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ABSTRACT 

 

 

ERIC GREGORY KANE. Ancestral complexity and lineage-specific expansions of the 

animal bZIP interactome. 

  (Under the direction of DR. ADAM REITZEL) 

 

 
 Protein-protein interactions are central to the regulation and function of transcription 

factors in time- and cell-specific regulation of the genome. Increases in interactome complexity 

may serve as a mechanistic driver for evolutionary novelty. This novelty could arise as temporal 

and spatial gene expression becomes differentially regulated. Here, we used a combinatory 

phylogenetic and algorithmic approach to characterize the diversification of interactomes for the 

bZIP family across 18 metazoans and three unicellular outgroups. Our bZIP gene tree analyses 

identified two new subfamilies (CREBL2 and CREBZF) across animals and reinforce previous 

bZIP family classifications, indicating that diversification occurred in two waves, prior to the 

animal ancestor (12 of 18 subfamilies) and then again after the cnidarian-bilaterian ancestor (6 of 

18 subfamilies). Expansions and losses of bZIP subfamilies with different dimerization capacities 

drive substantial variations in interactomes of ctenophores, placozoans, cnidarians, and 

vertebrates. While these expansions and losses result in a large majority of the observed rewiring 

of the metazoan interactome, variability of per transcription factor connectedness itself was also a 

factor, with total dimers shifting by two-fold while bZIP count remains consistent between 

invertebrate bilaterians. Heterodimeric potential for particular bZIP orthologs spanning more than 

1 billion years, suggesting an evolutionary constraint on protein-protein interactions. Collectively, 

the interactome connectedness for bZIP transcription factors has undergone large and uneven 

changes across animal evolution driven principally by gene duplication and loss, and changes in 

the interaction behavior of the proteins themselves plays a less significant but impactful role. 
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INTRODUCTION 

 

 

Molecular mechanisms underlying phenotypic diversification across metazoans remain a 

primary focus in evolutionary and developmental biology. Early hypotheses regarding 

metazoan diversification suggested that organisms of seemingly high complexity – those 

with bilateral symmetry, a diverse array of cell types, three tissue layers, and perhaps 

organ systems – possess complex genomes containing by a large number of genes 

(Claverie 2001; Kusserow, et al. 2005; Miller, et al. 2005; Rivera, et al. 2010; Taylor and 

Raes 2004). Over the past decade, the addition of a number of metazoan genomes has 

provided a wealth of comparative data that did not support a direct relationship between 

genotypic diversity and perceived phenotypic complexity (Putnam, et al. 2007; 

Srivastava, et al. 2008; Srivastava, et al. 2010) . The combination of conserved gene 

families and extensive gene loss throughout Metazoa, and more specifically Bilateria, 

suggests that gene content was not the primary factor of phenotypic diversification 

among metazoans and alternative mechanisms are responsible.  

The development of multicellular organisms is determined through gene 

regulatory networks (GRNs) and the expansion and diversification of these molecular 

pathways may drive phenotypic evolution (Davidson and Erwin 2006). GRNs are 

modular networks of interacting transcription factors and cis-regulatory modules that 

regulate metazoan development. GRNs in development appear to balance deep 

conservation and flexibility. For example, kernels are core GRN circuitry that remains 

evolutionarily constrained over millions of years (Davidson and Erwin 2006), while other 

GRN components appear to be “flexible” with regards to signaling pathways or 

transcription factors (Rebeiz, et al. 2015). Increases in transcription factor number may 
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have altered GRN behavior and influenced the evolution of multicellular GRN circuitry, 

making it possible to evolve a developmental regimen that functioned separately from the 

strict environmental response GRN circuitry of unicellular organisms (Sebé-Pedrós and 

de Mendoza 2015). Transcription factors within GRNs may also change cis-regulatory 

DNA binding preference (Cheatle Jarvela, et al. 2014; Nakagawa, et al. 2013), modulate 

cofactor interactions (Lynch, et al. 2011; Miller, et al. 2003), and shift dimerization 

activity within transcription factor subfamilies (Cheatle Jarvela and Hinman 2015; 

Voordeckers, et al. 2015). These changes in the behavior of a particular transcription 

factor are in part dependent on the extent of specificity for protein-protein interactions 

and how these interactions change over time.  Therefore, it is crucial to understand 

changes in the protein-protein interactions of transcription factors to uncover potential 

mechanisms for these shifting interactions over evolutionary time.  

The explanatory power of changes in protein-protein interactions driving patterns 

of phenotype evolution has been difficult to assess in early branching metazoans. While 

the genomes of many metazoans have been sequenced and analyzed, annotation of 

protein-protein networks are typically constrained to Caenorhabditis elegans, Drosophila 

melanogaster and Homo sapiens. (Hart-Smith, et al. 2016; Yu, et al. 2011). The 

topologies of interactomes – which may change as quickly as genes themselves (Mosca, 

et al. 2012; Vo, et al. 2016) – influences the evolution of genes by constraining proteins 

with high interaction rates and increasing rates of evolution in others by limiting 

pleiotropy via compensatory networks (Luisi, et al. 2015). This mechanism can have 

profound effects on developmental outcomes (Mozgova and Hennig 2015; Sayou, et al. 

2014). Annotating interactomes of non-model species is a next step toward understanding 
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molecular evolution and its contributions to phenotypic variation. Further, a broader 

taxonomic sampling of interactomic data could improve the quality of interactome 

prediction (Andreani and Guerois 2014) by reduced prediction noise (Hamer, et al. 2010), 

and elucidating mechanisms involved with constraining the evolution of interaction 

potential (Elcock and McCammon 2001). 

A model transcription factor dimerization network is the basic leucine zipper 

(bZIP) family. bZIP proteins are highly conserved eukaryotic transcription factors that 

regulate a variety of central cellular and tissue-level functions (Dibner and Schibler 2015; 

Guo, et al. 2011; Zhang and Kaufman 2008) during phylotypic stages of development 

(Levin, et al. 2016). The phylotypic activity of bZIPs suggests that the superfamily plays 

a role in animal evolutionary development. However, there is no evidence that bZIP 

function is constrained within GRN kernels, suggesting that this family of transcription 

factors has a more flexible role within the animal. Many bZIPs are involved in highly 

conserved processes, including the role of XBP1 in the unfolded protein response that 

most likely traces back to an Opisthokont ancestor (Howell 2013).  However, bZIPs are 

also pleiotropic, for example XBP1 also has a specific role in the regulation of brain 

development in mammals and Drosophila (Hayashi, et al. 2007; Sone, et al. 2013). The 

bZIP proteins are targeted by pathways commonly defined as plug-ins, suggesting that 

bZIP-related pathways are modular and can be rewired into diverse GRN circuits. Within 

Bilateria, bZIPs have been shown to perform a variety of functions, including immune 

cell and erythrocyte differentiation (Chan, et al. 1998; Gasiorek and Blank 2015), 

endomesoderm specification (An and Blackwell 2003), mandibular development 

(Veraksa, et al. 2000), regulation of circadian rhythm (Gachon, et al. 2006; Reitzel, et al. 
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2013), and regulation of imaginal disc formation through decapentaplegic (George and 

Terracol 1997). 

 bZIP proteins share two conserved domains: 1) the DNA-binding basic region, a 

highly conserved 35-40 amino acid sequence, and 2) the leucine zipper, a less conserved 

region comprised of heptad repeats that regulate bZIP dimerization activity. The leucine 

heptad repeats, defined as [abcdefg]n, are alpha-helices where a and d represent residues 

buried within the hydrophobic core of the coiled-coil, e and g are generally exposed 

acidic or basic residues and b and c represent the hydrophilic backbone. The d position is 

often dominated by leucine residues, while other positions tend to vary, (Amoutzias, et al. 

2007; Grigoryan and Keating 2006; Potapov, et al. 2015) bZIPs are able to homo- and 

heterodimerize through hydrophobic exclusion (commonly contributed by the residues at 

the a and d positions) and favorable electrostatic interactions (usually contributed by the 

residues at the e and g positions) (Acharya, et al. 2006; Grigoryan and Keating 2006; 

Thompson, et al. 1993). bZIP dimerization predictions are bolstered by empirical 

biochemical studies that have queried bZIP interactions in a variety of non-model animals 

that span a billion years of evolution (Reinke, et al. 2013). The simple coiled-coil 

structure and empirical confirmation have led to the development of high fidelity 

predictive algorithms that can define bZIP coiled-coil interactions with up to 90% 

accuracy (Grigoryan, et al. 2009). As bZIP gene families have gone through events of 

duplication or loss, dimerization rates vary between species (Deppmann, et al. 2006), 

changing bZIP interactomes and potentially changing bZIP-target gene expression 

(Lynch, et al. 2009).  
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Previous studies of metazoan bZIP evolution have identified deep conservation of 

subfamilies throughout the animal tree. The first bZIP gene tree that included animals 

outside the bilaterian lineage identified 19 bZIP subfamilies. Of these 19, 6 (CEBPg, 

OASISb, L-MAF, BATF, ATF3, BACH) were bilaterian-specific duplication events, 

with all other subfamilies originating before the emergence of Bilateria (Amoutzias, et al. 

2007). The addition of genomes from closely related unicellular organisms- including 

choanoflagellates and the filasterian Capsaspora owczarzaki (King, et al. 2008; Sebé-

Pedrós, et al. 2011)- resulted in a recent revisit to the bZIP gene tree, which showed that a 

majority of bZIP subfamilies predated the animal ancestor (Jindrich and Degnan 2016). A 

central question that follows these phylogenetic studies is how the diversity of genes then 

relates to protein-protein interactions that are critical for how bZIPs regulate the genome. 

Investigations into the diversification of bZIP interactomes have been taxonomically 

limited in animals. A broad phylogenetic approach would elucidate patterns for how 

networks of protein-protein interaction change over long evolutionary patterns and if 

these changes relate to the emergence of animal complexity. In this study, we have 

identified metazoan bZIP genes, characterized diversity across subfamilies, and evaluated 

the interactomes from 15 metazoans and closely related unicellular non-metazoan 

lineages to characterize changes in transcription factor content and dimerization patterns 

in a broad phylogenetic context. We identify multiple instances of expansion and loss of 

particular bZIP subfamilies across different specific lineages and determine the 

interactome of each species. Our analysis identified high levels of connectivity in a 

unicellular outgroup and in deep animal evolution, suggesting that animal lineages have 

rewired a well conserved ancestral interactome topology (transcription factor count and 
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protein-protein behavior) through expansions of different bZIP subfamilies, which are not 

necessarily correlated with our perceived notions of phenotypic complexity.  
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MATERIALS AND METHODS 

 

 

Domain Identification 

We identified candidate bZIP proteins using the bZIP_1, bZIP_2, and bZIP_MAF 

domain search functions in the Sanger Institute Pfam database (Finn, et al. 2014), and 

bZIP domains were confirmed with reciprocal searches using BLASTp against the non-

redundant protein database in NCBI. Depending on the species, we also used BLASTp to 

query bZIP domains not identified with Pfam, or identify partial bZIP proteins in these 

first generation genome annotations at species-specific databases (Supplemental Table 1). 

Amino acid sequences for the candidate bZIP domains were aligned using MUSCLE 

(version 3.8) (Edgar 2004), visually inspected in GeneDoc (Nicholas, et al. 1997), and 

trimmed to include only the conserved bZIP domain (~60 amino acids) (Supplemental 

File 1). Sequences were removed from the data set if 4 or more amino acids in the highly 

conserved section of the basic region (residues 9, 12, 13, 16, 17, 20, 21, 23, 24, and 25 as 

defined by (Jindrich and Degnan 2016) were not present. Many residues in this region are 

diagnostically conserved and predicted to be essential for interactions with the DNA 

phosphate backbone and direct interaction with the Watson-Crick bases. Of the 414 bZIP 

candidates, 22 were deleted due to these criteria (Supplemental Table 2).  

Gene Tree Reconstruction 

We used a maximum likelihood approach to determine evolutionary relationships 

of bZIPs in Metazoa, with closely related unicellular species. The single bZIP from 

Giardia lamblia was used as an outgroup. bZIP gene tree reconstructions were completed 

using RaxML-HPC2 on XSEDE (version 8.1.24) (Stamatakis 2006) with 1000 bootstraps 

through the CIPRES portal (Miller, et al. 2010) following a LG+G substitution matrix (as 
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determined by ProTest (version 3.4) (Darriba, et al. 2011). In parallel, we reconstructed a 

bZIP gene tree using neighbor-joining methods to compare tree topology with the LG+G 

maximum likelihood tree (MEGA version 6) (Tamura, et al. 2013). Trees were visualized 

using the International Tree of Life website (Letunic and Bork 2007). All protein 

accession numbers, IDs, and the alignments are provided in Supplemental Table 3.  

Genes were categorized as members of monophyletic groups using two criteria. 

First, we enumerated independently resolved groups of sequences when the basal node 

was ≥40% bootstrap support, hereon referred to as bZIP subfamilies. Second, we 

searched for conserved bZIP residues and non-bZIP domains shared by members of 

resolved groups. This strategy was employed for all queried bZIPs, but was especially 

important for three bZIP subfamilies that were difficult to resolve with bootstrap 

support.The FOS subfamilycontains acidic repeats N-terminal to the basic region. 

Proteins in the CEBP subfamily share a unique tyrosine residue within the basic region as 

well as a diagnostic asparagine pair. The PAR-L subfamily also has the diagnostic 

asparagine pair (Amoutzias et al. 2007, Sebe-Pedros, et al. 2012).  

Dimerization Prediction 

Due to variation in length of the heptad repeats, leucine zippers were manually 

trimmed and confirmed with the 2ZIP leucine zipper prediction server for dimerization 

prediction. Dimerization between bZIP proteins can be predicted with high efficiency 

using computation models (Grigoryan and Keating 2006). We used two methods to 

predict bZIP coiled-coil interactions: a model developed by (Fong, et al. 2004) trained in 

coupling energies and coiled-coil arrays (http://compbio.cs.princeton.edu/bzip) and a 

second model proposed by (Potapov, et al. 2015) trained on FRET data points spanning 
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choanoflagellates, Cnidaria, Nematoda, Arthropoda, and Chordata. Both algorithms use 

optimized electrostatic weights of pairs of interacting amino acids within the interaction 

interface of the bZIP coiled-coil and were trained on a dataset including thousands of 

FRET data points. However, the Potapov algorithm also weighs interactions between 

triplets of amino acids within the interaction interface and was trained on a larger dataset.  

bZIP sequences were compared in a pairwise manner across species, with the 

model proposed by (Fong, et al. 2004) using an interaction cutoff value of 27, instead of a 

value of 30. According to (Fong, et al. 2004) a cutoff of 30 produces approximately a 7% 

false negative frequency.  However, we attempted to reduce false negatives in our 

preliminary analysis by manually inspecting interaction cutoffs ranging between 27 and 

30. Relatively lower scores are known to accurately represent conserved interactions, 

especially those involving the bZIP subfamilies JUN and FOS as these interactions occur 

at a score closer to 27 when compared with other subfamilies (Fong, et al. 2004). The 

Fong algorithm also fails to identify 90% of human NFE2 and MAF interactions. We 

complimented analyses using the Fong algorithm with the algorithm by (Potapov, et al. 

2015) The algorithm developed by Potapov et al. (2015) with an interaction cutoff value 

of -6, or log (.001), represents a Kd of 1000 nM. Previous studies used 1000 nM as a 

cutoff value (Reinke, et al. 2013; Reinke, et al. 2010), and a majority of inferred 

interactions are under this simulated Kd value. Values for the calculated interactome were 

represented in a heatmap to summarize these interactions. 
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RESULTS 

 

 

Gene Tree Analysis 

 In total, our searches for bZIP genes identified 414 total candidates, 118 bZIP 

genes were identified using BLASTp in NCBI sequences, 38 from the Joint Genome 

Institute, 118 from the UCSC Genome Browser, 28 from Metazome, and 13 sequences 

from the Mnemiopsis Genome Portal (Supplemental Table 3). Previous work identified 

subfamilies through trained HMMs (Amoutzias, et al. 2007) or through gene tree 

reconstructions of a single species bZIP repertoire against a subfamily reference sequence 

(Jindrich and Degnan 2016). In most cases, our bootstrap cutoff assessment was in 

complete agreement with these methods. Rare differences, including counts of 

PAR/PAR-L genes, are present between the datasets (Supplemental Table 4). We report 

that a bZIP repertoire consisting of at least 8 canonical bZIP subfamilies was present in 

Capsaspora owczarzaki and Monosiga brevicollis. These subfamilies include ATF4/5 

(Sebé-Pedrós, et al. 2011) CREB1/ATF1, ATF2/7, ATF6, OASIS, PAR-L, C/EBP 

(Jindrich and Degnan 2016; Sebé-Pedrós, et al. 2011) and JUN (Jindrich and Degnan 

2016). 

 We identified two previously unreported bZIP subfamilies in our study. CREBZF, 

or Zhangfei, and CREBL2 are omitted from recent bZIP gene tree reconstructions 

(Amoutzias, et al. 2007; Jindrich and Degnan 2016). However, these subfamilies have 

been functionally characterized in vertebrates (Ma, et al. 2011; Zhang, et al. 2013), and 

contain the holozoan bZIP consensus sequence (bbxbNxxAAxxxRxbbb), where b is a 

basic residue and x is a variable site, as previously defined (Jindrich and Degnan 2016). 

Both subfamilies resolve independently in the bZIP gene tree with modest bootstrap 
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support, 44% support for CREBZF and 62% for CREBL2 (Figure 1). All identified 

CREBZF orthologs possess an extended leucine zipper (Supplemental Table 1). The 

CREBL2 family, with the exception of the Capsaspora ortholog, shares a conserved 

asparagine to serine substitution at the diagnostic fifth residue of the holozoan bZIP 

consensus sequence. Thus, based on criteria of monophyly and diagnostic amino acids, 

CREBZF and CREBL2 are bona fide bZIP subfamilies with independent evolutionary 

histories.  

Our gene tree reconstruction supports a conclusion that 10 of 12 bZIP subfamilies — 

defined as any subfamily not including the bilaterian-specific orthologs CEBPg, BATF, 

ATF3, BACH, l-MAF, NFIL3 — were present prior to the emergence of Metazoa 

(Figures 1, 2B), with the families NFE2 and MAF only appearing in metazoans. 

Candidate ancestors of these two families remain unclear. In addition to our gene tree 

reconstruction, we evaluated some of the defining characteristics for these bZIP families, 

such as the diagnostic double glutamine at the third and fourth residues of the ATF6 

subfamily and unique neighboring or expanded domains, in addition to the Cap ‘n’ Collar 

domain within the NFE2 orthologues or the expanded binding domain in MAF. Our tree 

failed to independently resolve CEBPg and BATF. These subfamilies are present due to 

bilaterian-specific duplication and divergence of subfamilies with ancestors, the CEBP 

and FOS family orthologs, present in Capsaspora. However, gene tree reconstructions of 

these subfamilies using the same parameters as used for the full data set alone increased 

bootstrap support to over 40%. When comparing these bootstrap values to the phylogeny 

containing all sequences 
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Figure 1: Phylogenetic analysis of bZIP sequences from 18 organisms reveals deep 

conservation of subfamily organization and dynamic evolution in animals and 

closely related unicellular outgroups. A) Maximum likelihood tree of 389 bZIP 

sequences. Created with the RaxML suite in CIPRES portal and analyzed with 1000 

bootstraps. Black circles represent branches with >40% bootstrap support. Each color 

represents a putative subfamily, labeled on the edges of the tree. Uncolored leaves are 

sequences that failed to resolve into putative subfamilies.  
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 (Figure 1), we found these bootstrap values to be sufficient. The overall results of 

manual inspection are listed in (Supplemental Figure 1). 

The PAR proteins are bilaterian-specific PAR-like duplicates  

 PAR-L sequences (as defined by Jindrich and Degnan, 2016) are present in 

unicellular organisms and persist in all invertebrate species included in our analysis. We 

report a larger subset of PAR-L sequences than previous studies (Amoutzias, et al. 2007). 

Nine reported ecdysozoan-specific PAR-L proteins are highly divergent, possessing ~15 

divergent residues within the basic region-leucine zipper interface, none of which are 

present within the residues used to define the subfamily (Supplemental Figure 2). The 

gene tree reconstructions of PAR, PAR-L and the closely related NFIL3 sequences 

revealed that true PAR proteins are nested within PAR-L nodes, comprising a subset of 

the subfamily (Figure 2B). While the true PARs resolve with >60% bootstrap support, the 

PAR-L subfamily exhibit lower support values, likely due to high sequence divergence. 

PAR-L sequences are enriched in some early diverging animals and ecdysozoans. 

Mnemiopsis lacks PAR-L proteins, but Trichoplax and Amphimedon possess 3 homologs, 

representing 20% of their bZIP repertoire. Duplication events are evident in cnidarians – 

Nematostella contains 7 PAR-L sequences – and ecdysozoans, but vertebrates contain 

only true PAR protein with a proline, acidic-rich region.   
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Figure 2: The bZIP Repertoire Shows Persistent Duplications of PAR-L and PAR 

Families. A) Visualization of the bZIP repertoire in each organism studied. White circles 

denote the absence of a family, yellow circle denote the organism possesses one 

orthologous copy, green denotes 2 paralogs, and purple denotes 3+ paralogs. B) The 

phylogenetic tree of the PAR-L/PAR subfamily, each purple circle denotes >70% 

bootstrap support. Black squares denote ecdysozoan sequences, triangles denote 

vertebrate sequences and pentagons denote cnidarians sequences. The bZIP domain of 

“True” PARs (those that contain Proline-Acidic Rich regions) nest within PAR-L 

families. 
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bZIP Dimerization Prediction 

Heterodimeric activity of bZIP sequence dimerization in unicellular organisms 

Interactome complexity in the three studied unicellular organisms varied widely. 

For yeast, we observed similar results to previous studies where bZIP interactions are 

limited to homodimers (Deppmann, et al. 2006). In total, there were 12 interactions 

predicted for the two unicellular organisms from the Holozoa. Heterodimerization 

activity was high in the filasterean Capsaspora owczarzaki, with 46 predicted 

dimerizations of 72 total possible unique interactions (65%) between 12 bZIP sequences. 

Changes in homodimerization topology between Capsaspora and all animals in this study 

was minimal (Supplemental Table 5). A majority of changes in interactome complexity 

were linked to expansion and contraction of heterodimerization. The complexity of the 

Capsaspora interactome was driven by a PAR-like ortholog, which interacted with 11 of 

the 12 Capsaspora bZIPs. Other promiscuous bZIPs include four ATF4-like paralogs and 

JUN, which interacted with 9 bZIPs (75% of total Capsaspora bZIPs) and ATF2 which 

interacts with 8 bZIPs (67% of total Capsaspora bZIPs). By contrast, the 

choanoflagellate Monosiga brevicollis possessed a relatively restricted interactome that 

formed only 25% of all possible dimers. Heterodimeric bZIPs included an ATF4 ortholog 

that interacted with 5 of the 8 bZIPs. The lack of promiscuous bZIPs such as ATF2, JUN, 

and PAR-L contributed to the stringency of this interactome. 

Amphimedon, Mnemiopsis, and Trichoplax retain consistently promiscuous bZIP 

sequences but differ in interactome density 

Animals from phyla emerging near the base of the animal tree had consistently 

dense interactomes regardless of the algorithm used (Figure 3, Supplemental Figure 3). 
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The Amphimedon interactome formed 88 total dimers, representing 61% of a total of 145 

possible dimers within a 17 bZIP repertoire. Of the 17 Amphimedon bZIPs, 13 interacted 

with 5 or more partners. Dimerization density was driven by the PAR-L family 

(interacted with all 17 Amphimedon bZIPs), CEBP (both paralogs interacted with 15 of 

17 bZIPs) and ATF2 (interacted with 15 of 17 bZIPs). The Amphimedon interactome 

consisted of the most dimerizations per bZIP queried of all species in this study. 

Mnemiopsis and Trichoplax have relatively reduced interactomes with 55 and 64 total 

dimers, respectively, representing 41% and 42% of the possible dimerization 

combinations. Interactome density was driven by CEBP (interacted with 8 of 12 

Mnemiopsis bZIPs), ATF6a (interacts with 8 of 12), and JUN (also interacts with 8 of 

12). The complexity of the Trichoplax interactome was also driven by CEBP, which 

formed dimers with 11 of 15 Trichoplax bZIPs, as well as ATF4 (10 dimers) and ATF (9 

dimers). Of 15 Trichoplax bZIPs, 5 formed dimers with less than 6 partners.  

Cnidarian bZIP repertoires form more dimers than other early diverging animals 

despite diminished dimerization potential 

The dimerization density of bZIPs in the three cnidarians we evaluated was 

widely variable, but no queried cnidarian interactome forms more dimerizations per bZIP 

than species representing the three other early branching phyla from the metazoan tree. 

Each of the cnidarian repertoires produces more bZIP dimers than Trichoplax and 

Mnemiopsis due to higher numbers of bZIP proteins (Figure 4). The Acropora digitifera 

repertoire forms 64 bZIP dimers, while Hydra magnipapillata bZIPs form 104 total 

dimers. This is about 36% of all possible dimers for each species' respective interactome. 

Interactome connectivity in Acropora was driven by 3 CEBP proteins (all interact with 
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11 or more partners), JUN paralogs (9, 10 and 13 dimerization partners) and two PAR-L 

paralogs (9 and 11 dimerization partners). The Acropora bZIP repertoire includes four 

paralogs for MAF bZIPs, each with restrictive dimerization behavior (none interacted 

with more than 2 partners). In Hydra, promiscuous bZIPs included ATF2 (11 

interactions), ATF4 (10 interactions), PAR-L (7, 10 and 9 interactions) and JUN (11 and 

7 interactions). Of the 18 Hydra bZIPs, 13 interacted with less than 9 partners. 

Nematostella vectensis was an outlier by possessing an interactome that includes 

118 total predicted dimer pairs, nearly three times more than the other cnidarian. The 

Nematostella genome includes 30 total bZIPs, and explores 57% of 225 dimerization 

possibilities. Promiscuous bZIPs included ATF4 (21 interactions), CEBP and CEBPg (16 

and 21 interactions, respectively) and five duplicated PAR-L bZIPs (all forming more 

than 18 different dimers). More stringent bZIPs account for 33% of the Nematostella 

repertoire, with 10 of 30 bZIPs interacting with less than 10 partners. 
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Figure 3: Complex Connectedness of closed bZIP interaction networks is present in 

unicellular relatives and frequently lost in invertebrate bilaterians. A) Closed 

network interaction network maps, circles represent orthologous bZIP groups; the 

absence of a subfamily is denoted in red. Each line represents an orthologous 

heterodimeric interaction. The wheels represent the interactome of a representative 

species. From bottom: Capsaspora owczarzaki, Amphimedon queenslandica, 

Nematostella vectensis, Capitella teleta, Strongylocentrotus purpuratus, and Homo 

sapiens. B) Histograms showing the count of bZIPs with a particular promiscuity in each 

represented genome. As the graph shifts to the right, connectedness of the interactome 

increases. C) Number of homodimeric interactions, average interactions per bZIP, and 

total predicted dimerization partners in each interactome. 
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Figure 4: Dynamic Rewiring of bZIP Interactomes in Cnidaria. Interactome wheels 

of three cnidarians, reveal that both number of possible dimerizations and the topology of 

dimerization partners changes dramatically. Most rewiring is driven by expansion, 

contraction, and absence of orthologous families. However, topological changes also lead 

to different interactome characteristics, such as the CREB1-OASIS interaction that is 

unique to Acropora.   
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Fluctuations in bZIP gene count, bZIP promiscuity and variation of interactome 

complexity in bilaterian invertebrates 

The bZIP repertoire of the annelid Capitella teleta includes 24 bZIPs, the most of 

the sampled bilaterian invertebrates. The Capitella interactome consisted of 81 total 

dimers, about 28% of total possible dimers. Despite lower bZIP gene counts, Lottia 

gigantea (22 bZIPs and 121 dimers), Strongylocentrotus purpuratus (22 bZIPs and 117 

dimers) and Daphnia pulex (23 bZIPs and 101 dimers) possessed bZIP interactomes of 

higher density. The cephalochordate Branchiostoma floridaae bZIP count was the lowest 

among the bilaterian invertebrates, possessing 18 total bZIPs. The Branchiostoma 

interactome formed 60 total dimers, 37% of all possible dimers. Despite higher gene 

counts, Drosophila melanogaster (20 bZIPs, and 67 dimers) and Ciona intestinalis (19 

bZIPs, and 63 dimers) formed less dimers. Even though the Caenorhabditis elegans bZIP 

repertoire consisted of 5 more bZIPs than that of Branchiostoma, only 9 more dimers 

were present in the Caenorhabditis elegans bZIP dimerization network.  

While diversity in bZIP interactivity for individual proteins was generally 

consistent and thus had a lower impact on connectedness compared to bZIP count, 

changes in promiscuity of the JUN, FOS and ATF4 subfamilies show variation over the 

animal species. The JUN orthologs in Capitella, Branchiostoma, Caenorhabditis, and 

Drosophila interact with an average of 29% of within-species bZIPs while averaging 

interactions with 51% of bZIPs in Lottia, Strongylocentrotus and Daphnia. Similarly, 

FOS proteins interacted with an average of 25% of within-species bZIPs in the stringent 

group listed above while interacting with an average of 42% in Lottia, Strongylocentrotus 
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and Daphnia. The promiscuity of ATF4 orthologs also fluctuates, interacting with an 

average of 24% of within-species bZIP partners in the stringent group and 46% in the 

more well-connected group mentioned above.  

Increase in gene count drives gains in interactome complexity in vertebrates 

The proposed duplication of all subfamilies due to whole genome or single gene 

duplication events in the common ancestor of vertebrates- or the 2R hypothesis- 

contribute to increases in dimerization. The Homo sapiens interactome contains 51 bZIPs 

and 556 possible dimers of 1,302 total possible combinations. The subfamilies JUN (3 

paralogs), FOS (5 paralogs), ATF2 (2 paralogs), CEBP (5 paralogs), ATF4 (2 paralogs), 

and PAR-L (4 paralogs) are highly promiscuous, and all duplicated paralogs retain the 

ability to form many dimers. For example, CEBPA, B, E and G interact with between 34 

and 36 partners, a range of 68% to 72% of bZIPs in the repertoire. The FOS paralogs 

interact with no less than 24 partners and the JUN-dimerization protein 2 (JDP2) forming 

44 potential dimers. Retention of promiscuity in vertebrate duplicates is more pronounced 

than in other bilaterians. For example, PAR-L proteins in Branchiostoma interact with a 

range from 28% of the interactome to 67% of the bZIP interactome. Similarly, the PAR-L 

paralogs in Capitella range from interacting with 6 partners to 14 partners, a range of 

33% between the least and highest connected paralog. Duplication of non-promiscuous 

families such as OASIS (4 paralogs) and ATF1 (3 paralogs) also contributed to increases 

in dimerization without an increase in promiscuity. The OASIS paralogs averaged 

interactions with 20% of the repertoire while ATF1 paralogs averaged 23%. Both values 

are close to the average promiscuity of the subfamily in other species, ATF1 averaged 

22% interaction rate across all species while OASIS averages 26%.  
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Interactome connectivity is related to conserved promiscuity of certain hub bZIPs  

Certain bZIP subfamilies have conserved degrees of promiscuous interactions, 

independent of the connectedness of the overall bZIP interactome. These highly 

connected proteins can be considered “hub” proteins in interactome maps due to the large 

number of connections with other proteins. The PAR-L family interacts with an average 

of 49% of bZIPs in any given interactome. In each animal studied, a PAR-L ortholog 

interacts with more than 55% of the bZIP repertoire. Similarly, the CEBP subfamily 

averages dimerization with 52% of bZIPs in any repertoire and each animal studies 

possesses at least one ortholog that interacts with at least 60% of potential bZIP partners. 

Other hubs show high promiscuity in a species-dependent manner where certain 

conserved bZIPs possess substantial differences in interactive capacity (Figure 5). The 

ATF4 subfamily interacted with an average of 56% of bZIPs within any given 

interactome. However, orthologs present in Caenorhabditis, Drosophila, Capitella, and 

Branchiostoma never exceeded dimerization rates of 44%. The Capitella ATF4 

interacted with only 20% of potential partners. By contrast, the Nematostella ATF4 

interacted with 70% of potential partners.  

Stringent bZIPs retain low interaction rates in each animal studied. The OASIS 

and ATF1 families, as described above, interacted with an average of 22% and 26% of 

bZIPs within any interactome, respectively. Neither subfamily possesses an ortholog that 

interacted with over 30% of any interactome. The Zhangfei family averaged 23 % 

interaction rate within any species, and never interacted with more than 35% of any 

interactome.  
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Figure 5: Promiscuity of hub bZIPs drives interactome diversity throughout the 

metazoan lineage. A) Dimerization activity of classical hub bZIPs is particularly 

enriched in cnidarians and vertebrates. B) PAR/L bZIPs are highly promiscuous 

dimerization partners in cnidarians, and promiscuity fluctuates dramatically in 

invertebrate bilaterians. C) Amphimedon and Ciona contain XBP1 orthologs with higher 

promiscuity than the vertebrate orthologue. D) The dimerization potential of the CREBL2 

family is strictly constrained.  
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Between-Species bZIP Interactions  

The interaction rate of bZIP sequences within species was similar to the interaction rate 

of bZIPs between species. For example, the Amphimedon PAR-L ortholog was predicted 

to interact with 100% of Amphimedon bZIPs and 79% of all bZIPs in the dataset. As a 

whole, the PAR-bZIPs interact with 57% of the bZIP dataset; and CEBPs interact with 

53% of the entire dataset. Other hub proteins, ATF2 and ATF4 both interact with 52% of 

the dataset. Stringent bZIPs are also constrained across species. NFE2 and MAF 

sequences interact with 20% and 14% of all bZIPs, respectively and CREBL2 interacts 

with 16% of the full bZIP dataset.  

Furthermore, subtle shifts in promiscuity of each subfamily led to wider patterns 

of between-species sequence promiscuity. The invertebrate bilaterian bZIPs are less 

interactive with other invertebrate bilaterian sequences than vertebrate sequences are with 

other vertebrate sequences (Figure 6). This is likely a result of duplication events and 

retention of promiscuity in duplicate hub orthologues. We observe multiplicative 

increases in interactome connectivity between vertebrates rather than squared (Figure 3). 

Sequences from Capsaspora and animals from early diverging phyla are more 

promiscuous and tend to interact with each other to a greater degree despite possessing 

less or comparable bZIP gene count. However, some bZIPs develop unique within-

species increases in promiscuity without becoming broadly promiscuous between species. 

A unique duplication of XBP1 in the tunicate Ciona intestinalis led to an uncharacteristic 

expansion of heterodimeric activity (one paralog interacts with 50% of the Ciona 

repertoire). Despite this increase in promiscuity within-species, the Ciona XBP1 
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subfamily only interacts with 21% of the overall between-species dataset only 2% more 

interactions than an average XBP1 protein. 
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Figure 6: bZIP promiscuity is constrained between species. Heatmaps reveal the 

likelihood that a given bZIP interacts with another. Red colors denote a high interactive 

likelihood; yellow denotes moderate likelihood, and green denotes no interaction 

predicted A) Heatmap showing interaction scores between each unicellular, divergent 

metazoan, and cnidarian bZIP sequences. Promiscuous bZIPs retain connectedness 

between these species. B) Interactions scores between bZIP sequences from each 

invertebrate bilaterian show a constrained drop in interconnectedness. C) Heatmap of 

vertebrate sequences reveals high between species promiscuity. D) bZIP hub sequences 

queried from Acropora digitifera retain promiscuous interaction with all represented 

bZIPs, covering over half a billion years of evolution. E) MAF sequences from Acropora 

digitifera reveal between-species conservation of limited connectivity.  
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DISCUSSION 

 

 

 The majority of transcription factor families appear to have emerged prior to the 

divergence of metazoans and undergone duplication events throughout the animal 

kingdom. The bZIPs are among the most diverse and ancient eukaryotic families and 

have radiated into the second most diverse transcription factor family in metazoans 

(Amoutzias, et al. 2008; Dunn and Ryan 2015; Jindrich and Degnan 2016). An updated 

bZIP phylogeny reveals patterns of duplications and losses in subfamily content, but 

tracing phenotypic consequences of these patterns requires annotation of protein 

behavior. Protein-protein interactions are crucially important in molecular pathways and 

can evolve dynamically (Echave, et al. 2016; Fraser, et al. 2002). Prediction of bZIP 

protein-protein interactions in metazoans suggests that bZIP dimerization activity is 

dependent on expansion or loss of bZIP subfamily gene count itself. However, count-

independent changes in promiscuity of certain bZIP subfamilies also play a significant, 

but less impactful, role in evolving interactomes.  

The dependence of interactome connectedness on bZIP repertoire overall suggests 

a conclusion that particular interaction topologies are highly conserved. Certain bZIP 

heterodimeric interactions appear to be constrained for over a billion years. For example, 

the JUN-FOS, ATF4-CEBP, PAR-L-CEBP, and ATF2-JUN dimers originated before the 

metazoan divergence and persist throughout metazoan evolution (Figure 3). Many of 

these conserved interactions involve hub bZIPs, promiscuous proteins that form a variety 

of dimers. Well-annotated duplications in the promiscuous PAR-L, CEBP, ATF2, JUN 

and FOS bZIP subfamilies (Figure 1, Figure 2) are associated with increases in bZIP 

network connectedness (Figure 2, Figure 3) simply because the associated interactomes 
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have more copies of promiscuous proteins with similar interactive topology. For 

example, the duplication of JUN, FOS, PAR-L and CEBP subfamilies alone drives a 

majority of interactome connectedness in cnidarians (Figure 4) and vertebrates (Figure 2, 

Figure 3). This is potentially unexpected because proteins that form many different 

interactions typically evolve at a slower rate than less connected proteins (Alvarez-Ponce 

and Fares 2012; Eanes 2011). Stringent bZIPs also retain similar topologies. The NFE2 

and MAF subfamilies emerged at the base of the animal tree, and form dimers in every 

animal possessing both subfamilies. Similarly, the XBP1-ATF6 interaction predates the 

metazoan lineage (Figure 3, Supplemental Figure 3).  

While duplication events are primary driving forces of changing interactome 

topologies, the behavior of genes independent from count also shapes interactome 

evolution. For example, while Nematostella possesses more JUN and FOS duplicates the 

cnidarian JUN and FOS sequences are also more promiscuous themselves than orthologs 

in bilaterians like Capitella and Caenorhabditis elegans (Figure 3, Supplemental Figure 

4). Multiple duplications of the promiscuous CEBP family expanded the total dimers 

formed within vertebrate interactomes, and only one of the five CEBP paralogs in 

humans lost its ancestral promiscuity (Figure 3, Supplementary Figure 4. Supplementary 

Table 4). However, in bilaterian invertebrates, the promiscuity of CEBP duplicates 

fluctuates within species, and as a consequence the CEBP subfamily is less connected in 

Capitella and Drosophila than in vertebrates and Nematostella (Figure 3, Supplementary 

Figure 4). This dynamic rewiring happens in non-hub bZIPs, leading to species-specific 

topologies formed by otherwise stringent dimerizing proteins. Species or lineage-specific 

changes in dimerization potential include: increases in promiscuity of NFE2 and MAF in 
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the vertebrate lineage (Figure 3), the unique XBP1 circuit in Ciona that expanded on the 

XBP1-ATF6 interaction by adding interactions with OASIS and the PARs 

(Supplementary Figure 3), and the uncharacteristic promiscuity of ATF2 in the highly 

connected Amphimedon interactome (Figure 3).  

 Conservation of promiscuity reaches outside of individual interactomes. 

Promiscuous or stringent bZIPs in a single interactome will likely retain similar degrees 

of heterodimerization activity in every animal interactome. This suggests that the 

dimerization potential of bZIPs is generally constrained. If the bZIP interactosphere were 

unconstrained, one would expect more bZIPs to form completely unique heterodimeric 

nodes as dimerization topology diverges. Our results support previous evidence that 

naturally occurring leucine zippers- as opposed to those designed in a lab- explore a 

constrained interactosphere (Grigoryan, et al. 2009; Newman and Keating 2003). 

Otherwise, we would observe more instances of dramatic species-specific changes in 

bZIP dimerization formation. 

Constraint on dimerization dynamics would still allow the emergence of new 

dimerization patterns, but only within and between closely related bZIP subfamilies. This 

would avoid pleiotropic consequences of evolving completely new interaction dynamics. 

Our results, however, present possible challenges to this notion. The bZIP subfamilies 

that have undergone rapid radiations (PAR-L, CEBP and FOS) are among the most 

connected genes within the bZIP interactomes (Figure 7). However, this interpretation 

only takes dimerization events into consideration, and does not address connections to 

other proteins, subcellular compartmentalization, or the expression pattern of the protein. 

The molecular underpinnings of the changes in developmental processes and 
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environmental response pathways are dependent on protein-protein interactions (Rudra, 

et al. 2012; Tepass 2012). Shifts in dimerization activity and spatiotemporal expression of 

transcription factors can have concerted effects on the gene regulatory elements that 

govern development and tissue integrity (Davis, et al. 2016; Pajares, et al. 2016). 

Developmental functions of bZIPs often shift in different organisms (Bogeska and Pahl 

2013; Sharma, et al. 2014), suggesting dynamic rewiring of bZIP dimers in GRN 

circuitry.  

It is important to note that annotation of protein-protein interactions, whether 

from a computational model or in vitro, cannot tell us how these proteins will actually 

interact in animals. Practically, defining protein-protein interactions empirically can lead 

to inaccuracies: false positives (Banks, et al. 2015) and unreported negative results 

(Blohm, et al. 2014). Computational models are only as good as the empirical data on 

which the program is trained. Tissue specific expression (Reitzel, et al. 2016), stage 

specific expression (Cui, et al. 2004; Ikuzawa, et al. 2006), and general expression 

parameters (Booth and King 2016) may mean that many possible interactions never 

happen within an organism. However, differential regulation of transcription may express 

potential dimerization partners that have never interacted before in the same tissue. These 

new interactions could lead to a mechanism for organismal novelty. Understanding 

general annotation of interactions may help guide researchers to discover novel 

interactions within already well-studied systems and in non-model organisms. 
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Figure 7: Total Dimers Formed by bZIPs is Gene Count Dependent. Each circle is 

labeled with corresponding subfamily. Area of circles represents average percent of the 

dataset that members of the subfamilies interact with. There is a linear relationship 

between total dimers formed and bZIP gene count. The PAR/L family is an outlier that 

drives this trend. Subfamily-specific promiscuity causes multiple orthologs (JUN, ATF2, 

ATF4) to form more dimers than predicted by this linear trend. These are among the most 

frequently rewired families. 
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APPENDIX A: SCANNED DATABASES 

Species queried for bZIP repertoire and corresponding databases used to collect bZIP candidates. 

 

Saccharomy

ces 

cerevisiae 

UCSC 

Genome 

Browser 

 https://genome.ucsc.edu/cgi-bin/hgGateway 

Capsaspora 

owczarzaki 

Sanger 

Institute 

 http://pfam.xfam.org/ 

Monosiga 

brevicollis 

Broad 

Insititut

e, JGI 

 http://genome.jgi.doe.gov/Monbr1/Monbr1.home.html 

Mnemopsis 

leydii 

Mnmio

psis 

Genome 

Portal 

 https://research.nhgri.nih.gov/mnemiopsis/ 

Amphimedo

n 

queenslandi

ca 

Sanger 

Institute

, 

Ensemb

l  

 http://pfam.xfam.org/, 

http://metazoa.ensembl.org/Amphimedon_queenslandica/Info/

Index 

Hydra 

magnipapill

ata 

Metazo

me 

 https://metazome.jgi.doe.gov/mzmine/results.do?trail=%7Cqu

ery 

Acropora 

digitifera 

OIST 

Marine 

Genomi

cs 

 http://marinegenomics.oist.jp/coral/viewer/info?project_id=3 

Nematostell

a vectensis 

Sanger 

Institute

, JGI, 

NCBI 

 http://pfam.xfam.org/, 

http://genome.jgi.doe.gov/Nemve1/Nemve1.home.htmlhttps://

blast.ncbi.nlm.nih.gov/Blast.cgi 

Capitella 

teleta 

NCBI  https://blast.ncbi.nlm.nih.gov/Blast.cgi 

Lottia 

gigantea 

NCBI  https://blast.ncbi.nlm.nih.gov/Blast.cgi 
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Caenorhabd

itis elegans 

Sanger 

Institute

, NCBI 

 http://pfam.xfam.org/, https://blast.ncbi.nlm.nih.gov/Blast.cgi 

Drosophila 

melanogaste

r 

Sanger 

Institute

, NCBI 

 http://pfam.xfam.org/, https://blast.ncbi.nlm.nih.gov/Blast.cgi 

Daphnia 

pulex 

Sanger 

Institute

, JGI, 

NCBI 

 http://pfam.xfam.org/, 

http://genome.jgi.doe.gov/Dappu1/Dappu1.home.htmlhttps://bl

ast.ncbi.nlm.nih.gov/Blast.cgi 

Strongyloce

ntrotus 

purpuratus 

NCBI  https://blast.ncbi.nlm.nih.gov/Blast.cgi 

Ciona 

intestinalis 

Sanger 

Institute

, NCBI 

 http://pfam.xfam.org/, https://blast.ncbi.nlm.nih.gov/Blast.cgi 

Branchiosto

ma floridae 

NCBI  https://blast.ncbi.nlm.nih.gov/Blast.cgi 

Mus 

musculus 

UCSC 

Genome 

Browser 

 https://genome.ucsc.edu/cgi-bin/hgGateway 

Homo 

sapiens 

UCSC 

Genome 

Browser 

 https://genome.ucsc.edu/cgi-bin/hgGateway 
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APPENDIX B: ALL BZIP SEQUENCES QUERIED 

Please reference SupplementaryTable2.xlsx, Excel Spreadsheet, 11 KB 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



44 
 

APPENDIX C: OMITTED BZIP SEQUENCES 

24 bZIP candidates removed from phylogenetic analysis after manual inspection. All sequences 

collected from pfam database unless otherwise indicated 

Please reference SupplementaryTable3.xslx, Excel spreadsheet, 11 KB 
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APPENDIX D: TOPOLOGY COMPARISON WITH LITERATURE 

Comparison of subfamily presence and count between this paper and the Jindrich and Degnan 

bZIP repertoire 

 

 

 

 

  

CEBP PAR JUN FOS/ATF3/BATFATF2 ATF4 OASIS ATF6 NFE2/BACH MAF ATF1/CREB XBP1 Zhangfei CREBL2

(KMR/JD) (KMR/JD) (KMR/JD) (KMR/JD) (KMR/JD) (KMR/JD) (KMR/JD) (KMR/JD) (KMR/JD) (KMR/JD) (KMR/JD) (KMR/JD) (KMR/JD) (KMR/JD)

ad (3/2) (2/3) (3/1) (1/1) (0/0) (1/1) (2/3) (0/0) (1/1) (4/4) (1/1) (1/1) (0/NA) (0/NA)

aq (2/2) (2/2) (1/1) (1/1) (1/1) (1/1) (2/2) (1/1) (2/2) (1/1) (1/1) (1/1) (2/NA) (0/NA)

bf (1/1) (5/5) (1/1) (1/1?) (0/0) (1/1) (2/2) (1/1) (1/1) (2/3) (0/0) (1/1) (0/NA) (1/NA)

ce (2/NA) (5/NA) (1/NA) (1/NA) (1/NA) (2/NA) (1/NA) (1/NA) (1/NA) (0/NA) (1/NA) (1/NA) (0/NA) (0/NA)

ci (0/NA) (0/NA) (1/NA) (2/NA) (1/NA) (1/NA) (2/NA) (0/NA) (2/NA) (2/NA) (2/NA) (4/NA) (1/NA) (0/NA)

co (1/1?) (1/1?) (1/1?) (1/1?) (1/1) (2/0) (0/1) (0/1?) (0/0) (0/0) (1/1) (0/0) (1/NA) (1/NA)

ct (1/2) (7/7) (1/1) (2/1) (1/1) (0/1) (2/2) (1/1) (1/1) (2/2) (1/1) (1/1) (1/NA) (1/NA)

dm (1/1) (6/6) (1/1) (2/2) (0/0) (2/1) (1/1) (1/1) (1/1) (0/1) (1/1) (1/1) (0/NA) (1/NA)

dp (2/3) (4/5) (1/1) (2/2) (1/1?) (1/1) (2/2) (1/1) (2/1) (0/2) (1/1) (1/1) (2/NA) (0/NA)

hm (2/2) (3/3) (2/1) (2/3) (1/1) (1/1) (2/2) (1/1) (1/1) (2/2) (1/1) (1/2) (0/NA) (0/NA)

hs (5/6) (4/4) (3/3) (8/8) (3/3) (2/2) (5/5) (2/2) (6/6) (6/6) (3/3) (1/1) (1/NA) (1/NA)

lg (3/3) (5/8) (1/1) (3/2) (1/1) (1/1) (3/3) (1/1) (1/1) (1/2) (1/1) (1/1) (2/NA) (0/NA)

mb (2/2) (1/1) (0/0) (0/0) (1/1) (0/0) (2/2?) (1/1) (0/0) (0/0) (0/0) (0/0) (1/NA) (0/NA)

ml (1/1) (0/0) (1/1) (2/2) (1/1) (0/0) (2/2) (2/1) (0/1?) (0/1) (1/1) (1/1) (0/NA) (0/NA)

mm (4/NA) (4/NA) (3/NA) (8/NA) (4/NA) (2/NA) (4/NA) (1/NA) (6/NA) (4/NA) (3/NA) (1/NA) (2/NA) (1/NA)

nv (2/2) (8/3) (3/2) (4/3) (2/1) (1/0) (2/2) (1/1) (1/1) (1/3) (1/1) (1/1) (2/NA) (1/NA)

sp (2/2) (5/5) (1/1) (2/3) (1/1) (0/0) (2/2) (1/1) (1/1) (2/2) (1/1) (1/1) (2/NA) (1/NA)

ta (1/1) (3/2) (1/1) (0/0) (1/1) (0/1) (1/1) (1/1) (1/1) (1/2) (1/1) (1/1) (0/NA) (0/NA)
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APPENDIX E: HOMODIMER PREDICTIONS 

Count of homodimers formed by bZIP subfamilies in each queried species. The number on the 

right of each column corresponds to number of orthologues and the number on the left 

corresponds to the number of homodimers. 

 

 

  

CEBP PAR JUN FOS ATF2 ATF4 OASIS ATF6 NFE2 MAF ATF1 XBP1 Zhangfei CREBL2

ad (3/3) (2/2) (2/3) (1/1) (0/0) (1/1) (2/2) (0/0) (0/1) (4/4) (0/1) (1/1) (0/0) (0/0)

aq (2/2) (1/2) (1/1) (0/1) (1/1) (0/1) (2/2) (1/1) (1/2) (1/1) (1/1) (1/1) (2/2) (0/0)

bf (1/1) (4/5) (0/1) (0/1) (0/0) (1/1) (2/2) (1/1) (0/1) (2/3) (0/0) (1/1) (0/0) (1/1)

ce (2/2) (5/5) (1/1) (0/1) (1/1) (2/2) (1/1) (1/1) (0/1) (0/0) (1/1) (1/1) (0/0) (0/0)

ci (0/0) (0/0) (0/1) (1/2) (1/1) (0/1) (2/2) (0/0) (0/2) (2/2) (2/2) (3/4) (0/1) (0/0)

co (1/1) (1/1) (1/1) (1/1) (1/1) (3/3) (0/0) (0/0) (0/0) (0/0) (1/1) (0/0) (1/1) (1/1)

ct (1/2) (6/7) (0/1) (1/2) (1/1) (0/1) (2/2) (1/1) (1/1) (2/2) (1/1) (1/1) (1/1) (0/1)

dm (1/1) (5/6) (1/1) (0/2) (0/0) (2/2) (0/1) (1/1) (0/1) (0/1) (1/1) (1/1) (0/0) (0/1)

dp (2/3) (3/4) (1/1) (0/2) (1/1) (1/1) (2/2) (1/1) (0/2) (0/2) (1/1) (0/1) (2/2) (0/0)

hm (2/2) (3/3) (1/2) (0/1) (1/1) (1/1) (0/2) (1/1) (0/1) (2/2) (1/1) (1/1) (0/0) (0/0)

hs (5/5) (4/4) (1/3) (3/8) (3/3) (1/2) (5/5) (2/2) (2/6) (6/6) (3/3) (1/1) (1/1) (1/1)

lg (2/3) (3/4) (0/1) (2/3) (1/1) (1/1) (2/3) (1/1) (0/1) (1/2) (1/1) (1/1) (2/2) (0/0)

mb (2/2) (1/1) (0/0) (0/0) (1/1) (0/0) (2/2) (1/1) (0/0) (0/0) (0/0) (0/0) (1/1) (0/0)

ml (1/1) (0/0) (1/1) (2/2) (1/1) (0/0) (2/2) (2/2) (0/0) (0/1) (1/1) (0/1) (0/0) (0/0)

mm (4/4) (4/4) (1/3) (2/8) (3/4) (1/2) (4/4) (1/1) (2/6) (3/4) (3/3) (1/1) (1/1) (0/1)

nv (2/2) (7/8) (2/3) (0/4) (2/2) (1/1) (2/2) (1/1) (1/1) (1/3) (1/1) (1/1) (1/2) (0/1)

sp (2/2) (4/5) (0/1) (1/2) (1/1) (0/0) (2/2) (1/1) (0/1) (2/2) (1/1) (1/1) (2/2) (0/1)

ta (1/1) (2/3) (0/1) (0/0) (1/1) (0/1) (1/1) (1/1) (0/1) (1/2) (1/1) (1/1) (0/0) (0/0)
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APPENDIX F: FONG ALGORITHM PREDICTIONS 

Interactome calculations based on the stringent Fong algorithm. Yellow bars represent 

heterodimers while green bars represent homodimers. 

Please reference SupplementaryTable6.xslx, Excel spreadsheet, 11 KB 
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APPENDIX G: BZIP SIBFAMILY-SPECIFIC ALIGNMENTS 

Alignments of the bZIP and other specific domains of each bZIP subfamily used for manual 

inspection. 
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APPENDIX H: DISTRIBUTION OF DIMER PREDICTION SCORES 

Distribution of the interaction scores called by the Potapov algorithm. The red dotted line 

indicates the interaction cut off value. 
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APPENDIX I: ALL INTERACTOME MAPS 

Interactome maps of each species, tracking heterodimerization dynamics. Red circles denote the 

absence of a bZIP subfamily. 
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APPENDIX J: SPECIES-SPECIFIC DISTRIBTION OF BZIP PROMISCUITY 

Count of genomic bZIPs that form a given amount of dimers in each species. 
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APPENDIX K: SUBFAMILY-SPECIFIC DIMER ACTIVITY ACROSS SPECIES 

Distribution of subfamily-specific dimerization capacity in each species.  
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