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Summary 22 

Cell-specific regulation of protein levels and activity is essential for the distribution of functions 23 

among multiple cell types in animals. The finding that many genes involved in these regulatory 24 

processes have a premetazoan origin raises the intriguing possibility that the mechanisms 25 

required for spatially regulated cell differentiation evolved prior to the appearance of animals. 26 

Here, we use high-throughput proteomics in Capsaspora owczarzaki, a close unicellular relative 27 

of animals, to characterize the dynamic proteome and phosphoproteome profiles of three 28 

temporally distinct cell types in this premetazoan species. We show that life-cycle transitions 29 

are linked to extensive proteome and phosphoproteome remodeling and that they affect key 30 

genes involved in animal multicellularity, such as transcription factors and tyrosine kinases. The 31 
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observation of shared features between Capsaspora and metazoans indicates that elaborate and 32 

conserved phosphosignaling and proteome regulation supported temporal cell-type 33 

differentiation in the unicellular ancestor of animals.  34 

 35 

Introduction 36 

A defining feature of multicellularity is the ability to generate multiple cell types, each defined 37 

by a specific profile of protein abundance and phosphorylation-regulated activity. Yet it remains 38 

unclear how the mechanisms controlling cell-specific differentiation programs evolved. 39 

Comparative genomics suggests that the unicellular ancestor of animals was genetically 40 

complex and already had many of the genes required for animal cell signaling and cell-type 41 

specification (King et al., 2008; Suga et al., 2013). A key step in the evolution of cell-specific 42 

differentiation programs in multicellular animals must therefore have been the appearance of 43 

mechanisms to regulate the abundance and activity of different proteins according to cell type. It 44 

is known that pre-metazoan unicellular organisms have defined cell stages that are temporally 45 

separated across the life cycle of the organism (Fairclough et al., 2013; Sebé-Pedrós et al., 46 

2013). However, it remains unclear whether the mechanisms that regulate protein abundance 47 

and activity in these cell types represent evolutionary precursors of those found in their animal 48 

counterparts. 49 

The amoeboid filasterean Capsaspora owczarzaki (herein Capsaspora) is one of the closest 50 

animal relatives, and it has a rich repertoire of metazoan-related genes involved in cell 51 

differentiation and cellular signaling, including an expanded tyrosine kinase system (Suga et al., 52 

2012). Moreover, Capsaspora differentiates into three temporally distinct cell types (Sebé-53 

Pedrós et al., 2013): i) a filopodiated amoeba, which corresponds to the proliferative trophic 54 

stage; ii) an aggregative multicellular stage, in which the cell produces an extracellular matrix; 55 

and iii) a cystic resistance form. These temporal differentiation capabilities, together with its 56 

key phylogenetic position, and its genetic toolkit, make Capsaspora an ideal candidate to study 57 
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how animal-like cell signaling and proteome dynamics contribute to cell differentiation in a 58 

unicellular, pre-metazoan context. 59 

High-throughput proteomics is revolutionizing the study of cell differentiation dynamics by 60 

allowing the systematic quantitation of thousands of proteins and the covalent modifications 61 

that modulate their activity. However, to date this approach has only been systematically 62 

applied to a handful of species (Kim et al., 2014; Nagaraj et al., 2012; Ringrose et al., 2013; 63 

Schrimpf et al., 2009; Solyakov et al., 2011; Wilhelm et al., 2014). In this study, we perform a 64 

multi-layer proteome characterization of Capsaspora using label-free mass spectrometry (MS)-65 

based proteomics. We quantify the steady-state levels of thousands of proteins and the dynamics 66 

of their phosphorylation sites across temporally distinct Capsaspora cell types. Integration of 67 

these data sets with transcript expression and advanced phylogenetic analyses reveals that 68 

Capsaspora life stages are associated with specific proteome and phosphoproteome profiles, 69 

which display unique phylostratigraphic and functional patterns. Furthermore, gene age strongly 70 

influences multiple aspects of this observed differential regulation. We provide evidence that 71 

similar proteome regulation and phosphosignaling mechanisms underlie cell differentiation in 72 

Capsaspora and animals. 73 

 74 

Results and Discussion 75 

Proteome Dynamics in Temporal Cell Differentiation  76 

Protein levels are the final outcome of gene expression and ultimately determine the cellular 77 

phenotype. To analyze the proteome dynamics underlying temporally distinct cell 78 

differentiation programs, we used high-resolution mass-spectrometry to identify 4372 79 

Capsaspora proteins, using a false discovery rate (FDR) of less than 5% (Table S1). We then 80 

performed relative quantitation of 3590 proteins across the three Capsaspora cell types, using 81 

three biological replicates per stage. Significant differences in abundance in at least one of the 82 

cell types were observed for 1136 proteins (p < 0.01, ANOVA) in our dataset. Each life stage 83 

showed a specific proteome expression profile (Figure 1A) associated with exclusive cellular 84 
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functions, such as integrin adhesion and tyrosine kinase signaling in the aggregative stage 85 

(Figure S1 and S2).  86 

To analyze the evolutionary origin of these stage-specific proteins, we performed a 87 

phylostratigraphic enrichment analysis (Domazet-Loso et al., 2007). We first generated a 88 

complete set of phylogenies for 6551 Capsaspora genes (phylome) (Huerta-Cepas et al., 2011), 89 

which we used to assign each gene to a particular phylostratum (Figure 1B). We then analyzed 90 

the over- or under-representation of phylostrata among the differentially expressed genes, both 91 

at the protein and transcript level, using available transcriptome data from the same cell types 92 

(Sebé-Pedrós et al., 2013) (Figure 1C). We found that the filopodial-specific proteome and 93 

transcriptome are strongly enriched (p < 0.001, Fisher exact test) in genes of eukaryotic origin 94 

(ie, ancient genes shared by most eukaryotes), whereas the cystic stage has no significant 95 

enrichments. Interestingly, the aggregative multicellular stage shows a significant enrichment in 96 

genes of filozoan origin (ie, genes evolved at the stem of Filasterea (Capsaspora), 97 

Choanoflagellata and Metazoa) (Figure 1C), both at the protein and the transcript levels. This 98 

finding indicates that aggregate formation in Capsaspora chiefly involves genes shared with 99 

metazoans and suggests that this is not a Capsaspora-specific adaptation, but rather a cellular 100 

behavior that was present in the unicellular ancestor of metazoans. Thus, our data show that 101 

extensive proteome remodeling accompanies temporal cell-type transitions in Capsapora and 102 

that each cell type has unique functional and gene age patterns. 103 

 104 

Gene Age and Transcript-Protein Correlation 105 

Protein abundances depend on multiple layers of regulation that go beyond transcript production 106 

and, as a result, transcript and protein levels are not always strongly correlated (Dahan et al., 107 

2011). We explored the correlation between protein and transcript levels in Capsaspora using 108 

RNA sequencing data. The observed global correlation between averaged RNA and protein 109 

levels in Capsaspora was similar to that found in other species (rho=0.55; Figure 2A) (Laurent 110 

et al., 2010; Schrimpf et al., 2009; Vogel and Marcotte, 2012). This implies that transcript levels 111 

only explain part of the protein abundances and the rest is attributable to post-transcriptional 112 



 5 

regulatory mechanisms. Moreover, this transcript-protein level correlation is not uniform across 113 

genes (Figure S3). For example, a pattern of strong anticorrelation between RNA and protein 114 

levels across stages is observed in the predicted secretome proteins (Figure S4).  It has also been 115 

shown that protein levels are under stronger evolutionary constraint than RNA levels (Artieri 116 

and Fraser, 2014; Khan et al., 2013; Schrimpf et al., 2009). Consistent with these findings, 117 

analysis of one-to-one orthologs between Capsaspora and two other species (Homo sapiens and 118 

Saccharomyces cerevisiae) revealed a stronger correlation among protein levels than RNA 119 

levels (Figure 2B).  120 

To further explore the evolution of protein expression, we analyzed protein-RNA correlation in 121 

Capsaspora across phylostrata. We found weaker correlation in evolutionarily younger genes, 122 

especially in Capsaspora-specific/orphan genes (Figure 2C). Interestingly, analysis of available 123 

human and yeast datasets revealed a similar pattern in other species (Figure 2D) (Fagerberg et 124 

al., 2014; Hobson et al., 2012; Kim et al., 2014; Kuang et al., 2014; Nagaraj et al., 2012). This 125 

suggests the existence of increased posttranscriptional gene regulation in evolutionarily younger 126 

genes and an increase in gene expression constraint over evolutionary time, as recently observed 127 

for human genes (Popadin et al., 2014). We also found that younger genes have more variable 128 

expression across cell types or stages than ancient genes, both at the transcript and the protein 129 

level (Figure 2C-E). This pattern is also found in zebrafish and fly developmental 130 

transcriptomes (Domazet-Lošo and Tautz, 2010). These findings indicate that evolutionarily 131 

younger genes have more cell-type/tissue-specific regulation, not only during animal 132 

development (Tautz and Domazet-Lošo, 2011), but also during temporal cell-type 133 

differentiation in unicellular eukaryotes. 134 

 135 

Phosphoregulatory Landscape Evolution 136 

Protein phosphorylation at serine/threonine (pSer/Thr) residues is the most widespread signaling 137 

mechanism in eukaryotes and it is mediated by the ancient paneukaryotic family of 138 

serine/threonine kinases. In contrast, signaling through tyrosine phosphorylation (pTyr) 139 

emerged at the stem of Holozoa (ie, Ichthyosporea, Filasterea, Choanoflagellata, and Metazoa) 140 
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(Suga et al., 2012)  and is one of the few examples of innovation in posttranslational protein 141 

modifications in eukaryote evolution (Beltrao et al., 2013). Thus, Capsaspora occupies a key 142 

phylogenetic position within Holozoa to understand the emergence of tyrosine kinase (TK) 143 

signaling, an essential animal intercellular communication mechanism, and its early coexistence 144 

with serine/threonine phosphosignaling. To study the Capsaspora phosphoproteome, we 145 

performed phosphopeptide enrichment using both titanium dioxide beads and a combination of 146 

three different anti-pTyr antibodies. We identified 2609 non-redundant phosphorylation sites 147 

(FDR < 5%) corresponding to 1479 phosphoproteins (Figure 3A and Table S2) and examined 148 

the distribution of number of sites per protein (Figure 3B). We found that among the proteins 149 

with multiple phosphosites (5 or more), many are involved in Rho GTPase signaling, actin 150 

cytoskeleton and protein kinases (Figure 3B), indicating a complex phosphoregulation of these 151 

genes in Capsaspora. 152 

Phosphosite selectivity is often affected by neighboring amino acid positions, reflecting kinase 153 

substrate specificities (Villén et al., 2007). Hence, we searched for enriched amino acid motifs 154 

surrounding phosphorylation sites in Capsaspora (see Supplemental Experimental Procedures). 155 

We found 29 enriched motifs (Table S4), which we used to group phosphosites into 5 categories 156 

(acidic, basic, proline-directed, tyrosine based and others; the latter represent pSer/Thr sites with 157 

no significant motif enrichment) (Figure 3C). Interestingly, the enriched motif categories are 158 

similar to those found in animals (Huttlin et al., 2010; Villén et al., 2007) and the motif types 159 

show different levels of cell stage-specificity. Basic and proline-directed motifs tended to be 160 

more globally distributed in cell stages (Figure 3D). Tyrosine motifs and "other" motifs were 161 

more frequently stage specific, in contrast to what has been observed in mouse tissues (Huttlin 162 

et al., 2010). At the single protein level, phosphorylation motifs classified as "others" co-163 

occurred most frequently with other motifs in the same protein (Figure 3E). In contrast, tyrosine 164 

phosphosites showed the least overlap with other motifs, revealing that pTyr and pSer/Thr 165 

networks are minimally overlapping in Capsaspora. 166 

Next, we compared these two systems with different evolutionary origins to explore how they 167 

coexist in Capsaspora (Figures 3F and 3G). First, we found strong subfunctionalization 168 



 7 

patterns. The pTyr network is enriched in TK activity (as expected from the fact that TKs are 169 

activated by autophosphorylation), filopodia and actin cytoskeleton proteins as well as focal 170 

adhesion proteins. In contrast, the pSer/Thr network was found to be associated with GTPase 171 

signaling and transcription factors, among others (Figure 3F). Second, phylostratigraphic 172 

analysis of these two networks revealed that, despite being an ancient signaling system, 173 

pSer/Thr-regulated genes are enriched in Capsaspora-specific genes. This observation suggests 174 

that pSer/Thr networks evolve rapidly in a species-specific manner (Beltrao et al., 2009), also 175 

during the early stages of animal evolution (see below). In contrast, pTyr-regulated genes are 176 

significantly enriched in Holozoa and Filozoa phylostrata (Figure 3G), which implies that many 177 

genes regulated by TKs originated concomitantly with the pTyr signaling system (Suga et al., 178 

2012), thus establishing a new phosphosignaling network parallel to the pre-existing pSer/Thr 179 

signaling network.  180 

 181 

Phosphoregulation in temporal cell differentiation  182 

To explore the role of the phosphorylation system in the differentiation of temporally distinct 183 

cell types, we analyzed the quantitative dynamics of the Capsaspora phosphoproteome. We 184 

found 425 phosphopeptides exhibiting significant changes (p < 0.05, ANOVA) across life 185 

stages (Figure 3H). Notably, each Capsaspora cell type has a highly specific phosphorylation 186 

profile, the most distinct being the cystic stage. These cell-type specific phosphoproteomes are 187 

enriched in different functions and phylostrata (Figures 3I and S5). For instance, we observed a 188 

dynamic activation of the MAPK pathway consistent with the proliferative behavior of the 189 

Capsaspora filopodial stage cells (Figure S6). We also detected an enrichment of proteins 190 

involved in the Hippo signaling pathway in the aggregative-stage phosphoproteome. This kinase 191 

cascade is an evolutionary innovation present only in Capsaspora and animals (Sebé-Pedrós et 192 

al., 2012) and its activation is associated with the inhibition of cell proliferation. Interestingly, 193 

the Hippo pathway might repress proliferation during the aggregative stage but not in the cystic 194 

stage, which is also non-proliferative (Sebé-Pedrós et al., 2013). The observed activation of the 195 

Hippo pathway in the multicellular aggregates suggests a role in the repression of cell 196 
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proliferation in this specific Capsaspora stage, similar to the role of the Hippo pathway in 197 

organ-size control in metazoans (Sebé-Pedrós et al., 2012).   198 

Regarding the evolutionary origin of phosphoregulated genes, the filopodial-stage 199 

phosphoproteome is enriched in genes of ancient, unikont origin (ie. shared exclusively by 200 

opisthokonts and amoebozoans), whereas the aggregative and cystic stages are enriched in new 201 

genes (specific to Capsaspora) (Figure 3I). Interestingly, the observed stage-specific 202 

phosphoproteomes show statistically significant variations in the frequencies of the different 203 

phosphosite motif categories (Figure 3J) (see above). This finding indicates that the different 204 

life stages use specific kinases to maintain specialized phosphosignaling events, as occurs in 205 

animal tissues (Huttlin et al., 2010). Consistent with this observation, analysis of the 206 

Capsaspora kinome revealed that 135 serine/threonine protein kinases, most of them with 207 

animal orthologs, are active throughout the Capsaspora life cycle, and many of them show 208 

differential patterns of abundance and/or phosphorylation (Figure S7, see also below), which 209 

supports the observed cell-type specific phosphosignaling. Overall, our results reveal that 210 

temporal cell-type transitions in Capsaspora are associated to hundreds of unique 211 

phosphosignaling events supported by a highly dynamic kinome. 212 

 213 

Capsaspora Transcription Factor Phosphoregulation  214 

Capsapora has a rich repertoire of transcription factors (TFs) with roles in animal 215 

multicellularity (Sebé-Pedrós et al., 2011). Since in metazoans TF activity is often controlled by 216 

phosphorylation (Whitmarsh and Davis, 2000), we examined the phosphorylation state of 217 

animal TFs with orthologs in Capsaspora. We found differential phosphorylation in 25 TFs, 218 

among them Runx, NFkappaB, CREB and p53 (Figure 3K). Runx TFs are important regulators 219 

of animal development and Runx phosphorylation has been directly linked to activation of these 220 

TFs in animals (Aho et al., 2006; Ito et al., 2015). Interestingly, the two Runx paralogs (Sebé-221 

Pedrós et al., 2011) present in Capsaspora show complementary patterns of phosphorylation, 222 

with Runx1 being phosphorylated in the filopodial stage and Runx2 in the cystic stage. This 223 

finding suggests that these two paralogs are subfunctionalized via differential phosphorylation 224 
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and might direct specific transcriptional programs in these two stages (Figure 3K). NFkappaB is 225 

an important regulator of proliferation and apoptosis (Viatour et al., 2005) and C-terminal 226 

phosphorylation blocks its activity in animals by preventing nuclear translocation (Demarchi et 227 

al., 2003). The Capsaspora NFkappaB C-terminal domain is over-phosphorylated in the cystic 228 

stage, suggesting that it would only be active in filopodial and aggregative stages (Figure 3K). 229 

CREB is a transcriptional activator involved in multiple functions in animals and activated by 230 

phosphorylation (Johannessen et al., 2004; Mayr and Montminy, 2001). The Capsaspora CREB 231 

ortholog has three phosphorylation sites and one of them is strongly differentially 232 

phosphorylated in the aggregative and cystic stage (Figure 3K), suggesting that CREB also has 233 

stage-specific activity. Finally, p53 is an essential regulator of animal apoptosis and cell cycle. 234 

Animal p53 activity and stability is strongly enhanced by phosphorylation (Bode and Dong, 235 

2004), and this results in cell cycle arrest, apoptosis and/or DNA-repair (Bode and Dong, 2004). 236 

The Capsaspora p53 ortholog has two phosphorylation sites, one in the N-terminal 237 

transactivation domain (Figure 3K) and another in the nuclear localization signal. Both sites are 238 

clearly over-phosphorylated in the cystic stage and filopodial stage; in the filopodial stage, 239 

phosphorylation of the nuclear localization site is predominant. The potential conservation of 240 

these specific phosphosites in Capsaspora TF regulation needs experimental validation, but our 241 

results indicate that differential phosphorylation plays an important role in regulating the 242 

activity of multiple animal-like TFs during cell differentiation in Capsaspora. 243 

 244 

A Premetazoan Tyrosine Kinase System in Action.  245 

Tyrosine-specific phosphorylation mediated by TKs is essential for animal cell-cell 246 

communication. Since Capsaspora has an extremely rich TK repertoire (Figures 4B and S8, 247 

Table S5) (Suga et al., 2012), it is an interesting system to study the early evolution of the pTyr 248 

signaling. To understand how the TK system works in Capsaspora and how the pTyr of animals 249 

might have evolved, we first examined the frequency of pTyr in the Capsaspora 250 

phosphoproteome (Table S3). We observed a high frequency of tyrosine phosphorylation 251 

(5.33%), indicating that the early holozoan expansion of TKs was accompanied by a burst of 252 
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tyrosine phosphorylation (Figure 4A). Surprisingly, however, this high pTyr frequency is not 253 

linked to a high frequency of tyrosines in the Capsaspora genome (2.1%, less than most 254 

animals) (Figure 4A). This finding is inconsistent with the hypothesis that tyrosine residues 255 

would have been progressively reduced in the genome as the number of TKs expanded during 256 

animal evolution, reducing the possibility for promiscuous, unspecific tyrosine phosphorylation 257 

(Ringrose et al., 2013; Tan et al., 2009).  258 

Next, we examined the protein abundance and phosphorylation of Capsaspora TKs. We 259 

identified 32 Capsaspora TKs, including all the cytoplasmic TKs and 24 TK receptors with 260 

different extracellular domain architectures (Figures 4C and S8). Interestingly, many of these 261 

TKs show changes in abundance and levels of tyrosine autophosphorylation (Figure 4C), 262 

indicative of dynamic kinase activation across the Capsaspora life cycle. For example, TK 263 

receptors with extracellular Sushi domain repeats and receptors with leucine-rich repeats 264 

(involved in protein-protein interactions) are activated in the aggregative stage, whereas a TK 265 

receptor with two L domains (found in animal receptor TKs such as EGF receptors and insulin 266 

receptors) is activated in the filopodial and aggregative stage (Figure S8). Among the 267 

cytoplasmic TKs, Abl is a multifunctional animal proto-oncogene (Wang, 2014) that appears to 268 

be active in the filopodial and aggregative stages of Capsaspora. Another example is Tec, 269 

which in animals is involved in actin cytoskeleton reorganization and inside-out signaling to 270 

integrins, promoting cell adhesion (Gomez-Rodriguez et al., 2007). Tec is strongly activated in 271 

the aggregative stage and could be linked to stimulated adhesiveness in these cells. Focal 272 

Adhesion Kinase (FAK) is a well-studied downstream signaling effector of integrin adhesion 273 

(Mitra and Schlaepfer, 2006; Mitra et al., 2005; Schlaepfer et al., 1999) and its levels are 274 

increased in the aggregative stage; in addition, it appears to be phosphorylated both in the 275 

filopodial and aggregative stages. This indicates that integrin signaling is active in both stages, 276 

with different integrin paralog pairs expressed in different life stages (Sebé-Pedrós et al., 2013), 277 

but using the same single Capsaspora FAK ortholog. Finally, Src is involved in many human 278 

cancers and its activation by a range of transmembrane receptors induces cell motility and 279 

proliferation (Yeatman, 2004). The autophosphorylation activator site of one of the Capsaspora 280 
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Src orthologs (Src1) was determined experimentally (Y541) (Schultheiss et al., 2012), showing 281 

that it is homologous to the human c-Src activation site. Interestingly, we observe the same Src1 282 

site dynamically phosphorylated, as well as the homologous site (Y447) in Src2. These 283 

activation sites of the two Capsaspora Src orthologs are strongly phosphorylated in the 284 

filopodial proliferative stage and it is, therefore, tempting to speculate that Src may play an 285 

important role in stimulating cell proliferation in Capsaspora. Taken together, our data suggest 286 

that TKs function as a major signaling mechanism that controls temporal cell behaviors in 287 

response to environmental stimuli in Capsaspora. 288 

 289 

The Origin of Animal Phosphoregulatory Networks 290 

To gain further insights into the evolution of animal phosphoregulation, we compared the 291 

Capsaspora phosphorylation network with other species for which similar proteomic 292 

phosphoenrichment datasets are available, including mouse (Mus musculus) (Huttlin et al., 293 

2010); Trichoplax adhaerens (Ringrose et al., 2013), an early-branching animal; and yeast 294 

(Saccharomyces cerevisiae) (Hustedt et al., 2014), as an outgroup of Holozoa (Figure 5A). We 295 

first analyzed the number of phosphosites per protein as a measure of the complexity of the 296 

different phosphoregulation networks. We observed that mouse has more phosphosites in total 297 

than any of the other taxa; most notably, it has many more phosphosites per protein. This 298 

suggests a more elaborate phosphosignaling machinery in vertebrates than in the early 299 

branching or non-animal taxa analyzed. In contrast, Capsaspora and Trichoplax do not differ in 300 

the number of sites or in the distribution of sites per protein, with yeast showing a similar 301 

profile but with a reduced number of phosphosites (Figure 5A). These data indicate that the 302 

phosphoregulatory network did not undergo a sudden quantitative increase in complexity at the 303 

origin of Metazoa. Instead, the biggest innovation was the emergence of pTyr signaling at the 304 

stem of Holozoa (see above). 305 

Next, we explored how these phosphoregulatory networks changed qualitatively during 306 

evolution. We used our phylome analysis to assign one-to-one orthologs and then determined 307 

whether orthologous genes are phosphorylated in different species. We then applied a 308 
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parsimony criterion to reconstruct phosphorylated ortholog content at ancestral nodes, including 309 

the stem of Opisthokonta, of Holozoa and of Metazoa (Figure 5B). The inferred ancestral 310 

phosphonetworks showed striking differences in functional gene content. Thus, the ancestral 311 

shared Opisthokonta phosphonetwork is enriched in basic cellular functions such as translation, 312 

DNA replication and basal transcription machinery (Figure 5B). In contrast, the holozoan 313 

ancestral phosphorylated orthologs are enriched in, among others, GTPase signaling, actin 314 

cytoskeleton and filopodia, Hippo signaling, protein kinases, and transcription factors. Finally, 315 

the ancestral metazoan phosphorylation network is enriched in genes involved in 316 

multicellularity-related processes, such as development, morphogenesis and fertilization. These 317 

results show that an important qualitative, rather than quantitative, remodeling of 318 

phosphoregulatory networks occurred in the lineage leading to animal multicellularity. In this 319 

step-wise assembly, genes involved in functions important for multicellularity were 320 

incorporated at the stem of Metazoa.  321 

 322 

Conclusions 323 

Our integrative analysis of the Capsaspora proteome represents the first systematic study of the 324 

protein levels and phosphosignaling dynamics underlying temporal cell differentiation in a 325 

unicellular eukaryote. In our deep proteomic data sets, we identified 4798 proteins, representing 326 

55.4% of the annotated Capsaspora genes. Quantitative analysis of these proteins across stages 327 

indicates that temporal cell-type differentiation during the life cycle of this animal relative is 328 

finely regulated at the level of protein abundance and phosphorylation. This is reflected in 329 

highly cell-type specific proteomic and phosphoproteomic profiles, similar to those observed in 330 

different animal cell types and tissues (Huttlin et al., 2010; Kim et al., 2014; Wilhelm et al., 331 

2014). Similarly, the Capsaspora phosphosignaling system resembles in many aspects the 332 

phosphorylation observed in metazoans (Huttlin et al., 2010; Ringrose et al., 2013), including an 333 

important role for tens of TKs that are activated in a cell-specific manner, and a shared network 334 

of phosphoregulated orthologs that was progressively assembled during premetazoan evolution. 335 
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Our results further indicate that gene age similarly impacts proteome regulation in temporal and 336 

spatial cell differentiation, with increased post-transcriptional regulation and higher cell-type 337 

specificity in evolutionary younger genes. Gene age distribution also differs between pTyr and 338 

pSer/Thr networks, indicating that most pTyr-regulated genes appear concomitantly with the 339 

expansion of the pTyr system at the stem of holozoa (Beltrao et al., 2013; Suga et al., 2012). 340 

Overall, these findings suggest that the unicellular ancestor of animals regulated the 341 

differentiation of temporally distinct cell types through the use of elaborate animal-like gene 342 

expression control and phosphosignaling systems. We hypothesize that these pre-existing 343 

mechanisms in the protistan ancestors of animals constituted the molecular basis of a transition 344 

from temporal to spatial cell differentiation at the origin of Metazoa. 345 

 346 

Experimental procedures 347 

Capsaspora Cell Cultures. Capsaspora strain ATCC30864 cells were grown axenically in 348 

ATCC medium 1034 at 23ºC and differentiated as described in Supplemental Experimental 349 

Procedures.  350 

Protein Extraction and Digestion. For each cell stage and each of the three biological 351 

replicates (nine samples), total protein extracts were obtained and trypsinized as described in 352 

Supplemental Experimental Procedures.  353 

Phosphospeptide Enrichment. Phosphorylated peptides were enriched using an offline 354 

immobilized metal affinity TiO2 protocol. Additionally, we performed a specific enrichment for 355 

phosphotyrosine-containing peptides by immunoaffinity purification, using three different anti-356 

pTyr antibodies. Details are in the Supplemental Experimental Procedures. 357 

LC-MSMS Sample Acquisition and Data Analysis. Peptide and phosphopeptide samples 358 

were purified by reverse phase columns and subsequently analyzed in a LTQ-Orbitrap Velos 359 

Pro mass spectrometer. Acquired data was analyzed using Mascot search engine (v2.3, Matrix 360 

Science) for peptide and TiO2-enriched phosphopeptide identification, and Andromeda search 361 

engine (MaxQuant v1.4.0.5) for antibody-based enrichment of pTyr-containing peptides.  Data 362 
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was searched against an in-house generated database based on Capsaspora owczarzaki genome 363 

v3 and all identified peptides were filtered using a 5 % FDR threshold (peptide level). Peptide 364 

and phosphopeptide (pSer, pThr) areas were extracted from the peptide features using the 365 

feature detection algorithm implemented in Progenesis (v4.1, Nonlinear Dynamics Inc.). 366 

Normalized abundances of unique peptides were used to estimate protein quantities, and 367 

significant differences in protein levels were evaluated using an ANOVA model. Details and 368 

description of downstream analyses are in the Supplemental Experimental Procedures. 369 

Phylome Reconstruction and Analysis. The complete phylomes of Capsaspora and four other 370 

species were reconstructed as described in Supplemental Experimental Procedures. We used 371 

these phylomes to infer orthology and paralogy relationships among genes from the 5 species 372 

and also to assign a relative gene age to each gene (phylostratigraphy). Phylome data was used 373 

in downstream analyses as described in Supplemental Experimental Procedures. 374 

Accession Numbers. Mass spectrometry proteomics data has been deposited to the PRIDE 375 

repository under accession PXD004567. Phylome data can be accessed through PhylomeDB.org 376 

(phylomes 100 to 105). 377 
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 523 

Figure legends 524 

Figure 1. Protein Level Dynamics Across Capsaspora Cell Types. (A) Heatmap (top) 525 

showing estimated protein abundances in the different biological replicates of each stage. 526 
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Protein expression level was calculated as the sum of all unique normalized peptide ion 527 

abundances for a specific protein on each run. Only proteins exhibiting significant changes in 528 

abundance (ANOVA p<0.01) are shown. The network (bottom) represents the proteins (nodes) 529 

assigned (edges) to each stage. See also Figure S1. (B) Inferred evolutionary origin of all 530 

Capsaspora genes. The pie chart represents the frequency of each phylostratum as represented 531 

in the phylogenetic tree. (C) Bar plot showing the phylostratigraphic enrichment analysis of the 532 

stage-specific differentially expressed genes, at the protein level and at the transcript level. 533 

Asterisks indicate the level of significance of Fisher exact test (* p<0.05, ** p<0.01, *** 534 

p<0.001). 535 

 536 

Figure 2. Phylostratigraphic Patterns in Protein-Transcript Levels. (A) Correlation 537 

between protein and transcript levels in Capsaspora. Pearson (Rp) and Spearman (Rs) 538 

correlations are indicated. (B) Correlation between protein and RNA abundances in one-to-one 539 

orthologs of yeast, human and Capsaspora. (C) Spearman correlation between protein and RNA 540 

abundances of Capsaspora genes classified by phylostratum (left) and coefficients of variation 541 

of protein (top right) and RNA (bottom right) levels across Capsaspora cell types for genes 542 

classified by phylostratum. The violin plot represents the distribution of 1000 bootstrap 543 

replicates. The number of genes in each phylostratum is indicated in the correlation plot (left) 544 

and a horizontal line indicates the values corresponding to the whole population of genes. (D) 545 

Same as C for human genes analyzed across different tissues (Fagerberg et al., 2014; Kim et al., 546 

2014). (E) Same as C for yeast genes analyzed in temporal metabolic series (Hobson et al., 547 

2012; Kuang et al., 2014; Nagaraj et al., 2012). 548 

 549 

Figure 3. The Dynamic Capsaspora Phosphoproteome. (A) Venn diagram of number of all 550 

identified proteins and phosphoproteins. (B) Histogram showing the distribution of the number 551 

of phosphosites per protein and bar plot representing functional enrichments of genes with >4 552 

phosphosites. (C) Pie chart showing the frequency of different motif categories (left) and 553 

examples of phosphorylation-specific motifs identified (right), the number of sites on which 554 
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each logo is based is indicated below. (D) Bar plot showing the cell-type specificity distribution 555 

(in all 3, in 2 or only in 1 stage) of each motif category. Asterisks indicate significance of Chi-556 

square test of each category versus the overall distribution (*** p < 0.01). (E) Venn diagram 557 

showing the level of co-occurrence of different motif types in the same protein. The percentage 558 

of proteins with a unique motif type is indicated. (F) Bar plots representing functional 559 

enrichments of pTyr-regulated genes versus pSer/Thr-regulated genes in Capsaspora. (G) Bar 560 

plot showing the phylostratigraphic enrichment analysis of pTyr-regulated genes versus 561 

pSer/Thr regulated genes. Asterisks indicate significance of Fisher exact test (* p<0.05, ** 562 

p<0.01, *** p<0.001). (H) Heatmap (top) showing differential phosphopeptide level in the 563 

different biological replicates of each stage. Only phosphopeptides exhibiting significant 564 

changes in abundance (ANOVA p<0.01) are shown. The network (bottom) represents the 565 

proteins (nodes) differentially phosphorylated in each stage (edges). See also Figure S5.  (I) Bar 566 

plot showing the phylostratigraphic enrichment analysis of the differentially phosphorylated 567 

proteins. Asterisks indicate significance of Fisher exact test (* p<0.05, ** p<0.01, *** 568 

p<0.001). (J) Barplot representing the enrichment or depletion of different motif categories 569 

among the stage-specific phosphopeptides. (K) Schematic representation of five Capsaspora 570 

transcription factors and their phosphorylation sites. For each site, dot sizes represent the level 571 

of phosphorylation in each cell type (colour coded) normalized by the highest value of all the 572 

sites in the protein. 573 

 574 

Figure 4. Phosphotyrosine Signaling in Capsaspora. (A) Bar plot comparing the percentage 575 

of tyrosine residues in the genome and the percentage of detected phosphotyrosines in the 576 

proteome of different species. (B) Bar plot showing the number of tyrosine signaling-related 577 

genes in different species, including writers (tyrosine kinases), readers (SH2,PTB and IRS 578 

domain containing proteins) and erasers (tyrosine phosphatases). (C) Maximum likelihood 579 

phylogenetic tree representing all Capsaspora cytoplasmic and receptor tyrosine kinases. Grey 580 

shading indicates which kinases have been detected, while in the outer rings dot sizes represent 581 



 23 

the relative (Z-score) levels of expression (inner ring, yellow) and phosphorylation (outer ring, 582 

blue) of each protein across Capsaspora cell types (color coded).  583 

 584 

Figure 5. Evolution of Metazoan Phosphoregulatory Networks. (A) Schematic phylogenetic 585 

tree representing the evolutionary relationship between the four analyzed species: mouse, 586 

Trichoplax, Capsaspora and yeast (top). Histogram representing the distribution of number of 587 

phosphosites per protein in each species and line plot representing the cumulative frequency of 588 

each distribution (bottom). (B) Bar plots representing the Gene Ontology (GO) enrichment 589 

analyses of the inferred ancestral Opisthokonta (1), Holozoa (2) and Metazoa (3) 590 

phophorylation networks. In each case, the number of phosphorylated orthologs versus the 591 

background (ie, total number of orthologs) used in the enrichment are indicated. 592 
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