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Abstract 21 

Iron is a biochemically critical metal cofactor in enzymes involved in photosynthesis, 22 

respiration, nitrate assimilation, nitrogen fixation and reactive oxygen species defense. 23 

Marine microeukaryotes have evolved a phytotransferrin-based iron uptake system to 24 

cope with iron scarcity, a major factor limiting primary productivity in the global ocean. 25 

Diatom phytotransferrin is internalized via endocytosis, however proteins downstream of 26 

this environmentally ubiquitous iron receptor are unknown. We applied engineered 27 

ascorbate peroxidase APEX2-based subcellular proteomics to catalog proximal proteins 28 

of phytotransferrin in the model diatom Phaeodactylum tricornutum. Proteins encoded 29 

by poorly characterized iron-sensitive genes were identified including three that are 30 

expressed from a chromosomal gene cluster. Two of them showed unambiguous 31 

colocalization with phytotransferrin adjacent to the chloroplast. Further phylogenetic, 32 

domain, and biochemical analyses suggest their involvement in intracellular iron 33 
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processing. Proximity proteomics holds enormous potential to glean new insights into 34 

iron acquisition pathways and beyond in these evolutionarily, ecologically and 35 

biotechnologically important microalgae. 36 

 37 
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 41 

Glossary 42 

APEX  engineered ascorbate peroxidase (APX) 43 

CREG  cellular repressor of E1A-stimulated genes 44 

DAB  3,3’-diaminobenzidine 45 

EYFP  enhanced yellow fluorescent protein 46 

FMN  flavin mononucleotide 47 

Fe’  dissolved iron pool (all unchelated iron species) 48 

MS  mass spectrometry 49 

HNLC  high-nutrient, low-chlorophyll 50 

ISIP  iron starvation-induced protein 51 

PBS  phosphate-buffered saline 52 

pTF  phytotransferrin 53 

RT  room temperature 54 

TEM  transmission electron microscopy 55 

TM  transmembrane 56 

TMT  tandem mass tag 57 

UTR  untranslated region 58 

V-ATPase vacuolar-type H⁺-ATPase 59 

WT  wild type  60 
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Introduction 61 

 62 

Iron (Fe) likely played an important role in the origin of life (Bonfio et al., 2017; Jin et 63 

al., 2018; Kitadai et al., 2019; Nitschke et al., 2013) and is fundamental in extant 64 

metabolisms acting as a cofactor in enzymes involved in DNA synthesis, cellular 65 

respiration, nitrogen fixation and photosynthesis (Crichton, 2016). Early anoxic oceans 66 

were rich in readily bioavailable ferrous (Fe(II)) iron, but with the rise of oxygenic 67 

photosynthesis and the Great Oxygenation Event (GOE) in the Paleoproterozoic ~2.3 68 

billion years ago, followed by the Neoproterozoic Oxygenation Event (NOE) ~1.5 billion 69 

years later, most of it oxidized into insoluble ferric (Fe(III)) minerals which are not 70 

bioavailable (Camacho et al., 2017; Knoll et al., 2017; Och and Shields-Zhou, 2012). 71 

Conceivably, these large global shifts in ocean chemistry could have had a major role in 72 

driving the evolution of novel Fe uptake mechanisms. 73 

 74 

Fe availability limits primary productivity in high nutrient, low chlorophyll (HNLC) regions 75 

which cover ~25% of the modern ocean habitat (Boyd and Ellwood, 2010) as 76 

demonstrated by numerous large-scale Fe fertilization experiments (Martin et al., 1994; 77 

de Baar et al., 2005) and natural Fe upwelling events (Arydna et al., 2019) invariably 78 

resulting in diatom-dominated phytoplankton blooms. Dissolved Fe(III) in marine 79 

environments is primarily found complexed to organic ligands (Hutchins and Boyd, 80 

2016; Tagliabue et al., 2018) such as bacterially-produced siderophores (Boiteau et 81 

al., 2016) and hemes (Hogle et al., 2014), but low (pM) amounts of unchelated labile 82 

Fe(III), Fe’, serve as a crucial source of iron for eukaryotic phytoplankton, particularly 83 

diatoms (Morel et al., 2008). Diatoms, which are responsible for 45% of global primary 84 

production (Benoiston et al., 2017), have convergently evolved phytotransferrin (pTF), 85 

which serves as the basis of a high-affinity nonreductive carbonate ion-coordinated 86 

ferric iron binding and acquisition pathway (McQuaid et al., 2018; Morrissey et al., 87 

2015). Phytotransferrin sequences have a broad taxonomic distribution and are 88 

abundant in marine environmental genomic datasets (Bertrand et al., 2015; Marchetti 89 

et al., 2012).  90 
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Phytotransferrins are estimated to have emerged concurrently with the NOE 91 

exemplifying the link between large environmental changes and molecular innovation 92 

(McQuaid et al., 2018). pTF (Ensembl ID: Phatr3_J54465) from the model diatom 93 

Phaeodactylum tricornutum (Bowler et al., 2008) was first identified as an iron-sensitive 94 

transcript and named ISIP2a (iron starvation induced protein 2a) (Allen et al., 2008), 95 

although its expression levels remain relatively high in iron-replete conditions as well 96 

(Smith et al., 2016). pTF localizes to the cell surface and intracellular puncta, 97 

presumably endosomal vesicles (McQuaid et al., 2018), which is further supported by 98 

the presence of an endocytosis motif in the C-terminus of the protein (Lommer et al., 99 

2012). In diatom pTF, dissolved ferric iron is coordinated synergistically with carbonate 100 

(CO3
2-) anion. Thus, decline in seawater carbonate concentrations due to ocean 101 

acidification caused by elevated atmospheric CO2 may negatively impact this prevalent 102 

iron uptake system in diatoms and other marine phytoplankton (McQuaid et al., 2018). 103 

Diatom pTF is phylogenetically related to Fe-assimilation domain-containing homologs, 104 

such as the recently characterized phytotransferrin from the marine picoalga 105 

Ostreococcus tauri (Scheiber et al., 2019); and represent functional and evolutionary 106 

analogs of transferrins (McQuaid et al., 2018), iron delivery proteins found in 107 

multicellular organisms that employ the same mode of binding (Cheng et al., 2004).  108 

 109 

While accessing and binding dilute dissolved ferric iron on the cell surface is important, 110 

subsequent internalization and delivery to target sites within complex cellular milieu are 111 

also critical. Fe(III) is highly insoluble and conversion between Fe(III) and Fe(II) can 112 

lead to toxic reactive oxygen species causing damage to proteins, lipids, and nucleic 113 

acids (Cheng et al, 2004). Precise control of iron internalization and intracellular 114 

trafficking in either of its redox states is thus crucial for maintenance of cellular 115 

homeostasis (Philpott and Jadhav, 2019; Wang and Pantopoulos, 2011). Human 116 

iron-laden transferrin (Tf) bound to transferrin receptor is internalized via clathrin-117 

mediated endocytosis. Endosome acidification leads to carbonate protonation and Tf 118 

conformational change resulting in iron release. Fe(III) is then reduced by six-119 

transmembrane epithelial antigen of prostate 3 (STEAP3), exported to the cytoplasm 120 

through divalent metal transporter 1 (DMT1) or ZRT/IRT-like protein 8/14 (ZIP8/14), and 121 
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offloaded to iron chaperones for distribution to cellular iron sinks (Bogdan et al., 2016; 122 

Eckenroth et al., 2011; Philpott and Jadhav, 2019; Wang and Pantopoulos, 2011). 123 

In contrast, proteins which conduct key endosomal processes and biochemical 124 

transformations and mediate subsequent intracellular allocation of internalized Fe(III) 125 

downstream of diatom pTF are unknown. 126 

 127 

To investigate the proximal proteomic neighborhood of diatom pTF and thus the degree 128 

of mechanistic resemblance between transferrin and phytotransferrin pathways, we 129 

turned to APEX2, an engineered heme-containing ascorbate peroxidase (Lam et al., 130 

2015) that functions as a dual probe for electron microscopy (Martell et al., 2017) and 131 

proximity proteomics (Hung et al., 2016). When genetically fused to a protein of 132 

interest, the ~27 kDa APEX2 enzyme permits spatially resolved proteomic mapping by 133 

oxidizing biotin-phenol to short lived (<1 ms) phenoxyl radicals which can covalently 134 

react with electron-rich amino acids (tyrosine, but likely also tryptophane, histidine, and 135 

cysteine) on the surface of nearby endogenous proteins. Tagged proteins can then be 136 

isolated by purification with streptavidin beads and analyzed using mass spectrometry 137 

(MS). The “biotinylation radius” in APEX2 experiments should be seen as a “contour 138 

map”, a “probability gradient”, where the likelihood of tagging decreases with distance 139 

away from APEX2-tagged protein of interest (Hung et al., 2016; Lam et al., 2015). 140 

Target hits can therefore include both strong and stable as well as weak and transient 141 

direct interactors, and also vicinal, juxtaposed proteins not interacting with the bait 142 

(Lundberg and Borner, 2019). Replacing biotin-phenol with diaminobendizine (DAB) 143 

enables high-resolution electron microscopy experiments (Martell et al., 2017; Martell 144 

et al., 2012) making APEX2 a powerful bifunctional probe. APEX2 has thus far been 145 

used to investigate a variety of cellular compartments and processes including the 146 

mitochondrial nucleoid-associated proteome (Han et al., 2017), post-Golgi vesicle 147 

trafficking (Otsuka et al., 2019), stress granules (Markmiller et al., 2017), protein 148 

occupancy at defined genomic loci (Myers et al., 2018), chromatin interactions (Qiu et 149 

al., 2019), lipid droplets (Bersuker et al., 2018), Golgi-localized proteolysis (Hwang et 150 

al., 2016), subcellular localization of RNAs (Fazal et al., 2019), the ciliary membrane-151 

associated proteome (Kohli et al., 2017), GPCR signaling (Paek et al., 2017), bacterial 152 
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pathogen inclusion membranes (Dickinson et al., 2019), and finally also endocytosis 153 

(Del Olmo et al., 2019). These studies, conducted in diverse model systems including 154 

mammalian cell culture, fruit fly, yeast and bacteria, testify to the breadth of APEX2 155 

applications, and associated insights and advances that have been achieved in a 156 

relatively short time since the technique was first described (Lam et al., 2015). 157 

 158 

Here, we present further evidence for P. tricornutum phytotransferrin pTF endocytosis, 159 

demonstrate correct subcellular localization and activity of its APEX2 fusion, identify 160 

almost 40 proximal proteins in proximity proteomics experiments conducted in 161 

quintuplicate, and, finally, provide initial characterization, using dual fluorophore protein 162 

tagging fluorescence microscopy, phylogenetic, and biochemical analyses, for three 163 

proteins (pTF.CREGr, pTF.CatCh1, pTF.ap1) believed to act in association with 164 

endocytosed pTF downstream of iron binding at the cell surface. Bacterially-expressed 165 

recombinant pTF.CREGr displays flavin reductase activity in vitro suggesting this 166 

protein may be involved in intracellular ferric, Fe(III), iron reduction, while bioinformatic 167 

interrogation of pTF.CatCh1 and its localization indicate it may be a chloroplast-168 

associated metallochaperone.  169 

 170 

The overall outline of our work is shown in Figure 1. To the best of our knowledge, this 171 

study represents the first application of APEX2 in a marine microbial model system. We 172 

conclude with a vision board summarizing outstanding questions in diatom cell biology 173 

that could immediately benefit from this and related chemical biology approaches. 174 
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Figure 1. Functional APEX2-enabled proteogenomics with pTF (phytotransferrin/ISIP2a/Phatr3_J54465) 176 

in Phaeodactylum tricornutum. (A) pTF-APEX2 encoding episome is introduced into P. tricornutum cells 177 

using bacterial conjugation. (B) Resulting transconjugants are genotyped and evaluated for fusion protein 178 

expression. APEX2 activity and fusion localization are then confirmed with an enzymatic assay and 179 

electron microscopy, respectively. (C) In the proximity proteomics experiment, pTF-APEX2 expressing 180 

cell line is supplemented with biotin-phenol and hydrogen peroxide, reaction quenched and cells lysed. 181 

Cell lysate is then subjected to streptavidin pull-down, proteins analyzed with mass spectrometry (MS), 182 

peptides mapped to a P. tricornutum proteome database, and corresponding genes identified. (D) 183 

Interesting MS hits are further evaluated experimentally (e.g., for colocalization with the bait protein (i.e. 184 

pTF) and/or for predicted biochemical activity) as well as bioinformatically. Created with BioRender.com.   185 
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Results  186 

 187 

Phytotransferrin (pTF) is localized to endosome-like vesicles  188 

To further examine pTF localization and possible occurrence within intracellular 189 

vesicles, a pTF-mCherry encoding episome was conjugated (Karas et al., 2015; Diner 190 

et al., 2016) into ΔpTF P. tricornutum cells (McQuaid et al., 2018). After labeling the 191 

fluorescent transconjugant cell line with 100 μM of the membrane dye MDY-64 for 10 192 

min at room temperature, vesicles with colocalized mCherry and MDY-64 signal were 193 

observed (Figure 2A). 194 

 195 

Phytotransferrin-APEX2 fusion proteins are enzymatically active in vivo 196 

To generate pTF-APEX2 expressing diatom cell lines, an episome encoding pTF 197 

(Phatr3_J54465) with C-terminal APEX2 was assembled and conjugated into WT P. 198 

tricornutum (Figure 2B). Considering the predicted pTF domains (Figure 2—figure 199 

supplement 1A), this likely resulted in APEX2 facing the cytosol both at the cell surface 200 

and once internalized into vesicles. Western blot with pTF-specific antibodies (McQuaid 201 

et al., 2018) confirmed the ~84.7 kDa fusion protein expression in 4 out of 5 tested cell 202 

lines. The protein was largely present in the insoluble cell lysate fraction (Figure 2C), 203 

possibly further indicative of its membrane localization. Amplex UltraRed, a highly 204 

sensitive APEX2 substrate (Hung et al., 2016), was used to assay live pTF-APEX2 205 

expressing cells. A resorufin (reaction product) signal up to 4- and 40-fold above WT 206 

background was observed in experiments performed at room temperature (data not 207 

shown) and on ice (Figure 2D; Supplementary file 2), respectively, indicating active 208 

APEX2 with incorporated heme. Resorufin was also directly visualized by confocal 209 

microscopy (Figure 2—figure supplement 1B) and a strong cytosolic signal not tightly 210 

localized to the expected site of origin, similar to previous reports (Martell et al., 2012), 211 

was observed. APEX2 was active only in the presence of both Amplex UltraRed and 212 

hydrogen peroxide (Figure 2—figure supplement 1C) implying that endogenous H2O2 213 

levels are not sufficient to drive APEX2-catalyzed reactions and that the overall cell 214 

surface and intracellular milieu in P. tricornutum is permissive to the APEX2 catalytic 215 

cycle. 216 

217 
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Figure 2. Association of pTF with intracellular vesicles and demonstration of APEX2 activity in 219 

Phaeodactylum tricornutum. (A) pTF-mCherry colocalizes with the membrane dye MDY-64 on the cell 220 

surface and within intracellular vesicles. The fusion protein was expressed under the pTF promoter and 221 

terminator in a ΔpTF genetic background. Cells were stained with 100 μM MDY-64 for 10 min at room 222 

temperature. Scale bar is 10 μm. Protein fusion scheme created with BioRender.com. (B) Top: pTF-223 

APEX2 flanked by nitrate-inducible NR (nitrate reductase) promoter, terminator and UTRs. Linker 224 

between pTF and APEX2: KGSGSTSGSG. Bottom: Schematic of the pTF-APEX2 expressing episome. 225 

Tetracycline (TetR) and ampicillin (AmpR) resistance genes for E. coli selection, bacterial replication origin, 226 

yeast centromere (CEN6-ARSH4-HIS3) for episome maintenance, phleomycin/zeocin (ShBle) resistance 227 

gene for P. tricornutum selection, origin of conjugative transfer (oriT). Plasmid map created with 228 

BioRender.com. (C) Anti-pTF Western blot confirming fusion protein expression (~84.7 kDa) (lanes s1–229 

s4; left: soluble cell lysate fraction, right: insoluble cell lysate fraction) in WT P. tricornutum background. 230 

Teal circle: APEX2, grey oval: pTF. (D) Left: pTF-APEX2 expressing, but not WT, cells convert APEX2 231 

substrate Amplex UltraRed (50 μM) into a colored product resorufin in the presence of 2 mM H2O2. Right: 232 

>40-fold higher resorufin signal was observed in supernatants from pTF-APEX2 expressing cells than 233 

those from WT cells. Triplicate cultures from one WT and one pTF-APEX2 expressing cell line (strain 234 

“s2”). Standard deviation is shown. P. tricornutum cartoons created with BioRender.com.  235 
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pTF-APEX2 is localized to the cell surface and intracellular vesicles  236 

To confirm pTF-APEX2 is localized to the cell surface and intracellular vesicles similar 237 

to mCherry fusions, pTF-APEX2 expressing cells (strain “s2”, Figure 2) were treated 238 

with 25 mM 3,3’-diaminobenzidine (DAB) in the presence of 3 mM H2O2 for 15 min on 239 

ice (Figure 3A). This reaction leads to DAB polymerization and local precipitation 240 

around APEX2 that can be stained with osmium tetroxide and visualized with 241 

transmission electron microscopy. Cells were embedded in a 3% agar matrix to prevent 242 

losses during numerous washing steps (Figure 3—figure supplement 1A). Tightly 243 

localized signal was observed on the cell membrane and in intracellular vesicles 244 

indicating that pTF-APEX2 fusion trafficked to the correct subcellular sites (Figure 3B). 245 

Additionally, we observed mitochondrial signal in WT and pTF-APEX2 cell lines 246 

subjected to the DAB reaction (Figure 3B; Figure 3—figure supplement 1B). Analysis 247 

of the P. tricornutum proteome revealed 8 peroxidases with Arg38, His42, His163 and 248 

Asp208; catalytic residues that are conserved across all identified ascorbate 249 

peroxidases including soybean APX (Raven et al., 2003) and its engineered version 250 

APEX2 (Figure 3—figure supplement 1C). Three of these contain proline in place of 251 

alanine at position 134 relative to APEX2, a substrate-binding loop mutation rendering 252 

APEX2 highly active (Martell et al., 2015), and another putative peroxidase is predicted 253 

to localize to mitochondria (Figure 3—figure supplements 1D, 1E). APEX2 was 254 

inactivated in iron-limiting conditions (40 nM total Fe) and could be reactivated by 255 

supplementing fixed cells with 10 μM hemin chloride for 3 hrs (data not shown), but this 256 

substantially increased background in the Amplex UltraRed assay. Therefore, 257 

subsequent proximity labeling experiments were carried out on cells growing in iron-258 

replete conditions.  259 
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Figure 3. pTF-APEX2 localizes to the cell membrane and intracellular vesicles. (A) Summary of the 261 

transmission electron microscopy protocol. Briefly: WT and pTF-APEX2 expressing cells were fixed, 262 

treated with diaminobenzidine (DAB), post-fixed with osmium tetroxide, embedded in agar, negatively 263 

stained with uranyl acetate, dehydrated, embedded in resin, and visualized. Created with BioRender.com. 264 

(B) Expected cell surface and intracellular pTF-APEX2 localization. Teal and brown arrows point to 265 

APEX2-induced signal and cell wall, respectively. Zoomed in is the cell periphery clearly showing cell 266 

membrane, and not cell wall, is occupied by the fusion protein (top left image). pTF-APEX2-containing 267 

vesicles of various sizes were seen (bottom two images on the left; acquired with backscatter scanning 268 

electron microscopy). Zoomed in are cell membrane and vesicles with pTF-APEX2 (middle left image). 269 

Mitochondrial signal in both WT and pTF-APEX2 expressing cells is likely due to endogenous 270 

(mitochondrial) APEX2-like peroxidases. Scale bar is 1 μm. P. tricornutum cartoons created with 271 

BioRender.com.  272 
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Identification of the proximal phytotransferrin proteome with biotin-phenol 273 

labeling  274 

To identify proteins proximal to pTF, quintuplicate cultures from one WT and one pTF-275 

APEX2 expressing cell line (strain “s2”, Figure 2) were grown to mid- to late-276 

exponential phase and supplemented with biotin-phenol and hydrogen peroxide, 277 

following the APEX2 proximity labeling protocol developed for yeast (Hwang and 278 

Espenshade, 2016; Hwang et al., 2016). Incubation with hydrogen peroxide was 279 

extended to 20 min to mirror Amplex UltraRed assay and DAB reaction conditions 280 

(Figure 4A). Increasing the biotin-phenol concentration from 0.5 mM, usually used in 281 

mammalian cells, to 2.5 mM and exposing cells to osmotic stress with 1.2 M sorbitol 282 

(both are critical for efficient labeling in yeast) was necessary to detect enrichment of 283 

biotinylated proteins in experimental samples (Figure 4B). This result confirmed our 284 

hypothesis that the lack of heavy silicification in P. tricornutum (Francius et al., 2009; 285 

Tesson et al., 2009), making its cell wall composition and cell membrane permeability 286 

likely similar to those in yeast, would permit labeling. Streptavidin pull-downs were then 287 

performed with clarified cell lysates followed by tandem mass tag (TMT)-based 288 

quantitative proteomics. WT and pTF-APEX2 proteomic replicates, with the exception of 289 

one WT and one pTF-APEX2 condition, formed two distinct clusters (Figure 4—figure 290 

supplement 1; Supplementary file 3) indicating minimal technical variability. 38 291 

statistically significant proteins (P ≤ 0.05) with APEX2/WT ratios of at least 1.5 were 292 

identified (Figure 4B). These ratios were obtained from average total peptide counts 293 

across quintuplicates (Supplementary file 4). Predicted endogenous biotinylated 294 

proteins were also detected and had APEX2/WT ratios close to 1, thus serving as an 295 

intrinsic pull-down control (Supplementary file 1—Table S1; Supplementary file 4).  296 

Some background enrichment in WT cells was likely due to endogenous APEX2-like 297 

peroxidases and one would thus expect mitochondrial proteins with APEX2/WT ratios 298 

close to 1 to be present in our MS dataset. Indeed, at least three were detected: 299 

mitochondrial chaperonin CPN60 (Phatr3_J24820, UniProt ID: B7FQ72, APEX2/WT = 300 

0.99), mitochondrial import receptor subunit TOM70 (Phatr3_J47492, UniProt ID: 301 

B7G3J4, APEX2/WT = 0.91), and acetyl-CoA dehydrogenase (Phatr3_J11014, UniProt 302 

ID: B7FTR6, APEX2/WT = 1.23) (Supplementary file 4). 14 proteins were detected 303 
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with an APEX2/WT ratio of at least 2. Of these 14 proteins, 9 are known to be 304 

transcriptionally sensitive to iron availability; this is also the case for an additional 5 305 

proteins with APEX2/WT ratio of at least 1.5 (Supplementary file 4) (Smith et al., 306 

2016). We note that pTF was present, but not enriched, in our pTF-APEX2 proteomics 307 

samples (Supplementary file 4). One possible explanation for this result is that pTF 308 

does not have surface exposed amino acid residues that are permissive to biotinylation 309 

by APEX2-generated phenoxyl radicals, something only pTF structure would reveal; 310 

and so its presence in all of our pull-down samples could be due to unspecific binding to 311 

streptavidin beads.  312 

 313 

Some of the most apparent biologically interesting hits are summarized in Figure 4C. 314 

Considering iron is involved in all the major photosynthetic complexes (Rochaix, 2011), 315 

we asked if some of the proteins are perhaps predicted to be localized to the 316 

chloroplast. Indeed, five are predicted to be chloroplastic, albeit with low confidence, by 317 

ASAFind (Gruber et al., 2015), including two (Phatr3_J51183 and Phatr3_J54986) that 318 

are part of a gene cluster on chromosome 20 and two (Phatr3_J41423 and 319 

Phatr3_J55031) that are known to associate with the P. tricornutum chloroplast (Allen 320 

et al., 2012; Kazamia et al., 2019; Figure 4C). Further details on how ASAFind works 321 

and which proteins are given a low confidence chloroplastic prediction are presented in 322 

Gruber et al., 2015 and Materials and Methods, respectively. We elaborate on the 323 

potential role for these proteins in intracellular iron trafficking in Discussion.   324 
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Figure 4. Proximity proteomics with APEX2 reveals candidate proteins involved in phytotransferrin (pTF) 326 

endocytosis in Phaeodactylum tricornutum. (A) Summary of the proximity proteomics experiment. 327 

Briefly: WT and pTF-APEX2 expressing cells were chilled on ice, pelleted, treated with 1.2 M sorbitol, 328 

supplemented with 2.5 mM biotin-phenol and 1 mM H2O2. The labeling reaction was quenched, cells were 329 

lysed, and evaluated for biotin enrichment. Supernatants were then subjected to streptavidin pull-down 330 

followed by quantitative mass spectrometry using tandem mass tags (TMT). Created with 331 

BioRender.com. (B) Left: Enrichment of biotinylated proteins over WT background was observed with 332 

streptavidin blot; ~66.5 kDa biotinylated BSA control, equal loading. The most prominent band in all 333 

samples is likely the endogenous biotin-containing propionyl-CoA carboxylase (Phatr3_J51245, ~72.5 334 

kDa). Right: Vulcano plot of quantitative MS data highlighting proteins with APEX2/WT ratio of at least 1.5 335 

and P-value ≤ 0.05 (shaded area with teal data points). Proteins from a known iron-sensitive gene cluster 336 

located on chromosome 20 are highlighted. P. tricornutum cartoons created with BioRender.com. (C) 337 

14/38 (10 shown here) MS hits are proteins with iron-sensitive transcripts. Proteins we tagged with EYFP 338 

and co-expressed with pTF are bolded. Chloroplast localization and the associated prediction confidence 339 

were determined with SignalP 4.1 and ASAFind (version 1.1.7). *Experimentally shown to localize to the 340 

pyrenoid—a RuBisCO-containing suborganelle— in the interior of the P. tricornutum chloroplast (Allen et 341 

al., 2012). **Experimentally shown to be localized adjacently to the chloroplast (Kazamia et al., 2019).      342 
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Proteins encoded by an iron-sensitive gene cluster on chromosome 20 colocalize 343 

with pTF 344 

We focused on three proteins among the top MS hits—Phatr3 IDs: J51183 (hereafter: 345 

pTF.CREGr; CREG-like protein with likely Reductive function), J52498 (hereafter: 346 

pTF.CatCh1; Chloroplast-AssociaTed CHaperone 1) and J54986 (hereafter: pTF.ap1; 347 

pTF-Associated Protein 1)—that are expressed from a previously identified iron- (Allen 348 

et al., 2008) and silicon-sensitive gene cluster (Sapriel et al., 2009) on chromosome 20 349 

(Figure 5A). One additional protein (Phatr3_J54987 known also as ISIP2b), which is 350 

also transcriptionally sensitive to iron and silicon and that we did not detect in our 351 

proximity proteomics experiment, is also encoded by this uncharacterized locus. We 352 

note that pTF is not co-located with these genes, but instead lies on chromosome 7 353 

(genomic location 1,000,053–1,001,833, forward strand). All three genes exhibit a 354 

transcriptional profile similar to pTF (Figure 5—figure supplement 1), two proteins 355 

(pTF.CREGr and pTF.ap1) are predicted to localize to the chloroplast (with low 356 

confidence as determined by ASAFind), and two (pTF.CatCh1 and pTF.ap1) contain a 357 

C-terminal transmembrane domain (Figure 4C; Supplementary file 1—Table S2). It 358 

has been hypothesized that organellar pH and proteome biochemistry co-evolved (Brett 359 

et al., 2006); we note the isoelectric points of all three proteins are close to 5 360 

overlapping the expected endosomal pH (Supplementary file 1—Table S2). To test 361 

whether any of them colocalize with pTF, co-expression episomes were assembled and 362 

conjugated into WT P. tricornutum cells which resulted in diatom cell lines expressing 363 

pTF-mCherry and MS hit-EYFP fusion proteins. Detailed assembly strategy and cell line 364 

verification results are presented in Figure 5—figure supplement 2A and Figure 5—365 

figure supplement 2B, respectively. pTF.CREGr and pTF.CatCh1 colocalized with pTF 366 

in the chloroplast vicinity or on the chloroplast margin, respectively (Figure 5B). 367 

Colocalization of pTF.ap1 with pTF close to the chloroplast was also evident, though 368 

somewhat less precise (Figure 5—figure supplement 3). Imaging conditions were 369 

optimized with mCherry and Venus expressing cell lines for minimal cross-channel 370 

bleed-through (Figure 5—figure supplement 2C).  371 
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Figure 5. Proteins from a known iron-sensitive locus in Phaeodactylum tricornutum colocalize with pTF 373 

and chloroplasts. (A) Genes corresponding to a subset of proteomic hits are clustered together on 374 

chromosome 20. With exception of ISIP2b, which we did not detect in our proximity proteomics 375 

experiment, all proteins were co-expressed with pTF. Corresponding Phatr3 gene IDs and UniProt protein 376 

IDs are noted. Numbers indicate base pairs. Created with BioRender.com. (B) Two proteins—pTF.CREGr 377 

and pTF.CatCh1—show clear, yet distinct, colocalization with pTF and the chloroplast periphery. 378 

pTF.CREGr-EYFP was consistently punctate whereas pTF.CatCh1-EYFP lined the chloroplast margin. 379 

pTF-mCherry punctum was almost exclusively positioned next to this “chloroplast lining” pattern. Scale 380 

bar is 10 μm. P. tricornutum is pleiomorphic which explains why different cell morphologies were 381 

observed in pTF.CREGr-EYFP (fusiform morphotype) and pTF.CatCh1-EYFP (triradiate morphotype) cell 382 

lines. Protein fusion schemes created with BioRender.com.  383 
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Phylogenetic, domain, and biochemical characterization of pTF.CREGr and 384 

pTF.CatCh1 support a putative role in diatom iron metabolism 385 

To shed light on possible functions of the two poorly annotated proteins that colocalized 386 

with pTF and to examine their occurrence in other diatoms and marine phytoplankton 387 

beyond Phaeodactylum tricornutum, phylogenetic analysis was performed. pTF.CREGr 388 

was found conserved across the tree of life (Figure 6), but diatom proteins can be seen 389 

in a crown group with other complex plastid-containing algae such as cryptophytes, 390 

haptophytes, pelagophytes, chlorarachniophytes and dinoflagellates (Archibald, 2009;  391 

Oborník and Füssy, 2018) suggesting their function may be distinct from those in the 392 

sister animal group.  393 

 394 

Interestingly, pTF.CREGr and its paralog Phatr3_J10972 contain a predicted flavin 395 

mononucleotide (FMN)-binding domain (Figure 7A) hinting at a possibility that 396 

pTF.CREGr is involved in oxidation-reduction reactions as opposed to having a more 397 

canonical role associated with CREG1 homologs in multicellular organisms (Ghobrial 398 

et al., 2018). To address potential enzymatic activity, various truncations of His6-tagged 399 

pTF.CREGr were expressed in Escherichia coli and purified using Co2+ immobilized 400 

metal affinity chromatography (IMAC) to test solubility (Figure 7—figure supplement 401 

1A). A construct encoding pTF.CREGr with a 31 amino acid N-terminal deletion leading 402 

to a soluble protein was selected for larger-scale purification. Despite slight precipitation 403 

and degradation during the purification process, the Co2+-bound fraction exhibited 404 

modest yet reproducible flavin reductase activity, as measured by the enzyme-facilitated 405 

oxidation of NADPH in the presence of the potential flavin substrates riboflavin and 406 

flavin mononucleotide (FMN) (Figure 7B; Figure 7—figure supplement 1B; 407 

Supplementary file 5). Comparable consumption of NADPH was not seen when either 408 

flavins or pTF.CREGr were omitted from the reaction (Figure 7—figure supplement 2; 409 

Supplementary file 5), suggesting that pTF.CREGr is capable of reducing exogenous 410 

flavins.  411 
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Figure 6. pTF.CREGr is a ubiquitous protein conserved across the tree of life. pTF.CREGr homolog 413 

search was performed with the National Center for Biotechnology Information (NCBI) and the Marine 414 

Microbial Eukaryote Transcriptome Sequencing Project (MMETSP) databases (Caron et al., 2016; 415 

Keeling et al., 2014). Notably, a clear division between the diatom-containing crown group (algae with 416 

complex plastids) and animals can be seen suggesting distinct roles for this protein in multicellular versus 417 

unicellular organisms. Red dots indicate predicted gene duplication events. pTF.CREGr clusters with its 418 

paralog, Phatr3_J10972. Scale bar: 0.5 substitutions per position.   419 
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 420 

 421 

 422 

Figure 7. (A) pTF.CREGr and its paralog Phatr3_J10972 contain a putative FMN-binding domain 423 

(shaded in gray). Considering the evolutionary link between human CREG1 and oxidoreductases, and the 424 

observed colocalization of its diatom homolog with pTF, pTF.CREGr may be a ferric reductase. (B) 425 

pTF.CREGr can reduce exogenous flavins. Comparison of NADPH oxidation (measured by decrease in 426 

absorbance at 320 nm) by recombinant pTF.CREGr supplemented with flavins (flavin mononucleotide 427 

(FMN) and riboflavin) versus a flavin-only, no enzyme treatment. Assays were started by the addition of 428 

enzyme or water blank and carried out in triplicate for each treatment. Background 320 nm absorbance of 429 

water blanks (approx. 0.186) was subtracted from each replicate. Standard deviation is shown.  430 
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In contrast, pTF.CatCh1 homologs were identified predominately in diatoms (Figure 431 

8A). This protein is paralogous to ISIP2b which lies in the same chromosome 20 gene 432 

cluster. They share 3 CXC and 1 CXXC motifs indicative of metal-binding proteins 433 

(Figure 8B). One of the CXC motifs and the CXXC motif are conserved across the vast 434 

majority of homologs in our phylogenetic analysis (Figure 8—figure supplement 1A) 435 

and the latter is predicted to be located in the disordered C-terminal domain in 436 

pTF.CatCh1 (Figure 8—figure supplement 1B) possibly indicating redox-controlled 437 

coupling of metal coordination and order-disorder transitions (Erdős et al, 2019). The 438 

pTF.CatCh1 region between amino acid residues 27 and 226 contains 20 cysteines, 439 

further indicative of possible metal binding (Poole, 2014), and the predicted 440 

transmembrane domain (296–315) is flanked by a polyserine and a short arginine-rich 441 

stretch. These observations are synthesized in the putative domain organization 442 

schematic shown in Figure 8—figure supplement 1C. Phylogenetic characterization 443 

was performed with pTF.ap1 as well and numerous homologs with at least 5 highly 444 

conserved motifs were identified in diatoms and other marine microeukaryotes, 445 

including chlorophytes, cryptophytes and haptophytes (Figure 8—figure supplements 446 

2A, 2B). These pTF.ap1 homologs contain 5 100% conserved cysteines indicating this 447 

protein may, similarly to pTF.CatCh1, also coordinate metal ions, possibly iron (2 448 

conserved cysteines are shown in Figure 8—figure supplement 2B).  449 
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Figure 8. pTF.CatCh1 may be a diatom metallochaperone. (A) pTF.CatCh1 homolog search was 451 

performed with NCBI and marine microbial eukaryote (MMETSP) databases and numerous diatom 452 

proteins were identified. Notably, pTF.CatCh1 is paralogous to ISIP2b. Scale bar: 0.1 substitutions per 453 

position. (B) pTF.CatCh1 and ISIP2b share 3 CXC and 1 CXXC motifs, known divalent metal coordination 454 

motifs in proteins such as metallochaperones.  455 
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Discussion 456 

 457 

ISIP2a (iron starvation induced protein 2a) was previously identified in P. tricornutum as 458 

a marker for iron (Fe) limitation (Allen et al., 2008), subsequently shown to be involved 459 

in Fe acquisition (Morrissey et al., 2015) and is widespread in ocean phytoplankton 460 

communities (Bertrand et al., 2015; Carradec et al., 2018). In a breakthrough study, 461 

McQuaid et al., 2018 demonstrated that ISIP2a, is a type of transferrin, phytotransferrin 462 

(pTF), that is crucial for acquisition of dissolved Fe; a critical micronutrient for cellular 463 

biochemistry. McQuaid et al., 2018 showed that pTF is essential for high affinity iron 464 

uptake in diatoms and that carbonate and Fe interact synergistically to control the iron 465 

uptake rate. The finding that carbonate ions are required for the activity of a key diatom 466 

iron transport system is noteworthy and suggests that ocean acidification might inhibit 467 

iron uptake. The occurrence of transferrin in unicellular marine diatoms raises significant 468 

evolutionary and functional questions concerning its origin and role within marine 469 

phytoplankton. In the current work, we used phytotransferrin (pTF) as a bait to 470 

implement APEX2-enabled proximity proteomics in a model marine diatom P. 471 

tricornutum, and the resulting data provides several key advances regarding the 472 

function of pTF and its putative downstream interaction partners. 473 

 474 

McQuaid et al., 2018, observed pTF in intracellular puncta, showed that clathrin-475 

mediated endocytosis inhibitor reduces iron (Fe) uptake rates, visualized vesicles after 476 

adding iron to an iron-limited WT P. tricornutum culture stained with the membrane dye 477 

FM1-43, but our MDY-64 labeling data provide the first direct evidence that diatom pTF 478 

is indeed associated with membranous compartments. Further studies are needed to 479 

elucidate pTF dynamics upon internalization—especially after iron addition to iron-480 

deplete cells—and its trafficking in the endomembrane system (Naslavsky and Kaplan, 481 

2018). This may include a combination of time-lapse microscopy using pTF-YFP 482 

expressing P. tricornutum cells stained with the FM1-43 dye, pulse-chase experiments, 483 

biophysical techniques, and mathematical modeling (Mayle et al., 2012).  484 
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Enzymatically active APEX2 in P. tricornutum was largely expected as heme-containing 485 

horseradish peroxidase (HRP) had been successfully expressed in diatoms (Sheppard 486 

et al., 2012). However, it was less clear what the contribution of endogenous 487 

peroxidases would be to the background signal in various APEX2 assays. In our 488 

Amplex UltraRed assay experiments, an order of magnitude higher signal-to-noise ratio 489 

was detected when live cells were reacted on ice as opposed to on room temperature, 490 

suggesting endogenous P. tricornutum peroxidases, but not exogenous APEX2, are 491 

largely inhibited on ice.  492 

 493 

Identifying Amplex UltraRed assay conditions which minimized WT background was 494 

promising, but not a guarantee that some endogenous enzymes would not be able to 495 

process other APEX2 substrates, such as those crucial for electron microscopy 496 

(diaminobenzidine) and proximity proteomics (biotin-phenol). Indeed, mitochondrial 497 

background signal was detected in our electron microscopy experiments both in WT 498 

and pTF-APEX2 expressing cells. Nevertheless, C-terminal tagging of pTF with APEX2 499 

resulted in the expected cell surface and vesicular fusion protein localization away from 500 

mitochondria indicating no spatial overlap between endogenous APEX2-like enzymes 501 

and pTF-APEX2. Some off-target biotinylation in our proximity labeling experiments was 502 

likely due to background mitochondrial peroxidase activity as indicated by the presence 503 

of mitochondrial proteins in our MS data. Their APEX2/WT ratios were close to 1 which 504 

provides us with more confidence that those with elevated ratios above 1.5 were 505 

enriched due to APEX2 activity. Many of these have biologically relevant annotations for 506 

proteins we might expect to play a role in endosomal Fe assimilation, which further 507 

supports this notion. Additional efforts to express pTF tagged with N-terminal APEX2, 508 

which should lead to intravesicular proximity labeling according to our pTF orientation 509 

model, as well as optimizing conditions for APEX2 reactivation in iron-deplete conditions 510 

with hemin chloride might lead to identification of additional proteins. Proteomic maps 511 

with improved spatial and temporal resolution may emerge from experiments conducted 512 

with synchronized cell lines sampled at different timepoints throughout diel cycle, as iron 513 

metabolism genes, including pTF, are highly expressed at night (Huysman et al., 2014; 514 

Lundberg and Borner, 2019; Smith et al., 2016). We are particularly excited by the 515 
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recent demonstration of using TurboID—an engineered biotin ligase—for proximity 516 

proteomics in plants: Arabidopsis thaliana (Kim et al., 2019; Mair et al., 2019) and 517 

Nicotiana benthamiana (Zhang et al., 2019). Due to its independency of Fe and 518 

considering the presence of putative APEX2-like peroxidases in P. tricornutum causing 519 

unwanted mitochondrial background, TurboID (Branon et al., 2018) could represent a 520 

valuable proximity proteomics tool in this model diatom. These proposed next steps, 521 

improvements, and alternative experimental approaches should cross-validate the 522 

proteins identified in our experiments as well as lead to new ones.  523 

 524 

The largely uncharacterized gene cluster on chromosome 20 we focused on is 525 

transcriptionally upregulated in iron-deplete (Allen et al., 2008; Smith et al., 2016) and 526 

silicic acid-replete (Sapriel et al., 2009) conditions corroborating a known, albeit 527 

understudied, link between iron and silicon metabolism in diatoms (Brzezinski et al., 528 

2015; Durkin et al., 2012; Hutchins et al., 1998; Leynaert et al., 2004). Operon-like 529 

gene clusters encoding secondary metabolite pathway components are common in 530 

plants (Boycheva et al., 2014; Nützmann et al., 2017) and a tightly localized ~7 kbp 531 

gene cluster encoding enzymes for domoic acid production has recently been 532 

characterized in a cosmopolitan diatom Pseudo-nitzschia multiseries (Brunson et al., 533 

2018). We propose a term “nutritional gene cluster” to describe loci that are sensitive to 534 

fluctuations in environmental nutrient status such as the studied ~5.6 kbp one in P. 535 

tricornutum. Our phylogenetic analyses suggest all three proteins encoded by this locus 536 

are broadly present in diatoms and other (marine) microeukaryotes while pTF.CREGr is 537 

evolutionarily conserved across the tree of life. Together with the rest of our proteomic 538 

data they provide an emerging view of possible molecular parallels and differences 539 

between metazoan transferrin and marine microbial phytotransferrin pathways.  540 

 541 

In transferrin-mediated Fe uptake in human cells, endosome acidification induces 542 

structural rearrangements and causes protonation of coordinated carbonate, facilitating 543 

iron release (Cheng et al., 2004). This event is concurrent with or followed by iron 544 

reduction by endosomal ferric reductase STEAP3 and export via an Fe(II)-specific 545 

divalent metal transporter DMT1 (Oghami et al., 2005). Two putative proton pumps are 546 
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present among our MS hits: Phatr3_J23497—predicted as a P-type ATPase—and 547 

Phatr3_J27923—a vacuolar-type H+-ATPase subunit A. Multisubunit V-ATPases 548 

regulate pH homeostasis in virtually all eukaryotes and are known to function as 549 

endosome acidifying protein complexes (Finbow and Harrison, 1997; Maxson and 550 

Grinstein, 2014; Merkulova et al., 2015). This makes Phatr3_J27923 a candidate 551 

protein involved in acidification of phytotransferrin-rich endosomes in P. tricornutum. 552 

Notably, V-ATPase transcripts have been overrepresented in diatoms following iron 553 

enrichment (Marchetti et al., 2012), possibly to account for an increase in the number 554 

of endosomes associated with pTF-mediated Fe acquisition. V-ATPase has also been 555 

predicted to be involved in silica deposition vesicle (SDV) acidification in diatoms 556 

(Vartanian et al., 2009; Hildebrand et al., 2018). Such endosome acidification, 557 

perhaps via V-ATPase, may thus facilitate phytotransferrin-bound Fe(III) release, 558 

possibly for processing by an iron reducing enzyme that performs a function similar to 559 

STEAP3.  560 

 561 

Human cellular repressor of E1A-stimulated genes 1 (CREG1) is a homodimer with a 562 

loop occluding the putative flavin mononucleotide (FMN)-binding pocket at the dimer 563 

interface, typical of evolutionarily related FMN-binding split barrel fold oxidoreductases 564 

such as those found in bacteria and yeast (Sacher et al., 2005). In humans, CREG1 is 565 

involved in embryonic development, growth, differentiation, and senescence as part of 566 

endosomal-lysosomal system, though its exact function and role are debated (Ghobrial 567 

et al., 2018). CREG1-like protein pTF.CREGr (Phatr3_J51183) was proposed to be 568 

central for sustained growth of iron-limited P. tricornutum cells (Allen et al., 2008) or to 569 

serve as a cell surface iron receptor (Lommer et al., 2012). CREG transcripts were 570 

more commonly found in diatom transcriptomes from the Southern Ocean as opposed 571 

to non-Southern Ocean regions suggesting their importance in coping with iron 572 

limitation in this major HNLC zone (Moreno et al., 2018). This may also explain why 573 

many more diatom homologs are not present in our phylogenetic tree as marine 574 

microbial eukaryote transcriptomes from MMETSP (Caron et al., 2016; Keeling et al., 575 

2014) were not obtained from iron-limited cultures. Evolutionary link of CREG proteins 576 

to oxidoreductases and phylogenetic classification of pTF.CREGr away from 577 
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multicellular organisms prompted us to investigate whether this protein could be a ferric 578 

reductase. Importantly, none of the four canonical predicted ferric reductases (FRE1–4, 579 

Phatr3_J IDs: 54486, 46928, 54940, 54409) that may have a role in cell surface iron 580 

reduction processes (Allen et al., 2008) were present in our MS data. In contrast, our 581 

data demonstrating punctate pTF.CREGr colocalization with pTF in the vicinity of 582 

chloroplast periphery suggest that this protein has no cell surface-associated role, but 583 

rather acts intracellularly, perhaps in an endosomal-lysosomal system. This localization 584 

is consistent with the observation that proteins with low confidence ASAFind chloroplast 585 

prediction (such as pTF.CREGr) can be associated with “blob-like structures” (BLBs) 586 

adjacent to, but not inside, the chloroplast (Gruber et al., 2015; Kilian and Kroth, 587 

2005). Biochemical characterization of pTF.CREGr revealed that the protein is able to 588 

reduce free flavins in an NADPH-dependent manner. In bacteria, flavin reductases can 589 

also function physiologically as ferric reductases, promoting the transfer of electrons to 590 

ferric Fe(III) iron using reduced flavins as an intermediate (Fontecave et al., 1994; 591 

Schröder et al., 2003). While the true physiological role of pTF.CREGr is unclear at 592 

present, it is possible that the flavin reductase activity of the enzyme drives ferric iron 593 

reduction as a part of the phytotransferrin (pTF)-dependent iron uptake system in 594 

diatoms. We do, however, express concern if placing pTF.CREGr inside a vesicle is 595 

justifiable considering likely, but not certain, APEX2 orientation away from the vesicle 596 

interior in our proximity labeling experiment and the known inability for phenoxyl radicals 597 

created by APEX2 to penetrate endomembranes (Rhee et al., 2013). Considering pTF 598 

orientation has not been experimentally validated, pTF.CREGr may have been labeled 599 

while being recruited to the vesicle, and diatom membranes may be permeable to 600 

phenoxyl radical, pTF.CREGr localization to the vesicle interior remains plausible. 601 

 602 

In summary, pTF.CREGr may be a ferric reductase critical for endosome-associated 603 

iron reduction step facilitating further intracellular iron allocation and assimilation. 604 

Intracellular Fe(III) reduction with pTF.CREGr would also be consistent with the 605 

nonreductive cell surface Fe(III) uptake step proposed for pTF (McQuaid et al., 2018; 606 

Morrissey et al., 2015). It is unclear at this point how would ferrous, Fe(II), iron be 607 

exported from the endosome for cellular use. One possible candidate, although not 608 
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present in our MS data, is ferroportin (Fpn), the only known ferrous iron exporter in 609 

mammalian cells (Ward and Kaplan, 2012). Ferroportin homologs in Arabidopsis 610 

thaliana have been shown to be involved in iron and cobalt homeostasis both 611 

intracellularly (vacuole) and on the cell surface (Morrissey et al., 2009). The P. 612 

tricornutum genome contains a putative ferroportin gene, Phatr3_J54495. It is plausible 613 

that such “phytoferroportins” in single-celled marine microeukaryotes such as diatoms 614 

also function intracellularly, perhaps in Fe(II)-rich endosomes.  615 

 616 

No functional annotations could be predicted for pTF.CatCh1 in Pfam (El-Gebali al., 617 

2019). This protein contains a cysteine-rich domain and a disordered C-terminal domain 618 

split in two by a predicted transmembrane region. The transmembrane (TM) region is 619 

preceded by a flexible polyserine stretch and is followed by a short arginine-rich motif. 620 

Such positively charged amino acid tracts in the vicinity of TM regions have been shown 621 

to be orientation determinants in outer chloroplast membrane proteins (May and Soll, 622 

1998). Disordered domains are known mediators of protein-protein interactions and play 623 

an important role in the formation of protein complexes (Uversky, 2015; Uversky, 624 

2016). It is therefore plausible pTF.CatCh1 interacts with pTF with its C-terminal 625 

disordered region. The cysteine-rich domain contains two highly conserved motifs—626 

CXC and CXXC—which have been observed in a variety of metalloregulatory and metal 627 

sensing proteins (O'Halloran, 1993) as well as metallothioneins (Romero-Isart, 2002) 628 

and metallochaperones, particularly those involved in copper binding (Blaby-Hass et 629 

al., 2014; O’Halloran and Culotta, 2002; Robinson and Winge, 2012). Two additional 630 

CXC motifs are conserved in its paralog ISIP2b. Metallochaperones are known to 631 

engage in protein-protein interactions (Rosenzweig, 2002) and are important in 632 

preventing metal-induced toxicity caused by Fenton reactions, especially common with 633 

iron (Valko et al., 2005). Taken together, these observations indicate that pTF.CatCh1 634 

might be a metallochaperone localized to the chloroplast margin as suggested by our 635 

fluorescence microscopy data, possibly binding iron Fe(II) downstream of the reduction 636 

step and subsequently directing Fe traffic to the chloroplast interior. The observed 637 

colocalization of pTF.CatCh1 with pTF at the chloroplast periphery may alternatively 638 

indicate that Fe(III), as opposed to Fe(II), is offloaded directly from pTF to pTF.CatCh1 639 
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which would imply the existence of an additional intracellular Fe(III) reduction pathway. 640 

It is unclear which proteins could mediate the subsequent ferrous, Fe(II), iron import into 641 

the chloroplast. We note that transcripts for two putative organellar cation diffusion 642 

facilitators (CDFs), divalent metal ion transporters, are enriched under iron limitation in 643 

P. tricornutum (Allen et al., 2008), so they may fulfill this role.  644 

 645 

Chloroplasts are the most iron-rich system in plant cells (López-Millán et al., 2016). 646 

Iron—in particular iron-sulfur clusters (Balk and Schaedler, 2014)—serves as an 647 

essential cofactor for the photosynthetic electron transfer chain, catalytic processes 648 

such as chlorophyll biosynthesis, and chloroplast protein import (Marchand et al., 2018; 649 

Soll and Schleiff, 2004). A complex vesicle-based system possibly in perpetual 650 

dynamic exchange with cytosolic vesicles is present in chloroplasts (Lindquist and 651 

Aronsson, 2018), an endoplasmic reticulum (ER) to Golgi to chloroplast protein 652 

trafficking pathway exists (Villarejo et al., 2005; Radhamony and Theg, 2006), and 653 

further hypotheses for such specialized vesicle-mediated plastid targeting of proteins 654 

have been established (Baslam et al., 2016). Thus, while very little is known about 655 

intracellular iron trafficking in diatoms or other algae with complex plastids, a direct link 656 

between endocytic internalization of phytotransferrin-bound iron and its offloading in or 657 

adjacent to chloroplasts as suggested by our results seems plausible. Analysis of our 658 

mass spectrometry hits that were not co-expressed with pTF reveals four additional 659 

proteins—ISIP1 (Phatr3_J55031), FBP (Phatr3_ J46929), 14-3-3 protein 660 

(Phatr3_J5651), and FBAC5 (Phatr3_J41423)—that support the idea of a direct cell 661 

surface-to-chloroplast iron trafficking axis in P. tricornutum.   662 

 663 

ISIP1 (iron starvation-induced protein 1; Phatr3_J55031) is induced by iron limitation in 664 

P. tricornutum (Allen et al., 2008) and other marine microalgae (Marchetti et al., 2012) 665 

and was the second most enriched protein in our MS dataset. It is an environmentally 666 

ubiquitous protein that has been shown to have a role in iron uptake (Kazamia et al., 667 

2018) and more recently to colocalize with pTF adjacent to the chloroplast in what has 668 

been referred to as an “iron processing” compartment (Kazamia et al., 2019). Metal 669 

homeostasis by such discrete membranous compartments is widespread in nature 670 
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(Blaby-Haas and Merchant, 2014). Copper- and zinc-storing compartments, 671 

cuprosomes and zincosomes, respectively, are present in the model chlorophyte 672 

microalga Chlamydomonas reinhardtii (Aron et al., 2015; Hong-Hermesdorf et al., 673 

2014; Merchant, 2019), and lipid-bound iron-accumulating ferrosome compartments 674 

exist in diverse bacteria (Komeili, 2018). Phatr3_J46929—a siderophore ferrichrome-675 

binding protein (FBP) (Coale et al., 2019)—was another highly enriched protein in our 676 

dataset indicating the internalization pathways for inorganic (i.e. phytotransferrin-bound) 677 

and organic (i.e. siderophore-bound) iron in Phaeodactylum tricornutum may be 678 

physically coupled intracellularly and similarly directed to iron-accumulating vesicles 679 

close to the chloroplast. 680 

 681 

Preproteins in Arabodopsis thaliana are targeted to the chloroplast—specifically to Toc 682 

GTPases—by the cytosolic guidance complex consisting of a protein dimer comprised 683 

of HSP70 (heat shock protein-70) and 14-3-3 (Bölter, 2018; Soll and Schleiff, 2004). 684 

14-3-3 proteins are widespread regulatory proteins usually acting through protein-685 

protein interactions (Soll and Schleiff, 2004). They recognize phosphorylated serines 686 

and threonines in preprotein transit peptides and serve as cytosolic chaperones 687 

preventing premature chloroplast-specific activity of bound preproteins (May and Soll, 688 

2000). One of our MS hits—Phatr3_J5651—is a 14-3-3 protein and it is plausible 689 

pTF.CatCh1 localization to the chloroplast margin depends on this chloroplast targeting 690 

pathway. Two small heat shock proteins are also among our highly enriched proteins—691 

Phatr3_J54656 and Phatr3_J46468—however they are of the HSP20 variety and it is 692 

more likely they are involved in iron stress response more broadly (Carra et al., 2019) 693 

as opposed to interacting with Phatr3_J5651 specifically. 694 

 695 

Finally, the most enriched protein in our MS dataset was Phatr3_J41423, iron-sensitive 696 

and iron-independent class I fructose-biophosphate aldolase 5 (FBAC5), which was 697 

shown to localize to the pyrenoid in the interior of the P. tricornutum chloroplast and was 698 

proposed to link Calvin-Benson cycle activity with the CO2 concentrating mechanism 699 

(Allen et al., 2012). FBAC5 is one of the most reliable markers for diatom iron stress as 700 

demonstrated by laboratory culture (Cohen et al., 2018; Lommer et al., 2012), 701 
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microcosm incubation (Cohen et al., 2017; Cohen et al., 2017), and field studies 702 

(Bertrand et al., 2015), however its exact role, despite some existing hypotheses, 703 

remains elusive. FBAs are known moonlighting proteins (Jeffrey, 2018) and have been 704 

shown to have a role in endosome acidification via direct interaction with V-ATPase 705 

(Merkulova et al., 2011) which offers a tantalizing possibility for ancillary FBAC5 706 

function in P. tricornutum.  707 

 708 

Additional notable proteins with APEX2/WT ratio of at least 1.5 include a Rab family 709 

small GTPase Sec4 (Phatr3_J30139) which has been observed to localize between 710 

chloroplasts and nuclei during cell division in P. tricornutum (Tanaka et al., 2015), 711 

Phatr3_J41172, annotated as Ca2+-binding protein calreticulin, and an α-carbonic 712 

anhydrase Phatr3_J42574 (predicted to be chloroplastic with low confidence).  713 

 714 

Interestingly, rat calreticulin is homologous to an iron-binding protein mobilferrin 715 

(Conrad et al., 1993). This protein has been shown to associate with transferrin-716 

containing vesicles and to act as an intermediate between the transferrin-bound iron 717 

and the incorporation of iron into hemoglobin in erythroleukemia cells (Conrad et al., 718 

1996). It has also been identified as a constituent of a paraferritin protein complex with 719 

ferrireductase activity in rats (Umbreit et al., 2002; Umbreit et al., 1996). This may 720 

suggest that Phatr3_J41172, despite calreticulin annotation, has a role in intracellular 721 

iron transport, perhaps to direct iron to mitochondria for incorporation into heme. 722 

 723 

Considering carbonic anhydrases catalyze rapid conversion of HCO3
- to CO2 (Matsuda 724 

et al., 2017), the presence of an α-carbonic anhydrase Phatr3_J42574 in our data 725 

raises an intriguing possibility: could it be that pTF-bound carbonate not only 726 

coordinates iron, but is itself a cargo? It would be conceivable that a protonated 727 

carbonate released from pTF gets metabolized by a carbonic anhydrase with the 728 

resulting CO2 permeating through the chloroplast and increasing CO2 levels around 729 

RuBisCO for efficient CO2 fixation. Such direct molecular bridge between iron 730 

acquisition and CO2 concentrating mechanism (CCM) would further explain commonly 731 

.CC-BY 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted October 16, 2019. ; https://doi.org/10.1101/806539doi: bioRxiv preprint 

https://doi.org/10.1101/806539
http://creativecommons.org/licenses/by/4.0/


38 
 

observed prevalence of diatoms in phytoplankton blooms in times of oceanic iron 732 

repletion.  733 

 734 

Conclusion and Outlook 735 

 736 

We here implemented the bifunctional genetically encoded probe APEX2 for use in 737 

diatoms which will complement existing efforts to comprehensively map diatom 738 

organellar proteomes (Schober et al., 2019). Direct imaging of APEX2-tagged 739 

phytotransferrin in Phaeodactylum tricornutum revealed its tight cell membrane and 740 

vesicular localization consistent with fluorescent microscopy results (McQuaid et al., 741 

2018; Morrissey et al., 2015; this study). APEX2-based imaging is thus 742 

complementary to super-resolution microscopy in diatoms (Gröger et al., 2016) and 743 

represents a basis for electron tomography applications (Sengupta et al., 2019). In the 744 

proximity proteomics experiment, several proteins with a predicted role in iron 745 

metabolism and protein transport were identified, and we showed that two of them—746 

pTF.CREGr and pTF.CatCh1—colocalize with pTF adjacent to the chloroplast 747 

suggesting a direct cell surface-to-chloroplast iron trafficking axis. Initial biochemical 748 

data for pTF.CREGr support its hypothesized role as a ferric reductase, similar to 749 

bacterial flavin reductases. In vivo experiments involving either split fluorescent proteins 750 

(Kudla and Bock, 2016) or fluorescence resonance energy transfer (FRET) (Marshall 751 

et al., 2012) will determine if they directly interact with or are only vicinal to pTF. 752 

Differential fluorophore tagging of these two and other identified proteins coupled with 753 

time-lapse microscopy should shed light on their localization dynamics relative to pTF. 754 

Finally, genome editing using either TALENs or CRISPR/Cas9 (Kroth et al., 2018) 755 

coupled with physiological measurements of the resulting knockout cell lines under 756 

various environmental conditions will also be crucial to advance the work herein. 757 

 758 

Taken altogether, our data enable proposition of a model connecting cell surface ferric 759 

iron binding, internalization and intracellular trafficking in Phaeodactylum tricornutum 760 

(Figure 9) with many outstanding questions ripe for additional study. 761 

.CC-BY 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted October 16, 2019. ; https://doi.org/10.1101/806539doi: bioRxiv preprint 

https://doi.org/10.1101/806539
http://creativecommons.org/licenses/by/4.0/


39 
 

 762 

 763 

Figure 9. Emerging view of inorganic iron allocation pathways in Phaeodactylum tricornutum. We 764 

propose a hypothetical model for clathrin-mediated internalization of phytotransferrin (pTF)-bound ferric 765 

iron, its trafficking and offloading to the chloroplast. Data from this proteomics study (teal panels) and a 766 

previous transcriptomics study (grey panels)—which identified additional endocytosis- and trafficking-767 

related iron-sensitive transcripts—are synthesized. One phytotransferrin-Fe(III) complex is shown for 768 

clarity. Detailed chloroplast membrane layers are omitted (diatom chloroplasts contain four membranes). 769 

In this model, pTF undergoes a structural change upon endosome acidification mediated by a V-ATPase 770 

releasing Fe(III) which gets reduced by a ferric reductase, a role which may be served by the flavin 771 

reductase pTF.CREGr. Reduced iron may then be exported through an unknown endosomal ferrous 772 

transporter (perhaps ferroportin) and offloaded to a chloroplastic metallochaperone (perhaps 773 

pTF.CatCh1), possibly located in the outer chloroplast membrane, and from there shuttled into the 774 

chloroplast interior (perhaps by cation diffusion facilitators). Our colocalization data alternatively suggest 775 

pTF may be recruited to the chloroplast margin together with pTF.CatCh1 which would imply an additional 776 

Fe(III) reduction pathway. 14-3-3 proteins such as the identified Phatr3_J5651 could be involved in the 777 

offloading process. The whole pathway might intersect with that for internalizing siderophore-bound iron 778 

as indicated by the presence of a ferrichrome-binding protein (FBP) in our data. Finally, pTF-coordinated 779 

carbonate may itself be a cargo. Its endosomal protonation would provide bicarbonate acting as a 780 

substrate for the uncharacterized carbonic anhydrase Phatr3_J42574. Created with BioRender.com. 781 
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As our understanding of intracellular iron trafficking is relatively incomplete even in more 782 

established systems (Philpott and Jadhav, 2019) and our knowledge of iron transport 783 

into the chloroplast rudimentary (Blaby-Haas and Merchant, 2012), this work 784 

represents an important advance beyond adding a new tool to the molecular toolbox of 785 

this slowly maturing model system. 786 

 787 

Diatoms more generally are suitable to address a range of questions related to 788 

evolutionary cell biology, biotechnology and nanotechnology (Figure 9—figure 789 

supplement 1). Elaborately patterned silica cell walls in diatoms have intrigued scientist 790 

for hundreds of years (Anonymous, 1703). Cell wall synthesis happens in a silica 791 

deposition vesicle and numerous proteins involved in this process have been identified 792 

(Hildebrand et al., 2018) providing a rich pool of baits for APEX2 tagging. Elucidating 793 

new proteins and protein-protein interactions in this pathway has the potential to inspire 794 

novel nanotechnologies based on biologically directed mineral growth (Kröger and 795 

Brunner, 2014). Similarly elusive is the composition of diatom pyrenoids—chloroplastic 796 

RuBisCO-containing suborganelles at the core of CO2 concentrating mechanism (Tsuyi 797 

et al., 2017). Understanding their composition and biogenesis will inform existing efforts 798 

to increase photosynthetic efficiency of important food crops (Orr et al., 2017). 799 

 800 

In conclusion, APEX2 and related molecular approaches such as TurboID together with 801 

emerging computational protein-protein interaction prediction methods (Cong et al., 802 

2019) will be instrumental in advancing diatom cell biology and hold potential for 803 

establishment of cell-wide subcellular proteomic and interactomic maps, a vision that is 804 

already being realized for a human cell (Go et al., 2019). Considering enormous marine 805 

microbiome diversity (de Vargas et al., 2015) and the advent of new model marine 806 

microeukaryotes (Faktorová et al., 2019; Waller et al., 2018) we also believe these 807 

tools are well-positioned to impact evolutionary cell biology more broadly. This will have 808 

important implications for understanding life on length scales from atomic to planetary 809 

as well as on temporal scales ranging from emergence of life billions of years ago to 810 

understanding the present impact of human activity on climate change.  811 
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Materials and Methods 812 

 813 

Vector construction 814 

 815 

pJT_NR_pTF-AP2: Gibson Assembly (Gibson et al., 2009) was performed with three 816 

DNA fragments: (1) linearized pPt-BR322-1 episome backbone (Addgene, Cambridge, 817 

MA, plasmid “pPtPBR1”, Catalog #80388) opened ~280 bp downstream of the 818 

tetracycline resistance gene, (2) amplicon with nitrate reductase gene (NR) promoter, 5’ 819 

NR UTR and pTF, and (3) gBlocks Gene Fragment (Integrated DNA Technologies 820 

(IDT), Coralville, IA) with linker sequence, APEX2 codon optimized using IDT Codon 821 

Optimization Tool (selecting “Thalassiosira pseudonana” from the “Organism” drop-822 

down menu), 3’ NR UTR and NR terminator.  823 

 824 

pJT_native_pTF-mCherry: Gibson Assembly was performed with three DNA 825 

amplicons: (1) pPt-BR322-1 episome backbone split into two fragments and (2) 826 

expression cassette including pTF, mCherry and pTF promoter and terminator.  827 

 828 

pJT_pTF-mCherry_MS hit-EYFP: pJT_native_pTF-mCherry was split into two 829 

fragments using PCR stitching (keeping ampicillin resistance gene split). MS hit genes 830 

were amplified using cDNA from iron-starved WT P. tricornutum cells and assembled 831 

with EYFP and flavodoxin (Phatr_J23658) promoter and terminator through two PCR 832 

stitching rounds into a single fragment. Gibson Assembly was then performed to 833 

combine all three final amplicons. Detailed assembly scheme is presented in Figure 5—834 

figure supplement 2A.  835 

 836 

pJT_Δ31_pTF.CREGr-His6: Cloning of gene fragments into the E. coli protein 837 

expression vector PtpBAD-CTHF was performed as described previously (Brunson et 838 

al., 2018). Briefly, PtpBAD-CTHF was linearized by digestion with XhoI (New England 839 

Biolabs (NEB), Ipswich, MA, Catalog #R0146S) and the resulting DNA was column 840 

purified. Truncated Δ18_pTF.CREGr gene was obtained by PCR from P. tricornutum 841 

gDNA with PrimeSTAR polymerase (Takara Bio, Kusatsu, Japan) and primer set 842 
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JT31/JT32 to incorporate the appropriate Gibson assembly overhangs and remove the 843 

putative N-terminal signal peptide (amino acids 1–18). Insertion of truncated 844 

pTF.CREGr into linearized PtpBAD-CTHF was performed using Gibson Assembly 845 

Master Mix (NEB, Catalog #E2611S), 1 uL of the reaction mixture was transformed via 846 

heat shock into chemically competent NEB 5-alpha cells (NEB, Catalog #C2988J), and 847 

cells incubated on lysogeny broth (LB)-Tet10 plates overnight at 37°C. Transformants 848 

were screened by colony PCR using the primer set JT37/JT38 and Sapphire 849 

polymerase (Takara Bio), and positive clones were selected for outgrowth. Isolated 850 

plasmids were sequence-validated by Sanger sequencing (Eurofins, Luxembourg, 851 

Luxembourg). A sequence-validated clone was designated as PtpBAD-852 

Δ18_pTF.CREGr-CTHF and transformed into chemically competent BL21 E. coli cells 853 

(NEB, Catalog #C2530H) which were plated on LB agar with tetracycline (10 μg/mL). 854 

The resulting transformants were used for subsequent Δ18_pTF.CREGr expression 855 

experiments. Following unsuccessful expression testing of the Δ18 N-terminal 856 

truncation construct, an additional set of N-terminal truncations (Δ26, Δ31, Δ39, Δ43) 857 

was generated by PCR using PrimeStar polymerase, primer sets JT33/JT32, 858 

JT34/JT32, JT35/JT32, JT36/JT32, and PtpBAD-Δ18_pTF.CREGr-CTHF as a template. 859 

Assembly, colony PCR screening, plasmid isolation, sequencing, and transformation 860 

into chemically competent BL21 E. coli cells of all additional expression vectors, 861 

including PtpBAD-Δ31_pTF.CREGr-CTHF (=pJT_Δ31_pTF.CREGr-His6), was 862 

performed as above. An additional N-terminal His6 Δ39 construct was built (PtpBAD-863 

NTH-Δ39_pTF.CREGr) using the vector NTH-PtpBAD (constructed similarly to PtpBAD-864 

CTHF, see Brunson et al., 2018 and Savitsky et al., 2010), but was not pursued 865 

beyond initial expression testing. 866 

 867 

pTF (Phatr3_J54465) in all episomes was in its native form (3 exons, 2 introns). 868 

Molecular cloning primers are listed in Supplementary file 1—Table S3. Vector details, 869 

further amplicon information, and fusion protein sequences are catalogued in 870 

Supplementary file 1—Table S4. PrimeSTAR GXL DNA Polymerase (Takara Bio) is 871 

recommended for amplifying (parts of) diatom episomes.   872 
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Related resource: Turnšek J. and Gholami P. 2017. Guidelines for highly efficient 873 

construction of diatom episomes using Gibson Assembly. protocols.io. DOI: 874 

dx.doi.org/10.17504/protocols.io.jy7cpzn 875 

 876 

Diatom culturing, conjugation and genotyping 877 

 878 

Culturing: Sequenced Phaeodactylum tricornutum strain CCMP632 (synonymous to 879 

CCMP2561 and CCAP 1055/1; NCMA, East Boothbay, ME) was used throughout the 880 

study and grown at 18°C and 300 μmol quanta m−2 s−1 in a 10 h:14 h dark:light cycle in 881 

biotin-free L1 medium prepared by mixing 1 L Aquil salts, 2 mL nitrate and phosphate 882 

(NP) nutrient stock, 1 mL trace metal stock, and 1 mL thiamine hydrochloride and 883 

cyanocobalamin (TC) stock unless otherwise noted. Aquil salts: 0.5 L anhydrous salts 884 

(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 885 

33.3 mg/mL H3BO3 stock, 300 μL 10 mg/mL NaF stock) and 0.5 L hydrous salts (0.5 L 886 

Milli-Q, 11.1 g MgCl2 x 6H2O, 1.54 g CaCl2 x 2H2O, 100 μL 170 mg/mL SrCl2 x 6H2O 887 

stock) were prepared separately, combined and filter sterilized (0.2 μm). NP nutrient 888 

stock: 37.5 g NaNO3 and 2.5 g NaH2PO4 were dissolved in 100 mL Milli-Q, filter 889 

sterilized (0.2 μm) and stored at 4°C. Trace metal stock (for 1 L 1000x stock): 3.15 g 890 

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 891 

Na2MoO4 x 2H2O, 1.0 mL 22 g/L ZnSO4 x 7H2O, 1.0 mL 10 g/L CoCl2 x 6H2O, 1.0 mL 892 

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 893 

1.84 g/L Na3VO4, 1.0 mL 1.94 g/L K2CrO4, and Milli-Q up to 1 L were combined, filter 894 

sterilized (0.2 μm), and kept at 4°C. TC stock: 20 mg thiamine hydrochloride and 0.1 mL 895 

1 g/L cyanocobalamin were mixed in 100 mL Milli-Q. The solution was stored at 4°C. 896 

ΔpTF P. tricornutum strain (maintained in the Allen lab; McQuaid et al., 2018) was 897 

additionally supplemented with 200 μg/mL nourseothricin (GoldBio, Saint Louis, MO, 898 

Catalog #N-500-1). All transconjugant P. tricornutum strains were supplemented with 50 899 

or 100 μg/mL phleomycin (InvivoGen, San Diego, CA, Catalog #ant-ph-10p).  900 

 901 

Conjugation: (1) Bacterial donor preparation: Chemically competent pTA-Mob-902 

containing TransforMax™ EPI300™ E. coli cells (Lucigen, Middleton, WI, Catalog 903 
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#EC300110) were transformed with sequence-verified pPt-BR322-1 episomes. 904 

Transformants were selected on gentamycin-, carbenicillin- and tetracycline-containing 905 

LB agar plates. 3 mL overnight LB cultures supplemented with antibiotics were 906 

inoculated from glycerol stocks. (2) P. tricornutum preparation: ~2 x 108 P. tricornutum 907 

cells (in 200 μL) from mid- to late-exponential phase were spread on pre-dried (=plates 908 

with lid half open and kept in the laminar flow hood for at least 90 min) ½ L1 1% agar 909 

plates with 5% LB and left growing for 1 or 2 days. Plates were additionally 910 

supplemented with 200 μg/mL nourseothricin for conjugation of ΔpTF P. tricornutum 911 

cells. (3) Conjugation: Overnight bacterial cultures were diluted 1:50 in 25 mL LB 912 

supplemented with antibiotics, grown at 37°C until OD600 0.8–1, spun down, 913 

resuspended in 150 uL Super Optimal broth with Catabolite repression (SOC) medium 914 

and spread as evenly as possible on top of a P. tricornutum lawn. Plates with donor-P. 915 

tricornutum co-culture were left for 90 min in dark at 30°C, then for 1 or 2 days at 916 

standard growth conditions. (4) Selection: Co-culture lawn was scrapped off with 1 mL 917 

fresh L1 medium, transferred to a microcentrifuge tube, and 200 μL spread on pre-dried 918 

(see above) ½ L1 1% agar plates with 50 or 100 μg/mL phleomycin. Plates were 919 

additionally supplemented with 200 μg/mL nourseothricin for conjugation of ΔpTF P. 920 

tricornutum cells. Porous adhesive tape was used to seal the plates and 921 

transconjugants emerged after ~10 days of incubation under standard growth 922 

conditions. Please see Karas et al., 2015 and Diner et al., 2016 for further description 923 

of diatom conjugation. 924 

 925 

Genotyping: Candidate transconjugant colonies were inoculated in 300 μL L1 medium 926 

supplemented with 50 or 100 μg/mL phleomycin (and 200 μg/mL nourseothricin in case 927 

of ΔpTF P. tricornutum cells) and typically grown for ~1 week. 0.5 μL culture was then 928 

genotyped using either Phire Plant Direct PCR Master Mix (Thermo Fischer Scientific, 929 

Waltham, MA, Catalog #F160L) or Phire Plant Direct PCR Kit (Thermo Fischer 930 

Scientific, Catalog #F130WH). 200 μL of each genotype positive strain was passaged in 931 

30 mL L1 medium supplemented with 50 or 100 μg/mL phleomycin (and 200 μg/mL 932 

nourseothricin). 933 
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Related resource: Turnšek J. 2017. Simple & rapid genotyping of marine 934 

microeukaryotes. protocols.io. DOI: dx.doi.org/10.17504/protocols.io.jcdcis6 935 

 936 

RNA extraction and cDNA synthesis 937 

 938 

Diatom culture: 100 mL P. tricornutum culture was grown in iron-limiting conditions for 939 

2 weeks (L1 medium with 7.5 nM total Fe). Cells were then centrifuged, supernatants 940 

discarded, pellets flash frozen in liquid nitrogen and stored at -80°C.  941 

 942 

RNA extraction: Pellets were resuspended in 800 μL Trizol, equal amount of 100% 943 

ethanol, and centrifuged in spin columns. Columns were then washed with 400 μL RNA 944 

Wash Buffer followed by on-column DNA digestion with 5 μL DNase I in 75 μL DNA 945 

Digestion Buffer for 15 min at RT, washing twice with 400 μL Direct-zol RNA PreWash 946 

and once with 700 μL RNA Wash Buffer. RNA was eluted with 50 μL DNase/RNase-947 

Free Water, RNA integrity number (RIN) evaluated with 2200 TapeStation (Agilent 948 

Technologies, Santa Clara, CA; measured RIN was 7.0), concentration measured with 949 

Qubit 2.0 Fluorometer (Thermo Fischer Scientific; measured concentration was 27.6 950 

ng/μL), and samples stored at -80°C. Direct-zol™ RNA Miniprep Plus RNA extraction kit 951 

was used (Zymo Research, Irvine, CA, Catalog #R2070).  952 

 953 

cDNA synthesis: 1 μL total RNA was combined with 0.5 μL Oligo(dT)20 Primer, 0.5 μL 954 

10 mM dNTP Mix and 3 μL nuclease-free water followed by 5 min and 1 min incubation 955 

at 65°C and on ice, respectively. After 5 μL cDNA Synthesis Mix (1 μL 10x Reverse 956 

Transcription buffer, 2 μL 25 mM MgCl2, 1 μL 0.1 M DTT, 0.5 μL RNase OUT, 0.5 μL 957 

SuperScript III Reverse Transcriptase) was added, samples were incubated 50 min and 958 

5 min at 50°C and 85°C, respectively, then chilled on ice. Finally, 1 μL RNase H was 959 

added and sample kept for 20 min at 37°C. cDNA was stored at -20°C until use. cDNA 960 

synthesis kit was from Thermo Fischer Scientific (SuperScript™ III First-Strand 961 

Synthesis System, Catalog #18080-051).  962 
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MDY-64 labeling and imaging 963 

 964 

10 mL of a ΔpTF P. tricornutum pTF-mCherry expressing strain grown in iron-limiting 965 

conditions (L1 medium with 7.5 nM total Fe) was spun down, supernatant discarded, 966 

and pellet resuspended in 50 μL phosphate-buffered saline (PBS) (pH 7.4). 0.5 μL 10 967 

mM MDY-64 stock (in DMSO; Thermo Fischer Scientific, Catalog #Y7536) was added, 968 

cells incubated for 10 min at RT, pelleted, resuspended in 50 μL fresh PBS (pH 7.4) and 969 

imaged. 5 μL cell suspension was placed between a 1.5 mm microscope slide and a 970 

cover slip (this setup applies to all imaging experiments in the study). Imaging 971 

conditions: Leica TCS SP5 confocal microscope (Leica Microsystems, Wetzlar, 972 

Germany), argon laser strength set to 30%, 458 nm laser line at 50%, emission window 973 

set to 477–517 nm (MDY-64; MDY-64 excitation and emission maxima are 451 nm and 974 

497 nm, respectively), 514 nm laser line at 50%, emission window set to 620–640 nm 975 

(mCherry; mCherry excitation and emission maxima are 587 nm and 610 nm, 976 

respectively).  977 

 978 

Protein expression analyses 979 

 980 

pTF-APEX2 detection: Cell pellets from 8 mL mid- to late-exponential WT or 981 

transconjugant cultures were resuspended in 150 μL cell lysis buffer (50 mM Tris-HCl, 982 

200 mM NaCl, 1 mM DTT, 1 mM PMSF, pH 8.5) and sonicated for 5 min (30 sec on, 1 983 

min off) with Bioruptor UCD-200TM. Lysates were centrifuged, total protein content in 984 

supernatants measured with the Bradford Assay Kit (Thermo Fischer Scientific, Catalog 985 

#23236), and insoluble fractions resuspended in 150 μL cell lysis buffer. 1 μg soluble 986 

protein and 0.5 μL resuspended insoluble protein fraction were resolved on NuPage 4-987 

12% Bis-Tris 1.5 mm gels (Thermo Fischer Scientific, Catalog #NP0335BOX), wet 988 

transferred to polyvinylidene difluoride (PVDF) membranes (Thermo Fischer Scientific, 989 

Catalog #LC2005) and visualized with WesternBreeze™ Chemiluminescent Kit, anti-990 

rabbit (Thermo Fischer Scientific, Catalog #WB7106).  991 
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pTF-mCherry detection: Cell pellets from 400 μL mid- to late-exponential WT or 992 

transconjugant cultures were resuspended in 50 μL cell lysis buffer (50 mM Tris-HCl, 993 

200 mM NaCl, 1 mM DTT, 1 mM PMSF, pH 8.5) and sonicated 15 min (30 sec on, 1 994 

min off) with Bioruptor UCD-200TM. 1 μL whole cell lysates were resolved on NuPage 995 

4-12% Bis-Tris 1.5 mm gels, wet transferred to PVDF membranes and visualized with 996 

WesternBreeze™ Chemiluminescent Kit, anti-rabbit. 997 

 998 

pTF antibody details: The immunogen were amino acid residues 32–223 (N-terminal 999 

pTF region just downstream of the signal peptide). The antibody was produced in a 1000 

rabbit. 1:10,000 dilution of 1.14 mg/mL antibody stock was used for background-free 1001 

results.  1002 

 1003 

Protein ladder: MagicMark™ XP Western Protein Standard (Thermo Fischer Scientific, 1004 

Catalog #LC5602). 1005 

 1006 

Related resource: Turnšek J. 2017. HA tag enables highly efficient detection of 1007 

heterologous proteins in Phaeodactylum tricornutum (Pt) exconjugants. protocols.io. 1008 

DOI: dx.doi.org/10.17504/protocols.io.j7ncrme 1009 

 1010 

Amplex UltraRed assay and resorufin imaging 1011 

 1012 

Amplex UltraRed assay: 5 mL WT or pTF-APEX2 expressing cells in mid- to late-1013 

exponential phase were incubated on ice for 5 min, spun down, supernatant discarded, 1014 

pellet resuspended in 500 μL ice-cold PBS (pH 7.4), and transferred to microcentrifuge 1015 

tubes. Cells were spun down again, resuspended in 200 μL ice-cold reaction buffer (50 1016 

μM Amplex UltraRed (AUR; Thermo Fischer Scientific, Catalog #A36006), 2 mM H2O2, 1017 

in PBS (pH 7.4)) and incubated on ice for 15 min unless otherwise noted. 50 μL 1018 

supernatant was mixed with 50 μL PBS (pH 7.4) and resorufin fluorescence measured 1019 

in a black microtiter plate with black bottom using Flexstation 3 microtiter plate reader 1020 

(Molecular Devices, San Jose, CA; excitation: 544 nm, emission: 590 nm; resorufin 1021 

excitation and emission maxima are 568 nm and 581 nm, respectively). Horseradish 1022 

.CC-BY 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted October 16, 2019. ; https://doi.org/10.1101/806539doi: bioRxiv preprint 

https://doi.org/10.1101/806539
http://creativecommons.org/licenses/by/4.0/


48 
 

peroxidase was always included as a positive assay control. Fluorescence was 1023 

normalized to OD750 of experimental P. tricornutum cultures. Amplex UltraRed was 1024 

prepared as 10 mM stock in DMSO and stored in 20 μL aliquots at -20°C. 3% (w/w) 1025 

H2O2 stock (Sigma-Aldrich, Saint Louis, MO, Catalog #323381-25ML) was stored in 100 1026 

μL aliquots at -20°C. 1027 

 1028 

Resorufin imaging: WT and pTF-APEX2 expressing cells after performing the assay 1029 

were imaged with Leica TCS SP5 confocal microscope using the following parameters: 1030 

argon laser strength at 30%, 514 nm laser line at 50%, resorufin emission window: 575–1031 

605 nm, autofluorescence emission window: 700–750 nm.  1032 

 1033 

Transmission electron microscopy (TEM) 1034 

 1035 

Part 1: Labeling 1036 

5 mL WT or pTF-APEX2 expressing cells from mid- to late-exponential phase were 1037 

spun down (4000 rpm, 4°C, 10 min) and fixed in 5 mL ice-cold 2% (w/v) 1038 

paraformaldehyde (PFA) and 2% (v/v) glutaraldehyde in 0.15 M sodium cacodylate 1039 

buffer (pH 7.4) for 30 min on ice. Cells were rinsed in 5 mL 0.15 M sodium cacodylate 1040 

buffer (pH 7.4) five times for 3 min on ice, then once again in 5 mL 0.15 M sodium 1041 

cacodylate buffer (pH 7.4) with 10 mM glycine for 3 min on ice. Cells were then treated 1042 

with 25 mM 3,3’-diaminobenzidine (DAB; Sigma-Aldrich, Catalog #D8001) as follows: 1043 

5.36 mg DAB was dissolved in 1 mL 0.1 N HCl and sonicated for 45 min. 5 mL of 0.3 M 1044 

sodium cacodylate buffer (pH 7.4) was added to dissolved DAB, final volume adjusted 1045 

to 10 ml with ddH2O, solution filtered through a 0.22 μm syringe filter, and 3 μL 30% 1046 

(w/w) H2O2 added for 3 mM final concentration. Cells were incubated in 5 mL of this 1047 

reaction buffer for 15 min on ice, rinsed five times for 3 min in 5 mL 0.15 M sodium 1048 

cacodylate buffer (pH 7.4), post-fixed in 2 mL 1% osmium tetroxide (OsO4) (Electron 1049 

Microscopy Sciences, Hatfield, PA, Catalog #19150) in 0.15 M sodium cacodylate buffer 1050 

(pH 7.4) for 30 min on ice, and rinsed in 5 mL ice-cold ddH2O five times for 3 min. Cells 1051 

were then resuspended in 300 μL melted 3% agar, poured onto a glass slide sitting on 1052 

ice, and cut into small ~3 x 3 x 1 mm pieces which were transferred into scintillation 1053 
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vials with 10 mL ice-cold ddH2O. All spin down steps were done at 4000 rpm and 4°C 1054 

for 1.5 min. All buffers were used ice-cold. 1055 

 1056 

Part 2: TEM prep 1057 

Agar blocks were fixed in 10 mL 2% glutaraldehyde in ddH2O to crosslink agar, rinsed 1058 

five times for 2 min in 5 mL ice-cold ddH2O, and left incubating in 5 mL 2% uranyl 1059 

acetate (Electron Microscopy Sciences, Catalog #22400) overnight at 4°C. Next 1060 

morning, agar blocks were first dehydrated in the following ethanol series: 20%, 50%, 1061 

70%, 90%, 100% (on ice, 10 mL), 100%, 100% (at RT, 10 mL), then infiltrated in 10 mL 1062 

50% resin for ~1 h. To prepare 20 mL 100% resin, Durcupan ACM mixture (Electron 1063 

Microscopy Sciences, Catalog #14040) components were combined as follows: 11.4 g 1064 

A (epoxy resin), 10 g B (964 hardener), 0.3 g C (964 accelerator) and 0.1 g D (dibutyl 1065 

phthalate) in this exact order (for 50% resin 1 part 100% resin was combined with 1 part 1066 

100% ethanol). Agar blocks were transferred into 10 mL 100% resin for ~4 h, then into 1067 

fresh 10 mL 100% resin overnight, again into fresh 10 mL 100% resin for 4 h the 1068 

following morning before being poured into aluminum boats and left to polymerize in 1069 

60°C oven for at least 48 h (usually over the weekend). Polymerized resins were 1070 

detached from aluminum boats, agar blocks dense with cells cut out, and glued to 1071 

“dummy” blocks by incubation in a 60°C oven for at least 15 min. ~500 nm thick 1072 

sections were cut with an ultramicrotome (Leica Ultracut), stained with 1% toluidine blue 1073 

and observed under light microscope to make sure embedded cells were exposed. 1074 

~100 nm thick sections were then cut, placed on TEM grids, labeled and saved until 1075 

imaging. Imaging was performed with JEOL JEM-1200 (Japan Electron Optics 1076 

Laboratory, Akishima, Tokyo, Japan) transmission electron microscope at 80 keV. 1077 

Backscatter scanning electron microscopy was performed with Zeiss Merlin 1078 

(Oberkochen, Germany) scanning electron microscope (SEM) at 2 keV by placing ~80 1079 

nm thick sections on a silicon wafer and imaged with inverted contrast which gives a 1080 

TEM-like image.  1081 
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Proximity labeling 1082 

 1083 

Part 1: Labeling 1084 

25 mL WT and pTF-APEX2 expressing cells in mid- to late-exponential phase—cell 1085 

density of all cultures at the time of harvest was ~2 x 107 cells/mL which corresponds to 1086 

OD750 ~0.4—were cooled on ice for 10 min and pelleted (4000 rpm, 4°C, 10 min). 1087 

Supernatants were discarded, pellets resuspended in 0.5 mL ice-cold PBS (pH 7.4), 1088 

transferred to microcentrifuge tubes, and spun down (4000 rpm, 4°C, 10 min). Cells 1089 

were then resuspended in 0.5 mL ice-cold 1.2 M D-sorbitol in PBS (pH 7.4), 1090 

supplemented with 2.5 mM biotin-phenol (Berry & Associates, Dexter, MI, Catalog #BT 1091 

1015), incubated on a tube rotator at 4°C for 90 min, supplemented with 1 mM H2O2, 1092 

and incubated on a tube rotator at 4°C for another 20 min. Labeling reaction was 1093 

quenched by washing cells twice (4000 rpm, 4°C, 5 min) with 0.5 mL ice-cold quenching 1094 

solution (10 mM sodium ascorbate (VWR International, Radnor, PA, Catalog #95035-1095 

692), 5 mM Trolox (Sigma-Aldrich, Catalog #238813-5G), 10 mM sodium azide (VWR 1096 

International, Catalog #AA14314-22) in PBS (pH 7.4)). 50 μL quenched cells was saved 1097 

for streptavidin blot. The remaining 450 μL was spun down (4000 rpm, 4°C, 10 min) and 1098 

lysed in 250 μL cell lysis buffer (50 mM Tris-HCl, 200 mM NaCl, 1 mM DTT, 1 mM 1099 

PMSF, pH 8.5) by sonication for 15 min (30 sec on, 1 min off). Cell lysates were spun 1100 

down at 4000 rpm and 4°C for 45 min and protein concentration in supernatants 1101 

measured using Bradford Assay Kit. For streptavidin blot, 25 μL saved quenched cells 1102 

were first sonicated for 15 min (30 sec on, 1 min off). 2.5 μL whole cell lysate and 1 ng 1103 

biotinylated BSA positive control (Thermo Fischer Scientific, Catalog #29130) were then 1104 

resolved on NuPage 4-12% Bis-Tris 1.5 mm gel and wet transferred to a PVDF 1105 

membrane. Membrane was washed twice with 15 mL PBST (PBS (pH 7.4) with 0.1% 1106 

Tween-20) for 5 min, left blocking overnight at RT and gentle shaking in PBST 1107 

supplemented with 5% BSA (Sigma-Aldrich, Catalog #A9647-100G), and washed once 1108 

with 15 mL PBST for 5 min. It was then incubated for 1 h at RT and gentle shaking in 15 1109 

mL PBST supplemented with 5% BSA and 1:15,000 HRP-conjugated streptavidin 1110 

(Thermo Fischer Scientific, Catalog #S911). Finally, membrane was washed three times 1111 

with 15 mL PBST supplemented with 5% BSA for 5 min and once with 15 mL PBST for 1112 
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10 min after which it was visualized with SuperSignal™ West Dura Extended Duration 1113 

reagent (Thermo Fischer Scientific, Catalog #34075) using C-DiGit® Blot Scanner (Li-1114 

COR, Lincoln, NE). 1115 

 1116 

Protein ladder: WesternSure® Pre-stained Chemiluminescent Protein Ladder (HRP-1117 

conjugated protein ladder) (Li-COR, Catalog #926-98000). 1118 

 1119 

Part 2: Pull-down and mass spectrometry 1120 

 1121 

Pull-down: 50 μL streptavidin beads (Thermo Fischer Scientific, Catalog #88816) were 1122 

pelleted with a magnetic rack (~5 min to pellet fully). Supernatant was discarded and 1123 

beads washed twice with 1 mL ice-cold cell lysis buffer (50 mM Tris-HCl, 200 mM NaCl, 1124 

1 mM DTT, 1 mM PMSF, pH 8.5). 360 μg protein in 500 μL total volume (x μL 1125 

supernatant from cell lysis with 360 μg protein and 500-x μL cell lysis buffer) was 1126 

incubated on a tube rotator overnight at 4°C. Streptavidin beads were washed to 1127 

remove nonspecific binders the next morning as follows: 2x 1 mL cell lysis buffer, 1x 1 1128 

mL 1 M KCl, 1x 1 mL 0.1 M Na2CO3 (pH 11.5), 1x 1 mL 2 M urea (pH 8) in 10 mM Tris-1129 

HCl, 2x 1 mL cell lysis buffer, 2x 1 mL PBS (pH 7.4). PBS after the final washing step 1130 

was removed before storing beads at -80°C. Notes: All the collection steps were 5 min. 1131 

All the washing solutions were ice-cold. Microcentrifuge tubes were either very briefly 1132 

vortexed (~2 sec) or tapped by hand between each wash step to promote bead 1133 

resuspension. 1134 

 1135 

On-bead digestion and TMT labeling: Samples were prepared as previously described 1136 

(Kalocsay, 2019). Liquid reagents used were HPLC quality grade. Washed beads were 1137 

resuspended in 50 μL of 200 mM EPPS (4-(2-Hydroxyethyl)-1-1138 

piperazinepropanesulfonic acid) buffer (pH 8.5) and 2% (v/v) acetonitrile with 1 μL of 2 1139 

mg/mL lysil endoproteinase Lys-C stock solution (FUJIFILM Wako Pure Chemical 1140 

Corporation, Richmond, VA, Catalog #125-05061), vortexed briefly, and incubated at 1141 

37°C for 3 hours. 50 μL of trypsin stock (Promega, Madison, WI, Catalog #V5111) 1142 

diluted 1:100 (v/v) in 200 mM EPPS (pH 8.5) was then added. After mixing, digests 1143 
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were incubated at 37°C overnight and beads were magnetically removed. Peptides 1144 

were then directly labeled as follows: acetonitrile was added to 30% (v/v) concentration 1145 

and peptides were labeled with TMT 10-plex reagent (Thermo Fisher Scientific, Catalog 1146 

#90406) for 1 hour. Labeling reactions were quenched with hydroxylamine at a final 1147 

concentration of 0.3% (v/v) for 15 min and 1% of labeled peptides was analyzed for 1148 

efficiency of label incorporation by mass spectrometry. After quenching, peptide 1149 

solutions were first acidified with formic acid, trifluoroacetic acid (TFA) was then added 1150 

to a concentration of 0.1%, and peptides were desalted by acidic C18 solid phase 1151 

extraction (StageTip). Labeled peptides were finally resuspended in 1% (v/v) formic acid 1152 

and 3% (v/v) acetonitrile. 1153 

 1154 

Mass spectrometry: Data were collected with a MultiNotch MS3 TMT method 1155 

(McAlister et al., 2014) using an Orbitrap Lumos mass spectrometer coupled to a 1156 

Proxeon EASY-nLC 1200 Liquid Chromatography (LC) system (both Thermo Fisher 1157 

Scientific). The used capillary column was packed with C18 resin (35 cm length, 100 μm 1158 

inner diameter, 2.6 μm Accucore matrix (Thermo Fisher Scientific)). Peptides were 1159 

separated for 3 or 4 hours over acidic acetonitrile gradients by LC prior to mass 1160 

spectrometry (MS) analysis. Data from two 4 hour runs and one 3 hour run were 1161 

recorded and combined. After an initial MS1 scan (Orbitrap analysis; resolution 120,000; 1162 

mass range 400−1400 Th), MS2 analysis used collision-induced dissociation (CID, CE = 1163 

35) with a maximum ion injection time of 150–300 ms and an isolation window of 0.5 1164 

m/z. In order to obtain quantitative information, MS3 precursors were fragmented by 1165 

high-energy collision-induced dissociation (HCD) and analyzed in the Orbitrap at a 1166 

resolution of 50,000 at 200 Th. Further details on LC and MS parameters and settings 1167 

were described recently (Paulo et al., 2016).  1168 

 1169 

pTF-mCherry and MS hit-EYFP co-expression and imaging 1170 

 1171 

Episomes with pTF-mCherry and MS hit-EYFP expression cassettes were conjugated 1172 

into WT P. tricornutum cells, resulting transconjugants genotyped and screened for 1173 

fluorescence. 5 μL fluorescent cells in mid- to late-exponential phase were imaged with 1174 
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settings that minimized cross-channel bleed-through: argon laser strength at 30%, 514 1175 

nm laser line at 50%, mCherry emission window: 620–640 nm, EYFP emission window: 1176 

520–540 nm, autofluorescence emission window: 700–750 nm. 1177 

 1178 

pTF.CREGr protein expression conditions   1179 

 1180 

Small scale expression testing for the Δ31_pTF.CREGr-His6 (and all other pTF.CREGr 1181 

truncations not described here) was performed as follows: an overnight culture of BL21 1182 

E. coli cells carrying the PtpBAD-Δ31_pTF.CREGr-CTHF (=pJT_Δ31_pTF.CREGr-His6) 1183 

expression vector was used to inoculate 50 mL of Terrific Broth (TB) supplemented with 1184 

tetracycline (10 ug/mL). The cultures were grown in a shaking refrigerated incubator 1185 

(37°C, 200 rpm) until OD600 of 0.4–0.6 was reached. The temperature in the shaker was 1186 

then lowered to 18°C and flasks were allowed to adjust to this temperature for about 30 1187 

min before arabinose was added to a final concentration of 0.5% (w/v). Growth at 18°C 1188 

was continued overnight (12–18 hrs) after which 10 mL of cultures were harvested by 1189 

centrifugation at 6000 g for 10 min. Large scale Δ31_pTF.CREGr-His6 expression was 1190 

performed as above, but at 1 L total volume. Following arabinose induction and 1191 

overnight growth of the 1 L culture, 500 mL was harvested for further processing. 1192 

 1193 

pTF.CREGr purification conditions 1194 

 1195 

All purifications were performed using cobalt, Co2+, TALON Metal Affinity Resin (Takara 1196 

Bio, Catalog #635502) which binds His6-tagged proteins with high affinity. Pellets from 1197 

small scale expression testing (10 mL culture) were resuspended in 800 uL of lysis 1198 

buffer (50 mM NaH2PO4 (pH 7.5), 500 mM NaCl, 0.1% Triton X-100, 10 mM imidazole, 1199 

1 mg/mL lysozyme, and 10 μM β-mercaptoethanol) and subjected to microtip sonication 1200 

on ice until lysis was complete. Lysates were then clarified by centrifugation (10 min, 1201 

15000 g, 4°C) and the supernatant (700 uL) was set aside. For each purification, 25 uL 1202 

of TALON resin was equilibrated by washing three times with 10 volumes of lysis buffer 1203 

and pelleting by centrifugation after each wash (30 sec, 3000 g, room temperature).  1204 

After the third wash, 25 uL of lysis buffer was added to the resin to make a 50 uL slurry.  1205 
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The supernatants from the previously clarified lysates were then added to the TALON 1206 

resin slurry and incubated for 1 hr at room temperature with end-over-end mixing.  1207 

Following the 1 hr incubation, the resin was pelleted by centrifugation (30 sec, 3000 g, 1208 

room temperature) and washed three times with 10 volumes of wash buffer (50 mM 1209 

NaH2PO4 (pH 7.5), 500 mM NaCl, and 30 mM imidazole). Protein was then eluted with 1210 

50 uL of elution buffer (50 mM NaH2PO4 (pH 7.5), 500 mM NaCl, 250 mM imidazole, 1211 

and 10% glycerol) and was either subjected to immediate SDS-PAGE electrophoresis 1212 

or stored at -80 °C. 1213 

 1214 

Pellets from large scale expression (500 mL culture) were processed with a few 1215 

modifications. For lysis, cell pellets were resuspended in 20 mL of lysis buffer. For 1216 

purification, 1 mL of TALON resin (i.e. 2 mL of equilibrated slurry) was used in 1217 

combination with approx. 19 mL of clarified lysate and allowed to incubate overnight at 8 1218 

°C with end-over-end mixing. Final protein elution was performed using 5 mL of elution 1219 

buffer. Purified protein was subjected to SDS-PAGE electrophoresis and concentrated 1220 

using an Amicon Ultra-15 10 kDa cutoff concentrator (Millipore Sigma, Burlington, MA, 1221 

Catalog #UFC901024). Following concentration, buffer exchange into 20 mM HEPES 1222 

(pH 8.0), 10% glycerol, 300 mM KCl was performed using a PD-10 desalting column 1223 

(GE Healthcare, Chicago, IL, Catalog #17-0851-01). Protein was then concentrated 1224 

again and total protein content was determined by the Bradford method using the 1225 

Protein Assay Dye Reagent (Bio-Rad, Hercules, CA, Catalog #5000006). 1226 

 1227 

pTF.CREGr enzymatic assay 1228 

 1229 

To test for flavin reductase activity, we set up the following enzyme assay conditions in 1230 

100 uL final volume: 50 mM Tris-HCl (pH 7.5), 100 mM KCl, 10% glycerol, 30 μM flavin 1231 

mononucleotide (FMN), 30 μM riboflavin, and 250 μM NADPH (Coves and Fontecave, 1232 

1993). Assays were started by the addition of 50 μg of purified pTF.CREGr or Milli-Q 1233 

water in the case of the no-enzyme controls. Oxidation of NADPH was measured by the 1234 

decrease in absorbance at 320 nm on a Flexstation 3 microtiter plate reader. To 1235 

demonstrate the role of flavins as a substrate, we also omitted both FMN and flavins in 1236 
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additional assays, both in the presence and absence of enzyme. All assays were 1237 

conducted in triplicate. 1238 

 1239 

Bioinformatic and data analyses 1240 

 1241 

Mass spectrometry data analysis: Peptide-spectrum matches used a SEQUEST 1242 

(v.28, rev. 12) algorithm (Eng et al., 1994). Data were searched against a size-sorted 1243 

forward and reverse database of the Phaeodactylum tricornutum proteome (strain 1244 

CCAP 1055/1, UniProt reference proteome UP000000759) with added common 1245 

contaminant proteins and the pTF-APEX2 fusion protein sequence. Spectra were first 1246 

converted to mzXML and searches were then performed using a mass tolerance of 50 1247 

ppm for precursors and a fragment ion tolerance of 0.9 Da. For the searches, maximally 1248 

2 missed cleavages per peptide were allowed. We searched dynamically for oxidized 1249 

methionine residues (+15.9949 Da) and applied a target decoy database strategy. A 1250 

false discovery rate (FDR) of 1% was set for peptide-spectrum matches following 1251 

filtering by linear discriminant analysis (LDA) (Beausoleil et al., 2006; Huttlin et al., 1252 

2010). The FDR for final collapsed proteins was 1%. Quantitative information on 1253 

peptides was derived from MS3 scans. Quant tables were generated with the following 1254 

filter criteria: MS2 isolation specificity of >70% for each peptide and a sum of TMT signal 1255 

to noise (s/n) of >200 over all channels per peptide. Quant tables were exported to 1256 

Excel and further processed therein. Details of the TMT intensity quantification method 1257 

and additional search parameters applied were described previously (Paulo et al., 1258 

2016). Scaled proteomic data were subjected to two-way hierarchical clustering (Ward’s 1259 

method) using JMP software package. Vulcano plot with log2-transformed average 1260 

APEX2/WT ratios and associated P-values was made in R using ggplot2 data 1261 

visualization package (R Core Team, 2013). Gene IDs corresponding to protein hits 1262 

were inferred using Ensembl Phatr3 P. tricornutum genomic database.  1263 

 1264 

Protein feature identification: Length, size and isoelectric point (pI) of proteins was 1265 

determined with ProtParam (Gasteiger et al., 2005). Signal peptides and 1266 

transmembrane regions were determined with SignalP 4.1 (Petersen et al., 2011) and 1267 
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TMHMM Server v. 2.0 (Krogh et al., 2001), respectively. Protein localizations were 1268 

predicted with a combination of tools: TargetP 1.1 (Emanuelsson et al., 2000), SignalP 1269 

4.1, and ASAFind (Gruber et al., 2015) (version 1.1.7). All putative chloroplastic 1270 

localizations in the study mean a protein was predicted to be chloroplastic by ASAFind 1271 

(state-of-the-art plastidial localization prediction tool for diatoms); chloroplast localization 1272 

prediction confidences are noted. Low confidence prediction by ASAFind means that 1273 

the protein satisfies the following filtering criteria: (1) it contains a signal peptide as 1274 

detected by SignalP 4.1, (2) +1 position of ASAFind predicted cleavage site is 1275 

phenylalanine (F), tryptophan (W), tyrosine (Y), or leucine (L) (making the protein 1276 

“potentially plastid targeted”), and (3) one or both of the following is false: the ASAFind 1277 

predicted cleavage site coincides with the SignalP 4.1 prediction and the transit peptide 1278 

score is higher than 2. Peroxidase class prediction was done in RedoxiBase (Savelli et 1279 

al., 2019). 1280 

 1281 

Protein alignments: Protein sequences of APEX2-like P. tricornutum peroxidases were 1282 

aligned with Clustal Omega (Sievers et al., 2011) using the default settings and CLC 1283 

Sequence Viewer 7.7 (QUIAGEN) using the following parameters: Gap open cost: 10.0, 1284 

Gap extension cost: 1.0, End gap cost: As any other, Alignment: Very accurate (slow). 1285 

Putative substrate-binding loops were evaluated using the Clustal Omega alignment. 1286 

Conserved motifs in protein alignments behind phylogenetic trees were displayed in 1287 

CLC Sequence Viewer 7.7. 1288 

 1289 

Phylogenetic analyses: Homologs of respective P. tricornutum proteins were retrieved 1290 

from the National Center for Biotechnology Information (NCBI) non-redundant and the 1291 

Marine Microbial Eukaryote Transcriptome Sequencing Project (MMETSP) databases 1292 

using the blastp algorithm (e-value threshold set to 1e-15) (Altschul et al., 1990). The 1293 

blast search retrieved only a handful of homologs for pTF.ap1 and no homologs were 1294 

found for pTF.CatCh1 even among closely related diatoms. Therefore, more sensitive 1295 

HMMER (Eddy, 1998) searches were employed to extend the datasets, which were 1296 

afterward aligned using the Localpair algorithm as implemented in MAFFT (Katoh et 1297 

al., 2002). Ambiguously aligned regions, regions composed mostly of gaps as well as 1298 
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short fragments were manually removed in SeaView 4 (Guoy et al., 2009). For each 1299 

alignment, the maximum likelihood analysis was carried out in IQ-TREE (Nguyen et al., 1300 

2015) under the best-fitting substitution matrix as inferred by the built-in model finder. 1301 

Branching support was estimated using “thorough” non-parametric bootstrap analysis 1302 

from 500 replicates in IQ-TREE. 1303 

 1304 

Identification of disordered protein regions: pTF.CatCh1 amino acid sequence was 1305 

analyzed for the presence of disordered protein regions with PONDR (Predictor of 1306 

Naturally Disordered Regions) VSL2 predictor (Peng et al., 2006) and IUPred2a long 1307 

disorder prediction type (Mészáros et al., 2018). 1308 

 1309 

Other data analyses: Amplex UltraRed assay and transcriptomic data were plotted 1310 

with R using ggplot2 data visualization package (R Core Team, 2013). Biochemical 1311 

assay data were plotted in Excel.   1312 
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Supplementary Figures 2035 

 2036 

 2037 

 2038 

Figure 2—figure supplement 1. pTF features, resorufin imaging in pTF-APEX2 expressing cells, and 2039 

resorufin signal co-dependence on Amplex UltraRed and hydrogen peroxide. (A) pTF is a 537 amino acid 2040 

residues (aa) long membrane-associated iron receptor protein consisting of a signal peptide (aa 1–18; 2041 

predicted with SignalP 4.1), an iron-binding domain (aa 19–493), a transmembrane domain (aa 494–516; 2042 

predicted with TMHMM Server v. 2.0), and a “tail” domain (aa 517–537). Red and green arrows are 2043 

conserved putative iron- (Asp48, Tyr71, Tyr214, His294) and carbonate-coordinating (Arg183) residues, 2044 

respectively. (B) Direct visualization of resorufin (yellow) in pTF-APEX2 expressing cells. Red is 2045 

chloroplast autofluorescence. (C) Supernatants after incubating cells from 4 pTF-APEX2 expressing 2046 

strains (s1–s4) in a reaction buffer (50 μM Amplex UltraRed, 2 mM H2O2, PBS (pH 7.4)) for 6 min at room 2047 

temperature. Clear resorufin signal was observed only when both APEX2 substrates were present.  2048 
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Figure 3—figure supplement 1. Analysis of transcriptionally active Phaeodactylum tricornutum 2050 

peroxidases reveals putative APEX2-like and mitochondrial enzymes. (A) Excerpt from the TEM labeling 2051 

protocol: agar blocks with embedded DAB-treated pTF-APEX2 expressing diatom cells. P. tricornutum 2052 

cartoon and “zoom in” objects created with BioRender.com. (B) Mitochondrial signal as shown here was 2053 

observed in both WT and pTF-APEX2 expressing cells subjected to DAB and hydrogen peroxide. “Zoom 2054 

in” objects created with BioRender.com. (C) Alignment of putative APEX2-like P. tricornutum peroxidases. 2055 

Amino acid residues crucial for APX and likely crucial for APEX2 activity (Arg38, His42, His163 and 2056 

Asp208) are conserved in eight P. tricornutum peroxidases (depicted with black triangles and shaded). 2057 

(D) Three of the identified APEX2-like peroxidases contain proline instead of alanine at the critical 2058 

position 134, an amino acid change rendering APEX2 much more active than its APEX predecessor. One 2059 

of them may be mitochondrial. 1RedoxiBase database. 2APEX2 and horseradish peroxidase (HRP) have 2060 

proline at this position. 3TargetP 1.1. 4TMHMM Server v. 2.0. (E) Alignment of putative substrate binding 2061 

loops in the identified APEX2-like P. tricornutum peroxidases. Black and blue arrows point to enzymes 2062 

with proline at position 134 (shaded gray) and predicted mitochondrial localization, respectively.  2063 

.CC-BY 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted October 16, 2019. ; https://doi.org/10.1101/806539doi: bioRxiv preprint 

https://doi.org/10.1101/806539
http://creativecommons.org/licenses/by/4.0/


83 
 

 2064 

Figure 4—figure supplement 1. WT and pTF-APEX2 proteomic replicates form distinct clusters. 2065 

Hierarchical clustering (Ward’s method as implemented in the JMP software package) of scaled 2066 

quantitative proteomics data reveal WT- and pTF-APEX2-specific clusters. Samples “WT5” and “pTF-2067 

APEX2.4” differ slightly from other corresponding samples.   2068 
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 2069 

 2070 

 2071 

Figure 5—figure supplement 1. Transcriptional profiles of pTF and the three genes from the identified 2072 

iron-sensitive gene cluster on chromosome 20 across different growth conditions (L (low): 20 pM Fe’, M 2073 

(medium): 40 pM Fe’, H (high/replete): 400 pM Fe’) and sampling timepoints (10AM, 2PM, 6PM, 10PM, 2074 

2AM, 6AM). Fe’: sum of all Fe species not complexed to EDTA. Red dashed lines correspond to genes’ 2075 

transcriptional peaks (late night). See Supplementary file 4 for detailed description of the source of raw 2076 

data. 2077 
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Figure 5—figure supplement 2. Co-expression episome assembly overview, assessment of co-2079 

expression cell lines, and confocal microscopy bleed-through controls. (A) Summary of our co-expression 2080 

episome assembly strategy. Created with BioRender.com. (B) Colony PCRs and Western blots 2081 

suggesting full length proteins are present in co-expression cell lines. Left: Primers binding to flavodoxin 2082 

promoter and terminator flanking MS hit-EYFP coding regions were used for PCR which resulted in the 2083 

expected ~3 kbp amplicons. Positive controls: purified episomes. Negative controls: WT P. tricornutum 2084 

and water which yielded no amplicons (not shown). Right: Anti-pTF Western blot revealed the expected 2085 

~83.8 kDa pTF-mCherry bands alongside native pTF. Protein schemes created with BioRender.com. (C) 2086 

Lack of significant cross-channel bleed-through supports colocalization imaging data and conclusions. 2087 

Imaging conditions with minimal bleed-through were determined with WT cells (top row), cells expressing 2088 

only mCherry (middle row), and cells expressing a Venus-tagged protein (bottom row). Scale bar is 10 2089 

μm.    2090 
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 2091 

 2092 

Figure 5—figure supplement 3. pTF.ap1-EYFP was co-expressed with pTF-mCherry and colocalization 2093 

of the two proteins—although not as precise—was observed. Scale bar is 5 μm. Protein fusion schemes 2094 

created with BioRender.com.  2095 
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 2096 

 2097 

Figure 7—figure supplement 1. Summary of pTF.CREGr expression and purification screen. NuPage 4-2098 

12% Bis-Tris gels loaded with (A) PageRuler Plus Prestained Protein Ladder and final elutions of various 2099 

purified pTF.CREGr truncations from small scale protein expression experiments, and (B) PageRuler Plus 2100 

Prestained Protein Ladder and a final elution of purified Δ31_pTF.CREGr-His6 from a large scale protein 2101 

expression experiment. CTHF: C-terminal His6 and FLAG tag. NTH: N-terminal His6 tag. L: protein 2102 

ladder.  2103 
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 2104 

 2105 

Figure 7—figure supplement 2. Comparison of NADPH oxidation (measured by decrease in 2106 

absorbance at 320 nm) between pTF.CREGr supplemented with flavins (flavin mononucleotide (FMN) 2107 

and riboflavin), a flavin-only, no enzyme treatment, pTF.CREGr with no additional flavins, and an NADPH-2108 

only treatment with no enzyme or flavins added. Assays were started by adding enzyme or water blank 2109 

and were carried out in triplicate for each treatment. Standard deviation is shown.  2110 
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Figure 8—figure supplement 1. Conservation of putative metal-binding sites in pTF.CatCh1 in marine 2112 

microeukaryotes and proposed pTF.CatCh1 domain organization. (A) CXXC and adjacent CXC motifs are 2113 

present in all, but two, identified pTF.CatCh1 homologs. 6 additional cysteines are 100% conserved (data 2114 

not shown). pTF.CatCh1 and ISIP2b are marked with arrows. (B) pTF.CatCh1 contains a disordered C-2115 

terminal domain which may be involved in protein-protein interactions. CXXC is predicted to be in this 2116 

region by PONDR VSL2 (top) possibly suggesting metal binding and disorder-order transitions are 2117 

dependent on local redox environment. No cysteines are predicted to be in the disordered region by 2118 

IUPred2a (bottom). The locations of conserved CXC and CXXC motifs are depicted with blue and orange 2119 

triangles, respectively. (C) Features and proposed domain architecture in pTF.CatCh1 assuming disorder 2120 

prediction with PONDR. Signal peptide (aa 1–26; grey) is followed by a cysteine-rich domain (20 2121 

cysteines between amino acid residues 27 and 226; pale pink) possibly responsible for binding iron, and 2122 

a disordered region (green) that may be involved in protein-protein interactions. The TM domain (aa 296–2123 

315; light blue) splitting the disordered region in two is flanked by a polyserine and an arginine-rich 2124 

stretch. N- and C-terminus with numbered first and last residue are shown. Created with BioRender.com.  2125 
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 2126 

 2127 

Figure 8—figure supplement 2. (A) pTF.ap1 homologs are present in diatoms and other marine 2128 

microeukaryotes. Homolog search was performed with NCBI and marine microbial eukaryote (MMETSP) 2129 

databases. Some notable species include: common polar diatoms Fragilariopsis kergulensis and 2130 

Fragilariopsis cylindrus; toxin-producing microeukaryotes (diatoms from genus Pseudo-nitzschia, 2131 

haptophyte Prymnesium parvum, and pelagophyte Aureococcus anophagefferens), cosmopolitan diatom 2132 

Ditylum brightwelli, haptophyte Emiliana huxleyi, and an ultraplanktonic species Pelagomonas calceolate; 2133 

colonial species Prasinoderma coloniale and Phaeocystis antarctica. Scale bar: 0.1 substitutions per 2134 

position. (B) pTF.ap1 (arrow) contains highly conserved motifs. There are additional three 100% 2135 

conserved cysteines across pTF.ap1 homologs in addition to the two presented here (blue arrows and 2136 

grey shade) indicating this protein may be involved in metal binding similar to pTF.CatCh1 (data not 2137 

shown).   2138 
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 2139 

 2140 

Figure 9—figure supplement 1. Vision board summarizing biological problems in established model 2141 

marine diatoms that could benefit from proximity proteomics approaches. Two diatom compartments of 2142 

immediate interest are pyrenoid—proteinaceous RuBisCO-containing suborganelle—and silica deposition 2143 

vesicle (SDV)—site of diatom cell wall biomineralization. We intentionally constrained ourselves to these 2144 

two already genetically tractable diatoms appropriate for the immediate study of pyrenoid and SDV 2145 

composition, but we expect APEX2 and related proximity proteomics approaches will be adopted in other 2146 

emerging diatom models as well as other marine microeukaryotes. Created with BioRender.com. 2147 
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