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    Abstract     The tetraspanin superfamily of proteins provides an excellent system for 
examining many important evolutionary phenomena at the level of gene and protein 
sequences. Because dozens of eukaryotic organisms now have their full genomes 
sequenced, tetraspanins from these genomes can be compared and placed into a 
phylogenetic context. The whole genome information allows for researchers to 
trace with great precision the evolutionary events that have molded the broad array 
of tetraspanins found in eukaryotic genomes. We fi rst demonstrate that phylogenetic 
analysis of tetraspanins from the fully sequenced genomes of an exemplar set of 
eukaryotes can give a fairly complete picture of the relationships of the families and 
subfamilies of tetraspanins. We can use the phylogenetic analysis of these tetraspa-
nins to classify the various families and subfamilies of tetraspanins and use the 
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sequence information as diagnostics for identifying novel tetraspanins. By using a 
phylogenetic perspective we also examine several important evolutionary processes 
in the tetraspanins such as intron evolution and the evolution of small protein motifs. 
We also describe a website for researchers who are interested in tetraspanin evolu-
tion, classifi cation, identifi cation and information called TSPAN4.web (  http://
research.amnh.org/users/desalle/data/tspan/    ).  

2.1         Tetraspanins 

  An obligatory (but short) introduction : Tetraspanins are members of a large 
group of integral membrane proteins (Maecker et al.  1997 ; Hemler  2001 ,  2003 ; 
Boucheix and Rubinstein  2001 ). Humans have 33 tetraspanin members scattered 
throughout the genome (see Table  2.1 ) whose functions are distributed widely in 
cells and tissues. The structure of tetraspanins is widely conserved across large 
phylogenetic with the typical tetraspanin being 200–350-amino-acid-long with four 
transmembrane (TM) domains. In addition two extracellular loops exist in these 
proteins, one being small (SEL—about 13–30 amino acids long) and the other large 
(LEL—up to 150 amino acids long). Many tetraspanin proteins were originally 
identifi ed as human tumor antigens while others are associated with several forms 
of retinal degeneration. Still others have been associated with mental retardation 
syndromes (Zemni et al.  2000 ). Tetraspanin- enriched microdomains can form 
through primary associations with a variety of transmembrane and intracellular sig-
naling/cytoskeletal proteins and secondary associations (Levy and Shoham  2005a ,  b  ). 
The conserved structure of tetraspanins over such extreme functional diversity and 
phylogenetic time makes them an ideal subject for evolutionary analysis. This chapter 
examines the superfamily of proteins through a phylogenetic “looking glass”, by 
fi rst explaining the caveats of phylogenetic analysis of tetraspanins. Next, we examine 
nomenclatural issues that arise as a result of having a phylogenetic framework for 
this superfamily. We also examine two important aspects of protein evolution using 
the tetraspanins—intron and short amino acid motif evolution. We conclude by 
demonstrating how a close up view of the phylogenetics of specifi c tetraspanins can 
enhance our understanding of the structure and function of these proteins.

2.2       Phylogenomic Methods 

  The ins and outs of protein family trees : Many gene families have been analyzed 
using phylogenetic approaches. Often the methodology and limitations of such anal-
yses are unclear. While an exhaustive explanation of the phylogenetic approaches is 
beyond the scope of this chapter, we present here a critical discussion of why we 
chose our particular approaches to analyze the phylogenetic evolution of tetraspan-
ins. First and foremost to keep in mind when analyzing gene families is the concept 
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       Table 2.1    Tetraspanin superfamily nomenclature, family designations and divergence times   

 Protein  Gene  Aliases  Family  DT 

 TSPAN1  TSPAN1  TSP-1  CD  V 
 TSPAN2  TSPAN2  TSP-2  CD  T 
 TSPAN3  TSPAN3  TSP-3  CD63  V 
 TSPAN4  TSPAN4  TSP-4/NAG2  CD  V 
 TSPAN5  TSPAN5  TSP-5  RD  V 
 TSPAN6  TSPAN6  TSP-6  CD63  T 
 TSPAN7  TSPAN7  CD231/TALLA-1/A15  CD63  V 
 TSPAN8  TSPAN8  CO-029  CD  T 
 TSPAN9  TSPAN9  NET-5  CD  V 
 TSPAN10  TSPAN10  OCULOSPANIN  RD  V 
 TSPAN11  CD151-like  CD151-like  RD  V 
 TSPAN12  TSPAN12  NET-2  Uroplakin  C 
 TSPAN13  TSPAN13  NET-6  CD63  V 
 TSPAN14  TSPAN14  RD  V 
 TSPAN15  TSPAN15  NET-7  RD  D 
 TSPAN16  TSPAN16  TM4-B  CD  M 
 TSPAN17  TSPAN17  RD  M 
 TSPAN18  TSPAN18  CD  V 
 TSPAN19  TSPAN19  CD  V 
 TSPAN20  UPK1B  UP1b, UPK1B  Uroplakin  V 
 TSPAN21  UPK1A  UP1a, UPK1A  Uroplakin  V 
 TSPAN22  RDS  RDS, PRPH2  RD  V 
 TSPAN23  ROM1  ROM1  RD  V 
 TSPAN24  CD151  CD151  CD  V 
 TSPAN25  CD53  CD53  CD  M 
 TSPAN26  CD37  CD37  CD  M 
 TSPAN27  CD82  CD82/KAI-1  CD  V 
 TSPAN28  CD81  CD81  CD  V 
 TSPAN29  CD9  CD9  CD  V 
 TSPAN30  CD63  CD63  CD63  V 
 TSPAN31  TSPAN31  SAS  CD63  V 
 TSPAN32  TSPAN32  TSSC6  Uroplakin  M 
 TSPAN33  TSPAN33  CD  M 

   M  mammal divergence at 100 MYA,  T  tetrapod divergnce at 370 MYA,  V  veterbrate divergence at 
450 MYA,  C  chordate divergence at 535 MYA and  D  deuterstome divergence at 570 MYA  

of homology of genes and proteins. Genes in a gene family can be  orthologous  or 
 paralogous  with each other (Thornton and DeSalle  2000 ). Orthologous genes are 
those that are in different organisms as a result of common ancestry via speciation. 
Paralagous genes are those that are in genomes (the same or different genomes) as 
a result of gene duplication. For example, human UP1A and human UP1B are both 
considered uroplakins, they are in reality paralogs of each other. By the same token, 
chimpanzee UP1A and human UP1B share some common ancestry they are also 
paralogs of each other. On the other hand though, chimpanzee UP1A and human 
UP1A are considered orthologs of each other. A fi rst approximation of homology is 
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usually made using similarity via a BLAST score. The determination of orthology 
can then be made by optimizing some aspect of the similarity scoring or through 
phylogenetic analysis (Chiu et al.  2006 ). 

 A major issue in the analysis of gene families that is also a consideration with 
tetraspanins, is to decide whether the analysis should be done on protein or DNA 
sequences. Since gene families that include Bacteria and Archaea and Eukarya 
will span the entire time that life has existed on this planet—3.5 or so billion 
years, considerable sequence change has occurred amongst the genes in the 
gene family. Using DNA sequences at this level is problematic because third posi-
tions in the genes will have evolved much more rapidly and the extreme amount 
of change that has occurred is diffi cult to compensate for even by modeling 
nucleotide sequence change. On the other hand, amino acid coding of the 
sequences evolves at a slower rate making such sequences more amenable to 
models that have been developed to compensate for such sequence change. 
Extreme sequence divergence also means that sequence alignment becomes a 
problem, and the alignment of amino acid sequences is simpler than alignment 
of DNA sequences at this degree of sequence change (although amino acids can 
be aligned fi rst and used as a guide for DNA sequence alignment). Alignment 
and choice of model to compensate for extreme sequence change are two major 
initial problems to consider when examining gene families. Since tetraspanins 
appear to be present in all eukaryotic life this means that the common ancestor 
of the members of this gene family are at least the age of eukaryotes—more than 
1.5 billion years. This observation means that amino acids are perhaps an appro-
priate source of data for phylogenetic studies of this large group of genes. 

 Another major issue has to do with how to generate phylogenetics, once an 
alignment of the gene family members has been produced. There are two main 
approaches to generating phylogenies both with their advantages and detractions. 
The most commonly used by molecular biologists are what are called distance or 
phenetic approaches. The linear sequence information in this method are con-
densed into a distance (or similarity) measure based on a model of sequence change 
for each pair of genes (or proteins) in the data set. The pairwise distances are then 
used in an algorithm that generates a phenogram that represents the distance infor-
mation in the condensed matrix. The advantage of this kind of approach is its 
computational ease and rapidity. A second category of approaches leaves the 
sequence information intact as unitary characters and utilizes a character by char-
acter methods to generate a phylogenetic hypothesis. In this approach, the DNA 
sequence positions in the gene or the amino acid positions in the protein are 
assessed with optimality criteria for their fi t onto a phylogenetic hypothesis. What 
this means is that the data for the genes or proteins in the analysis needs to be 
assessed for optimality with respect to each tree that can be generated for the genes 
or proteins in the analysis. For instance, for three proteins, three trees need to be 
assessed for optimality [if the three proteins are A, B and C, then the three trees are 
((A,B)C), ((A,C),B) and ((B,C)A)]. When the number of proteins or genes in an 
analysis is over 15 or so, the ability of computers to compute exact solutions is 
prohibitive (the NP complete problem) and heuristic approaches to get a best estimate 
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of optimality are used (Felsenstein  2004 ). These character-based approaches can 
use parsimony or likelihood methods for assessing optimality of a tree topology, 
given the assumptions of the approaches. The choice one makes as to which method 
to use is often based on accessibility and speed. 

 A third major concern regarding phylogenetic analysis of gene and protein fami-
lies has to do with the robustness of the inferences made when using small numbers 
of characters. Methods such as bootstrapping (Felsenstein  1985 ) and jackknifi ng 
(Farris et al.  1996 ) can be used to assess the robustness of inference at nodes in 
the tree. These methods are resampling techniques that can be applied to both 
distance and character-based analyses. For most phylogenetic comparisons, the 
robustness of inference at nodes is roughly correlated with the amount of sequence 
information for each taxon, so inferences made with single genes or proteins for 
each taxon are not necessarily robust. As a general rule of thumb, any bootstrap or 
jackknife value above 65% is credible (Hillis and Huelsenbeck  1992 ), but bootstrap 
and jackknife values of gene and protein phylogenies should probably be viewed 
differently from the same measures for organismal trees. This is because these mea-
sures, when used in organismal studies, can tell the systematist where further work 
is needed and where more sequence information needs to be collected from the 
genomes of the organisms being analyzed, to converge on a robust inference. In gene 
and protein family trees no new data can be added. Other approaches for assessing 
robustness that are based on character-by-character analysis exist that place phylo-
genetic analysis in more of a statistical context such as Bayesian Phylogenetic anal-
ysis that estimates a posterior probability for each node in a phylogenetic tree 
(Huelsenbeck and Ronquist  2001 ). Since the Bayesian posterior is a probability, 
researchers have used the classical p value cutoff of 0.05 as an indicator of signifi -
cance for these statistics. 

 A fourth aspect of gene and protein family phylogenetics concerns sampling. 
Some phylogenetic studies take the approach of including just the genes from a 
single group, like the uroplakins, to obtain as many representatives of the genes 
from as many organisms as possible regardless of whether a whole genome for 
the organism exists. Other researchers have limited their analyses to those organ-
isms with fully sequenced genomes to examine all of the genes in a gene family 
from existing full genomes. We have argued elsewhere (Garcia-España et al.  2008 ) 
that analysis of organisms with fully sequenced genomes is the most effi cient and 
informative approach, because in this case the  absence  of a gene in a subgroup of 
species can infer special signifi cance. If genes from an organism without a fully 
sequenced genome are used then no inference about its absence can be made, thus 
imposing severe limitations on the interpretations of the data. 

 Finally, it is critical when thinking about protein and gene family phylogenetics 
to defi ne the role of rooting or choice of outgroups. Of course, results of gene and 
protein family phylogenies can be presented as unrooted networks, and these can 
be quite informative, but being able to root the network renders polarity to the 
changes in the tree that can be inferred from the topology of the tree. Choice of 
outgroups in gene and protein family analysis can come from two sources. Firstly, 
if one is clear that a group of genes is orthologous, a closely related gene family 
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that is not part of that group can be used as the outgroup. Secondly, if one has a 
clearly defi ned group of orthologous genes in a gene family, then the gene or pro-
tein from the most primitive organism in the analysis can be used as an outgroup. 
While it is easy to feed a lot of tetraspanin data through a phylogenetic analysis 
program, the nuances discussed above concerning choice of characters (i.e. DNA 
sequences or amino acid sequences), orthology, choice of algorithm or optimality 
criteria (i.e. distance analysis, parsimony or likelihood), robustness of inference 
(bootstrap, jackknife or Bayesian posteriors) and outgroup choice can all have a 
huge impact on interpreting results.  

2.3     Classifi cation System for Tetraspanins 

  A tree-based nomenclature for tetraspanins : We begin this discussion with a note 
on nomenclature. This large group of genes (proteins) includes 33 members in the 
human genome (Table  2.1 ). The members of this group of proteins are also some-
times called the transmembrane 4 superfamily (TM4SF) proteins. The nomenclature 
of the genes and proteins within this large group of proteins is most clearly articulated 
by the HUGO (Human Genome Organization) Gene Nomenclature Committee 
(  http://www.genenames.org/index.html    ). According to the HUGO nomenclature 
system, there are 33 genes that exist in the human genome that encode the tet-
raspanin proteins and some of their “aliases” (Table  2.1 ). Note that some of the 
tetraspanin proteins produced by these 33 genes have been annotated as TSPAN 
followed by a number. Still others in the large group of genes are named uropla-
kins (UPK), Retinal degeneration slow (RDS) and the well known CD proteins 
(followed by a number) because of their specifi c cell expression pattern and function. 
These proteins are found in a wide range of living species and present in plants, 
animals, fungi and protists. Because of the breadth of organismal range and func-
tionality of these proteins, we have adopted the convention of calling the entire 
group of tetraspanins a superfamily as in the TM4SF tradition. We then divide this 
tetraspanin superfamily into families, which are then divided into groups based on 
the existing annotations of genes and proteins in this superfamily. 

 Several research groups have used tetraspanins as the subject of gene family 
analysis (Huang et al.  2005 ; Todres et al.  2000 ; Garcia-España et al.  2008 ). In 
general, their results are congruent with respect to the monophyly of members in 
the major groups of tetraspanins. Some differences occur between the phyloge-
nies when deeper nodes are examined, and hence relationships of families of 
genes within the superfamily may be different between the two studies. However, 
these differences in interpretation are due to the lack of robustness at nodes at the 
base of the trees in all of the studies accomplished so far. In this chapter, we dis-
cuss the classifi cation system of Garcia-Espana et al.  2008  as a framework for 
tetraspanin evolution. A detailed phylogeny of the tetraspanins from this study 
can be found at the TSPAN4 website (see last section of this chapter for a full 
discussion of the website as a research tool). Since both studies that use large 
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sampling of tetraspanin genes (Huang et al.  2005 ; Garcia-España et al.  2008 ) tend 
to group genes similarly, the groupings can serve as a basis for the classifi cation 
of tetraspanins. 

 The phylogenetic analyses summarized in the tree in Fig.  2.1  (all trees discussed 
in this chapter can also be found at   http://research.amnh.org/users/desalle/data/
tspan/    ) shows four major clades that we have given the rank of family (called the 
 CD family , the  CD63 family , the  uroplakin family , and the  RDS family ; 
Table  2.1 ). The largest cluster of tetraspanins, i.e., the CD family, comprises pro-
teins annotated in existing genome databases as vertebrate CD and Tsp proteins 
with several invertebrate tetraspanins. This group includes all of the previously 
annotated tetraspanins with the designation CD in their name (151, 53, 9, 81, 82, 37) 
except for CD63. This latter CD tetraspanin is placed into its own family, the second 
largest of the four families with respect to members. This family contains the CD63 
orthologs from several vertebrates and cluster of genes at chromosome location 42E 
in the Drosophila genome. The CD63 family of tetraspanins is highly divergent with 
several previously annotated vertebrate TSPAN proteins (TSPAN13, TSPAN31, 
TSPAN3, TSPAN6, and TSPAN7). The uroplakin family is made up of the classi-
cally named vertebrate uroplakin (UP) genes and several invertebrate tetraspanins 
(represented by the well-characterized Drosophila tetraspanin expansion group) as 
well as TSPAN32 and TSPAN12. The fi nal large family of animal tetraspanins is 
called the RDS family, because it includes the RDS-ROM tetraspanins and this family 
also includes the orthologs of Human TSPAN10, TSPAN14, TSPAN5, TSPAN17, 
TSPAN15, TSPAN33.

  Fig. 2.1    Phylogenetic tree from Garcia-Espana et al. ( 2008 ). Species are designated by  colored 
boxes  with a legend for the species designation given (species abbreviations are given in Garcia-
Espana and at   http://research.amnh.org/users/desalle/data/tspan/    ). More detailed “close-ups” of 
the four major groups of tetraspanins designated here are available on the TSPAN4 website   http://
research.amnh.org/users/desalle/data/tspan/    . The tetraspanin superfamily can be subdivided into 
four major monophyletic families (the CD family, the CD63 family, the uroplakin family, and the 
RDS family) and a group of nonmonophyletic tetraspanins at the base of the tree that comprises 
fungal, plant, and protist tetraspanins. The  black dotted line  represents the general area of the tree 
below which bootstrap and jackknife values drop below 60% and Bayes proportions below 90%       
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2.4        The Origin of the Tetraspanins 

  Superfamilies, families and groups : By examining the clustering of tetraspanin 
orthologs and assaying the taxonomic representation within the ortholog groups, we 
can estimate the times of origin and divergence of the various groups. For instance, 
each of the four major families, i.e., CD, CD63, Uroplakin and RDS, have both 
vertebrate and invertebrate representatives of the Bilateria, but no fungal, plant or 
protist members. In addition, recent analysis of Cnidarian, Placozoan and Poriferan 
tetraspanins indicates that these phyla also have representatives of all four families 
of tetraspanins and that, while the Choanofl agellate, Monosiga also has a tetraspanin 
(data not shown), it is not orthologous to any of the tetraspanins in the CD, CD63, 
Uroplakin or RDS families of tetraspanins. The distribution of tetraspanins in the 
genomes of all of these animals and the choanofl agellate indicates that the expansion 
of this superfamily into the four large families we describe above was an “invention” 
in the genome of the ancestor of the Metazoa. These observations suggest that the 
origin of the expanded tetraspanin superfamily into four families corresponds to a 
divergence of more than about 540–650 million years in the ancestor of all metazoans 
that most likely existed prior to the Vendian period (Hedges and Kumar  2002 ; 
Doolittle et al.  1996 ). 

 Table  2.1  lists the human tetraspanin genes and their approximate time of ori-
gin using this approach. Using this approach we can designate certain tetraspanins 
as “inventions” of particular ancestors in the history of animals. For instance, 
there appears to have been a burst of tetraspanin “invention” in the ancestor of 
vertebrates. This burst also corresponds with well-known genome duplications in 
the ancestor of particular lineages of vertebrates. Another signifi cant “burst” of 
tetraspanin origin also occurred in the ancestor of mammals, where CD37, CD53, 
TSPAN16, TSPAN17, TSPAN32 and TSPAN33 arose (Garcia- España et al. 
 2008 ). Future work using this approach should incorporate the newly emerging 
mammalian genomes to determine whether any of the tetraspanins are specifi c to 
orders of mammals such as the primates.  

2.5     Introns and Cysteines 

  Evolution of intron junctions and protein motifs : The tetraspanin superfamily 
offers an excellent system for examining specifi c aspects of genome and protein 
evolution. In this section, we examine two evolutionary phenomena specifi c to tet-
raspanins. The fi rst concerns the evolution of introns (Garcia-España et al.  2009 ; 
Garcia-España and DeSalle  2009 ) and the second concerns the evolution of repeated 
motifs in proteins (DeSalle et al.  2010 ). Using the robust phylogeny of the tetrapa-
nins these interesting aspects of the gene family can be examined in precise detail. 
While several elegant studies of intron evolution using whole genome approaches 
have been useful in detecting genome-wide intron evolutionary trends, taking a 

R. DeSalle et al.



39

gene family-specifi c approach can also be useful. The analysis of gene family, 
again, in fully sequenced genomes, can reveal patterns of intron gain and loss more 
precisely. In addition, if a gene family is used where specifi c function of the gene 
products is known, more precise interpretation of the gain and loss patterns can be 
made. The intron structure of tetraspanins is also interesting because of the rela-
tively large number of introns in the genes in this superfamily. While an examina-
tion of the range of tetraspanin genes for intron position reveals that there are at 
least 105 unique intron positions in the tetraspanins of fungi, plants, protists and 
animals, the most common intron structure of tetraspanins in animals is a six intron 
scheme (Fig.  2.2a ). More precisely, there are three major intron patterns (Fig.  2.2b ) 
from which all other animal intron patterns are derived. As with the appearance of 
new tetraspanins in the genomes of animals, we can use the phylogenomic approach 
to give dates to the gain and loss of new introns in tetraspanins. These data show that 
there is a strong correlation of the appearance of tetraspanins with novel functions 
with the insertion of introns in new positions in the overall tetraspanin gene struc-
ture (Garcia-España et al.  2009 ). For instance, as we discussed above, there was a 
burst of appearance of novel tetraspanins in the ancestor of vertebrates, and this 
burst of new tetraspanins is accompanied by the appearance of six new introns in 

  Fig. 2.2    Cartoons of intron positions in the tetraspanin genes. ( a ) The small (SEL ; orange ) and 
large (LEL ; red ) extracellular loops are indicated.  Light blue  represents the four transmembrane 
domains while no color, represents the intracellular regions. Ancestral intron positions  1–6  are 
indicated on the protein by  colored arrows  of the same color that will be used through all of 
the fi gures. Abbreviations are  TM-1–4  transmembrane domains;  H-A, H-B  and  H-E  constant helices 
in the LEL. ( b ) Animal CD63L ( top ), TSPAN15L  (middle ) and TSPAN13L ( bottom ) tetraspanins’ 
consensus intron structure.  Purple red  (intron 4a),  yellow  (intron 4b) and (intron 4c) indicate four 
new intron junctions discussed in the text       
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these genes. Furthermore, the position of these new introns in tetraspanins is non-
random, as nearly 50% of new introns appear in the small extracellular loop (SEL), 
which accounts for only 10% of the entire length of most tetraspanin proteins. When 
the large extracellular loop (LEL), which on average makes up only 25% of tet-
raspanin proteins, is examined for novel intron occurrence Garcia- Espana and col-
leagues ( 2009 ) observed that another 25% of novel introns accrue in this region. 
Clearly the two extracellular loops (totaling ~35% of the entire amino acid sequence 
of most tetraspanins) are accruing the vast majority (70–75%) of novel introns. 
Using the patterns of intron gain and loss, it was also estimated that there are 105 
intron gain events (42 alone in C. elegans) and only four intron loss events (Garcia-
Espana et al.  2009 ). Finally, using the phylogenomic approach, we were able to 
determine that indels (i.e. insertions or deletions) at the ends of DNA exonic 
sequences could have caused the appearance of two discordant intron positions 
between orthologous tetraspanins (Garcia-España and DeSalle  2009 ). These data 
suggest that an intron sliding mechanism (Tarrío et al.  2008 ) can be used to explain 
these observations. This intron-sliding mechanism could have been important in gen-
erating functional diversity in this superfamily of tetraspanin proteins.

   Cysteine residues have been used to characterize tetraspanins in the past because 
these cysteine reside in distinct motifs and because these cysteine residues may play 
important roles in the secondary and tertiary structure of tetraspanin proteins. Most of 
these cysteine motifs are found in the large extracellular loop (LEL) and so the phy-
logenomic analysis used to examine them focused on this region of the tetraspanin 
structure. In general, the number of cysteines is even (four, six or eight) suggesting 
that they interact in pairs in disulfi de bonding. The exceptions to this even number of 
cysteines are the RDS/ROM and plant tetraspanins. There are six easily recognized 
cysteine motifs that can be examined in a phylogenomic context (Fig.  2.3 ). The results 
of this analysis suggest that the cysteine motifs are correlated closely with phylogeny 

  Fig. 2.3    The LEL patterns of cysteines according to their number and relative position to each 
other.  Blue lines  indicate any number of residues between adjacent cysteines. Each small x ( x ) 
indicates a single residue. Capital  red  G ( G ) indicates the glycine residue of the CCG motif. Each 
of the six cyteine patterns is represented by a distinct  colored box        
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and hence novel cysteine motifs are correlated with the bursts of appearance of new 
tetraspanins. In addition, DeSalle et al. ( 2010 ) suggest that the four cysteine motif (see 
Fig.  2.3 ) is highly derived occurring at the tips of the tetraspanin tree. What this means 
is that the four cysteine motif is a new evolutionary innovation. This suggests that the 
reduction in number of cysteines in the LEL is a recurring and more recent event in 
the evolution of the animal tetraspanins. One of the more important results of this 
study concerns the examination of the highly conserved CCG motif in the LEL. 
A detailed phylogenetic analysis of this motif reveals that it originated in the common 
ancestor of Unikonts—animals, Fungi and Amoebozoa. The CCG motif does not 
appear to be in all tetraspanins of plants, Stramenophiles, Alveolata, Discicristata, or 
Excavata, suggesting that it did not exist in the common ancestor of Bikonts.

2.6        Up Close and Personal 

  The uroplakins : An examination of closely related tetraspanins within specifi c 
families and groups can shed light on the evolutionary steps leading to the structure 
and function of proteins in the superfamily. As an example, we discuss the analysis 
of uroplakins by a detailed phylogenetic analysis in Garcia-Espana et al. ( 2006 ). 
This family of proteins are the integral membrane subunits of urothelial plaques 
(also known as the Asymmetric Unit Membrane [AUM]) that line the specialized 
apical surface of the mammalian urinary bladder epithelium. While there are four 
major uroplakins (UP1a, UP1b, UPK2 and UPK3) only two of them are tetraspanins 
(UP1a and UP1b), while the other two (UP2, UP3a) span the membrane only once. 
UP1a and UP1b interact selectively with UP2 and UP3a, respectively, to form Ia/II 
and Ib/IIIa complexes that further assemble to make up the urothelial plaques. 
A detailed phylogenetic analysis of all four of these four major uroplakin proteins 
individually, revealed a general correlation of protein evolution with organismal 
evolution. By tracing the presence and absence of the genes for these proteins in the 
genomes of vertebrates, Garcia-Espana et al. ( 2006 ) demonstrated two major phe-
nomena relevant to the evolution of these proteins: (1) the UPIa and UPIb genes 
co-evolved by gene duplication in the common ancestor of vertebrates, as did UPII 
and UPIIIa; and (2) uroplakins can be lost in different combinations in vertebrate 
lineages generating a great deal of variability in the functionality of the proteins. 
Specifi cally, duplication of an ancestral UPI gene into UPIa and UPIb occurred in 
the common ancestor of cartilaginous fi sh and other vertebrates. Concomitantly, the 
duplication of a UPII/UPIIIa gene occurred in the same ancestor to produce the 
UPII and UPIIIa proteins. In addition, using a coevolutionary approach (where the 
proteins were compared in the following pairs UPIa/UPII, UPIa/UPIII, UPIb/UPII 
and UPIb/UPIIIa), these authors also showed that only the UPIa/UPII and UPIb/
UPIIIa coevolutionary pairs showed statistical correlation suggesting there is a 
strong co-evolutionary relationship between UPIa and UPIb and their partners UPII 
and UPIIIa/IIIb, respectively (Garcia-Espana et al.  2006 ). These results further support 
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the biochemical analyses regarding the stoichiometric interactions (Tu et al.  2002 ; 
Hu et al.  2005 ) and strengthen the hypothesis that UPIa and UPII interact with each 
other and that UPIb and UPIIIa interact with each other in the formation of urothe-
lial plaques.  

2.7     TSPAN 4 

  A website for studying the evolution of tetraspanins : To facilitate broader use of 
the phylogenomic approach to the analysis of tetraspanins, we have developed a 
website for the use of tetraspanin researchers. The webiste can be accessed at   http://
research.amnh.org/users/desalle/data/tspan/    . Figure  2.4  shows the homepage of the 
website that we have named T4NET. There are fi ve functions that the website per-
forms. First, the website holds the most recent tetraspanin tree (* in Fig.  2.4 ) using 
accessions from whole genomes. This tree has a pull down function that allows the 
user to click on one of the four major families of proteins to get an upclose view of 
the structure and organization of protein groups. Second, the website allows users to 
input a new putative tetraspanin sequence and identify it using the “gene identifi er” 
(# in Fig.  2.4 ) function on the website. Figure  2.5  shows the webpage where gene 
identifi cation can be accomplished. Users simply cut and paste their putative 
tetraspanin gene sequence into the query box (large arrow) and use the Submit 
button (small arrow) for the  webpage to determine the identity of their putative tet-
raspanin. Input sequences have to be in amino acid FASTA format. The third 
function of the website allows the user to view the uroplakin 1a, 1b phylogenetic 

  Fig. 2.4    Homepage for the TSPAN4 website. There are fi ve functions that the website performs. 
A tetrspanin tree (*) function, a “gene identifi er” function a uroplakin tree function (@), access the 
fi gures in tetraspanin paper (&) and accession numbers for tetraspanin genes that are in fully 
sequenced genomes ($). The website can be accessed at   http://research.amnh.org/users/desalle/
data/tspan/           
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  Fig. 2.5    Webpage showing the “gene identifi er” on the TSPAN 4 website. The  large arrow  
indicates the query box where a novel tetraspanin sequence can be pasted and the  small arrow  
indicates the “Submit” button       

tree (@ in Fig.  2.4 ) and to rapidly access the sequences that were used to generate 
the tree. The fourth function on the website allows users to access the fi gures (& in 
Fig.  2.4 ) produced for the various tetraspanin studies that were reviewed in this 
chapter. This page will also have the full references and link outs or pdfs for all of 
the papers relevant to tetraspanin evolution. The fi nal function of the website is a list 
of all of the tetraspanin genes that are in fully sequenced genomes ($ in Fig.  2.4 ).
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2.8         Conclusion 

 A phylogenetic context for tetraspanins allows for a precise and logical classifi ca-
tion system for this large superfamily of genes. Placing the tetraspanins in a phy-
logenetic context and using fossil dates for divergence of the model organism 
fully sequenced genomes allows us to establish the dates of origin for the major 
tetraspanin groups. In addition, the phylogenetic approach allows for a detailed 
examination of two phenomena involved in the structure and function of tetraspan-
ins. First we can use the phylogenetic approach to examine the evolution of intron 
position in the tetraspanin families. Second we can use the tree-based approach to 
examine the evolution of the structurally and functionally important cysteine resi-
dues in the proteins in this superfamily. By examining very closely the evolution of 
members of a well known group of tetraspanins, the uroplakins, we demonstrate 
how the phylogenetic approach can be useful in the reconstruction of evolutionary 
events for a functionally important protein family.      
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