypsin stock (Promega, Madison, 

WI, Catalog #V5111) diluted 1:100 (v/v) in 200 mM EPPS (pH 8.5) was then added. After mixing, 

digests were incubated at 37°C overnight and beads were magnetically removed. Peptides were 

then directly labeled as follows: acetonitrile was added to 30% (v/v) concentration and peptides 

were labeled with TMT 10-plex reagent (Thermo Fisher Scientific, Catalog #90406) for 1 hour. 

Labeling reactions were quenched with hydroxylamine at a final concentration of 0.3% (v/v) for 

15 min and 1% of labeled peptides was analyzed for efficiency of label incorporation by mass 

spectrometry. After quenching, peptide solutions were first acidified with formic acid, 

trifluoroacetic acid (TFA) was then added to a concentration of 0.1% (v/v), and peptides were 

desalted by acidic C18 solid phase extraction (StageTip). Labeled peptides were finally 

resuspended in 1% (v/v) formic acid and 3% (v/v) acetonitrile. 

 

Mass spectrometry: Data were collected with a MultiNotch MS3 TMT method (McAlister et al., 

2014) using an Orbitrap Lumos mass spectrometer coupled to a Proxeon EASY-nLC 1200 Liquid 

Chromatography (LC) system (both Thermo Fisher Scientific). The used capillary column was 

packed with C18 resin (35 cm length, 100 μm inner diameter, 2.6 μm Accucore matrix (Thermo 

Fisher Scientific)). Peptides were separated for 3 or 4 hours over acidic acetonitrile gradients by 

LC prior to mass spectrometry (MS) analysis. Data from two 4 hour runs and one 3 hour run were 

recorded and combined. After an initial MS1 scan (Orbitrap analysis; resolution 120,000; mass 

range 400−1,400 Th), MS2 analysis used collision-induced dissociation (CID, CE = 35) with a 

maximum ion injection time of 150–300 ms and an isolation window of 0.5 m/z. In order to obtain 

quantitative information, MS3 precursors were fragmented by high-energy collision-induced 

dissociation (HCD) and analyzed in the Orbitrap at a resolution of 50,000 at 200 Th. Further details 

on LC and MS parameters and settings were described recently (Paulo et al., 2016). 
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pTF-mCherry and MS hit-EYFP co-expression and imaging 

 

Episomes with pTF-mCherry and MS hit-EYFP expression cassettes were conjugated 

into WT P. tricornutum cells, resulting transconjugants genotyped, and screened for 

fluorescence. 5 μL fluorescent cells in mid- to late-exponential phase were imaged with 

settings that minimized cross-channel bleed-through: argon laser strength at 30%, 514 

nm laser line at 50% maximum strength, mCherry emission window: 620–640 nm, EYFP 

emission window: 520–540 nm, autofluorescence emission window: 700–750 nm. 

 

pTF.CREGr protein expression conditions 

 

Small scale expression testing for the Δ31_pTF.CREGr-His6 (and all other pTF.CREGr 

truncations not described here) was performed as follows: an overnight culture of BL21 E. coli 

cells carrying the PtpBAD-Δ31_pTF.CREGr-CTHF (=pJT_Δ31_pTF.CREGr-His6) expression 

vector was used to inoculate 50 mL of Terrific Broth (TB) supplemented with tetracycline (10 

ug/mL). The cultures were grown in a shaking refrigerated incubator (37°C, 200 rpm) until OD600 

of 0.4–0.6 was reached. The temperature in the shaker was then lowered to 18°C and flasks were 

allowed to adjust to this temperature for about 30 min before arabinose was added to a final 

concentration of 0.5% (w/v). Growth at 18°C was continued overnight (12–18 hrs) after which 10 

mL of cultures were harvested by centrifugation at 6,000 g for 10 min. Large-scale 

Δ31_pTF.CREGr-His6 expression was performed as above, but at 1 L total volume. Following 

arabinose induction and overnight growth of the 1 L culture, 500 mL was harvested for further 

processing. 
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pTF.CREGr purification conditions 

 

All purifications were performed using cobalt, Co2+, TALON Metal Affinity Resin (Takara Bio, 

Catalog #635502) which binds His6-tagged proteins with high affinity. Pellets from small scale 

expression testing (10 mL culture) were resuspended in 800 uL of lysis buffer (50 mM NaH2PO4 

(pH 7.5), 500 mM NaCl, 0.1% (v/v) Triton X-100, 10 mM imidazole, 1 mg/mL lysozyme, and 10 

μM β-mercaptoethanol) and subjected to microtip sonication on ice until lysis was complete. 

Lysates were then clarified by centrifugation (10 min, 15,000 g, 4°C) and the supernatant (700 

uL) was set aside. For each purification, 25 uL of TALON resin was equilibrated by washing three 

times with 10 volumes of lysis buffer and pelleting by centrifugation after each wash (30 sec, 

3,000 g, RT). After the third wash, 25 uL of lysis buffer was added to the resin to make a 50 uL 

slurry. The supernatants from the previously clarified lysates were then added to the TALON resin 

slurry and incubated for 1 hr at RT with end-over-end mixing. Following the 1 hr incubation, the 

resin was pelleted by centrifugation (30 sec, 3,000 g, RT) and washed three times with 10 volumes 

of wash buffer (50 mM NaH2PO4 (pH 7.5), 500 mM NaCl, 30 mM imidazole). Protein was eluted 

with 50 uL of elution buffer (50 mM NaH2PO4 (pH 7.5), 500 mM NaCl, 250 mM imidazole, 10% 

glycerol) and was either subjected to immediate SDS-PAGE electrophoresis or stored at -80°C. 

 

Pellets from large-scale expression (500 mL harvested culture) were processed with a few 

modifications. For lysis, cell pellets were resuspended in 20 mL of lysis buffer. For purification, 1 

mL of TALON resin (i.e. 2 mL of equilibrated slurry) was used in combination with approx. 19 mL 

of clarified lysate and allowed to incubate overnight at 8 °C with end-over-end mixing. Final protein 

elution was performed using 5 mL of elution buffer. Purified protein was subjected to SDS-PAGE 

electrophoresis and concentrated using an Amicon Ultra-15 10 kDa cutoff concentrator (Millipore 

Sigma, Burlington, MA, Catalog #UFC901024). Following the concentration step, buffer exchange 

into 20 mM HEPES (pH 8.0), 10% glycerol, 300 mM KCl was performed using a PD-10 desalting 
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column (GE Healthcare, Chicago, IL, Catalog #17-0851-01). Protein was then concentrated again 

and total protein content was determined by the Bradford method using the Protein Assay Dye 

Reagent (Bio-Rad, Hercules, CA, Catalog #5000006). 

 

pTF.CREGr enzymatic assay 

 

To test for flavin reductase activity, we set up the following enzyme assay conditions in 100 uL 

final volume: 50 mM Tris-HCl (pH 7.5), 100 mM KCl, 10% glycerol, 30 μM flavin mononucleotide 

(FMN), 30 μM riboflavin, and 250 μM NADPH (Coves and Fontecave, 1993). Assays were 

started by the addition of 50 μg of purified pTF.CREGr or Milli-Q water in the case of the no-

enzyme controls. Oxidation of NADPH was measured by the decrease in absorbance at 320 nm 

on a Flexstation 3 microtiter plate reader. To demonstrate the role of flavins as a substrate, we 

also omitted both FMN and flavins in additional assays, both in the presence and absence of 

enzyme. All assays were conducted in triplicate. 

 

Bioinformatic and data analyses 

 

Mass spectrometry data analysis: Peptide-spectrum matches used a SEQUEST (v.28, rev. 12) 

algorithm (Eng et al., 1994). Data were searched against a size-sorted forward and reverse 

database of the Phaeodactylum tricornutum proteome (strain CCAP 1055/1, UniProt reference 

proteome UP000000759) with added common contaminant proteins and the pTF-APEX2 fusion 

protein sequence. Spectra were first converted to mzXML and searches were then performed 

using a mass tolerance of 50 ppm for precursors and a fragment ion tolerance of 0.9 Da. For the 

searches, maximally two missed cleavages per peptide were allowed. We searched dynamically 

for oxidized methionine residues (+15.9949 Da) and applied a target decoy database strategy. A 

false discovery rate (FDR) of 1% was set for peptide-spectrum matches following filtering by linear 
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discriminant analysis (LDA) (Beausoleil et al., 2006; Huttlin et al., 2010). The FDR for final 

collapsed proteins was 1%. Quantitative information on peptides was derived from MS3 scans. 

Quant tables were generated with the following filter criteria: MS2 isolation specificity of >70% for 

each peptide and a sum of TMT signal-to-noise (s/n) of >200 over all channels per peptide. Quant 

tables were exported to Excel and further processed therein. Details of the TMT intensity 

quantification method and additional search parameters applied were described previously 

(Paulo et al., 2016). Scaled proteomic data were subjected to two-way hierarchical clustering 

(Ward’s method) using JMP software package. Vulcano plot with log2-transformed average 

APEX2/WT ratios and associated P-values was made in R using ggplot2 data visualization 

package (R Core Team, 2013). Gene IDs corresponding to protein hits were inferred using 

Ensembl Phatr3 P. tricornutum genomic database. 

 

Protein feature identification: Lengths, molecular weights, and isoelectric points (pI) of proteins 

were determined with ProtParam (Gasteiger et al., 2005). Signal peptides and transmembrane 

regions were identified with SignalP 4.1 (Petersen et al., 2011) and TMHMM Server v. 2.0 (Krogh 

et al., 2001), respectively. Protein localizations were predicted with a combination of tools: 

TargetP 1.1 (Emanuelsson et al., 2000), SignalP 4.1, and ASAFind (Gruber et al., 2015) version 

1.1.7. All putative chloroplastic localizations in the study mean that a protein was predicted to be 

chloroplastic by ASAFind (state-of-the-art plastidial localization prediction tool for diatoms); 

chloroplast localization prediction confidences are noted. Low confidence prediction by ASAFind 

means that the protein satisfies the following filtering criteria: (1) it contains a signal peptide as 

detected by SignalP 4.1, (2) +1 position of ASAFind predicted cleavage site is phenylalanine (F), 

tryptophan (W), tyrosine (Y), or leucine (L) (making the protein “potentially plastid targeted”; it was 

tyrosine in pTF.CREGr), and (3) one or both of the following is false: the ASAFind predicted 

cleavage site coincides with the SignalP 4.1 prediction and the transit peptide score is higher than 

2 (the latter is false for pTF.CREGr: transit peptide score was ~0.81). Peroxidase class prediction 
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was done in RedoxiBase (Savelli et al., 2019). N-glycosylation and GalNAc-type O-glycosylation 

predictions were performed with NetNGlyc 1.0 (Gupta et al., 2004) and NetOGlyc 4.0 (Steentoft 

et al., 2013), respectively. 

 

Protein alignments: Protein sequences of APEX2-like P. tricornutum peroxidases were aligned 

with Clustal Omega (Sievers et al., 2011) using the default settings and CLC Sequence Viewer 

7.7 (QUIAGEN) using the following parameters: Gap open cost: 10.0, Gap extension cost: 1.0, 

End gap cost: As any other, Alignment: Very accurate (slow). Putative substrate-binding loops 

were evaluated using the Clustal Omega alignment. Conserved motifs in protein alignments 

behind phylogenetic trees were displayed in CLC Sequence Viewer 7.7. 

 

Phylogenetic analyses: Homologs of respective P. tricornutum proteins were retrieved from the 

National Center for Biotechnology Information (NCBI) non-redundant and the Marine Microbial 

Eukaryote Transcriptome Sequencing Project (MMETSP) databases using the BLASTp algorithm 

(E-value threshold set to e-15) (Altschul et al., 1990). The BLAST search retrieved only a handful 

of homologs for pTF.ap1 and no homologs were found for pTF.CatCh1 even among closely 

related diatoms. Therefore, more sensitive HMMER (Eddy, 1998) searches were employed to 

extend the datasets, which were afterward aligned using the Localpair algorithm as implemented 

in MAFFT (Katoh et al., 2002). Ambiguously aligned regions, regions composed mostly of gaps, 

and short fragments were manually removed in SeaView 4 (Guoy et al., 2009). For each 

alignment, the maximum likelihood analysis was carried out in IQ-TREE (Nguyen et al., 2015) 

under the best-fitting substitution matrix as inferred by the built-in model finder. Branching support 

was estimated using “thorough” non-parametric bootstrap analysis from 500 replicates in IQ-

TREE. 
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Identification of disordered protein regions: pTF.CatCh1 amino acid sequence was analyzed 

for the presence of disordered protein regions with PONDR (Predictor of Naturally Disordered 

Regions) VSL2 predictor (Peng et al., 2006) and IUPred2a long disorder prediction type 

(Mészáros et al., 2018). 

 

Homology modeling of pTF.CREGr: Full length pTF.CREGr amino acid sequence was used as 

an input for Phyre2, an online protein structure prediction server (Kelley et al., 2015). Normal 

modeling mode was selected. Human CREG1 (PDB ID: 1XHN) was identified as the best 

modeling template (human CREG1 is ~37% identical to pTF.CREGr as inferred from their Clustal 

Omega alignment). pTF.CREGr was modeled with >90% confidence across 182 modeled amino 

acid residues (Pro43–Lys224) indicating the predicted structure is representative of the actual 

structure. pTF.CREGr homology model was aligned with human CREG1 monomer in UCSF 

Chimera version 1.11.1 using MatchMaker tool with default settings (Pettersen et al., 2004)  

 

Other data analyses: Amplex UltraRed assay and transcriptomic data were plotted with R using 

ggplot2 data visualization package (R Core Team, 2013). Biochemical assay data were plotted 

in Excel.   
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Abstract 

 

Carbon dioxide (CO2) enters the biosphere via a catalytically slow and promiscuous RuBisCO 

enzyme. Microalgae have evolved CO2 concentrating mechanisms (CCMs) to saturate RuBisCO 

with CO2. Microalgal RuBisCOs are packaged inside pyrenoids, subchloroplastic organelles at 

the core of CCMs. While our understanding of green algal pyrenoids is dramatically improving, 

less is known about pyrenoids from red lineage microeukaryotes like diatoms. We show that 

PtEPYC1 from a model diatom Phaeodactylum tricornutum is a disordered repetitive protein 

localized to a subchloroplastic region and is unlikely to interact with RuBisCO. When expressed 

as an APEX2 fusion protein, PtEPYC1 was found cleaved at regular intervals. In silico analyses 

revealed two sets of protease recognition sites corresponding to a eukaryotic preprotein 

convertase and an unknown diatom protease. These sites coincided with cyclin-dependent kinase 

(CDK) complex docking motifs. A model for the role of PtEPYC1 in P. tricornutum cell cycle is 

presented. 

 

Keywords: ocean, carbon cycle, diatoms, Phaeodactylum tricornutum, CO2 concentrating 

mechanism, pyrenoid, disordered protein, PtEPYC1, cell cycle, CDK complex, proximity 

proteomics, APEX2 
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Introduction 

 

Diatoms represent one of the most ecologically successful phototrophic microeukayotes in the 

modern ocean. Since the beginning of their rise to prominence in the Mesozoic Era, they have 

been critical to moderating Earth’s climate by absorbing atmospheric carbon dioxide (CO2), 

exporting it via the biological carbon pump to the ocean interior, and eventually locking it away in 

the lithosphere (Geider et al., 2001; Falkowski et al., 2004). CO2 assimilation is a critical 

component of the global carbon cycle as it provides organic carbon to heterotrophic organisms. 

Even though at least six mechanisms for CO2 assimilation have evolved in oceanic autotrophs, 

most CO2 is fixed via the Calvin-Benson-Bassham (CBB) cycle, primarily by cyanobacteria and 

eukaryotic algae, including diatoms (Hügler and Sievert, 2011).  

 

Marine phytoplankton is faced with several challenges when it comes to accessing dissolved 

inorganic carbon (DIC) in seawater (DIC represents the sum of bicarbonate (HCO3
-), carbonate 

(CO3
2−), and dissolved aqueous carbon dioxide (CO2aq) concentrations). First, CO2aq—a critical 

substrate for ribulose-1,5-bisphosphate carboxylase/oxygenase (RuBisCO) enzyme which 

catalyzes the first CBB cycle step: carboxylation of ribulose-1,5-biphosphate into two glycerate 3-

phosphate molecues—is relatively deplete (<10–30 μM) in the euphotic zone (upper layer of the 

ocean) due to photosynthetic consumption. Second, it diffuses approx. 5,000 times slower in 

water than in air. Third, uncatalyzed dehydration of HCO3
- to CO2 is slow. Fourth, passive diffusion 

of HCO3
- into cells is restricted by negative intracellular membrane potential. And finally, RuBisCO 

has relatively low affinity for CO2aq (Km ≈ 40 μM), likely because it evolved in early Earth 

atmosphere composed of nearly 100% CO2, and is additionally limited by its oxygenase 

(photorespiration) activity that leads to loss of fixed carbon. These factors dictated the evolution 

of CO2 concentrating mechanisms (CCMs) involving bicarbonate transporters and carbonic 
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anhydrases (CAs; enyzmes that convert bicarbonate to CO2) in the vast majority of marine 

phytoplankton species (Ashida et al., 2018; Reinfelder et al., 2011).  

 

Diatoms use two strategies to access dissolved inorganic carbon from seawater: one relies on 

the direct uptake of HCO3
- through plasma membrane-spanning solute carrier (SLC) 4 family 

HCO3
- transporters and the other on passive diffusion of CO2 formed by an external carbonic 

anhydrase (CA) (Chrachri et al., 2018; Matsuda et al., 2017). Cytoplasmic bicarbonate is most 

likely actively transported into the chloroplast by another set of SLC4-type transporters on the 

chloroplast membranes. Chloroplastic bicarbonate then gets converted to CO2 close to RuBisCO 

to minimize CO2 leakage. In Phaeodactylum tricornutum, θ-carbonic anhydrase (Phatr3_J43233, 

UniProtID: B7FR28) located in the pyrenoid-penetrating thylakoid is likely responsible for this 

conversion and consequently elevation of CO2 concentration around RuBisCO above its half-

saturation constant (Hopkinson et al., 2011; Kikutani et al., 2016). This process is assisted by 

two additional pyrenoidal carbonic anhydrases: PtCA1 (β-carbonic anhydrase, Phatr3_J51305, 

UniProt ID: B7FNU0) and PtCA2 (β-carbonic anhydrase, Phatr3_J45443, UniProt ID: Q5W8G5) 

(Matsuda et al., 2017; Tachibana et al., 2011). Two fructose-biphosphate aldolases FBAC1 

(Phatr3_Jdraft825, UniProt ID: B7S3N8) and FBAC5 (Phatr3_J41423, UniProt ID: B7GE67) with 

likely roles in the Calvin-Benson-Bassham cycle colocalize with PtCA1 (Allen et al., 2011).     

 

Pyrenoid, as alluded to above, represents the final subcellular location of seawater-acquired DIC, 

and is thus the core component of the CO2 concentrating mechanism in marine microalgae, 

including diatoms. It is a widespread, morphologically diverse, subchloroplastic organelle present 

in most aquatic microeukaryotic phototrophs and predicted to contribute to as much as ~30 Pg of 

fixed carbon each year. Yet our understanding of its composition, biogenesis, and cell cycle-

dependent dynamics remains relatively rudimentary compared to what we know about its 

prokaryotic analog carboxysome (Meyer et al., 2017; Turmo et al., 2017).  
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Most of our current knowledge about pyrenoids comes from the model single-celled green alga 

Chlamydomonas reinhardtii (Meyer et al., 2017; Sasso et al., 2018). C. reinhardtii pyrenoid is 

composed of three main components: a RuBisCO matrix, transpyrenoidal membranes, and starch 

plates surrounding, but not completely encapsulating, the pyrenoid interior (Meyer et al., 2017). 

A series of studies has recently provided an unprecedented wealth of new insights about C. 

reinhardtii pyrenoid. Mackinder et al., 2016, showed that a repetitive disordered protein 

CrEPYC1 (Essential Pyrenoid Component 1) colocalizes with RuBisCO and is essential for 

normal pyrenoid size, number, morphology, RuBisCO content, and efficient CO2 fixation. 

Mackinder et al., 2017, identified three previously unknown pyrenoid layers and 89 new 

pyrenoidal proteins including CrEPYC1-interacting kinase and two 14-3-3 proteins known to bind 

phosphorylated proteins (Chevalier et al., 2009) using a high-throughput fluorescence 

microscopy and affinity purification platform. Freeman Rosenzweig et al., 2017, characterized 

pyrenoid dynamics during cell cycle and identified pyrenoid as a liquid-like, highly malleable 

compartment contrary to the previous assumption that its matrix is crystalline. A biochemical 

follow up work by Wunder et al., 2018, established two-component CrEPYC1 and RuBisCO 

system as necessary and sufficient to promote this liquid-like character; and a further study by 

Atkinson et al., 2019, showed that CrEPYC1 can form a pyrenoid-like compartment with a hybrid 

Arabidopsis thaliana-Chlamydomonas reinhardtii RuBisCO in vitro thus paving the way for 

transplantation of algal CCMs into plants, a synthetic biology strategy that is proposed to enable 

crop yield improvement in the future. All in all, these advances are very exciting in light of the 

growing realization that protein-driven membraneless organelle formation through liquid-liquid 

phase separation is an important, but long overlooked (Wilson, 1899), intracellular organizing 

principle across the tree of life (Banani et al., 2017; Wheeler and Hyman, 2018).  

 

There is mounting evidence for convergent pyrenoid evolution among eukaryotic algae (Meyer et 

al., 2017). First, the identified θ-carbonic anhydrase in P. tricornutum is likely analogous to α-
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carbonic anhydrase CAH3 in C. reinhradtii as both of them are localized in the pyrenoid-

penetrating thylakoid lumen suggesting that the final CO2 generation step works similarly across 

different microalgal lineages (Kikutani et al., 2016; Matsuda et al., 2017; Sinetova et al., 2012). 

Second, most pyrenoids are traversed by at least one lipid membrane, usually thylakoidal (Meyer 

et al., 2017). Finally, genomes of the pyrenoid-containing species other than C. reinhardtii, 

including P. tricornutum, encode proteins with CrEPYC1-like properties (e.g. 3 or more nearly 

identical repeats, isoelectric point above 8, disorder profile) (Mackinder et al., 2016). 

 

Here we present preliminary data on PtEPYC1, a CrEPYC1-like protein in P. tricornutum with 

seven nearly identical repeats and regulary spaced charged amino acid residue clusters. We first 

show that PtEPYC1 is transcriptionally sensitive to variations in CO2 and iron levels. We then 

provide evidence for its subchloroplastic localization and use circular dichroism to find that E. coli-

derived pure full-length PtEPYC1 is disordered as suggested by in silico predictions. Neither yeast 

two-hybrid nor gel shift assays indicate that PtEPYC1 interacts with RuBisCO and a 

sedimentation assay reveals that the protein is also likely not forming any homotypic high 

molecular weight assemblies. APEX2-tagged PtEPYC1 is cleaved at regular intervals in vivo. A 

set of two protease cleavage sites and CDK complex (CDKC) docking sites are identified in 

PtEPYC1. PtEPYC1 lies adjacently to a gene encoding a well-characterized P. tricornutum CDK 

acting during mitosis and chloroplast division. Despite limited evidence we synthesize our 

observations into a model that proposes a role for this protein in pyrenoid biogenesis and division. 
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Results, Methods, and Materials 

 

PtEPYC1 is overexpressed under CO2- and iron-limiting conditions.  

 

Mackinder et al., 2016, performed a comprehensive bioinformatic search for CrEPYC1-like 

disordered proteins in pyrenoid-containing and pyrenoid-free algae and identified Phatr3_J41316 

as a possible CrEPYC1 counterpart in Phaeodactylum tricornutum. Our in-house RNA-Seq data 

revealed Phatr3_J41316 as a highly upregulated gene under low CO2 conditions (Figure 3.1A; 

“low”: P. tricornutum cultures aerated with 50 particles per million CO2), a signature feature of 

genes involved in CO2 concentrating mechanism and pyrenoid formation (Mackinder et al., 2016; 

Manuel and Moroney, 1988; Moroney and Samanchi, 1994; Ramazanov et al., 1994; Wei et 

al., 2019), as well as an iron limitation-induced gene (Figure 3B). These observations prompted 

us to further investigate Phatr3_J41316 (UniProt ID: B7GDW7) which we termed PtEPYC1.  

 

 
 
Figure 3.1. PtEPYC1 is upregulated in response to CO2 and iron depletion.  
(A) RNA isolated from P. tricornutum cultures aerated with various levels of CO2 (50, 400, and 10,000 
particles per million (ppm)) was sequenced. Fold changes in RNA abundances for genes encoding known 
pyrenoid-localized proteins in P. tricornutum (Phatr3_J41423 (FBAC5) and Phatr3_J51305 (β-CA)) and 
PtEPYC1 are shown. PtEPYC1 expression is highly upregulated at low CO2 concentration (50 ppm), a 
transcriptional response one would expect from a gene encoding a protein involved in CO2 concentrating 
mechanism (CCM). Note: this RNA-Seq dataset is available in-house and was not generated as part of the 
dissertation work.  
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Figure 3.1 (Continued). 
 
(B) Transcriptional profiles of the phytotransferrin gene (pTF; a well-studied iron limitation marker gene) 
and the same three genes as in (A) across different iron regimes (L (low): 20 pM Fe’, M (medium): 40 pM 
Fe’, H (high/replete): 400 pM Fe’) and sampling timepoints (10AM, 2PM, 6PM, 10PM, 2AM, 6AM). PtEPYC1 
transcription is induced in iron-deplete conditions (see L_10AM through L_6AM). Fe’: sum of all Fe species 
not complexed to EDTA (dissolved labile iron pool). Average RPKM: Reads Per Kilobase of transcript, per 
Million mapped reads averaged across two (L and M) or three (H) replicates. Red dashed lines indicate 
pTF transcriptional peaks. RNA-Seq data used to generate these plots is available in the Supporting 
Information to Smith et al., 2016 (download “S1 dataset” file). 

 
 
 
PtEPYC1 is a “protein copolymer” with 7 bipartite repeats and regularly spaced charged 

amino acid residue clusters.  

 

PtEPYC1 is a 380 amino acid residues long ~37.17 kDa repetitive protein predicted to be localized 

to the chloroplast with low confidence by SignalP 4.1 and ASAFind version 1.1.7, and containing 

a putative pyrenoid-directing C-terminal tail sequence (Christopher L. Dupont, personal 

communication) (Figure 3.2A). The protein consists of bipartite (part A and part B) repeats 

(Figures 3.2A, 3.2B) with adjacent oppositely charged near homopolymeric amino acid residue 

tracts at repeat boundaries (Figure 3.2C). The repetitive nature of PtEPYC1 was further 

examined using an algorithm developed by Persi et al., 2016, which revealed 60 largely 

conserved 5 amino acid residues long motifs in part A repeats (Figure 3.2D). These 5 AA motifs 

right after each part B repeat always come in blocks of 8 or 10.  
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Figure 3.2. PtEPYC1 is a repetitive protein with regularly spaced charged amino acid residue clusters.  
(A) PtEPYC1 amino acid sequence. The black N-terminal block represents a presequence comprised of a 
signal peptide and a transit peptide, including a conserved aromatic amino acid residue (grey arrow), all 
signature features of chloroplast-targeted proteins in diatoms (Gruber et al., 2015; Gruber et al., 2007). 
Black arrow represents a signal peptide cleavage site (predicted by SignalP 4.1). Colocalized near 
homopolymeric stretches of aspartic acid (D) and arginine (R) can be seen at repeat boundaries. The green 
C-terminal block is likely a pyrenoid-directing sequence.   
(B) A schematic summarizing PtEPYC1 composition as an “AB protein copolymer” with a presequence 
(black line) and a putative pyrenoid-directing sequence (green block). N- and C-terminus are depicted.   
(C) Hand-drawn schematic of PtEPYC1. The protein can be thought of as an alternating copolymer 
consisting of largely neutral sections (“neu”) and adjacent oppositely charged amino acid residue clusters 
(indicated by circled “-“ and “+”). Arrows point to possible cleavage sites (see Figures 3.10–3.14 and 
Discussion). Such polyelectrolytic protein could conceivably be involved in intracellular phase transitions, 
either via intra- or intermolecular interactions (Das and Pappu, 2013; Holehouse and Pappu, 2018; Lin 
and Chan, 2017). 
(D) Sequence logo of 60 5 AA motifs constituting part A repeats in PtEPYC1 (top). Proline and serine at 
positions 2 and 3 are 100% conserved. Repetitive nature of these short AA motifs is reflected at the 
nucleotide level as well (bottom). Serine-encoding codons are exclusively of the AGx variety where x is 
either C or T (serines could also be encoded by TCy codons where y is A, T, G, or C).   
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Venus-tagged PtEPYC1 is localized to the chloroplast. 

 

To investigate if PtEPYC1 trafficks to the chloroplast, PtEPYC1 was fused with a gene encoding 

a yellow fluorescent protein (Venus), His6 and FLAG tags, flanked by a consititutive promoter and 

terminator, and cloned into an episomal backbone. The resulting vector pJT_PtEPYC1-Venus 

(Figure 3.3A) was introduced into wild type P. tricornutum cells using bacterial conjugation. 

Distinct subchloroplastic punctae were seen in transconjugant cell lines (Figure 3.3B) consistent 

with our previous in silico observations (Figure 3.2). 

 

 
 
Figure 3.3. PtEPYC1-Venus fusion protein localizes to the chloroplast.  
(A) Episome for Venus-tagged PtEPYC1 expression. The gene encoding PtEPYC1-Venus-His6-FLAG was 
flanked by Phatr3_J49202 promoter (constitutive promoter) and terminator. Note: a 6 repeat version of the 
protein with the N-terminal targeting presequence was expressed. Created with BioRender.com.  
(B) P. tricornutum transconjugant cell line cells expressing Venus-tagged PtEPYC1. The fusion protein was 
consistently observed in the chloroplast interior indicating PtEPYC1 may have a role in pyrenoid biogenesis. 
In certain cells (bottom right example), multiple punctae could be seen possibly indicating a dispersed 
dividing pyrenoid (see Discussion). Red: chloroplast autofluorescence. Yellow: PtEPYC1-Venus-His6. 
Scale bar is 5 μm. 
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Circular dichroism confirms PtEPYC1 is a disordered protein.  

 

To confirm the predicted disorder profiles for PtEPYC1 (Figure 3.4A), plasmids for protein 

expression in Escherichia coli were assembled. Specifically, genes encoding PtEPYC1 fused 

either with His6 (N-terminus) and HA (C-terminus) tags or His6-thioredoxin (N-terminus) were 

cloned into vector backbones containing an arabinose-inducible pBAD promoter (Figure 3.4B). 

The resulting plasmids pJT_pBAD_PtEPYC1 and pJT_pBAD_Trx-PtEPYC1 were introduced into 

E. coli Rosetta cells for protein expression (Figure 3.4C). 

 

 
 
 

Figure 3.4. Overview of PtEPYC1 disorder profile testing.  
(A) PtEPYC1 (excluding presequence) is predicted to be fully disordered by two online disorder analysis 
tools PONDR VSL2 (top) and IUPred2a (bottom). 
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Figure 3.4 (Continued). 
 
(B) Constructed E. coli expression vectors; one (top) encoding PtEPYC1 tagged with His6 and HA at its N- 
and C-terminus, respectively (379 amino acid residues (AAs), 36.95 kDa), and another (bottom) encoding 
PtEPYC1 tagged with His6 and thioredoxin at its N-terminus (478 AAs, 47.56 kDa). Thrombin cleavage 
site-encoding DNA sequence was present between PtEPYC1 and N-terminal tag sequences. Genes were 
flanked by arabinose-inducible pBAD promoter and rrnB terminator.  
(C) Brief experimental summary. PtEPYC1 expression vectors were transformed into E. coli Rosetta cells. 
Expression cultures at OD600 of ~0.8 were induced with 0.2% arabinose for 4 hrs, harvested, and cell pellets 
stored at -20 °C until lysis and purification with His6-binding columns. Pure PtEPYC1 was used in 
downstream experiments, including circular dichroism. Created with BioRender.com. 

 

Preliminary expression tests revealed PtEPYC1 tagged with His6-thioredoxin was highly soluble 

(data not shown) and was thus chosen for large-scale purification performed as follows: E. coli 

cell pellet (from 1 L expression culture) was resuspended in 10 mL Buffer A (20 mM Tris (pH 8.0), 

50 mM NaCl, 10 mM imidazole) and incubated on ice for 30 min with lysozyme. PMSF was added 

and cells were sonicated (15 sec on, 40 sec off for a total of 5 min “on” time). Lysate was cleared 

by centrifugation at 12,000 rpm for 20 min after which supernatant was filtered and loaded onto 

HisTrap affinity chromatography column equilibrated with 50 mL Buffer A. Several elution fractions 

with the expected ~60 kDa band corresponding to His6-Trx-PtEPYC1 (the ~12 kDa band shift 

had been observed in preliminary expression tests) (Figure 3.5A) were pooled and cleaved with 

thrombin. Thrombin cleavage was inefficient (Figure 3.5B), thus protein-containing samples were 

ran through a HisTrap column again. The resulting unbound fraction carried only the cleaved 

protein, its concentration was measured, and the protein was frozen at -80°C for use in 

downstream experiments (Figure 3.5C).  
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Figure 3.5. His6- and thioredoxin-tagged PtEPYC1 expression and purification.  
(A) Left: His6-Trx-PtEPYC1 was eluted with increasing Buffer B (20 mM Tris (pH 8.0), 50 mM NaCl, 400 
mM imidazole) gradient. Right: the protein ran at ~60 kDa (black arrow), although its actual Mw is ~48 kDa 
(expected from preliminary expression tests). Fractions 3 to 6 (F3–F6; 20 mL total) were combined and 
total protein mass was estimated using Bradford assay followed by His6-thioredoxin removal with thrombin 
at 1:150 (w/w) for 18 hrs on ice. 
(B) The protein sample was concentrated down to ~7 mL after cleavage and loaded onto Superdex gel 
filtration column equilibrated with Superdex Buffer (20 mM Tris (pH 8.0), 50 mM NaCl, 5% glycerol). Elution 
fractions between 20 and 110 mL were collected. Thrombin cleavage was inefficient and fractions 6 to 8 
(F6–F8) were ran through a HisTrap column equilibrated with Superdex Buffer again to remove the 
uncleaved protein. Grey and black arrows indicate cleaved and uncleaved protein, respectively.  
(C) As expected, only the cleaved protein was observed in the unbound fraction after another round of 
HisTrap purification (black frame). The protein sample was concentrated and its concentration was 
estimated with Bradford assay (note: PtEPYC1 lacks any tyrosine, cysteine, or tryptophan residues needed 
for A280 measurements). Finally, the protein sample was flash frozen and stored at -80 °C for further 
experiments.   



 

123 

 

Purified PtEPYC1 adjusted to 0.15 μg/μL was then tested side-by-side with 0.15 μg/μL lysozyme 

(a compact globular protein with multiple α-helices and β-sheets) using a circular dichroism (CD) 

spectrophotometer. PtEPYC1 CD spectrum largerly matched the previously recorded CD 

spectrum of a known disordered protein CrEPYC1 (Figure 3.6) thereby establishing PtEPYC1 as 

a chloroplast-localized repetitive disordered protein. 

 

 

 
 
Figure 3.6. Experimental confirmation of PtEPYC1 disorder with circular dichroism. 
Circular dichroism with purified PtEPYC1 confirms the theoretically predicted disorder profile. Molar 
elipticities for PtEPYC1, CrEPYC1, and lysozyme, all at 0.15 μg/μL in 10 mM sodium phosphate (pH 8.0), 
from absorbance readings between 190 nm and 260 nm at 25°C are shown. Matching spectra, indicative 
of protein disorder (Greenfield, 2006), can be seen for both PtEPYC1 and CrEPYC1. Note: CrEPYC1 was 
not tested on the same day. Data from an older experiment was plotted. 

 

PtEPYC1 features reminiscent of CrEPYC1 such as patterned charge distribution (Wunder et al., 

2019), subchloroplastic localization in vivo, and biochemically confirmed disorder profile, 

encouraged us to test the hypothesis that PtEPYC1 is a RuBisCO-binding protein using yeast 

two-hybrid (Figure 3.7) and gel shift experiments (Figure 3.8).    
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Yeast two-hybrid and gel shift experiments suggest PtEPYC1 does not interact with 

RuBisCO.  

 

First, an in-house yeast two-hybrid (Y2H) system for protein-protein interaction (PPI) testing was 

used. In this system, PPI restores the ability of yeast cells to grow in the absence of leucine as 

well as their ability to break down X-gal into an insoluble blue pigment (Beyhan et al., 2013; 

Golemis et al., 2001). Intronless P. tricornutum RuBisCO subunit-encoding genes PtRbcS (small 

RuBisCO subunit, NCBI RefSeq ID: YP_874417.1, UniProt ID: A0T0E2) and PtRbcL (large 

RuBisCO subunit, NCBI RefSeq ID YP_874418.1, UniProt ID: Q9TK52) were cloned into a 

constitutive ADH promoter-carrying pEG202 vector backbone as fusions with a gene encoding a 

LexA DNA-binding domain. Next, intronless gene encoding PtEPYC1 without presequence was 

cloned into a galactose-inducible promoter-carrying pJSC401 vector backbone as a fusion with a 

gene encoding a transcription activation domain (AD). Genes encoding DNA-binding domain and 

activation domain in the resulting bait (pEG202) and prey (pJSC401) vectors, respectively, were 

positioned upstream of diatom genes leading to N-terminally tagged fusion proteins. Relevant 

bait-prey vector pairs were then co-transformed into EGY34 MATα Saccharomyces cerevisiae 

strain carrying a LacZ reporter plasmid pSH18-34 and a nuclear leucine auxotrophy-

complementing marker LEU2 using standard lithium acetate procedure (Becker and Lundblad, 

2001; Golemis et al., 2001). The resulting colonies were grown in triplicates in 200 μL minimal 

yeast medium (Complete Supplement Mixture (CSM) and Yeast Nitrogen Base (YNB) Without 

Amino Acids) with added galactose and raffinose, but lacking uracil (U), histidine (H), and 

tryptophan (T), at 30°C for 2 days. 100 μL of each culture was washed with MQ once (to remove 

leucine) and resuspended in 100 μL MQ. 5 μL of each resulting cell suspension was then spotted 

on the following three galactose- and raffinose-containing plates: -UHT (all strains will grow), -

UHTL (only strains where protein-protein interaction occurs will grow), -UHT + X-gal (all strains 

will grow and strains where protein-protein interaction occurs will turn blue). The resulting plates 
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were incubated at 30°C for 2 days and imaged. None of the experimental strains tested positive 

for our hypothesized protein-protein interaction (Figure 3.7).  

 

 
 
Figure 3.7. Yeast two-hybrid experiment indicates PtEPYC1 does not interact with the P. tricornutum 
RuBisCO.  
EGY34/pSH18-34 MATα Saccharomyces cerevisiae strains co-transformed with relevant bait-prey vector 
combinations were spotted on the following three galactose- and raffinose-containing plates: -UHT (all 
strains will grow), -UHTL (only strains where a protein-protein interaction occurs will grow), -UHT + X-gal 
(all strains will grow and strains where a protein-protein interaction occurs will turn blue). Plates after 2 day 
incubation at 30°C are shown. None of the experimental strains were able to grow on leucine-deficient 
plates or metabolize X-gal. PtEPYC1 was self-activating as evidenced by the ability of activation domain 
(AD)-PtEPYC1 fusion protein expressing strains to grow on leucine-deficient plates. Known interacting 
proteins RYP3 and RYP2 from a fungal pathogen Histoplasma capsulatum (Beyhan et al., 2013) were 
used as a positive control (note: the positive control strain used in this experiment was diploid, however we 
had previously confirmed that these two proteins interact equally well in a haploid background). Negative 
control strain carried empty bait and prey plasmids. Other auxotrophies in these experiment were 
complemented as follows: uracil (URA3; encoded on pSH18-34), histidine (HIS3; encoded on pEG202), 
tryptophane (TRP1; encoded on pJSC401).  

 

Second, native PAGE gel shift assay was used to test if pure PtEPYC1 interacts with P. 

tricornutum RuBisCO. 10 μM PtEPYC1 (see Figures 3.4–3.6) and 0.34 μM P. tricornutum 

RuBisCO (PtRbc; full L8S8 holoenzyme) were incubated in 20 mM HEPES (pH 8.0) and 150 mM 

NaCl for 2 min at 25°C in the absence or presence of 0.125% glutaraldehyde followed by native 
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gel electrophoresis. Neither of the two conditions led to the formation of the expected protein 

complex (Figure 3.8). 

 
 
Figure 3.8. Native gel shift experiment indicates PtEPYC1 does not interact with the P. tricornutum 
RuBisCO.  
10 μM PtEPYC1 and 0.34 μM P. tricornutum RuBisCO (PtRbc) were incubated in 20 mM HEPES (pH 8.0) 
and 150 mM NaCl at 25°C for 2 min either in the presence or absence of a crosslinker (0.125% 
glutaraldehyde). Gluteraldehyde was added last and crosslinking reaction was quenched with 200 mM Tris 
(pH 8.0). Samples were loaded on a native PAGE gel and ran at 160 V for 90 min. No protein complexes 
were observed. Considering isoelectric point of ~10 for PtEPYC1 and running buffer pH of 8.0 used in this 
experiment (leaving PtEPYC1 with a net positive charge), the protein did not migrate into the gel which is 
why no bands can be seen in Lanes 2 and 5 (see also Figure 4f in Wunder et al., 2018, for the same 
observation with CrEPYC1). In case of PtEPYC1-RuBisCO interaction, one would expect an upward band 
shift in Lane 3 due to size and net charge change of the resulting protein complex. Considering 
glutaraldehyde crosslinks nearby lysine residues thereby removing some positive charges, a downward 
band shift is typically expected in situations such as in Lane 6. 

 

None of the chosen directions confirmed our hypothesis that PtEPYC1 interacts with RuBisCO. 

Thus, we first tested if perhaps PtEPYC1 alone can form any higher-order assemblies—as one 

might expect based on the positive and negative charges contributed by aspartic acid and arginine 

amino acid residues (Figure 3.2), respectively, spread throughout the protein—(Figure 3.9), and 

then created P. tricornutum cell lines for identification of candidate PtEPYC1 interactors using 

APEX2-mediated labeling. The latter efforts culminated in a series of surprising observations 

(Figures 3.10–3.14).  
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PtEPYC1 does not form homotypic biomolecular condensates. 

 

Intrinsically disordered proteins (IDPs) or intrinsically disordered regions (IDRs) within proteins 

can drive liquid-liquid phase separation (LLPS) through heterotypic and homotypic interactions 

(Alberti et al., 2019). One way to test whether a protein can form biomolecular condensates 

(coacervates) via liquid-liquid phase separation is through a sedimentation assay (Wang et al., 

2019). Here, a protein sample is incubated under chosen conditions and centrifuged to separate 

dense (coacervate-containing) pellet and dilute (monomeric protein-containing) supernatant 

followed by SDS PAGE to determine the ratio between both phases. Sedimentation assay with 

pure PtEPYC1 was performed in the following two ways: first, PtEPYC1 concentration varied (5–

50 μM) and ionic strength was kept constant (150 mM NaCl) (Figure 3.9A), and second, PtEPYC1 

concentration was kept constant (30 μM) and ionic strength varied (50–600 mM) (Figure 3.9B). 

None of the conditions promoted homotypic assembly of PtEPYC1.    

 

 
 
Figure 3.9. PtEPYC1 does not form homotypic biomolecular condensates in vitro.  
(A) Various concentrations of PtEPYC1 (5–50 μM) were incubated in 20 mM Tris (pH 8.0) and 150 mM 
NaCl at room temperature for 8 min followed by centrifugation at 14,800 g for 2 min. Supernatant (S) and 
pellet (P) fractions were resolved on a denaturing PAGE gel. The protein was predominantly found in 
supernatants, contrary to what one would expect from a coacervate forming protein.  
(B) The effect of salt concentration (50–600 mM) on PtEPYC1 condensation was evaluated with samples 
containing a fixed protein amount (30 μM). Samples were incubated and processed as in (A) and resolved 
on a denaturing PAGE gel. Again, most of the protein was in supernatants.   
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PtEPYC1 is cleaved at regular intervals in vivo. 

 

A series of experiments showed that PtEPYC1 is likely not interacting with RuBisCO and does 

not form homotypic coacervates, therefore we next decided to interrogate its proteomic 

neighborhood in vivo in an unbiased way. PtEPYC1 fused with APEX2-HA was flanked by nitrate-

inducible NR promoter and terminator, and cloned into episomal vector yielding pJT_PtEPYC1-

APEX2-HA (Figure 3.10A). The constructed episome was introduced into wild type P. tricornutum 

cells using bacterial conjugation. Two out of five transconjugant cell lines that had previously been 

confirmed to carry the episomal vector using colony PCR were unambiguously expressing the 

PtEPYC1-APEX2-HA fusion protein (Figure 3.10B). To our surprise, the protein exhibited a 

ladder-like pattern corresponding to what appeared to be PtEPYC1 variants with various repeat 

numbers (Figure 3.10B). Considering the C-terminal HA tag and the size of the smallest observed 

band (which was larger than the ~27 kDa APEX2), we reasoned APEX2 had to be intact. Indeed, 

both strains expressing the cleaved fusion were able to metabolize Amplex UltraRed (Figure 

3.10C) thus confirming our hypothesis that the ladder-like pattern was likely due to PtEPYC1, not 

APEX2, cleavage in vivo. One week after cell lysis, only the smallest (~34 kDa) band, likely 

corresponding to APEX2-HA with only a single remaining N-terminal PtEPYC1 repeat, was 

detectable (Figure 3.10D). Since our lysis buffer contained PMSF (which inhibits any serine 

proteases including any trypsin-like proteases) and no shorter bands could be detected despite 

multiple trypsin-compatible lysines and arginines in APEX2, we hypothesized a different protease 

may have been responsible for the observed result.    
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Figure 3.10. PtEPYC1-APEX2-HA fusion protein expressed in P. tricornutum exhibits a ladder-like pattern.  
(A) PtEPYC1-APEX2-HA encoding episome. The ORF was flanked by inducible nitrite reductase NR 
promoter and terminator and the associated 5’ and 3’ UTRs. HA tag was picked to facilitate clean western 
blots (anti-HA western blot gives no background with P. tricornutum lysates).  
(B) Four P. tricornutum transconjugants (s5, s11, s13, s16; s5 and s11 unambiguously) were expressing 
PtEPYC1-APEX2-HA. In addition to the full length fusion (~64 kDa), multiple smaller variants of the protein 
were observed in cleared cell lysates. Possible fusion protein “isoforms” corresponding to the observed 
bands are depicted. Blue ovals: PtEPYC1 repeats, teal oval: APEX2 and HA tag.  
(C) As smaller bands—all larger than APEX2 (~27 kDa)—were readily detected and considering HA tag is 
downstream from APEX2, we hypothesized APEX2 had to be intact. This was indeed the case for cell lines 
s5, s11–as well as cell lines s13 and s16 (which did not exhibit such a clear ladder-like pattern)—shown 
here by the ability of genetically engineered cells to metabolize Amplex UltraRed into resorufin, a colored 
reaction product. WT: wild type negative control. HRP: positive control.  
(D) 7 days after cell lysis, only 1 band remained, likely corresponding to the smallest fusion protein variant 
depicted in (B). +ctrl: E. coli lysate with an HA-tagged protein. No signal was observed in a cleared cell 
lysate from unconjugated P. tricornutum cells (WT). The same s5 and s11 lysates as in (C) were used. It is 
conceivable this “PtEPYC1 collapse” is due to cell lysis-induced perturbation of a protease activity 
mediating biologically relevant PtEPYC1 “isoforms”. Our lysis buffer contained 1 mM PMSF which 
irreversibly inhibits any trypsin-like proteases, a class of proteases that may recognize lysines and arginines 
in PtEPYC1. Additionally, if any trypsin activity was present, shorter, unspecific, bands would be expected 
as APEX2 contains numerous trypsin-compatible lysines and arginines. Thus, we think a non-trypsin 
protease is likely responsible for the observed PtEPYC1 cleavage pattern. 
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PtEPYC1 contains regularly spaced protease cleavage and cyclin-dependent kinase (CDK) 

complex docking sites. 

 

Based on the observed in vivo PtEPYC1 cleavage, the associated follow up experiments, and 

inferences, we hypothesized that protease cleavage sites are embedded in its repeat boundaries. 

Indeed, two different, overlapping, regularly spaced protease recognition sequence-containing 

patterns are present in PtEPYC1. First, five preferred furin (known eukaryotic proprotein 

convertase) recognition sites (RXRR↓) (Nakayama, 1997) and one furin-like motif (KXRR) were 

identified (Figure 3.11A) and confirmed with ProP 1.0 (Figure 3.11B), a furin cleavage online 

prediction tool (Duckert et al., 2004). Putative cleavage-derived peptide products are shown in 

Figure 3.11C.  
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Figure 3.11. Furin cleavage sites coincide with PtEPYC1 repeat boundaries.  
(A) Furin is a proprotein convertase crucial for post-translational activation of many eukaryotic proteins 
(Seidah et al., 2013). Five regularly spaced preferred furin cleavage sites RXRR↓ (X: any amino acid 
residue) and one closely related KXRR motif are present in PtEPYC1 (pink annotations “Furin.1–6”). Note: 
cleavage sites should be read from C- to N-terminus.  
(B) Confirmation of furin cleavage sites using ProP 1.0. Note: propeptide cleavage signal does not pass 
the set threshold, but a very clear pattern of putative furin cleavage sites can be observed that corresponds 
to all 6 RRLR/K sites in PtEPYC1. This many cleavage sites are unusual for a prototypical propeptide which 
may be why peaks are not passing the threshold. 
(C) PtEPYC1-derived peptides after furin cleavage would begin and end with a stretch of positively and 
negatively charged amino acid residues, respectively (see also Figure 3.2C). Such peptides may form 
loops and/or interact with each other or with other biomacromolecules to form larger assemblies. Underlined 
is a presequence-embedded RXL↓ motif which may be recognized by a yet to be identified diatom protease 
(Kröger and Poulsen, 2008). Lysine (K) and arginine residues (R) are shown in blue while aspartic acid 
(D) residues are highlighted in red.  
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Figure 3.11 (Continued). 
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Another regularly spaced pattern is present in PtEPYC1. All six repeat boundaries contain 

adjacently positioned Cy or RXL and SPX(K/R) motifs (Figure 3.12A). This bipartite sequence is 

known to be recognized by CDK complexes (CDKCs) and such minimal distance between the 

two motifs is essential for optimal phosphorylation (Takeda et al., 2001). Interestingly, many 

diatom proteins involved in biosilicification contain the RXL motif that is predicted to be recognized 

by an unknown protease (Brembu et al., 2017; Kotzsch et al., 2017; Scheffel et al., 2011; 

Tesson et al., 2017). Putative cleavage-derived peptide products assuming RXL motif-

recognizing protease activity are shown in Figure 3.12B.  

 

 
 
 

 

Figure 3.12. CDKC docking and “RXL protease” recognition sites coincide with PtEPYC1 repeat 
boundaries.  
(A) Embedded within and just downstream of PtEPYC1 “B” blocks are Cy or RXL (“RXL.1–8”) and SPX(K/R) 
(“CDK.1–6”) sites, respectively. This bipartite sequence is known to be recognized by CDKCs. SP 
dipeptides—known phosphorylation sites (Lu et al., 2002)—are embedded within each CDK motif as well 
as repeated multiple times within “A” blocks. Intriguingly, the consensus cyclin recognition motif (RXL) is 
present in the majority of diatom proteins involved in biosilicification including proproteins that are known 
to be post-translationally cleaved into short peptides (Kröger et al., 1999). However, the responsible 
protease is unknown.  
(B) Putative PtEPYC1-derived peptides after cleavage with the unknown “RXL protease”. Lysine (K) and 
arginine residues (R) are shown in blue while aspartic acid (D) residues are highlighted in red. RXL sites 
are underlined.  
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Discussion 

 

Intrinsically disordered proteins (IDPs) play critical roles in cellular biology across the tree of life, 

many times by facilitating intracellular organization and compartmentalization through liquid-liquid 

phase separation (LLPS) (Kulkarni and Uversky, 2018; Turoverov et al., 2019; Uversky, 2015; 

Uversky, 2016; Uversky, 2019). The importance of IDPs in LLPS and formation of membranelles 

organelles is being increasingly recognized in plants (Cuevas-Velazquez and Dinneny, 2018) 

and (micro)algae (Launay et al., 2019). In particular, major steps forward have been made in our 

compositional understanding of the Chlamydomonas reinhardtii pyrenoid (Mackinder et al., 

2017; Wunder et al., 2019; Zhan et al., 2018), a liquid-like subchloroplastic organelle critical for 

efficient CO2 fixation and ultimately generation of organic compounds used by all organisms. 

CrEPYC1, an intrinsically disordered protein, is at the core of the pyrenoid assembly process in 

this green alga (Wunder et al., 2018). However, questions about evolutionary conservation of the 

pyrenoid composition, biogenesis, and cell-cycle dynamics across microalgal lineages remain 

unaddressed. Here, we characterized an intrinsically disordered protein PtEPYC1 possibly 

playing an important role in pyrenoid biology in the model marine diatom Phaeodactylum 

tricornutum, the red lineage microalgal representative.  

 

PtEPYC1 was initially identified in Mackinder et al., 2016, as a protein that is physicochemically 

related to CrEPYC1. Our in-house RNA-Seq data additionally revealed PtEPYC1 as a CO2- and 

iron-sensitive gene. Low CO2 concentration-induced expression of a gene predicted to be 

involved in pyrenoid growth and assembly is expected (Mackinder et al., 2016; Manuel and 

Moroney, 1988). Multiple CO2 concentrating mechanism components in P. tricornutum are known 

to be regulated in response to varying light and iron levels (Matsuda et al., 2017), and such 

coupling of CO2 and iron sensitivity was also observed in RuBisCO genes from natural diatom-

dominated phytoplankton assemblages (Endo et al., 2015). 
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The repetitive nature and regularly spaced charged amino acid clusters in PtEPYC1, the 

experimentally confirmed subchloroplastic PtEPYC1 localization using fluorescence microscopy, 

the confirmation of its predicted disorder profile using circular dichroism, and the likely charge-

charge interaction-driven heterotypic assembly of CrEPYC1 and RuBisCO (Wunder et al., 2019), 

prompted us to first investigate if PtEPYC1 is perhaps a RuBisCO-interacting protein.  

 

Neither yeast two-hybrid experiments—where PtEPYC1 was tested for interaction with both P. 

tricornutum RuBisCO subunits—nor gel shift and sedimentation experiments—which were 

performed in mildly alkaline conditions corresponding to previously measured chloroplast pH in 

Arabidopsis thaliana (Höhner et al., 2018; Shen et al., 2013), and involved purified PtEPYC1 

and full L8S8 P. tricornutum RuBisCO holoenzyme—yielded any positive data. Additional negative 

results from gel shift (Figure 3.8—figure supplement 1; here, [PtEPYC1]:[PtRbc] ratio was 1:2 

as opposed to ~1:30 in Figure 3.8), sedimentation (Figure 3.9—figure supplement 1), and 

microscopy experiments (Figure 3.9—figure supplement 2), where PtEPYC1-PtRbc (full L8S8 

P. tricornutum RuBisCO holoenzyme) and CrEPYC1-CrRbc (full L8S8 C. reinhardtii RuBisCO 

holoenzyme) two-component systems were compared side-by-side (with CrEPYC1-CrRbc 

system serving as a positive control), further support the conclusion that PtEPYC1 is unlikely a 

RuBisCO-interacting protein. Nevertheless, we point out that PtEPYC1 expression in yeast and 

E. coli may have yielded a protein version lacking the necessary post-translational modifications 

(such as phosphorylation) required for RuBisCO binding or, alternatively, that additional proteins 

are needed to promote or mediate the interaction. Next, the interaction between PtEPYC1 and 

PtRbc may be very weak as it only needs to work when both proteins are highly concentrated 

inside the pyrenoid. Finally, N-terminal tagging of bait and prey proteins in yeast two-hybrid 

experiments may have prevented their interaction.  
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Surprisingly, PtEPYC1-APEX2-HA expression testing in a series of transconjugant cell lines 

revealed a western blot signal pattern consistent with fusion protein cleavage at regular intervals. 

Our follow up experiments confirmed this cleavage was likely due to post-translational PtEPYC1, 

and not APEX2-HA, processing. Conceptually similar post-translational cleavage exists in 

profilaggrin, a heavily phosphorylated proprotein which—in humans—contains 10–12 nearly 

identical ~320 amino acid reidues long filaggrin repeats. The precursor protein undergoes 

dephosphorylation followed by proteolysis into multiple functional filaggrin monomers that are 

involved in epidermal differentiation (Sandilands et al., 2009).  

 

Two overlapping patterns of regularly spaced protease recognition sites were identified in 

PtEPYC1 thereby revealing the candidate endopeptidases: furin, a common eukaryotic proprotein 

convertase (Seidah et al., 2013; recognizing RXRR↓), and a predicted diatom-specific “RXL 

protease” (Kröger and Poulsen, 2008; recognizing RXL↓). Notably, proprotein sil1p from the 

diatom Cylindrotheca fusiformis is cleaved into multiple near-identical silica-precipitating peptides 

ending with RXL↓ (Kröger et al., 1999); and other diatom proteins involved in biosilification 

contain this motif (Lechner and Becker, 2015). All—except the first and the last—RXL motifs in 

PtEPYC1 lie adjacently to SPX(K/R) motifs which together constitute a bipartite CDKC recognition 

sequence (Malumbres, 2014; Takeda et al., 2001). In summary, the presented confluence of 

experimental and in silico observations is unlikely coincidental and suggests the timing and 

pattern of in vivo PtEPYC1 cleavage may be dictated by a fine interplay between cell cycle stage, 

phosphorylation via CDKC, and protease activity leading to CDKC recognition motif disruption. 

The following observations and inferences may support this current thinking. 

 

A gene encoding a characterized cyclin-dependent kinase A2 (CDKA2, Phatr3_J51279, UniProt 

ID: B7GDW6) (Huysman et al., 2013; Huysman et al., 2010; Huysman et al., 2015; Huysman 

et al., 2014) lies adjacently to PtEPYC1 on chromosome 20 (Figure 3.13).  
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Figure 3.13. PtEPYC1 is co-located with a gene encoding a characterized cyclin-dependent kinase (CDK). 
Genomic locus on chromosome 29 with PtEPYC1 and CDKA2 genes co-located on the reverse strand and 
flanking a gene encoding a putative splicing factor (Phatr3_EG00091). Numbers indicate base pairs. 
Created with BioRender.com. 

 

Cyclin-dependent kinases (CDKs) are crucial regulators of cell cycle progression in eukaryotes 

(Malumbres, 2014). Interestingly, CDKA2 is a mitotic regulator in P. tricornutum critical for G2/M 

transition during which chloroplast division and translocation occurs (Huysman et al., 2014). 

Fluorescently tagged CDKA2 is in the nucleus during interphase, but relocalizes to the cell division 

plane in a dot-like pattern that partially overlaps with daughter chloroplasts lying along the division 

plane (Huysman et al., 2015). Additionally, it physically interacts with the G2/M-specific 

scaffolding protein CKS1 (Phatr3_EG01051), which is predicted to guide CDKA2 to its 

substrate(s) (Huysman et al., 2015). While the overall role of CKS proteins in cell cycle remains 

to be comprehensively characterized (Khattar and Thottaserry, 2013; Pines, 1996), it is known 

that budding yeast CKS1 recognizes specific phosphate groups on target proteins (McGrath et 

al., 2013). Here, CKS1 guides CDKC to its destination by first recognizing and binding to the so 

called priming phosphosites. Numerous serines in PtEPYC1 are conceivably phosphorylated in 

vivo as predicted by NetPhos 3.1 (data not shown) (Lu et al., 2002), so it is plausible that CDKA2 

is guided to this protein via CKS1 (Phatr3_EG01051). The phosphorylation of target CDKA2 sites 

in PtEPYC1 may dictate subsequent recruitment of a specific protease and ultimately PtEPYC1 

cleavage. As it is unlikely that CDKA2 acts in the chloroplast, PtEPYC1 may first be 

phosphorylated in the cytosol and cleaved later, perhaps by a chloroplastic protease (Nishimura 
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et al., 2016). Silica deposition vesicle matures concurrently with chloroplast division (Hildebrand 

et al., 2007; Huysman et al., 2014), so it would be interesting to investigate whether orthologous 

CDKA2 proteins in fully silicified species—such as THAPS_35387 in Thalassioisira pseudonana 

which is 80% identical to Phatr3_EG01051—act on proteins involved in biosilicification.  

 

All of the above, however, does not explain what the functional role of such cleavage could be. 

We first restate that E. coli- and yeast-derived PtEPYC1 may not carry the biologically relevant 

post-translational modifications (such as phosphate groups) and the E. coli-derived protein was 

not post-translationally cleaved, so our conclusions from in vitro biochemical results should be 

taken with some reservation.  

 

Phosphorylation and electrostatic interactions, both of which seemingly important for PtEPYC1 

function, are known to promote protein relocalization to phase-separated microcompartments 

(Nakashima et al., 2019). Proteins can phase separate with oppositely charged polyelectrolytes 

into condensates the characteristics of which are dictated by charge distribution pattern in partner 

macromolecules (Horn et al., 2019). Considering clusters of arginine residues in PtEPYC1 and 

its slightly net positive charge at likely mildy basic chloroplastic pH (Shen et al., 2013), a non-

RuBisCO protein with surface exposed negative patches or perhaps RNA could be its counterion. 

Indeed, RNA can play a structural or templating role in biological phase separation (Fay and 

Anderson, 2018), and both lysine (Ukmar-Godec et al., 2019) and arginine (Boeynaems et al., 

2019; Wang et al., 2018) residues are known to be critical in RNA-based condensate formation. 

Additionally, long non-coding RNAs can serve as protein scaffolds promoting formation of 

ribonucleoprotein complexes and bringing proteins in proximity (Ribeiro et al., 2018). Therefore, 

P. tricornutum may have a mechanism to regulate the type of PtEPYC1 “isoforms” (i.e. PtEPYC1 

variants differing in repeat number) throughout cell cycle which could in turn tune the viscoelastic 
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properties (Tang, 2019; Wei et al., 2017) of the resulting pyrenoidal condensate by promoting or 

inhibiting interactions with its partner molecule(s), perhaps (including) RNA.   

 

In conclusion, it is possible that PtEPYC1 regulates the biophysical properties of the P. 

tricornutum pyrenoid (“pyrenoid fluidity”) in response to cell cyle progression signals, but our data 

suggests this may not involve its interaction with RuBisCO as we had intitally hypothesized. While 

the liquid-like pyrenoid matrix in Chlamydomonas reinhardtii is surrounded by starch (Itakura et 

al., 2019), it is unclear how diatom pyrenoid boundaries are established (Tsuji et al., 2017). It is 

tempting to speculate a protein like PtEPYC1 may form a (selectively permeable) hydrogel-like 

layer surrounding the pyrenoid (Witten and Ribbeck, 2017). Changing its physicochemical 

properties in response to CDKC and protease activity would either promote or inhibit pyrenoid 

dissolution and division, and ultimately allow pyrenoidal components to be shared between 

daughter chloroplasts. Such a model for pyrenoid division was proposed (Meyer et al., 2017). We 

synthesize our observations and present a possible mechanism how this could be achieved in P. 

tricornutum in Figure 3.14. CO2 can be coordinated via arginine residues in haemoglobin to form 

carbaminohaemoglobin (Feher, 2017) and HCO3
- was found to be stabilized by arginine residues 

in a cyanobacterial photosystem II protein (Cao et al., 1991), so perhaps some exposed arginine 

clusters in PtEPYC1 could help funnel relevant substrates directly to RuBisCO (in case of CO2) 

or pyrenoidal carbonic anhydrases (in case of HCO3
-) (Kikutani et al., 2016; Matsuda et al., 

2017; Tachibana et al., 2011). Alternatively, such a boundary may function as a CO2 leakage 

barrier (Meyer et al., 2017). 
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Figure 3.14. A plausible model for cell cycle-regulated PtEPYC1 function in Phaeodactylum tricornutum. 
CDKA2 is confined to the nucleus during interphase leaving PtEPYC1 unphosphorylated, intact, and 
cabable of sustaining a compact pyrenoid through formation of a tight boundary layer with an unknown 
partner, possibly RNA (red “comb”) as depicted here. This layer may help reduce CO2 leakage. As cell 
enters G2 cell cycle phase, CDKA2 leaves the nucleus and forms a complex with a cyclin. Cyclin-CDKA2 
complex then gets recruited to PtEPYC1—possibly via CKS1 which is known to bind CDKA2 (Huysman et 
al., 2015)—and phosphorylates PtEPYC1 resulting in PtEPYC1P. This phosphorylation triggers PtEPYC1 
cleavage by an unknown (perhaps chloroplastic) protease. PtEPYC1 “isoforms” with less than seven 
repeats and unable to form a stable interaction with its partner(s) lead to pyrenoid dissolution allowing its 
content to be partitioned between daughter cells. Ladder-like pattern in our western blot experiments could 
have been representative of all cell cycle states as our cell lines were not synchronized. η denotes viscosity. 
ηcompact indicates pyrenoid viscosity permissive of sustaining a compact and stable RuBisCO matrix. n 
represents the number of PtEPYC1 repeats. Only the intracellular compartments and components 
necessary for the model description are shown for clarity. 
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Figure 3.14 (Continued).  
 

 



 

142 

 

References  

 
Alberti S, Gladfelter A, Mittag T. 2019. Considerations and Challenges in Studying Liquid-Liquid 
Phase Separation and Biomolecular Condensates. Cell 176:419–434. 
 
Allen AE, Moustafa A, Montsant A, Eckert A, Kroth PG, Bowler C. 2012. Evolution and 
Functional Diversification of Fructose Bisphosphate Aldolase Genes in Photosynthetic Marine 
Diatoms. Mol Biol Evol 29:367–379.  
 
Ashida H, Mizohata E, Yokota A. 2019. Learning RuBisCO’s birth and subsequent 
environmental adaptation. Biochem Soc Trans 47:179–185. 
 
Atkinson N, Velanis CN, Wunder T, Clarke DJ, Mueller-Cajar O, McCormick AJ. 2019. The 
pyrenoidal linker protein EPYC1 phase separates with hybrid Arabidopsis-Chlamydomonas 
Rubisco through interactions with the algal Rubisco small subunit. J Exp Bot 70:5271–5285. 
 
Banani SF, Lee HO, Hyman AA, Rosen MK. 2017. Biomolecular condensates: organizers of 
cellular biochemistry. Nat Rev Mol Cell Biol 18:285–298. 
 
Becker DM, Lundblad V. 2001. Introduction of DNA into Yeast Cells. Curr Protoc Mol Biol 
Chapter 13:Unit13.7. 
 
Beyhan S, Gutierrez M, Voorhies M, Sil A. 2013. A temperature-responsive network links cell 
shape and virulence traits in a primary fungal pathogen. PLoS Biol 11:e1001614. 
 
Boeynaems S, Holehouse AS, Weinhardt V, Kovacs D, Van Lindt J, Larabell C, Van Den 
Bosch L, Das R, Tompa PS, Pappu RV, Gitler AD. 2019. Spontaneous driving forces give rise to 
protein–RNA condensates with coexisting phases and complex material properties. Proc Natl 
Acad Sci U S A 116:7889–7898. 
 
Brembu T, Chauton MS, Winge P, Bones AM, Vadstein O. 2017. Dynamic responses to silicon 
in Thalasiossira pseudonana - Identification, characterisation and classification of signature 
genes and their corresponding protein motifs. Sci Rep 7:4865. 
 
Cao JC, Vermaas WF, Govindjee. 1991. Arginine residues in the D2 polypeptide may stabilize 
bicarbonate binding in photosystem II of Synechocystis sp. PCC. Biochim Biophys Acta 
1059:171–180. 
 
Chevalier D, Morris ER, Walker JC. 2009. 14-3-3 and FHA domains mediate phosphoprotein 
interactions. Annu Rev Plant Biol 60:67–91. 
 
Chrachri A, Hopkinson BM, Flynn K, Brownlee C, Wheeler GL. 2018. Dynamic changes in 
carbonate chemistry in the microenvironment around single marine phytoplankton cells. Nat 
Commun 9:74.  
 
Cuevas-Velazquez CL, Dinneny JR. 2018. Organization out of disorder: liquid-liquid phase 
separation in plants. Curr Opin Plant Biol 45:68–74. 
 



 

143 

 

Das RK, Pappu RV. 2013. Conformations of intrinsically disordered proteins are influenced by 
linear sequence distributions of oppositely charged residues. Proc Natl Acad Sci U S A 
110:13392–13397. 
 
Duckert P, Brunak S, Blom N. 2004. Prediction of proprotein convertase cleavage sites. Protein 
Eng Des Sel 17:107–112. 
 
Endo H, Sugie K, Yoshimura T, Suzuki K. 2015. Effects of CO2 and iron availability on rbcL 
gene expression in Bering Sea diatoms. Biogeosciences 12:2247–2259. 
 
Falkowski PG, Katz ME, Knoll AH, Quigg A, Raven JA, Schofield O, Taylor FJR. 2004. The 
evolution of modern eukaryotic phytoplankton. Science 305:354–360. 
 
Fay MM, Anderson PJ. 2018. The Role of RNA in Biological Phase Separations. J Mol Biol 
430:4685–4701. 
 

Feher J. 2017. 6.4 - Oxygen and Carbon Dioxide Transport (In:) Quantitative Human 
Physiology (Second Edition). (Editor:) Jospeh Feher. Academic Press, Cambridge, MA, USA. 
656–664. 
 
Freeman Rosenzweig ES, Xu B, Cuellar LK, Martinez-Sanchez A, Schaffer M, Strauss M, 
Cartwright HN, Ronceray P, Plitzko JM, Förster F, Wingreen NS, Engel BD, Mackinder LCM, 
Jonikas MC. 2017. The Eukaryotic CO2-Concentrating Organelle Is Liquid-like and Exhibits 
Dynamic Reorganization. Cell 171:148–162. 
 
Geider RJ, Delucia EH, Falkowski PG, Finzi AC, Grime JP, Grace J, Kana TM, La Roche J, 
Long SP, Osborne BA, Platt T, Prentice IC, Raven JA, Schlesinger WH, Smetacek V, Stuart V, 
Sathyendranath S, Thomas RB, Vogelmann TC, Williams P, Woodward FI. 2001. Primary 
productivity of planet earth: biological determinants and physical constraints in terrestrial and 
aquatic habitats. Glob Chang Biol 7:849–882. 
 
Golemis EA, Serebriiskii I, Finley RL Jr, Kolonin MG, Gyuris J, Brent R. 2001. Interaction 
trap/two-hybrid system to identify interacting proteins. Curr Protoc Cell Biol Chapter 17:Unit 
17.3. 
 
Greenfield NJ. 2006. Using circular dichroism spectra to estimate protein secondary structure. 
Nat Protoc 1:2876–2890. 
 
Gruber A, Rocap G, Kroth PG, Armbrust EV, Mock T. 2015. Plastid proteome prediction for 
diatoms and other algae with secondary plastids of the red lineage. Plant J 81:519–528. 
 
Gruber A, Vugrinec S, Hempel F, Gould SB, Maier U-G, Kroth PG. 2007. Protein targeting into 
complex diatom plastids: functional characterisation of a specific targeting motif. Plant Mol Biol 
64:519–530. 
 
Hildebrand M, Frigeri LG, Davis AK. 2007. SYNCHRONIZED GROWTH OF THALASSIOSIRA 
PSEUDONANA (BACILLARIOPHYCEAE) PROVIDES NOVEL INSIGHTS INTO CELL-WALL 
SYNTHESIS PROCESSES IN RELATION TO THE CELL CYCLE1. J Phycol 43:730–740. 
 
Höhner R, Aboukila A, Kunz H-H, Venema K. 2016. Proton Gradients and Proton-Dependent 
Transport Processes in the Chloroplast. Front Plant Sci 7:218. 



 

144 

 

Holehouse AS, Pappu RV. 2018. Functional Implications of Intracellular Phase Transitions.  
Biochemistry 57:2415–2423. 
 
Hopkinson BM, Dupont CL, Allen AE, Morel FMM. 2011. Efficiency of the CO2-concentrating 
mechanism of diatoms. Proc Natl Acad Sci U S A 108:3830–3837. 
 
Horn JM, Kapelner RA, Obermeyer AC. 2019. Macro- and Microphase Separated Protein-
Polyelectrolyte Complexes: Design Parameters and Current Progress. Polymers 11:E578 

 
Huysman MJJ, Fortunato AE, Matthijs M, Costa BS, Vanderhaeghen R, Van den Daele H, 
Sachse M, Inzé D, Bowler C, Kroth PG, Wilhelm C, Falciatore A, Vyverman W, De Veylder L. 
2013. AUREOCHROME1a-mediated induction of the diatom-specific cyclin dsCYC2 controls  
the onset of cell division in diatoms (Phaeodactylum tricornutum). Plant Cell 25:215–228. 
 
Huysman MJJ, Martens C, Vandepoele K, Gillard J, Rayko E, Heijde M, Bowler C, Inzé D, Van 
de Peer Y, De Veylder L, Vyverman W. 2010. Genome-wide analysis of the diatom cell cycle 
unveils a novel type of cyclins involved in environmental signaling. Genome Biol 11:R17. 
 
Huysman MJJ, Tanaka A, Bowler C, Vyverman W, De Veylder L. 2015. Functional 
characterization of the diatom cyclin-dependent kinase A2 as a mitotic regulator reveals plant-
like properties in a non-green lineage. BMC Plant Biol 15:86. 
 
Huysman MJJ, Vyverman W, De Veylder L. 2014. Molecular regulation of the diatom cell cycle. 
J Exp Bot 65:2573–2584. 
 
Hügler M, Sievert SM. 2011. Beyond the Calvin cycle: Autotrophic Carbon Fixation in the 
Ccean. Ann Rev Mar Sci 3:261–289. 
 
Itakura AK, Chan KX, Atkinson N, Pallesen L, Wang L, Reeves G, Patena W, Caspari O, Roth 
R, Goodenough U, McCormick AJ, Griffiths H, Jonikas MC. 2019. A Rubisco-binding protein is 
required for normal pyrenoid number and starch sheath morphology in Chlamydomonas 
reinhardtii. Proc Natl Acad Sci U S A 116:18445–18454. 
 
Khattar V, Thottassery JV. 2013. Cks1: Structure, Emerging Roles and Implications in Multiple 
Cancers. J Cancer Ther 4:1341–1354. 
 
Kikutani S, Nakajima K, Nagasato C, Tsuji Y, Miyatake A, Matsuda Y. 2016. Thylakoid luminal 
θ-carbonic anhydrase critical for growth and photosynthesis in the marine diatom 
Phaeodactylum tricornutum. Proc Natl Acad Sci U S A 113:9828–9833. 
 
Kotzsch A, Gröger P, Pawolski D, Bomans PHH, Sommerdijk NAJM, Schlierf M, Kröger N. 
2017. Silicanin-1 is a conserved diatom membrane protein involved in silica biomineralization. 
BMC Biol 15:65. 
 
Kröger N, Deutzmann R, Sumper M. 1999. Polycationic Peptides from Diatom Biosilica That 
Direct Silica Nanosphere Formation. Science 286:1129–1132. 
 
Kröger N, Poulsen N. 2008. Diatoms—From Cell Wall Biogenesis to Nanotechnology. Annu 
Rev Genet 42:83–107. 
 



 

145 

 

Kulkarni P, Uversky VN. 2018. Intrinsically Disordered Proteins: The Dark Horse of the Dark 
Proteome. Proteomics 18:e1800061. 
 
Launay H, Receveur-Bréchot V, Carrière F, Gontero B. 2019. Orchestration of algal metabolism 
by protein disorder. Arch Biochem Biophys 672:108070. 
 
Lechner CC, Becker CFW. 2015. Silaffins in Silica Biomineralization and Biomimetic Silica 
Precipitation. Mar Drugs 13:5297–5333. 
 
Li P, Banjade S, Cheng H-C, Kim S, Chen B, Guo L, Llaguno M, Hollingsworth JV, King DS, 
Banani SF, Russo PS, Jiang Q-X, Nixon BT, Rosen MK. 2012. Phase transitions in the 
assembly of multivalent signalling proteins. Nature 483:336–340. 
 
Lin Y-H, Chan HS. 2017. Phase Separation and Single-Chain Compactness of Charged 
Disordered Proteins Are Strongly Correlated. Biophys J 112:2043–2046. 
 
Lu KP, Liou YC, Zhou XZ. 2002. Pinning down proline-directed phosphorylation signaling. 
Trends Cell Biol 12:164–172. 
 
Mackinder LCM, Chen C, Leib RD, Patena W, Blum SR, Rodman M, Ramundo S, Adams CM, 
Jonikas MC. 2017. A Spatial Interactome Reveals the Protein Organization of the Algal CO2-
Concentrating Mechanism. Cell 171:133–147. 
 
Mackinder LCM, Meyer MT, Mettler-Altmann T, Chen VK, Mitchell MC, Caspari O, Freeman 
Rosenzweig ES, Pallesen L, Reeves G, Itakura A, Roth R, Sommer F, Geimer S, Mühlhaus T, 
Schroda M, Goodenough U, Stitt M, Griffiths H, Jonikas MC. 2016. A repeat protein links 
Rubisco to form the eukaryotic carbon-concentrating organelle. Proc Natl Acad Sci U S A 
113:5958–5963. 
 
Malumbres M. 2014. Cyclin-dependent kinases. Genome Biol 15:122. 
 
Manuel LJ, Moroney JV. 1988. Inorganic Carbon Accumulation by Chlamydomonas reinhardtii: 
New Proteins are made During Adaptation to Low CO2. Plant Physiol 88:491–496. 
 
Matsuda Y, Hopkinson BM, Nakajima K, Dupont CL, Tsuji Y. 2017. Mechanisms of carbon 
dioxide acquisition and CO2 sensing in marine diatoms: a gateway to carbon metabolism. Philos 
Trans R Soc Lond B Biol Sci. B 372:20160403  
 
McGrath DA, Balog ERM, Kõivomägi M, Lucena R, Mai MV, Hirschi A, Kellogg DR, Loog M, 
Rubin SM. 2013. Cks confers specificity to phosphorylation-dependent CDK signaling pathways. 
Nat Struct Mol Biol 20:1407–1414. 
 
Meyer MT, Whittaker C, Griffiths H. 2017. The algal pyrenoid: key unanswered questions. J Exp 
Bot 68:3739–3749. 
 
Moroney JV, Somanchi A. 1999. How Do Algae Concentrate CO2 to Increase the Efficiency of 
Photosynthetic Carbon Fixation? Plant Physiol 119:9–16. 
 
Murray DT, Kato M, Lin Y, Thurber KR, Hung I, McKnight SL, Tycko R. 2017. Structure of FUS 
Protein Fibrils and Its Relevance to Self-Assembly and Phase Separation of Low-Complexity 
Domains. Cell 171:1–13. 



 

146 

 

Nakashima KK, Vibhute MA, Spruijt E. 2019. Biomolecular Chemistry in Liquid Phase 
Separated Compartments. Front Mol Biosci 6:21. 
 
Nakayama K. 1997. Furin: a mammalian subtilisin/Kex2p-like endoprotease involved in 
processing of a wide variety of precursor proteins. Biochem J 327:625–635. 
 
Nishimura K, Kato Y, Sakamoto W. 2016. Chloroplast Proteases: Updates on Proteolysis 
within and across Suborganellar Compartments. Plant Physiol 171:2280–2293. 
 
Persi E, Wolf YI, Koonin EV. 2016. Positive and strongly relaxed purifying selection drive the 
evolution of repeats in proteins. Nat Commun 7:13570. 
 
Pines J. 1996. Cell cycle: reaching for a role for the Cks proteins. Curr Biol 6:1399–1402. 
 
Ramazanov Z, Rawat M, Henk MC, Mason CB, Matthews SW, Moroney JV. 1994. The 
induction of the CO2-concentrating mechanism is correlated with the formation of the starch 
sheath around the pyrenoid of Chlamydomonas reinhardtii. Planta 195:210–216. 
 
Reinfelder JR. 2011. Carbon Concentrating Mechanisms in Eukaryotic Marine Phytoplankton. 
Ann Rev Mar Sci 3:291–315. 
 
Ribeiro DM, Zanzoni A, Cipriano A, Delli Ponti R, Spinelli L, Ballarino M, Bozzoni I, Tartaglia 
GG, Brun C. 2018. Protein complex scaffolding predicted as a prevalent function of long non-
coding RNAs. Nucleic Acids Res 46:917–928. 
 
Sandilands A, Sutherland C, Irvine AD, McLean WHI. 2009. Filaggrin in the frontline: role in 
skin barrier function and disease. J Cell Sci 122:1285–1294. 
 
Sasso S, Stibor H, Mittag M, Grossman AR. 2018. From molecular manipulation of 
domesticated Chlamydomonas reinhardtii to survival in nature. Elife 7:e39233. 
 
Scheffel A, Poulsen N, Shian S, Kröger N. 2011. Nanopatterned protein microrings from a 
diatom that direct silica morphogenesis. Proc Natl Acad Sci U S A 108:3175–3180. 
 
Seidah NG, Sadr MS, Chrétien M, Mbikay M. 2013. The Multifaceted Proprotein Convertases: 
Their Unique, Redundant, Complementary, and Opposite Functions. J Biol Chem 288:21473–
21481. 
 
Shen J, Zeng Y, Zhuang X, Sun L, Yao X, Pimpl P, Jiang L. 2013. Organelle pH in the 
Arabidopsis Endomembrane System. Mol Plant 6:1419–1437. 
 
Sinetova MA, Kupriyanova EV, Markelova AG, Allakhverdiev SI, Pronina NA. 2012. 
Identification and functional role of the carbonic anhydrase Cah3 in thylakoid membranes of 
pyrenoid of Chlamydomonas reinhardtii. Biochim Biophys Acta 1817:1248–1255. 
 

Smith SR, Gillard JTF, Kustka AB, McCrow JP, Badger JH, Zheng H, New AM, Dupont CL, 
Obata T, Fernie AR, Allen AE. 2016. Transcriptional Orchestration of the Global Cellular 
Response of a Model Pennate Diatom to Diel Light Cycling under Iron Limitation. PLoS Genet 
12:e1006490. 
 



 

147 

 

Tachibana M, Allen AE, Kikutani S, Endo Y, Bowler C, Matsuda Y. 2011. Localization of 
putative carbonic anhydrases in two marine diatoms, Phaeodactylum tricornutum and 
Thalassiosira pseudonana. Photosynth Res 109:205–221. 
 
Takeda DY, Wohlschlegel JA, Dutta A. 2001. A Bipartite Substrate Recognition Motif for Cyclin-
dependent Kinases. J Biol Chem 276:1993–1997. 
 
Tesson B, Lerch SJL, Hildebrand M. 2017. Characterization of a New Protein Family 
Associated With the Silica Deposition Vesicle Membrane Enables Genetic Manipulation of 
Diatom Silica. Sci Rep 7:13457. 
 
Tsuji Y, Nakajima K, Matsuda Y. 2017. Molecular aspects of the biophysical CO2-concentrating 
mechanism and its regulation in marine diatoms. J Exp Bot 68:3763–3772. 
 
Turmo A, Gonzalez-Esquer CR, Kerfeld CA. 2017. Carboxysomes: metabolic modules for CO2 
fixation. FEMS Microbiol Lett 364:1–7. 
 
Turoverov KK, Kuznetsova IM, Fonin AV, Darling AL, Zaslavsky BY, Uversky VN. 2019. 
Stochasticity of Biological Soft Matter: Emerging Concepts in Intrinsically Disordered Proteins 
and Biological Phase Separation. Trends Biochem Sci 44:746–728. 
 
Ukmar-Godec T, Hutten S, Grieshop MP, Rezaei-Ghaleh N, Cima-Omori M-S, Biernat J, 
Mandelkow E, Söding J, Dormann D, Zweckstetter M. 2019. Lysine/RNA-interactions drive and 
regulate biomolecular condensation. Nat Commun 10:2909. 
 
Uversky VN. 2015. The multifaceted roles of intrinsic disorder in protein complexes. FEBS Lett 
589:2498–2506. 
 
Uversky VN. 2016. Dancing Protein Clouds: The Strange Biology and Chaotic Physics of 
Intrinsically Disordered Proteins. J Biol Chem 291:6681–6688. 
 
Uversky VN. 2019. Intrinsically Disordered Proteins and Their “Mysterious” (Meta)Physics. 
Frontiers in Physics 7:10. 
 
Wang J, Choi J-M, Holehouse AS, Lee HO, Zhang X, Jahnel M, Maharana S, Lemaitre R, 
Pozniakovsky A, Drechsel D, Poser I, Pappu RV, Alberti S, Hyman AA. 2018. A Molecular 
Grammar Governing the Driving Forces for Phase Separation of Prion-like RNA Binding 
Proteins. Cell 174:1–12. 
 
Wang Z, Zhang G, Zhang H. 2019. Protocol for analyzing protein liquid–liquid phase separation. 
Biophysics Reports 5:1–9. 
 
Wei L, El Hajjami M, Shen C, You W, Lu Y, Li J, Jing X, Hu Q, Zhou W, Poetsch A, Xu J. 2019. 
Transcriptomic and proteomic responses to very low CO2 suggest multiple carbon concentrating 
mechanisms in Nannochloropsis oceanica. Biotechnol Biofuels 12:168. 
 
Wei M-T, Elbaum-Garfinkle S, Holehouse AS, Chen CC-H, Feric M, Arnold CB, Priestley RD, 
Pappu RV, Brangwynne CP. 2017. Phase behaviour of disordered proteins underlying low 
density and high permeability of liquid organelles. Nat Chem 9:1118–1125. 
 



 

148 

 

Wheeler RJ, Hyman AA. 2018. Controlling compartmentalization by non-membrane-bound 
organelles. Philos Trans R Soc Lond B Biol Sci 373:20170193. 
 

Wilson EB. 1899. THE STRUCTURE OF PROTOPLASM. Science 10:33–45. 
 

Witten J, Ribbeck K. 2017. The particle in the spider’s web: transport through biological 
hydrogels. Nanoscale 9:8080–8095. 
 
Wunder T, Le Hung Cheng S, Lai S-K, Li H-Y, Mueller-Cajar O. 2018. The phase separation 
underlying the pyrenoid-based microalgal Rubisco supercharger. Nat Commun 9:5076. 
 
Wunder T, Oh ZG, Mueller-Cajar O. 2019. CO2 -fixing liquid droplets: Towards a dissection of 
the microalgal pyrenoid. Traffic 20:380–389. 
 
Zhan Y, Marchand CH, Maes A, Mauries A, Sun Y, Dhaliwal JS, Uniacke J, Arragain S, Jiang 
H, Gold ND, Martin VJJ, Lemaire SD, Zerges W. 2018. Pyrenoid functions revealed by 
proteomics in Chlamydomonas reinhardtii. PLoS One 13:e0185039. 
 
 



Chapter 4 | Revisited Thalassiosira pseudonana conjugation protocol enables 

fusion protein targeting to biosilica. 

 
Jernej Turnšek1,2,3,4,5,6 

 
1Biological and Biomedical Sciences, The Graduate School of Arts and Sciences, Harvard University, Cambridge, MA 
02138, USA 
2Department of Systems Biology, Harvard Medical School, Boston, MA 02115, USA 
3Wyss Institute for Biologically Inspired Engineering, Harvard University, Boston, MA 02115, USA 
4Integrative Oceanography Division, Scripps Institution of Oceanography, University of California San Diego, La Jolla, 
CA 92093, USA 
5Center for Research in Biological Systems, University of California San Diego, La Jolla, CA 92093, USA 
6Microbial and Environmental Genomics, J. Craig Venter Institute, La Jolla, CA 92037, USA 

 
 
Author Contributions 
 
I conceptualized and proposed this project in Boston in preparation for my Preliminary Qualifying 
Exam (independently developed Aim 3 in my PhD proposal). I then co-wrote a Gordon and Betty 
Moore Foundation grant together with James Russell, a graduate student at Stanford, which was 
funded ($401,010). This grant financially fueled approx. one half of my PhD. I wrote another grant 
to study diatom biosilicification during my PhD—Open Philanthropy Project Challenge: 
Bioinspiration and Unusual Biology—which ended up in the top 10% among ~400 applicants, but 
eventually did not get funded (I requested $113,000 for a year).  
 
I performed all the experimental work presented in this chapter. I would like to kindly thank Nils 
Kröger and Nicole Poulsen from B CUBE - Center for Molecular Bioengineering at the Dresden 
University of Technology for sharing some Thalassiosira pseudonana plasmids with me very early 
on in my PhD. These plasmids contained critical elements (promoters, terminators, genes 
encoding fluorescent proteins) for construction of functional bacterial conjugation-compatible 
episomes. I also thank Christopher L. Dupont for sharing superclean agar with me which was 
essential for pour plating of T. pseudonana.      
 
 
 

  



 

150 

 

Abstract 

 

Many single-celled marine eukaryotes build intricate skeletons made of strontium sulphate, 

calcium carbonate, and silicon dioxide (silica)—a remarkable feat of genetically controlled 

nanotechnology. Intricately patterned silica-based cell walls are a hallmark feature of diatom 

biology, yet our understanding of this vesicle-based biomineralization process in one of the most 

ecologically successful microeukaryote groups is incomplete. We used bacterial conjugation to 

genetically engineer Thalassiosira pseudonana—a model marine diatom—and correctly localized 

silaffin TpSil3, a protein involved in cell wall synthesis. We then confirmed expression of its APEX2 

fusion which—considering the predicted post-translational silaffin modifying factors and silica 

deposition vesicle-associated silaffin receptors—paves the way for future proximity labeling-

enabled proteomic studies of biosilicifcation in T. pseudonana. These efforts are expected to 

significantly strengthen our knowledge of the link between intracellular silicon processing in 

diatoms and the planetary silicon cycle.  

 

Keywords: ocean, silicon cycle, diatoms, Thalassiosira pseudonana, biosilicification, 

morphogenesis, bacterial conjugation, silaffin, proximity proteomics, APEX2  
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Introduction 

 

Over 60 known biological minerals critical for organism survival exist in nature many of which are 

organic-inorganic composites with important material properties (Evans, 2019). Single-celled 

marine eukaryotes build such skeletons from calcium carbonate (CaCO3; coccolithophores, 

foraminifera) (Monteiro et al., 2015), strontium sulphate (SrSO4; acantharians) (Decelle et al., 

2013), and silica (SiO2; some choanoflagellates, silicoflagellates, radiolarians, and diatoms) 

(Schröder et al., 2008; Otzen, 2012).  

 

Diatoms—single-celled photosynthetic algae with species-specific silica-based cell walls—

confine their skeleton synthesis to an acidic membraneous compartment called the silica 

deposition vesicle (SDV) (Drum and Pankratz, 1964; Vrieling et al., 1999). Orthosilicic acid 

(Si(OH)4)—found in seawater at a few parts per million (Belton et al., 2012; Sumper and 

Brunner, 2008)—first enters the cell through silicic acid transporters (SITs) (Curnow et al., 2012; 

Hildebrand et al., 1998; Hildebrand et al., 1997; Knight et al., 2016). It is then presumably 

stabilized by yet-to-be-identified factors which allow for the observed intracellular silicic acid 

concentration levels (10–100 mM) far above its saturation threshold (Kröger and Brunner, 2014; 

Martin-Jézéquel, 2000) before trafficking and utilization inside the acidic vesicle. Spontaneous 

condensation of silanol groups (≡Si-OH) to siloxanes (≡Si-O-Si≡) leading to amorphous silica 

networks is slower at lower pH which permits diatoms to exert control over biomineral morphology 

using specific biomolecules (Kröger and Brunner, 2014). Most of our knowledge about diatom 

biomineralization comes from studying T. pseudonana (Sumper and Brunner, 2008) shown in 

Figure 4.1. 
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Figure 4.1. Overview of Thalassiosira pseudonana cell wall features.  
T. pseudonana cell wall, also known as frustule, is composed of two valves and a number of girdle bands 
(siliceous linking bands associated with a valve). T. pseudonana valves contain specialized tubular 
structures called fultoportulae—sites of chitin fibril extrusion (Herth, 1978; Javaheri et al., 2015). 
Topography around one of them was analyzed using atomic force microscopy (with Jason Tresback, Center 
for Nanoscale Systems, Harvard University). Note the additional fultoportulae at valve peripheries (one on 
each valve is marked with a black arrow). T. pseudonana cartoon created with BioRender.com. 
 

Diatoms undergo a size reduction-restitution cycle (SRRC) (Hense and Beckmann, 2015). They 

can reproduce vegetatively by binary fision, but their rigid box-and-lid cell wall structure leads to 

reduction in average cell size in a population over time (MacDonald-Pfitzer rule), hence a sexual 

phase is needed to restore it (Chepurnov et al., 2004). Valve SDV biogenesis proceeds 

immediately after protoplast division within a mother cell followed by silica deposition, SDV 

expansion, and ultimately exocytosis of fully assembled new valves generating two daughter cells 

(Kröger and Poulsen, 2008). Girdle bands are synthesized inside girdle band SDVs during 

interphase and exocytosed separately (Kröger and Poulsen, 2008).  

 

Many proteins involved in diatom biosilicification are known including frustulins (Kröger et al., 

1994; Kröger et al., 1996), pleuralins (Kröger et al., 1997; Kröger and Wetherbee, 2000), 

silaffins (Kröger et al., 1999; Kröger et al., 2002; Poulsen et al., 2004; Poulsen et al., 2013; 

Poulsen et al., 2003), chitin binding domain-containing proteins (Davis et al., 2005), silacidins 

(Richthammer et al., 2011; Wenzl et al., 2008), silaffin kinases (Sheppard et al., 2011), 
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cingulins (Kotzsch et al., 2015; Scheffel et al., 2011), SiMats (Kotzsch et al., 2015), 

silicalemma-associated proteins (SAPs) (Tesson et al., 2017), and silicanins (Görlich et al., 

2019; Kotzsch et al., 2017). Cytoskeleton (Bedoshvili et al., 2018; Tesson and Hildebrand, 

2010) as well as non-proteinaceous organic molecules chitin (Brunner et al., 2009; Durkin et 

al., 2009) and species-specific long-chain polyamines (LCPAs) (Frigeri et al., 2006; Kröger et 

al., 2000) are also critical. 

 

How exactly these components orchestrate diatom cell wall assembly remains enigmatic. LCPAs 

can self-assemble into microdroplets in the presence of phosphate and induce silicic acid 

polymerization in the aqueous space between droplets. It is predicted that phosphorylated and 

polyamine-modified silacidins and silaffins alone or in combination with free LCPAs induce and 

control biosilicification via silicic acid condensation in vivo. In this model, amino groups catalyze 

siloxane bond formation which ultimately leads to larger silica particles (Gröger et al. 2008; 

Lechner and Becker, 2015; Sumper, 2002). The organic matrix morphology inside SDV (Kröger 

and Poulsen, 2008) could further be determined by interaction between cytosolic components, 

possibly cytoskeleton and/or cytoskeleton-binding proteins, and silicalemma (SDV membrane)-

embedded proteins (Hildebrand et al., 2018; Kröger and Poulsen, 2008; Poulsen et al., 2013).  

 

Silaffins are highly post-translationally modified proteins that were initially identified in 

Cylindrotheca fusiformis as proteolytically cleaved peptides with high affinitiny for silica (Kröger 

et al., 2002; Lechner and Becker, 2015). T. pseudonana contains four silaffin precursor 

proteins—TpSil1p, TpSil2p, TpSil3p, TpSil4p—with no sequence similarity to those in C. 

fusiformis. Their lysine residues can be methylated, hydroxylated, phosphorylated, or modified 

with polyamines; and their serine, threonine, and tyrosine residues can undergo sulfation, 

glycosylation, and phosphorylation (Kröger, 2007; Kröger and Poulsen, 2008; Lechner and 

Becker, 2015). Interestingly, silaffin TpSil3—approx. 21 kDa protein capable of controlling silica 
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morphogenesis in vitro in the presence of LCPAs (Poulsen and Kröger, 2004)—carries patterns 

of lysine modifications with polyamines and an enzyme machinery for reading this “lysine code”, 

reminiscent of a histone code (Prakash and Furnier, 2018), was proposed (Sumper et al., 2008). 

Furthermore, pentalysine clusters—5 non-consecutive lysines (KXXXK, KXXK, or KXK) within a 

stretch of 12–14 amino acid residues—enable silaffins, including TpSil3, to be targeted to SDV 

(Sheppard et al., 2012; Poulsen et al., 2013).  

 

Silaffin-modifying enzymes such as polyamine transferases were proposed bioinformatically 

(Michael, 2011), but remain unconfirmed experimentally. Pentalysine cluster-specific receptors 

for efficient silaffin targeting to SDV (Poulsen et al., 2013) and additional SDV-associated 

proteins involved in vesicle transport, membrane remodeling, and/or interactions with 

cytoskeleton may exist. Finally, unmodified lysines in silaffins could be cross-linked via lysyl 

oxidases (LOX), enzymes involved in collagen and elastin cross-linking in the extracellular matrix 

(Grau-Bové et al., 2015).  

 

Considering GFP and HRP fused with silaffin TpSil3 have both been localized to T. pseudonana 

cell wall and remained active (Poulsen et al., 2007; Sheppard et al., 2012), we reason TpSil3 is 

a good candidate for tagging with APEX2. Proximity labeling experiments with TpSil3 as a bait 

could enable identification of the hypothesized interacting proteins. Here, for the first time, a 

successful use of bacterial conjugation to express EGFP- and APEX2-tagged silaffin TpSil3 in T. 

pseudonana is demonstrated.  
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Results, Methods, and Materials 

 

Pour plating is essential for efficient growth of T. pseudonana colonies. 

 

Thalassiosira pseudonana colony growth on solid plates is poor (in-house observations), 

therefore pour plating was implemented (Sanders, 2012; Sutton et al., 1958; no pun intended); 

previously known to facilitate colony formation in this diatom species, but never explicitly 

documented. 225 mL of L1 medium supplemented with 0.15 g/L Na2SiO3 x 9H2O (“Tp L1” 

medium) was heated to ~50°C in a water bath and mixed with 75 mL autoclaved 1% superclean 

agar in Mili-Q (“superclean” refers to agar cleaned according to Waterbury and Wiley, 1988 (pre-

made and available in-house at the time of experiment)). The resulting mixture was kept at 37°C 

until use. Various amounts of T. pseudonana cells were harvested in 50 mL conical tubes and 

resuspended in 0.5 mL Tp L1 medium. 40 mL of Tp L1-agar mix cooled down to ~32–33°C was 

added to cell suspensions and poured into Petri dishes. Colonies were observed after ~2 weeks 

incubation at 18°C, 300 μmol quanta m−2 s−1, and 10 h:14 h dark:light cycle (Figure 4.2). Pour 

plate method is preferred for genetic transformation of T. pseudonana via bacterial conjugation. 

 

 
 
Figure 4.2. Pour plating of Thalassiosira pseudonana.  
(A) Plating ~105 or less T. pseudonana cells gives rise to clearly distinguishable T. pseudonana colonies.  
(B) A close-up of pour plates containing ~103 cells. Due to low agar percentage, colonies can be pipetted 
out of the matrix and transferred to liquid medium.  



 

156 

 

GFP-tagged silaffin TpSil3 localizes to T. pseudonana biosilica. 

 

Facile formation of T. pseudonana colonies in pour plates revitalized our intitial proposal to 

implement APEX2-mediated proximity labeling using biosilica-associated proteins, including 

silaffin TpSil3 (Figure 4.3), as baits.  

 

 
 
Figure 4.3. Silaffin TpSil3p features.  
(A) Silaffin precursor TpSil3p (231 AA; 23.97 kDa) amino acid sequence. Orange: signal peptide; 
underlined: propeptide with consecutive RXL motifs (red)—known cleavage sites in biosilicification proteins 
(Kröger et al., 1996; Kröger et al., 1999) (arrows indicate putative cleavage sites); green: pentalysine 
clusters—12–14 amino acid residues long motifs with 5 non-consecutive lysines—known to promote 
biosilica targeting (Poulsen et al., 2013).  
(B) TpSil3 (amino acid residues from 27 to 231; 21.22 kDa) is predicted to be fully disordered by PONDR 
VSL2 (top) and IUPred2a (bottom).  

 

TpSil3p gene was fused with EGFP and cloned into pTpPuc3 episomal backbone yielding 

pJT_fcp_TpSil3p-EGFP (Figure 4.4A). This vector was then transformed into chemically 

competent mobilization plasmid-containing E. coli cells and conjugated into T. pseudonana 

(Figure 4.4B) as follows: the resulting donor E. coli cells were grown in 50 mL LB medium at 

37°C until OD600 of 0.3–0.4, spun down, and resuspended in 267 μL SOC medium. 200 μL donor 
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suspension was mixed with ~4 x 107 T. pseudonana cells, co-cultures plated on pre-dried 1% 

agar plates, incubated at 30°C in dark for 90 min, then at 18°C and constant light for 4 hrs, 

followed by selection in 0.25% agar pour plates containing 100 ng/μL nourseothricin. Colonies 

emerged in ~2 weeks and were inoculated into 300 μL Tp L1 medium supplemented with 200 

ng/μL nourseothricin. A representative transconjugant cell line that carried the full open reading 

frame (demonstrated by colony PCR in Figure 4.4C) and that was expressing the correctly 

localized fusion protein is shown in Figure 4.4D. 

 

 
 
Figure 4.4. EGFP-tagged silaffin TpSil3 localizes to T. pseudonana frustule.  
(A) TpSil3p fused with EGFP was flanked by fcp (fucoxanthin chlorophyll proteins) promoter and terminator, 
and cloned into pTpPuc3 episomal backbone. The whole ORF was optimized for expression in T. 
pseudonana using IDT’s Codon Optimization Tool (choosing “Thalassiosira pseudonana” in the drop down 
menu). The expression cassette was inserted into pTpPuc3 32 bp downstream of the HIS3 gene. NouR: 
nourseothricin resistance gene. Vector schematic created with BioRender.com.  
(B) The resulting episome was transformed into chemically competent mobilization plasmid-containing 
EPI300 E. coli cells and conjugated into wild type T. pseudonana cells as described above. Created with 
BioRender.com 
(C) Colony PCR screening confirmed successful conjugation. The expected ~1.45 kb long amplicon was 
observed in the transconjugant strain corresponding to the full open reading frame. S: standard, Tr: 
transconjugant, Ep: pure episome used for conjugation, WT: wild type T. pseudonana cells.  
(D) Previously reported TpSil3 frustule localization (Poulsen et al., 2007) was observed with fluorescence 
microscopy. Scale bar is 5 μm.  
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Evidence for TpSil3p-APEX2-FLAG expression in T. pseudonana.  

 

After correctly localizing EGFP-tagged silaffin TpSil3, we swapped EGFP for APEX2-FLAG 

(Figure 4.5A), and conjugated the resulting vector pJT_fcp_TpSil3p-APEX2 into T. pseudonana 

(Figure 4.5B). Comprehensive colony PCR screening confirmed successful conjugation (Figure 

4.5C), but the subsequent anti-FLAG western blots failed to confirm the fusion protein expression, 

possibly due to the size overlap between our fusion protein and a non-specific protein band known 

to be an issue when anti-FLAG antibodies are used on diatom lysates (data not shown). 

Nevertheless, RNA extraction from the transconjugant cell line followed by cDNA synthesis and 

PCR showed that the gene was expressed (Figure 4.5D).    

 

 
 
Figure 4.5. Detection of TpSil3p-APEX2-FLAG transcript in T. pseudonana.  
(A) TpSil3p fused with APEX2-FLAG was flanked by fcp promoter and terminator and cloned into pTpPuc3 
episomal backbone. Vector schematic created with BioRender.com.   
(B) The resulting episome was transformed into chemically competent mobilization plasmid-containing 
EPI300 E. coli cells and conjugated into T. pseudonana. Created with BioRender.com. 
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Figure 4.5 (Continued). 
 
(C) Top: a series of colony PCRs (indicated by various primer combinations) was performed on wild type 
(WT), transconjugant (Tr), and bacterial donor (Donor) cells. Expected amplicons were observed for all 
reactions. Bottom: expression cassette schematic with approx. colony PCR primer binding sites.   
(D) DNAse-treated RNA isolated from wild type (WT) and TpSil3p-APEX2-FLAG T. pseudonana cells 
(APEX2) was reverse transcribed in the presence of oligo(dT) (+RT; -RT refers to omitted reverse 
transcriptase). A set of primers (see the schematic in Figure 4.5C for approx. primer annealing sites) to 
amplify the 1497 bp TpSil3p-APEX2-FLAG ORF was then used on all cDNA samples. The expected 
amplicon was specific to the APEX2 +RT sample indicative of TpSil3p-APEX2-FLAG expression. 
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Discussion 

 

Karas et al., 2015, applied bacterial conjugation to express and localize a mitochondrial 

phosphoenolpyruvate carboxykinase (PEPCK, THAPSDRAFT_5186, UniProt ID: B8C274) in 

Thalassiosira pseudonana, but this genetic transformation technique has not been reported in 

literature ever since for this model marine diatom. Considering (1) episomes typically lead to a 

more consistent and reproducible gene expression across different (diatom) cell lines (Diner et 

al., 2016; Karas et al., 2015), (2) simpler protocol compared to more tedious and expensive 

biolistic transformation (e.g. PDS-1000/He particle delivery system (i.e. gene gun) is needed, a 

multiple $1,000 worth piece of equipment) which often results in cell lines with varying expression 

levels (Karas et al., 2015; Poulsen et al., 2006), and (3) central role of T. pseudonana in 

biomineralization studies (Hildebrand and Lerch, 2015) and future nanotechnologies (Kröger 

and Brunner, 2014), the presented replication and improvement of bacterial conjugation for this 

diatom species were timely. We documented pour plating which allows for reproducible T. 

pseudonana colony formation. We then used pour plating as an integral part of bacterial 

conjugation protocol which resulted in T. pseudonana transconjugants expressing EGFP-tagged 

TpSil3 (confirmed at the protein level) and APEX2-tagged TpSil3 (confirmed at the mRNA level).  

 

In summary, we demonstrated the first successful expression and localization of a biomineral-

associated protein in any diatom species using bacterial conjugation. This success provides 

momentum for adoption of genetically encoded proximity labeling tools such as APEX2 to identify 

proteins interacting with or being vicinal to silaffin TpSil3. We hypothesize these proteins may 

include polyamine transferases, pentalysine cluster-specific receptors, membrane remodelers, 

cytoskeleton-interacting proteins, and lysil oxidases. We laid the foundation for these forthcoming 

efforts by expressing APEX2-tagged silaffin TpSil3. Ultimately, new fundamental insights into 

biosilica formation and morphogenesis in Thalassiosira pseudonana using APEX2 and related 
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chemical biology molecular tools such as TurboID are expected. This may eventually lead to more 

generalizable knowledge on how proteins template inorganic minerals in nature. In light of ocean 

acidification which, as it seems, will almost inevitably be a growing global ecological concern, and 

which is known to affect biomineralization processes including biosilicification, our ongoing and 

forthcoming efforts to understand the link between diatom silicon biology and how it ties into 

planetary silicon and carbon cycles, will be paramount (Petrou et al., 2019).  
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Chapter 5 | Conclusions and Future Directions. 
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Broad conclusions and critical assessment of using APEX2 in model marine diatoms. 

 

While we overall expect APEX2 to be broadly utilized in the diatom community as well as in the 

wider marine microbiology and cell biology communities (especially for high-resolution imaging), 

we refrain from too lofty predictions about its future impact on these fields. We see the presence 

of APEX2-like endogenous peroxidases in Phaeodactylum tricornutum, but likely also in other 

existing and emerging model marine diatoms, as one issue moving forward. An additional problem 

that is specific to studying iron metabolism in diatoms, such as the phytotransferrin pathway, is 

APEX2 dependence on iron via heme (iron in the heme porphyrin ring is coordinated as a 

tetradentate ligand). Ideally, our experiments should have been done in iron-deplete medium 

mimicking conditions experienced by diatoms in the ocean, but APEX2 loses its activity under 

such treatment. We hypothesize this could be due to downregulation of heme production under 

iron stress leading to heme levels insufficient for incorporation into APEX2 (Franken et al., 2011). 

Despite these challenges and suboptimal assay conditions, we were able to obtain a proteomic 

dataset that directed us to proteins with biologically relevant functions in ferric, Fe(III), iron 

acquisition and trafficking; and we consider this—i.e. that processing of APEX2 substrates by 

endogenous enzymes presumably away from the target compartment and the associated 

background labeling can still lead to relevant biological insights—to be an important lesson for 

future users of APEX2 in diatoms and beyond. 

 

APEX2 may or may not prove to be transformative for the field, but we are confident that APEX2-

like approaches will be. First, as discussed in Chapter 2, engineered biotin ligases (such as 

TurboID) have recently been shown to work extremely well in plants indicating their adoption in 

diatoms is very likely. Second, proximity labeling has gained popularity and momentum across 

biological sciences over the course of my doctorate and it will be surprising if this trend fades, 

especially in the light of the advantages these tools offer over more traditional approaches. Thus, 
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novel engineered proteins more suitable for use in marine microeukaryote systems such as 

diatoms may be available in the near future. Third, diatoms represent emerging model systems 

for evolutionary cell biology (Falciatore et al., 2019) with a relatively large and growing 

community interested in bringing in and using molecular tools from more established model 

organisms. Therefore, we anticipate (diatom) researchers will be encouraged to either use APEX2 

or consider testing related tools. Finally, global research initiatives such as the new Symbiosis in 

Aquatic Systems Initiative by the Gordon and Betty Moore Foundation—which aims to develop 

dozens of new single-celled aquatic model systems—are poised to benefit from efforts presented 

herein. 

 

In summary, we think APEX2 will: 

 

(1) be useful for high-resolution imaging studies in model marine diatoms and likely also in other 

marine microeukaryotes; 

 

(2) be also useful for proteomics studies in model marine diatoms, in particular for pathways that 

are not directly linked to iron metabolism (leading to experiments which ideally do not require 

conditioning cells in iron-deplete medium);   

 

(3) provide some initial momentum for the diatom community to look into related molecular tools 

beyond APEX2 and implement them. 
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Immediate next steps for each chapter. 

 

Here we outline experimental next steps that will further advance the work presented in each of 

the Chapters 2, 3, and 4. This section should serve as an “experimental menu” to researchers 

who will be interested in building on and expanding these projects. We note that the list is by no 

means exhaustive. 

  

Chapter 2 

 

• Immunocytochemistry with anti-APEX2 antibodies and dye-conjugated streptavidin on fixed 

biotin-phenol- and H2O2-treated WT and pTF-APEX2 expressing P. tricornutum cells; the former 

to additionally confirm correct pTF-APEX2 localization and the latter to confirm the biotinylation 

pattern after labeling is unique to pTF-APEX2 cells. Anti-pTF antibodies are less suitable as our 

pTF-APEX2 cell lines also contain endogenous/native pTF. 

 

• Additional biochemical experiments with pTF.CREGr to determine its exact flavin substrate(s) 

(riboflavin, FMN, and FAD are all viable candidates), whether its observed flavin reduction ability 

is further coupled to ferric, Fe(III), iron reduction, and its oligomerization state.   

 

• pTF.CatCh1 expression and purification to investigate if the protein can indeed coordinate iron 

and to thus substantiate or disprove our metallochaperone hypothesis. Iron-binding proteins can 

be brown in color (Koropatkin et al., 2007), so first, a pTF.CatCh1 protein isolate color should 

be assessed. This may be followed by spectrophotometric, elemental (e.g. inductively coupled 

plasma mass spectrometry (ICP-MS), nanoscale secondary ion mass spectrometry (NanoSIMS)), 

and/or structural (e.g. nuclear magnetic resonance (NMR) spectroscopy) analyses to determine 

whether ferrous, Fe(II), or ferric, Fe(III), iron is coordinated by the protein. 
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• Generation of knockout cell lines using TALENs or CRISPR/Cas9 for all three proteins we 

colocalized with pTF. Various physiological measurements of the resulting knockout cell lines 

should be performed side-by-side with wild type cells (e.g. growth curves, total chlorophyll 

content, FV/ Fm values).  

 

• Using Förster resonance energy transfer (FRET) and/or protein fragment complementation 

(PCA) systems to evaluate if pTF.CREGr and pTF.CatCh1 physically interact with pTF. 

 

• Co-immunoprecipitation (co-IP) and/or pull-down experiments with pTF.CREGr and pTF.CatCh1 

as baits followed by anti-pTF western blots. Performing reciprocal co-IPs or pull-downs with pTF 

as a bait followed by anti-HA western blots (HA tag is the tag of choice for unambiguous detection 

of heterologous proteins in P. tricornutum). 

 

• Localizing additional proteins with APEX2/WT ratio above 1.5 (especially the identified V-

ATPase subunit A and α-carbonic anhydrase). 

 

Chapter 3 

 

• Proximity labeling and streptavidin pull-down as well as His6 pull-down with cell lines expressing 

PtEPYC1-APEX2-HA and PtEPYC1-Venus-His6-FLAG, respectively, followed by mass 

spectrometry.  

 

• Dual fluorophore protein tagging fluorescence microscopy with PtEPYC1 and known pyrenoid-

localized proteins (Phatr3_J51305/β-carbonic anhydrase/PtCA1, Phatr3_J45443/β-carbonic 

anhydrase/PtCA2, Phatr3_Jdraft825/FBAC1, Phatr3_J41423/FBAC5, YP_874417.1/PtRbcS, 

YP_874418.1/PtRbcL). 



 

172 

 

• Generation of PtEPYC1 knockout cell lines using TALENs or CRISPR/Cas9. High CO2 growth 

conditions may be needed to sustain viable knockout cell lines (Wang et al., 2014).   

 

• Further inquiry into and experiments to address the observed PtEPYC1 post-translational 

cleavage in vivo such as expressing HA-tagged mutants in putative protease cleavage sites in P. 

tricornutum or introducing putative protease cleavage sites (and pyrenoid localization tags) to 

reporter proteins (e.g. creating a FRET probe with putative cleavage sites nested between a donor 

and an acceptor protein; a split-protein probe could be designed similarly).  

 

• APEX2-mediated labeling and/or His6 pull-down using CKS1 (Phatr3_EG01051) as a bait 

should allow us to confirm or disprove our hypothesis that PtEPYC1 is phosphorylated by CDKA2 

(Phatr3_J51279, UniProt ID: B7GDW6). 

 

• Resolving cell lysates from P. tricornutum cells expressing HA-tagged PtEPYC1 on Phos-tag 

acrylamide gels with or without phosphatase treatment followed by anti-HA western blot may 

reveal the extent of native PtEPYC1 phosphorylation. These efforts could be complemented with 

phosphoproteomics. Nevertheless, determining unambiguous PtEPYC1 phosphorylation pattern 

may prove to be hard due to protein’s repetitive nature. 

 

• Further biochemical experiments to test whether complex coacervation (i.e. biomolecular 

condensate formation) of PtEPYC1 happens with other pyrenoidal markers (e.g. β-carbonic 

anhydrase PtCA1 (Phatr3_J51305)).  

 

• Testing whether PtEPYC1 forms homotypic assemblies at ionic strengths lower than 50 mM 

NaCl (the lowest concentration used in our experiments so far). 
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All the in vivo experiments listed above may have to be performed at various CO2 concentrations 

(e.g. high (10,000 ppm) vs. low (50 ppm)) and with synchronized cell lines. 

 

Chapter 4 

 

• It is likely that APEX2 expressed in T. pseudonana will behave similarly to APEX2 in P. 

tricornutum, but this will have to be tested. Construction and conjugation of an episome encoding 

TpSil3p-APEX2-HA followed by anti-HA western blot and Amplex UltraRed assay on resulting cell 

lines should constitute the immediate next experiment.  

 

• In case conditions can be found that promote APEX2 activity above endogenous peroxidase 

background (similar to what we observed in P. tricornutum), a small library of APEX2 fusions with 

other known biosilica- or silicalemma-associated proteins should be prepared.  

  



 

174 

 

Vision: subcellular proteomic maps in model marine diatoms via Cas enzyme-enabled 

APEX2 and/or TurboID genome-wide integration.  

 

To minimally disturb the cellular milieu sorrounding APEX2-tagged bait proteins in vivo and thus 

to avoid potential artifacts associated with fusion protein overexpression (such as false 

positives/negatives due to protein mislocalization or non-optimal protein concentration), APEX2 

gene should ideally be knocked in into the genome (Dalvai et al., 2015; Vandemoortele et al., 

2019; Vandemoortele et al., 2016).  

 

Thus, the true (admittedly likely unrealistic) vision for the future is to be able to perform such 

knockins in high-throughput for each and every gene across the whole genome and do it in a way 

that will lead to both N- and C-terminally tagged proteins. With over 10,000 genes in P. tricornutum 

and T. pseudonana, that would mean generating >20,000 cell lines for each model marine diatom. 

Such genome-wide tagging efforts will likely be doable at least in principle as Cas enzyme-

enabled homology-directed knockins are already possible in diatoms (Belshaw et al., 2017); and 

may be further facilitated by emerging genome editing tools such as prime editing (Anzalone et 

al., 2019). 

 

A much more realistic scenario will be to instead pick a few compartmental markers (Liu et al., 

2016) and use them as a proxy to obtain compartment-specific proteomic datasets, a scenario 

outlined in Figure 1.4. This alternative vision has recently been fulfilled for a human cell (albeit 

using overexpressed fusion proteins) (Go et al., 2019).   

 

All of the above could of course also be realized with TurboID or any other forthcoming related 

chemical biology tool. 
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Appendix A: Supplemental Information for Chapter 2. 
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Figure 2.2—figure supplement 1. pTF features, resorufin imaging in pTF-APEX2 expressing cells, and 
resorufin signal co-dependence on Amplex UltraRed and hydrogen peroxide.  
(A) pTF is a 537 amino acid residues (AAs) long membrane-associated iron receptor protein consisting of 
a signal peptide (AAs 1–18; predicted with SignalP 4.1), an iron-binding domain (AAs 19–493), a 
transmembrane domain (AAs 494–516; predicted with TMHMM Server v. 2.0), and a “tail” domain (AAs 
517–537). Red and green arrows point to conserved putative iron- (Asp48, Tyr71, Tyr214, His294) and 
carbonate-coordinating (Arg183) residues, respectively.  
(B) Direct visualization of resorufin (yellow) in pTF-APEX2 expressing cells. Red is chloroplast 
autofluorescence.  
(C) Supernatants after incubating cells from 4 pTF-APEX2 expressing strains (s1–s4) in a reaction buffer 
(50 μM Amplex UltraRed, 2 mM H2O2, PBS (pH 7.4)) for 6 min at room temperature. Clear resorufin signal 
was observed only when both APEX2 substrates were present. 
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Figure 2.3—figure supplement 1. Analysis of transcriptionally active Phaeodactylum tricornutum 
peroxidases reveals putative APEX2-like and mitochondrial enzymes.  
(A) Excerpt from the TEM labeling protocol: agar blocks with embedded DAB-treated pTF-APEX2 
expressing diatom cells. P. tricornutum cartoon and “zoom in” objects created with BioRender.com.  
(B) Mitochondrial signal as shown here was observed in both WT and pTF-APEX2 expressing cells 
subjected to DAB and hydrogen peroxide. “Zoom in” objects created with BioRender.com.  
(C) Alignment of putative APEX2-like P. tricornutum peroxidases. Amino acid residues crucial for APX and 
likely crucial for APEX2 activity (Arg38, His42, His163, and Asp208) are conserved in eight P. tricornutum 
peroxidases (depicted with black triangles and shaded).  
(D) Three of the identified APEX2-like peroxidases contain proline instead of alanine at the critical position 
134, an amino acid residue change rendering APEX2 much more active than its APEX predecessor. One 
of them may be mitochondrial. 1RedoxiBase database. 2APEX2 and horseradish peroxidase (HRP) have 
proline at this position. 3TargetP 1.1. 4TMHMM Server v. 2.0.  
(E) Alignment of putative substrate binding loops in the identified APEX2-like P. tricornutum peroxidases. 
Black and blue arrows point to enzymes with proline at position 134 (shaded gray) and predicted 
mitochondrial localization, respectively.  
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Figure 2.3—figure supplement 1 (Continued).  
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Figure 2.4—figure supplement 1. WT and pTF-APEX2 proteomic replicates form distinct clusters. 
Hierarchical clustering (Ward’s method as implemented in the JMP software package) of scaled quantitative 
proteomics data reveal WT- and pTF-APEX2-specific clusters. Samples “WT5” and “pTF-APEX2.4” differ 
slightly from other corresponding samples.  
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Figure 2.5—figure supplement 1. pTF.CREGr, pTF.CatCh1, and pTF.ap1 share pTF transcriptional 
profile.  
Transcriptional profiles of pTF and the three genes from the identified iron-sensitive gene cluster on 
chromosome 20 across different growth conditions (L (low): 20 pM Fe’, M (medium): 40 pM Fe’, H 
(high/replete): 400 pM Fe’) and sampling timepoints (10AM, 2PM, 6PM, 10PM, 2AM, 6AM). Fe’: sum of all 
Fe species not complexed to EDTA. Red dashed lines correspond to genes’ transcriptional peaks (late 
night). See Supplemental file 4 for detailed description of the raw data source.  
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Figure 2.5—figure supplement 2. Co-expression episome assembly overview, assessment of co-
expression cell lines, and confocal microscopy bleed-through controls. 
(A) Summary of our co-expression episome assembly strategy. Created with BioRender.com. 
(B) Colony PCRs and western blots suggesting full length proteins are present in co-expression cell lines. 
Left: Primers binding to flavodoxin promoter and terminator flanking MS hit-EYFP coding regions were used 
for PCR which resulted in the expected ~3 kbp amplicons. Positive controls: purified episomes. Negative 
controls: WT P. tricornutum and water which yielded no amplicons (not shown). Right: Anti-pTF western 
blot revealed the expected ~83.8 kDa pTF-mCherry bands alongside native pTF. Protein schematics 
created with BioRender.com. 
(C) Lack of significant cross-channel bleed-through supports colocalization imaging data and conclusions. 
Imaging conditions with minimal bleed-through were determined with WT cells (top row), cells expressing 
only mCherry (middle row), and cells expressing a Venus-tagged protein (bottom row). Scale bar is 10 μm. 
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Figure 2.5—figure supplement 2 (Continued).  
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Figure 2.5—figure supplement 3. pTF.ap1 colocalizes with pTF. 
pTF.ap1-EYFP was co-expressed with pTF-mCherry and colocalization of the two proteins—although not 
as precise—was observed. Scale bar is 5 μm. Protein fusion schematics created with BioRender.com. 
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Figure 2.6—figure supplement 1. Conserved amino acid residues across pTF.CREGr homologs.  
Protein alignment leading to the phylogenetic tree shown in Figure 2.6 was examined for amino acid 
residues that are at least 90% conserved. 12 such amino acid residues across 9 examined regions were 
identified (blue triangles). Additional few amino acid residues surrounding each conserved site are also 
shown. The putative loop region (see the main text for details) shown to the far right directly precedes the 
conserved proline and cysteine in region 4. Black arrows point to pTF.CREGr and its paralog Phatr3_10972. 
Human CREG1 and pTF.CREGr sequences are shaded. *17 AAs between G and R in the conserved region 
1 were omitted. Numbers above sequences indicate alignment position.   
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Figure 2.6—figure supplement 1 (Continued). 
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Figure 2.7—figure supplement 1. Summary of pTF.CREGr expression and purification screen.  
NuPage 4-12% Bis-Tris gels loaded with (A) PageRuler Plus Prestained Protein Ladder and final elutions 
of various purified pTF.CREGr truncations from small scale protein expression experiments, and (B) 
PageRuler Plus Prestained Protein Ladder and a final elution of purified Δ31_pTF.CREGr-His6 from a 
large-scale protein expression experiment. CTHF: C-terminal His6 and FLAG tag. NTH: N-terminal His6 
tag. L: protein ladder. 
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Figure 2.7—figure supplement 2. Exogenous flavin reduction is specific to pTF.CREGr. 
Comparison of NADPH oxidation (measured by decrease in absorbance at 320 nm) between pTF.CREGr 
supplemented with flavins (flavin mononucleotide (FMN) and riboflavin), a flavin-only, no enzyme treatment, 
pTF.CREGr with no additional flavins, and an NADPH-only treatment with no enzyme or flavins added. 
Assays were started by adding enzyme or water blank and were carried out in triplicate for each treatment. 
Standard deviation is shown. 
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Figure 2.7—figure supplement 3. Putative homodimerization region in pTF.CREGr homology model is 
similar to the one in human CREG1. 
Human CREG1 chain A (i.e. monomer 1) from the visualization presented in Figure 2.7B was hidden which 
left us with a human-diatom chimeric dimer shown here in two different spatial configurations. Colored by 
secondary structure: human CREG1 chain B (i.e. monomer 2), blue: pTF.CREGr homology model. Grey 
rectangle indicates the location of the loop possibly preventing FMN binding as discussed in the main text. 
Colored in magenta, red, orange, and green is a putative homodimerization region in pTF.CREGr. Amino 
acid residue composition (written in N→C direction) corresponding to each color is as follows: magenta: 
PESPVCARLTLSG, red: KVSFTLTEASL, orange: WGVLTTI, green: PDGQPFGNVYSF. The region as a 
whole shares the human CREG1 interface compositional space described in Sacher et al., 2005, and has 
a hydrophobic character. Bold: hydrophobic, underlined: hydrophobic and/or following Sacher et al., 2005. 
Created with UCSF Chimera version 1.11.1 and BioRender.com. 
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Figure 2.8—figure supplement 1. Conservation of putative metal-binding sites in pTF.CatCh1 in marine 
microeukaryotes and proposed pTF.CatCh1 domain organization.  
(A) CXXC and the adjacent CXC motifs are present in all, but two, identified pTF.CatCh1 homologs. Six 
additional cysteines are 100% conserved (data not shown). pTF.CatCh1 and ISIP2b are marked with black 
arrows. Amino acid residues preceding CXXC are also shown (aspartic acid residue (D) at this position is 
known to promote divalent metal ion binding). Numbers above sequences indicate alignment position. 
(B) pTF.CatCh1 contains a disordered C-terminal domain which may be involved in protein-protein 
interactions. CXXC is predicted to be in this region by PONDR VSL2 (top) possibly suggesting metal binding 
and disorder-order transitions are dependent on local redox environment. No cysteines are predicted to be 
in the disordered region by IUPred2a (bottom). The locations of conserved CXC and CXXC motifs are 
depicted with blue and orange triangles, respectively.  
(C) Features and proposed domain architecture in pTF.CatCh1 assuming disorder prediction with PONDR 
VSL2. Signal peptide (AAs 1–26; grey) is followed by a cysteine-rich domain (20 cysteines in the region 
from amino acid residue 34 to 226; pink) possibly responsible for binding iron, and two disordered regions 
(green) that may be involved in protein-protein interactions. The TM domain (AAs 296–315; blue) splitting 
the predicted disordered part of the protein in two is flanked by a polyserine (SSSSSS) and an arginine-
rich (RKLRRR) stretch. One additional positive charge in the later is contributed by lysine. N- and C-
terminus with numbered first and last residue are shown. Created with BioRender.com.  
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Figure 2.8—figure supplement 1 (Continued). 
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Figure 2.8—figure supplement 2. pTF.ap1 phylogeny and conserved motifs. 
(A) pTF.ap1 homologs are present in diatoms and other marine microeukaryotes. Homolog search was 
performed with NCBI and marine microbial eukaryote (MMETSP) databases. Some notable species 
include: common polar diatoms Fragilariopsis kergulensis and Fragilariopsis cylindrus, toxin-producing 
microeukaryotes (diatoms from genus Pseudo-nitzschia, haptophyte Prymnesium parvum, and 
pelagophyte Aureococcus anophagefferens), cosmopolitan diatom Ditylum brightwelli, haptophyte Emiliana 
huxleyi, ultraplanktonic species Pelagomonas calceolate, colonial species Prasinoderma coloniale and 
Phaeocystis antarctica. Scale bar: 0.1 substitutions per position.  
(B) pTF.ap1 (black arrow) contains highly conserved motifs. There are three 100% conserved cysteines 
across pTF.ap1 homologs in addition to the two presented here (blue triangles and grey shade) indicating 
this protein may be involved in metal binding similar to pTF.CatCh1 (data not shown). Numbers above 
sequences indicate alignment position.    
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Figure 2.9—figure supplement 1. Vision board summarizing biological problems in established model 
marine diatoms that could benefit from proximity proteomics approaches.  
Two diatom compartments of immediate interest are pyrenoid—proteinaceous RuBisCO-containing 
subchloroplastic organelle—and silica deposition vesicle (SDV)—site of diatom cell wall biomineralization. 
We intentionally constrained ourselves to these two already genetically tractable diatoms appropriate for 
the immediate study of pyrenoid and SDV composition, but we expect APEX2 and related proximity 
proteomics approaches will be adopted in other emerging diatom models as well as other marine 
microeukaryotes. Created with BioRender.com. 
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Description of Supplemental files 

 

Supplemental file 1. Table S1: Predicted endogenous biotinylated proteins are present at similar 

levels in WT and pTF-APEX2 proteomic samples. Table S2: Features of the three proteins co-

expressed with pTF. Table S3: Molecular cloning primers. Table S4: Constructed Phaeodactylum 

tricornutum episomes and Escherichia coli vectors with expression cassette details and fusion 

protein amino acid sequences. Table S5: Key chemicals and reagents used in the study. 

 

Supplemental file 2. Raw Amplex UltraRed assay data. 

 

Supplemental file 3. Scaled quantitative mass spectrometry data.  

 

Supplemental file 4. Pre-processed quantitative mass spectrometry data, transcriptomic data, and 

functional annotations for proteins with APEX2/WT ratios ≥1.5 and P-value ≤0.05. 

 

Supplemental file 5. Raw pTF.CREGr biochemical assay data. 

 

Raw proteomics data used to generate Supplemental files 3 an 4 will be available in the PRIDE 

database (Perez-Riverol et al., 2019) upon final manuscript publication. 

 

Supplemental reference 

 
Perez-Riverol Y, (21 authors), Vizcaíno JA. 2019. The PRIDE database and related tools and 
resources in 2019: improving support for quantification data. Nucleic Acids Res 47:D442–D450. 
DOI: https://doi.org/10.1093/nar/gky1106, PMID: 30395289  
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Figure 3.8—figure supplement 1. CrEPYC1, but not PtEPYC1, interacts with full RuBisCO holoenzyme 
in a native gel shift experiment. 
3 μM CrEPYC1 and 3 μM PtEPYC1 were incubated with 6 μM CrRbc and 6 μM PtRbc, respectively, in 20 
mM Tris (pH 8.0) and 50 mM NaCl at 25°C for 2 min along with relevant single protein controls. Samples 
were loaded on a native PAGE gel and ran at 160 V for 90 min. CrRbc accumulation in the well (Lane 3, 
top rectangle) as well as CrRbc smearing (Lane 3, bottom rectangle) was observed, both indicative of large 
heterotypic assemblies formed between CrEPYC1 and CrRbc. In contrast, PtEPYC1 was unable to induce 
similar gel features suggesting it does not interact with PtRbc (Lane 6). Legend: Cr: Chlamydomonas 
reinhardtii, Pt: Phaeodactylum tricornutum, CrRbc: full C. reinhardtii RuBisCO holoenzyme; PtRbc: full P. 
tricornutum RuBisCO holoenzyme. 
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Figure 3.9—figure supplement 1. CrEPYC1, but not PtEPYC1, is pelleted along with RuBisCO in a 
sedimentation experiment.  
7.5 μM CrEPYC1 and 7.5 μM PtEPYC1 were incubated with 30 μM CrRbc and 30 μM PtRbc, respectively, 
in 20 mM Tris (pH 8.0) and 50 mM NaCl at room temperature for 8 min along with relevant single protein 
controls followed by centrifugation at 14,800 g for 8 min. Supernatant fractions were then separated from 
pellet fractions, after which all the resulting samples were resolved on an SDS PAGE gel. High molecular 
weight networks made by CrEPYC1 and CrRbc could be harvested (black rectangle and Lane 6 in 
particular). In contrast, no heterotypic assemblies between PtEPYC1 and PtRbc could be harvested (grey 
rectangle and Lane 12 in particular). Legend: Cr: Chlamydomonas reinhardtii, Pt: Phaeodactylum 
tricornutum, CrRbc: 1 RbcL and 1 RbcS C. reinhardtii RuBisCO subunits; PtRbc: 1 RbcL and 1 RbcS P. 
tricornutum RuBisCO subunits, S: supernatant, P: pellet. 
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Figure 3.9—figure supplement 2. CrEPYC1, but not PtEPYC1, forms droplets when incubated with 
RuBisCO. 
7.5 μM CrEPYC1 and 7.5 μM PtEPYC1 were incubated with 30 μM CrRbc and 30 μM PtRbc, respectively, 
in 20 mM Tris (pH 8.0) and 50 mM NaCl at room temperature for 8 min, after which samples were visualized 
under the microscope. CrEPYC1 and CrRbc were observed to form droplets (left; yellow arrow points to 
one) indicative of biomolecular condensate formation. No droplets were seen in PtEPYC1-PtRbc sample 
(right). Legend: Cr: Chlamydomonas reinhardtii, Pt: Phaeodactylum tricornutum, CrRbc: 1 RbcL and 1 RbcS 
C. reinhardtii RuBisCO subunits; PtRbc: 1 RbcL and 1 RbcS P. tricornutum RuBisCO subunits. Scale bar 
is 10 μm. 
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Appendix C: Summary of publications from the presented dissertation work. 
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Chapter 2 is published as a preprint on bioRxiv and is currently under review at eLife. Chapter 4 

has been published as a self-standing protocol on protocols.io—collaborative platform and 

preprint server for scientific methods—and included into a marine protist community resource 

manuscript accepted for publication in Nature Methods and available as a preprint on bioRxiv. 

The latter is a result of a global multiyear research effort fueled by the Gordon and Betty Moore 

Foundation. The full list of publications is as follows: 

 

Chapter 2 
 
Turnšek J, Brunson JK, Deerinck TJ, Oborník M, Horák A, Bielinski VA, Allen AE. 2019. 
Phytotransferrin endocytosis mediates a direct cell surface-to-chloroplast iron trafficking axis in 
marine diatoms. bioRxiv (under review at eLife). DOI: https://doi.org/10.1101/806539 
 
 
 
Chapter 4 
 
Faktorová D, (…), Turnšek J, (…), Lukeš J. 2019. Genetic tool development in marine protists: 
Emerging model organisms for experimental cell biology. bioRxiv (Nature Methods, accepted). 
DOI: https://doi.org/10.1101/718239  
 
Turnšek J. 2018. Revisited Thalassiosira pseudonana (Tp) conjugation protocol enables fusion 
protein delivery to Tp frustule. protocols.io. DOI: dx.doi.org/10.17504/protocols.io.nbzdap6*  
 
*This protocol has been successfully used by Prof. Nils Kröger laboratory in Dresden, Germany, 
and by Dr. Justin Ashworth from the University of Technology Sydney, Australia (their version of 
the protocol is available on the following website: dx.doi.org/10.17504/protocols.io.7fghjjw). In 
addition, the protocol is currently being implemented in Prof. Julia Diaz and Prof. Martin 
Tressguerres laboratories at the Scripps Institution of Oceanography in San Diego. 
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Additional six protocols were published on protocols.io: 

Turnšek J. 2018. Vacuole staining in Phaeodactylum tricornutum using RatioWorks™ PDMPO. 
protocols.io. DOI: dx.doi.org/10.17504/protocols.io.nbxdapn 
 
Turnšek J. 2017. HA tag enables highly efficient detection of heterologous proteins in 
Phaeodactylum tricornutum (Pt) exconjugants. protocols.io. DOI: 
dx.doi.org/10.17504/protocols.io.j7ncrme 
 
Turnšek J, Gholami P. 2017. Guidelines for highly efficient construction of diatom episomes 
using Gibson Assembly. protocols.io. DOI: dx.doi.org/10.17504/protocols.io.jy7cpzn 
 
Turnšek J. 2017. Pour plating of Thalassiosira pseudonana (Tp). protocols.io. DOI: 
dx.doi.org/10.17504/protocols.io.jfncjme 
 
Turnšek J. 2017. Simple & rapid genotyping of marine microeukaryotes. protocols.io. DOI: 
dx.doi.org/10.17504/protocols.io.jcdcis6 
 
Turnšek J. 2016. Conjugation of Thalassiosira pseudonana. protocols.io. DOI: 
dx.doi.org/10.17504/protocols.io.f55bq86 
 
My protocols.io publications have been accessed widely as demonstrated by >2,300 total views.  

 


