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ABSTRACT 

Coatomer coated (COPI) vesicles play a pivotal role for multiple membrane trafficking steps 

throughout the eukaryotic cell.  Our focus is on βCOP, one of the most well known components of the 

COPI multi-protein complex. Amino acid differences in βCOP may dictate functional divergence 

across species during the course of evolution, especially with regards to the evolutionary pressures on 

obligate intracellular parasites. A bioinformatic analysis of βCOP amino acid sequences was conducted 

for 49 eukaryotic species.  Cloning and sequence analysis of the Toxoplasma gondii βCOP homologue 

revealed several amino acid insertions unique to T. gondii and one C-terminal insertion that is unique 

to apicomplexan parasites.  These findings led us to investigate the possibility that βCOP experienced 

functional divergence during the course of its evolution.  Bayesian phylogenetic analysis revealed a 

tree consistent with pan eukaryote distribution and long-branch lengths were observed among the 

apicomplexans.  Further analysis revealed that kinetoplast βCOP underwent the most amount of 

change, leading to perhaps an overall change of function.  In comparison, T. gondii exhibited subtle yet 

specific amino acid changes.  The amino acid substitutions did not occur in the same places as other 

lineages, suggesting that TgβCOP has a role specific to the apicomplexans. Our work identifies forty-

eight residues that are likely to be functionally important when comparing apicomplexan, 

kinetoplastid, and fungal βCOP. Keywords: coatomer; beta-COP (β-COP); phylogeny; Apicomplexa; 

vesicle trafficking; DIVERGE; functional divergence. 
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1. INTRODUCTION 
 

Toxoplasma gondii is an obligate intracellular parasite and unicellular eukaryote.  T. gondii uses 

conventional membrane trafficking organelles and machinery, such as the Endoplasmic Reticulum 

(ER) and coated vesicles, to accommodate a sophisticated secretory pathway that includes three 

additional secretory organelles utilized during invasion (Hager et al., 1999b; Joiner and Roos, 2002; 

Pfluger et al., 2005). The anterior cytoplasm of the parasite contains two of the specialized secretory 

organelles, called micronemes and rhoptries.  This complex of specialized substructures gives the 

phylum Apicomplexa its name (Levine, 1977).   Several apicomplexans also possess another 

distinctive organelle apical to the nucleus, the "apicoplast" (Abrahamsen et al., 2004a; Köhler et al., 

1997; Lang-Unnasch et al., 1998; McFadden et al., 1996; Zhu et al., 2000).   This organelle is thought 

to have evolved through secondary endosymbiosis and is plastid in nature (Kohler et al., 1997; Waller 

and McFadden, 2005).  Unlike other apical organelles, it harbors its own genome and is enclosed 

within four membranes (Kohler et al., 1997; McFadden and Roos, 1999).   

 

Other than the nucleus, the presence of an endomembrane system within the cytoplasm of an organism 

is one of the hallmarks of eukaryotes. In most eukaryotic cells, proteins move from one compartment 

to another in transport vesicles.  These transport vesicles form from specially coated regions of 

membranes and bud off as coated vesicles, with a distinctive cage of proteins covering the surface 

facing the cytosol. There are two well-characterized types of transport vesicles: clathrin-coated and 

coatomer-coated (COP) vesicles.  Clathrin mediates selective transport of transmembrane receptors 

from the trans-Golgi network or from the plasma membrane.  COP vesicles mediate both selective and 

non-selective transport between the ER and Golgi and/or within the Golgi cisternae (Barlowe, 2000; 

Cox, 2002; Majoul et al., 2001; Nickel et al., 2002; Orci et al., 2000; Pelham and Rothman, 2000; Tang 

et al., 2001)[13-19]. There are two types of COP vesicles, COPI and COPII.  Direction and control of 
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early transport within the secretory pathway is mediated by the components of COPI.  COPI contains 

stoichiometric amounts of seven subunits including: α(160-kDa,) β (107-kDa), β’ (102-kDa), δ (57-

kDa), ε (36-kDa), γ (97-kDa), ζ (20-kDa) and a small GTP-binding protein, ADP-ribosylation factor 

(ARF).  (Lowe and Kreis, 1998)[20]. COPI mediates retrograde trafficking  that involves retrieval of 

missorted proteins from the Golgi back to the endoplasmic reticulum (ER).  Less well understood, and 

a current subject for debate, are COPI’s other roles in the cell.  COPI has been implicated in 

anterograde stack to stack transport (Orci et al., 2000),  concentration of proteins at specialized ER exit 

sites (ERES) where cargo leaves the ER (Garcia-Mata et al., 2003),  endocytosis (Aniento et al., 1996) 

and phagosome maturation (Botelho et al., 2000).  In contrast to COPI, COPII’s role in transport is 

well understood. It is required for the concentration and export of secretory cargo from the ER (Aridor 

et al., 1999; Barlowe, 1998; Barlowe, 2000; Gorelick and Shugrue, 2001; Gurkan et al., 2006).   COPII 

contains four subunits (different in sequence from the COPI subunits), that includes  a small GTP-

binding protein,  SAR1.   With the exception of the small GTPases, all COPI and COPII subunits share 

an ‘Adaptin_ N’ domain, at the N-terminus of all of the coatomer subunit proteins.  Adaptin domains 

are present in the alpha, beta and gamma subunits of the AP-1, AP-2 and AP-3 adaptor protein 

complexes.  The adaptor protein (AP) complexes are involved in the formation of clathrin coated pits 

and vesicles.  The N-terminal region of adaptor proteins is conserved in sequence compared to the C-

terminal region that varies within the family.  The C-terminal region has been proposed to interact with 

other components of the  coated vesicle and aid in  budding of the vesicle (Antonny, 2006; Gurkan et 

al., 2006).  

 

The Toxoplasma genome possesses all seven of the predicted COPI subunit homologues and the 

predicted sizes are: α (142.6 kDa), β (121 kDa), β' (150...154 kDa), δ (62 kDa), ε (34 kDa) , γ (112 

kDa), ζ ( 21 kDa). One of the best known constituents of the COPI complex is βCOP.  We conducted a 

bioinformatic analysis on βCOP because it is essential for membrane trafficking steps throughout the 
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eukaryotic cell and its role in trafficking is an active area of research.  We have recently cloned and 

characterized the Toxoplasma homologue of βCOP (TgβCOP) and found that it has several conserved 

and unique properties. It localizes to the parasites' Golgi region (Hager et al., 1999; Pfluger et al., 

2005). TgβCOP is slightly larger than other metazoan or fungal βCOP homologues. TgβCOP 

possesses the canonical ‘Adaptin_ N’ domain at its N-terminus and also contains an amino acid insert 

in its C-terminal domain that is conserved across several apicomplexan species, but is not found in 

other sequenced metazoan or fungi βCOP.  This study examines the phylogenetic relatedness of 

TgβCOP to other eukaryotes in order to identify regions that may be associated with divergent 

biological functions.  

 

2. MATERIALS AND METHODS 

2.1. Reagents and Cell Culture 

All chemical reagents and primers were ordered as previously described (Pfluger et al., 2005).  All cell 

culture reagents were obtained from Gibco (Invitrogen, Carlsbad, CA).  The host cells, human foreskin 

fibroblast (HFF) cells (BJ cell line, ATCC),  and parasites were grown as previously described (Roos 

et al., 1994).   

 

2.2. Identification and cloning of TgβCOP 

An expressed sequence tag (EST) encoding βCOP (accession #AF163574) (Hager et al., 1999a) was 

identified from the Toxoplasma EST Database (Ajioka et al., 1998; Kissinger et al., 2003; Li et al., 

2003; www.ToxoDB.org, 2002). The putative ORF was initially identified using primers directed 

against the 5' sequences in the EST sequence #623080 using 5’ RACE PCR. In brief, the five prime 

end of T. gondii EST #623080 was used to design primer TgβCOP1 (Rev). TgβCOP gene specific 

primer (GSP) in the antisense orientation was used with the universal primer (sense) in a 5'-RACE 
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PCR strategy according to manufacturers protocol (Stratagene). The resulting PCR product was sub-

cloned into pCR4-TOPO vector (Invitrogen) and sequenced using standard T3 and T7 primers. To 

confirm the sequence of PCR product, TgβCOP, primers were designed to the ends of the gene 

(TgβCOP2 and TgβCOP3) and to an interior region of the gene (TgβCOP4 and TgβCOP5) based on 

the previously determined sequence.  The interior primers (TgβCOP4 and TgβCOP5) were also used in 

conjunction with the 5’ and 3’ end primers (TgβCOP2 and TgβCOP3) to produce PCR fragments of 

appropriate lengths to re-confirm cloning and sequencing result. The complete ORF was cloned from 

full-length cDNAs generated by using SMART cDNA library construction (Becton Dickinson) from 

the RH strain. All sequencing was performed by Davis Sequencing Facility (Davis, CA). Cloning and 

sequencing primers are shown in Table I. 

 

2.4. Phylogenetic and functional analysis 

Sequences of βCOPs from 49 species were obtained by searching NCBI’s non-redundant proteins 

database and protozoan databases using BLASTP.  The sequences obtained were aligned using default 

parameters in ClustalX (Thompson et al., 1997). Manual correction was used to exclude gaps and 

highly divergent or ambiguous regions of the alignment.  Therefore, only the conserved core of the 

alignment (black portions, Figure 1A) was used to generate the phylogenetic tree shown in Figure 2.  

TgβCOP sequence corresponding to amino acids 990-1043 shaded region (See Fig. 1A, insert) was 

aligned with other species utilizing the program T-Coffee 

(www.ch.embnet.org/software/TCoffee.html) (Notredame et al., 2000). Abbreviations and accession 

numbers used in the alignment inset in Fig. 1A are as follows: Hs35, Homo sapien (NP_057535); 

Dm00, Drosophila melanogaster (NP_523400); Ce36, Caenorhabditis elegans (AAD12836); At77, 

Arabidopisis thalia (NP_194877); Dd79, Dictystelium Discoidum (AAF62179); Sc24, Saccharomyces 

cerevisiae (CAA89724); Eh34, Entamoeba histolytica (EAL49134); Tb00, Trypanosoma brucei 

(CAB95500); Gl00, Giardia lamblia (EAA41300); Cp14, Cyrptosporidium parvum 

http://www.ch.embnet.org/software/TCoffee.html
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(AAEE01000014); Pf66, Plasmodium falciparum (NP_702166); Pr05, P. reichnow (13d05.q1k, 

tBLASTN, genome, SANGER); Pg03, P. gallinaceum (l0373a03.q1k, tBLASTN, genome, 

SANGER); Pk70, P. knowlesi (14_1270w, BLASTP, protein, SANGER); Pv50, P. vivax (SaI-

1|ctg_6877|Pv085050, BLASTP, protein, TIGR); Py65, P. yoelli (EAA20565); Pb47, P. baudin 

(XP_676947);  Pc34, P. chaubadi (CAH78234); Nc92, Neospora cannium (CD667392); Tg21, 

Toxoplasma gondii (DQ279721).  Note, in cases where partial gene sequences are used, gene 

identifiers, the blast program and the database they were obtained from, are included within the 

parenthesis.  

Phylogenetic relationships of the βCOP sequences were assessed using the computer program 

Mr. Bayes, a Bayesian statistical program (Huelsenbeck et al., 2001).  Mr. Bayes works on the 

principle of Metropolis-Coupled Markov chain Monte Carlo (MC3) estimation of posterior 

probabilities (Huelsenbeck et al., 2002; Lewis, 2001a; Lewis, 2001b; Shoemaker et al., 1999). We 

performed MC3 estimation of posterior probabilities using noninformative prior probabilities, the 

JTT+I+Γ (Jones et al., 1992) substitution model with inclusion of unequal amino acid frequencies, and 

four incrementally heated Markov chains with different random starting trees. JTT was used as it is 

based on a broad sample of protein diversity and thus reflects empirical patterns of amino acid 

substitution. The Metropolis-coupled Markov chains were run to 10,000,000 generations with 

sampling every 100 generations. Posterior probabilities of topologies, clades, and parameters were 

estimated from the sampled topologies after removal of MC3 burn-in. Four separate MC3 analyses 

were performed to evaluate stationarity. 

A functional divergence analysis of the amino acid alignment in the context of the hypothesized 

phylogenetic tree was performed using the computer program DIVERGE (Gu and Vander Velden, 

2002).  These sites may have been subject to divergent functional evolution.  DIVERGE measured 

change in site-specific evolutionary rates using the coefficient of evolutionary functional divergence 

(θ), where θ = 0 indicates no change and values approaching θ = 1 reflect increasing functional 
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divergence. Specifically, θ measured site-specific divergence from a homogenous gamma model of 

among-site rate variation.  Surface probabilities of the amino acid residues in TgβCOP sequence were 

calculated using the MacVector program (Rastogi, 2000) obtained from the website: 

www.macvector.com/index.html (MacVector, Inc.).  The program was run using default parameters. 

 

 

2.5. Database acknowledgements 

Preliminary genomic, EST and/or cDNA sequence data for T. gondii was accessed via 

http://ToxoDB.org and/or http://www.tigr.org/tdb/t_gondii/. EST data for Neospora caninum was 

obtained from NCBI.  Genomic data for Plasmodium species were provided by The Institute for 

Genomic Research (supported by the NIH grant #AI05093), and the Sanger Center (Wellcome Trust). 

EST sequences were generated by Washington University (NIH grant #1R01AI045806-01A1). 

Sequence data for P. falciparum chromosome 14 was obtained from The Sanger Institute website at 

http://www.sanger.ac.uk/Projects/P_falciparum/. Sequencing of P. falciparum chromosome 14 was 

accomplished as part of the Malaria Genome Project with support by The Wellcome Trust. See Table 2 

for accession number and species used in Bayesian and DIVERGE analysis. 

 

 

 

3. Results And Discussion 

3.1. cDNA cloning TgβCOP and sequence analysis.  The full length cDNA for the TgβCOP gene 

(accession # DQ279721) is 3.3 kb (Figure 1B) in size and contains overlapping sequence with the EST 

fragment previously identified (Hager et al., 1999b). The coding region is predicted to encode a protein 

with a predicted mass of ~121-kDa.  TgβCOP possesses a series of novel sequences distributed 
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throughout the protein (Fig. 1A, white boxes) that have been verified by reverse transcription 

polymerase chain reaction (RT-PCR) (Fig 1B). One of the novel sequences, the region between amino 

acids ~746-790 (using anti-GEDSL” antibody) exists in the mature protein as shown by 

immunoblotting (Smith et al 2006 submitted).  The novel sequences have no identifiable function 

and/or motif. A novel sequence in the C-termini is shared among related Apicomplexa (Fig. 1A, 

striped box).  While the sequence is not identical between all apicomplexans, a shared amino acid 

motif suggests common ancestry (Fig. 1A, alignment). This novel sequence led us to investigate the 

role evolution played in exerting selective pressure for divergent function of the βCOP subunit among 

intracellular pathogens. 

 

3.2. Phylogenetic analysis 

A phylogenetic analysis of βCOP amino acid sequences provides a way to factor out historical and 

neutral processes and determine regions undergoing positive selection for functional divergence among 

eukaryotes.  TgβCOP was compared with βCOP sequences representing 49 species of eukaryotes.  The 

sequence alignment was modified to exclude regions of uncertain homology, a pre-requisite for 

accurate phylogenetic reconstruction.  The final alignment included 825 characters.  Using the final 

alignment, a consensus tree was generated by running MrBayes for 10 million MC3 generations and 

excluding the burn-in trees (Figure 2). All four replicate MC3 analyses produced the same results, 

indicating stationarity was obtained.  Individual posterior probabilities varied no more than ±0.02. In 

each replicate analysis, the burn-in was 6000 generations, resulting in a sample of 99,940 trees for 

estimation of posterior probabilities.   

 

The components of protist coated vesicular apparatus are of particular interest as these organisms often 

lack easily recognizable secretory organelles such as the Golgi.  For example, Giardia (Gl) possesses 

an endomembrane system, yet appears to lack a conventional Golgi with readily recognizable and 
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parallel cisternae apparatus in its vegetative trophozoite form (Becker and Melkonian, 1996; Hehl and 

Marti, 2004; Lujan et al., 1995) despite an ability to sort proteins to constitutive and regulated 

secretory pathways (Meng et al., 1993; Reiner et al., 1990). We observed long branch lengths within 

the Apicomplexa clade (Figure 2), in excess of those observed in ribosomal RNA (rRNA) phylogenies 

(Sogin and Silberman, 1998).  Long branches were observed in the other protist lineages and these may 

reflect a combination of time and elevated rates of molecular evolution.  As such, the long branches 

observed may, in part, indicate functional divergence among the different protistan βCOP proteins, 

although sampling of distantly-related paralogs cannot be ruled out.  In phylogenetic reconstruction, 

one of the most important tools to accurately predict branch lengths is use of a gamma distribution of 

among-site variation in evolutionary rates of change, as we have done in our MC3 analysis.  Our 

DIVERGE prediction of functionally divergent sites looks for exceptions to this distribution.  While 

we recognize that comparison of βCOP branch-lengths to rRNAs may not be ideal as the apicomplexan 

SSU-rRNA family is small (Abrahamsen et al., 2004b; Gardner et al., 2005; Gardner et al., 2002; Pain 

et al., 2005; Xu et al., 2004) and may be under selection (personal communication, Jessica Kissinger), 

especially since stage-specific expression is observed in Plasmodium (Li et al., 1997; McCutchan et 

al., 1995), our use of DIVERGE compares rates of βCOP evolution between the Apicomplexa and 

other groups of organisms.  Completely accurate reconstruction of Apicomplexa relationships is not 

essential. Accurate reconstruction of apicomplexan relationships may be better calculated using 

multiple protein encoding genes instead of our analysis of βCOP alone (Baldauf, 2003).   

 

 

3.3. DIVERGE analysis 

To examine the possibility of functional divergence of apicomplexan βCOP proteins, we performed a 

functional analysis of the amino acid alignment in the context of the βCOP phylogenetic tree using the 

computer program DIVERGE (Gu and Vander Velden, 2002). DIVERGE detects site-specific altered 
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functional constraints by comparing site-specific evolutionary rates among sub-clades within the 

phylogenetic tree (reviewed by Gaucher et al., 2002)(Gaucher et al., 2002).  DIVERGE does not 

explicitly consider the nature of amino acid substitutions occurring at specific locations in the 

alignment (e.g. non-polar vs. polar vs. charged polar), but instead highlights positions that have higher 

rates of amino acid substitution than predicted from neutrality. As such, DIVERGE does not highlight 

extreme conservation, such as structurally important cysteine residues, but only those positions within 

the alignment undergoing statistically detectable positive selection.  DIVERGE performs the analysis 

by comparing the evolutionary rates between two clades within the phylogenetic tree.  The tree is used 

to factor out neutral processes by using a mathematical model of the rates of evolution within a protein.  

Sites having significantly higher evolutionary rates among sub-clades than predicted from neutrality 

are identified as regions potentially subject to divergent functional evolution.  However, it is important 

to note that the unique population structure of parasites such as the apicomplexa and kinetoplastid may 

additionally contribution to rates of evolution beyond that expected from neutrality.  As such, our 

results should be considered hypothesis testable by functional studies in the laboratory. 

 

We used DIVERGE to test the null hypothesis of no changes in site-specific evolutionary rates among 

βCOP sub-clades and to predict sites in the alignment having altered functional constraints.  

Specifically, we tested this null hypothesis among the apicomplexans, kinetoplastids, vertebrates, and 

fungi (Table 3).  The kinetoplastids exhibited a high degree of functional divergence from the 

vertebrates (θ = 0.66 overall, 577 residues with θ > 0.50) and fungi (θ = 0.46 overall, 181 residues with 

θ > 0.50), indicating broad positive selection on the amino acid sequence between kinetoplastids and 

vertebrates / fungi.  As DIVERGE is strictly comparative, it is not explicitly clear if this selective 

pressure has been at work for the kinetoplastid proteins only, for the vertebrate and fungal proteins 

only, or a combination of each.  However, examination of Table 3 finds no evidence of positive 

selection between the vertebrate and fungal proteins, suggesting that the positive selection is occurring 
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predominantly in the kinetoplastids.  Kinetoplastid βCOP may be performing a very novel function 

compared to well-studied model organisms.  Previous studies showed that trypanosome βCOP 

antibodies do not label the Golgi (Maier et al., 2001) and this may possibly be related to their high 

level of divergence. 

 

The apicomplexans exhibited a subtle and specific functional divergence from fungi (θ = 0.30, 28 

residues with θ > 0.50) and kinetoplastids (θ = 0.35, 23 residues with θ > 0.50), but not vertebrates.  

Apicomplexans, unlike kinetoplastids, contain a small number of residues predicted to have undergone 

positive selection (< 30 for each comparison).  Although the divergent residues were found throughout 

the protein, the majority were clustered in the conserved N-terminal and C-terminal domains, with 

many functionally divergent residues found in close proximity (Figure 3, Table 4).  Only three 

divergent positions were shared between apicomplexans, kinetoplastids, and fungi.  Despite being in 

close proximity, some positions undergoing positive selection appear to be divergent in the 

apicomplexans only, the kinetoplastids only, or the fungi only (Table 4).  Sites where non-conservative 

amino acid substitutions occur are of interest.  For example, at position 133 most fungi have a 

glutamine (an uncharged polar amino acid and amide), while apicomplexans have a proline (a non-

polar amino acid and a bulky aliphatic hydrocarbon).  This substitution of proline can result in 

disruption of an alpha helix, a beta-sheet or change the direction of a beta-strand within a protein 

(Table 4). 

 

The topological position of the residues identified in Figure 3 (Table 4) is important to consider for 

functional divergence for two reasons.  First, residues that are predicted to be on the surface generally 

interact favorably with the hydrophilic environment of the cytosol through polar amino acid groups.  

Second, surface residues would presumably have the most impact on protein-protein interactions 

within the cytosol of the organism.  Given that βCOP is part of a multi-protein complex, the 
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implications are that these interactions would change dependent upon the type of amino acid 

substitutions that are observed.  When those groups are changed to non-polar residues (for example at 

position 603 or 941), the interactions with the hydrophilic environment of the cytosol is less favored.  

The result is that in order to maximize hydrogen bonding, the protein may change how it folds. Thus, 

non-conservative amino acid changes can affect the overall shape of the protein and presumably the 

protein-protein interactions that occur between the protein and its subunits within the coatomer 

complex. We hypothesize that each of these lineages have been undergoing subtle divergent evolution 

to fine tune their roles in their respective cells and that the DIVERGE analysis has highlighted regions 

of the protein important for alteration of protein structure and function. That each group of organisms 

did not undergo amino acid substitutions at the exact same positions is strongly suggestive of differing 

selective pressures.  As such, TgβCOP may play a role specific to the apicomplexans. The three 

divergent sites shared between apicomplexans, fungi, and kinetoplastids are not in the conserved 

domains of the coatomer beta subunit proteins, suggesting previously undiscovered functionally 

important residues in βCOP.  These residues, as well as the clusters of divergent residues, are 

important for future experimental investigation of βCOP function. 
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Figure Legends 

Fig. 1.  TgβCOP cloning and sequence analysis. (A) Schematic of TgβCOP. White boxes represent 

sequences with low conservation; the black boxes represent areas of high sequence conservation.  

Domains are marked as follows: N-termini=NH2, adaptin-like domain found at amino(N)-

terminus=Adaptin_N, the middle or hinge region of the protein=hinge, carboxyl(C)-terminus=COOH. 

This schematic was generated after alignment analysis against of 49 other eukaryotic species using 

default parameters in ClustalW. Sequences of βCOPs from multiple species were obtained by 

searching NCBI and protozoan databases (database acknowledgments and accession numbers are in 

Materials and Methods). The shaded sequence represents the novel C-terminal sequence shared across 

several apicomplexan species.  The alignment for this region is shown the below schematic (generated 

using T-Coffee). Asterisks denote putative phosphorylation sites. (B) Reverse transcription (RT)-

polymerase chain RT-PCR reaction (PCR) of TgβCOP.  Lane one (1) are the DNA molecular weight 

markers.  Lane two (2) is the 3.3 kb product (arrow) is shown, which results from RT-PCR using both 

5’ and 3’ primers specific for generating the full-length cDNA encoding TgβCOP. (primers: TgβCOP 

alone (5`) and TgβCOP cDNA synthesizer, see materials and methods, and Table 1). 

 

Fig. 2.  Phylogenetic tree of βCOP species. 

The conserved core of the βCOP alignments (indicated in the model by the black boxes, Figure 1A) 

was used to generate the phylogenetic tree.  Phylogenetic relationships of the βCOP sequences were 

assessed using the computer program MrBayes, a Bayesian statistical program (Huelsenbeck et al., 

2001). Branch lengths indicate evolutionary distance while node labels indicate posterior probability. 

The vertebrate and fungal branches were magnified (see inset boxes) to show relationships more 

clearly (branch lengths are not meaningful).  Species abbreviations, their accession numbers, and 

percent identity to human βCOP (NP_057535) are shown in Table 2. 
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Fig. 3.  Predicted functionally divergent residues in Toxoplasma gondii.  

(A)  Residues predicted to be functionally divergent between the Apicomplexa and the kinetoplastida 

or fungi are presented in bold.  Clusters of divergent residues are shown as groups and are presented in 

their relative position within the βCOP homologue with respect the N and C-termini.  Hinge region 

denotes the middle region of the protein.  Black bolded residues are polar, black, bolded and 

underlined residues are charged polar amino acids.  Red residues are hydrophobic and purple are 

sulfur-containing amino acids.  (B) (Shown in supplement) The complete sequence of TgβCOP is 

shown, aligned with regions of fungi and kinetoplastida sequences used in the phylogenetic and 

divergence analyses.  Regions of poor alignment are not shown.  The conserved Adaptin N-terminal 

region and the conserved C-terminal domain of coatomer beta subunit proteins are underlined in the 

TgβCOP sequence.  

 

Table 1. Oligonucleotide and gene-specific primers (GSP) used for reverse transcriptase-polymerase 

chain reaction (RT-PCR), rapid amplification of cDNA ends (RACE), and DNA sequencing. 

 

Table 2. GenBank accession numbers for βCOP amino acid sequences used to generate multiple 

sequence alignments and phylogenetic trees, with identity to human βCOP. 

 

Table 3. Test of the null hypothesis of no change in site-specific evolutionary rates among four clades 

of βCOP  (apicomplexans, kinetoplastids, vertebrates, and fungi), as implemented by the computer 

program DIVERGE.  Measures of the coefficient of evolutionary functional divergence (θ) and their 

standard error are presented above the diagonal.  Values of θ above 0.50 up to 1.00 reflect increasing 

functional divergence.  Likelihood ratio test observed values for the test of the null hypothesis of θ = 0 
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are presented below the diagonal.  Scores with significant rejection (P < 0.05) of the null hypothesis 

are marked with an asterisk. 

 

Table 4. Table of divergent residues across kinetoplasts, fungi and Apicomplexa and their respective 

probabilities of being exposed the surface of the folded protein.  Examples of invariant residues as they 

compare across species are shown in red.  Variable means that the residue could be polar (uncharged or 

charged) or non-polar.  Variable charge means that the residue could possess a positive, negative, or 

not charge at all. Polar=hydrophilic.  Non-polar=hydrophobic.  +=glycine possesses no optical isomer, 

and thus is in a category by itself. Note: DIVERGE does not take into account the type of amino acid 

but rather the changes that occur at that particular position within the primary amino acid sequence. 
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