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1 Introduction 

1.1 Bits of Life 

1.1.1 Genome 

During evolution, organism got more and more complex. Today, prokaryotes, archaea, and 

eukaryotes populate this planet. On one hand there are organisms composed of only one 

cell, while on the other hand they are composed of millions of cells. The necessary 

mechanisms to build up a cell are complicated. In the course of time, many proteins with 

different structure, function, size, etc. developed. The blueprint of all of them is stored 

within the genome as Deoxyribonucleic acid (DNA). The DNA is composed of two long 

chains forming a double helix. Each chain consists of four different types of nucleotide 

subunits. Each of them being composed of a sugar, a phosphate, and one of four bases: 

adenine, thymine, guanine, and cytosine. The chains are complementary to each other, with 

adenine and thymine forming two hydrogen bonds, whereas guanine and cytosine bind to 

each other via three hydrogen bonds. 

The sizes of the genomes differ significantly depending on the organism. For eukaryotes, 

its size varies from ~2Mbp for Encephalitozoon intestinalis to ~3500Mbp for Monodelphis 

domestica (Figure 1.1-1). 

Figure 1.1-1: Genome size of Taxa. This figure illustrates the size of all genomes available at diArk for 

different eukaryotic taxa. The smallest genome was found in Microsporidia, whereas the larges genome 

was found in Chordata. The y-axis is scaled logarithmically. 
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All these cells express different kind of proteins. Some of them are acting directly within 

the cell (e.g. Dynein). Some of them form large complexes (e.g. Dynactin (1)). But all 

these proteins have a common feature that their blueprints have to be stored. Protein 

encoding parts of the genome are called genes. 

One gene was not invented independently in different organisms. Genes were passed on to 

the offspring. During evolution, different kinds of mutations occur: mutations of just one 

base; deletion or insertion of parts of genes; gene duplications, or gene loss; genome 

duplication events. Over time, many different organisms appeared and vanished. But all of 

them have many proteins in common. This conservation of one protein in many different 

organisms is called a protein family. 

In the year 1996, the first completely sequenced eukaryotic genome of Saccharomyces 

cerevisiae was published (2). Six years later, in the year 2002, about 20 eukaryotic 

genomes were decoded (Figure 1.1-2). All these genomes were sequenced by the Sanger 

chain-terminator method (3). Most of them were representatives of the fungi branch, 

except for the vase tunicate Ciona intestinalis (4) and three Cordata, namely the mouse 

Mus musculus (5), the pufferfish Takifugu rubripes (6), and Homo sapiens (7,8). Based on 

this small number of genomes, it was not possible to investigate the evolution of most 

protein family distributed over the eukaryotic tree of life. But time has changed. During the 

last 10 years, the number of available genomes increased nearly exponentially. Venter et 

al. developed a so called shotgun sequencing method (9), which allowed a four times faster 

sequencing of the human genome than the International Human Genome Project needed 

(10), reducing the sequencing time from 12 to three years. 

Figure 1.1-2: Completely sequenced eukaryotic organisms between 1999 and 2012, sorted by taxa. 
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Around the year 2007, new sequencing techniques, so called Next-generation sequencing 

(NGS), were developed. These techniques further improved sequencing speed and as a 

result reduced the costs for decoding a eukaryotic genome (Figure 1.1-3). Today, the most 

important ones are Illumina and Roche 454 sequencing. But still, the Sanger method is 

frequently use, especially for parts of the genome with repeating sequence elements. 

Nowadays, the sequencing of genomes is fast. The combination of the incoming sequenced 

read to contigs, supercontigs, or even to chromosomal assemblies is difficult. Thereby, 

coverage is an important factor. By means of the Sanger technique, only a small coverage 

(6-10) is needed to combine reads to contigs and supercontigs, while NGS techniques 

require higher coverage. The reason for this lies in the length of the reads produced by the 

different techniques. Sanger produces reads with a length of ~1000bp, whereas the length 

of reads produced by NGS techniques varies between a few tens up to ~800bp (11). 

  

Figure 1.1-3: Sequencing methods used during 1996 and 2012 to sequence eukaryotic genomes. 
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1.1.2 Gene 

As stated before, a genome contains among other elements the blueprint of proteins, called 

genes. In eukaryotes, a gene usually consists of exons and introns. The exons of a gene are 

spliced together and subsequently translated to the corresponding protein, while on the 

other hand the introns of the gene are spliced out by the spliceosome. In prokaryotes, no 

spliceosome is available. 

The spliceosome is a protein complex composed of five ribonucleoproteins (snRNPs). 

Together with more than 100 other proteins (12), this complex recognizes the exon-intron 

borders and splice-sites of pre-mRNA and splices out the introns. 

Two additional ways of splicing can be found in both eukaryotes and prokaryotes. They 

are called the self-splicing and the tRNA splicing. 

To obtain the exon and intron structure, the so called gene structure, of eukaryotic genes, 

WebScipio (13) can be used. WebScipio requires the protein sequence as input. In 

addition, the corresponding genome has to be available in diArk (chapter 2.3, page 90) and 

to be selected. Optionally, different parameter can be set. Based on these settings, the gene 

structure of the protein of interest will be computed (e.g. Figure 2.1-3, page 42). During 

constitutive splicing, every exon of the gene is present in the corresponding mRNA (14). 

But only 5% of all genes in humans are spliced this way. 95% of the genes with more than 

one exon are alternatively spliced (15). 

Exon skipping 

Exon skipping is one way of alternative splicing. During the splicing process, one exon can 

be spliced out together with the surrounding introns. This leads to two different isoforms of 

the same gene: One with the normal set of exons and the other without the skipped exon. In 

higher eukaryotes, this kind of alternative splicing is observed in nearly 40% of all genes 

(16,17). In lower eukaryotes, exon skipping occurs very rarely (18). Exons that are skipped 

are more often surrounded by long introns than exons that are not skipped (19). 

Alternative 3’- and 5’-splicing 

Two further splicing mechanisms are alternative splicing of the 3’- and 5’-splice sites, 

respectively. The alternatively spliced exons have a constitutive splice site one the one side 

and on the other side at least two alternative splice sites. For both, the alternative 3’- and 

the 5’-splice site, two isoforms for each differently spliced exon are possible. The isoforms 

include, or miss the sequence between the alternative splice sites. In higher eukaryotes, 

alternative 3’- and 5’-splicing happens in ~18% and ~8% of all cases of alternative 

splicing, respectively (20). 
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Intron retention 

The fourth possibility of alternative splicing is intron retention. This type of alternative 

splicing describes the remaining of the intron between two exons in some of the mRNA 

transcript. In higher eukaryotes, this type of alternative splicing is not quite often. Less 

than 5% of the genes are affected (16,18,21). However, in plants, protozoa, and fungi, 

intron retention is the most observed type of alternatively splicing (18). 

Alternative promoters and alternative polyadenylation 

Furthermore, genes with alternative promoters, or alternative polyadenylation were found. 

The results are for each of them this leads to two different isoforms of the gene. Thereby, 

only the first or the last exon is different. These two types of alternatively splicing are less 

often (18,22,23). 

Mutually exclusive splicing 

One case of alternative splicing is the mutually exclusive splicing. In a gene, only exactly 

one exon out of a cluster with two or more exons next to each other is included into the 

mRNA and further on translated into a protein. No isoform is available, where none or 

more than one exon of the corresponding cluster is included. With this kind of alternative 

splicing, the organism is able to produce different isoforms of the same protein and to fine-

tune the function. It is not necessary to have two slightly different copies of the same gene 

in the genome. One example is the muscle myosin heavy chain gene of Drosophila 

melanogaster (DmMhc1) (24). In this gene, 28 exons were found. 16 exons are mutually 

exclusive. For instance, for exon 10, five mutually exclusive spliced exon variants are 

found (Figure 1.1-4). 

Five criteria describe the mutually exclusive exons: A) the exons have to be in a cluster, 

meaning that they are located next to each other in the gene; B) the splice sites, e.g. GT--

AG have to be similar. Otherwise, the spliceosome would not recognize the exons 

correctly; C) the exons have to be translated in the same reading frame; since the exons are 

found at the same position of the protein structure, and used to fine-tune the function, they 

have to have D) the same length and E) a high sequence similarity. 

Figure 1.1-4: Mutually exclusive spliced exons of DmMhc1. Dark grey bars represent exons, light grey 

bars represent introns. Coloured bars represent mutually exclusive spliced exons. For clarity introns have 

been scaled down by a factor of 1.7. 
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To find these exon clusters in a gene, WebScipio (13) can be used. Therefore, the “Search 

for Mutually Exclusive Exons” has to be enabled (chapter 2.5, page 139). 

1.2 Cytoskeletal Proteins 

1.2.1 Cytoskeleton 

Eukaryotic cells contain many different types of content, such as a nucleus, membranes, 

organelles, and lipids, just to name a few of them. Many of them have in common that they 

do not diffuse in the cell. They have fixed positions. This task fulfils the cytoskeleton. 

Furthermore, it is essential for the cell structure and stability, thus the cytoskeleton 

interacts with the membranes of the cell (25). Even some mechanisms developed for 

movement, like cilia, are based on the functionality of the cytoskeleton. This is the reason 

why it is also called the skeleton, or the scaffold of the cell. 

The cytoskeleton is based on different types of proteins. Furthermore, many proteins are 

associated with the cytoskeleton and its function. Three different types of filaments can be 

found in the cell: microfilaments, intermediate filaments, and microtubules. 

1.2.2 Microfilaments 

The microfilaments are the smallest and shortest types of filaments having a diameter of 

about 6nm (26). Microfilaments are composed of actin subunits that polymerize and form a 

double helical structure. Since these actin filaments are highly versatile, they play an 

important role during cytokinesis, cell movement, stability and structure, as well as the 

transport of cargo inside the cell. Furthermore, actin filaments are essential for muscle 

function. 

One important protein for several actin-dependent processes, like cytokinesis, or cell 

motility (27,28), is Coronin (chapter 2.2, page 65). The coronin family includes four 

classes that are highly conserved and can be found in all branches of the eukaryotic tree of 

life, except for plants. Class 1 and 2 are specific classes of the metazoan/choanoflagellate 

branch, whereas class 3 can be found in all eukaryotic branches, except for plants. Class 4 

coronins were identified in excavates and opisthokonts, but are absent in the other 

branches. This coronin class regulates the actin cytoskeleton. Coronin class 1 has the 

ability to bind to F-actin, the polymer form of actin. Furthermore, this class interacts with 

the Arp2/3 complex that is important for the regulation of the actin cytoskeleton. Coronin 

can depending on concentration activate and inhibit the Arp2/3 complex (29). 
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1.2.3 Intermediate filaments 

The intermediate filaments are not as small as microfilaments (about 10nm in diameter) 

and are among others important for anchoring of organelles and establishing the three-

dimensional structure of the cell. Most of them can be found in the cytoplasm, except for 

intermediate filaments which are made up of lamins. These are found in the nucleus where 

they are essential for its stability. 

1.2.4 Microtubules 

The largest filaments found in eukaryotic cells are microtubules. They are composed of 

tubulin subunits and are about 25 nm in diameter. Microtubules are important for many 

different purposes, including stabilizing the structure of the cell, intracellular transport, and 

the mitotic spindle, just to name a few. Furthermore, microtubules are essential for the 

function of cilia and flagella. 

1.2.5 Motor proteins 

In terms of intracellular transport, three motor proteins are well known; myosin, kinesin, 

and dynein. Motor proteins are important for the active transport of various cargos, 

cytokinesis, and movement (30). All three of them have in common that they include a 

specific motor domain that hydrolyses ATP. The released chemical energy is then 

transformed into directed movement (mechanical energy) using conformational changes. 

Furthermore, these head domains reversibly interact with microfilament, or microtubule. 

The tail regions of the proteins are essential for cargo binding (31). 

Myosin 

Myosin, a large superfamily, uses actin microfilaments for movement. Some of them walk 

over a short distance through the cell; others are muscle specific and important for its 

function (32). Not muscle specific myosins transport cargo, like organelles (33), are 

Figure 1.2-1: Domain composition of Homo sapiens Myosin heavy chain 20 (HsMhc20). Based on Pfam 

(34) and provided by CyMoBase (35). 
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important for cytokinesis (36), and play an important role for the cell structure (37). As all 

motor proteins, myosin has a motor head domain that is responsible for the attaching and 

relating to actin microfilaments. This head domain includes the actin and the ATP binding 

sites (38,39). Furthermore, myosin has a neck domain and a tail domain (Figure 1.2-1). 

The tail domain interacts with the cargo. 

Kinesin 

Kinesin uses microtubules as rails to transport the cargo through the cell. Like all motor 

proteins, it hydrolyses ATP to produce movement (40). Kinesin is important for transport 

biomolecules over long distance. Furthermore, it is important for several function of the 

cell, including meiosis and mitosis (41,42). Kinesins can be grouped into three types: N-

kinesins, M-kinesins, and C-kinesins. The naming is based on the location of the kinesin 

motor domain. N-kinesins, M-kinesins, and C-kinesins have their motor domain in the N-

terminal region, in the middle, and in the C-terminal region of the protein, respectively. 

Most kinesins (N-kinesins, e.g. Figure 1.2-2) move towards the (+) end of microtubules 

that implies the transport from the cell centre towards the cell membrane (43). Man 

kinesins have a motor, a neck, a stalk, and a tail domain. The motor and the stalk domains 

are linked to each other by the neck domain. The long stalk is linked to the tail domain. 

Like the motor domain of myosin, the motor domain of dynein hydrolyses ATP to perform 

conformal changes of the head domain to induce movement. The tail domain binds 

different cargos like lipids (44). 

Dynein 

Dynein is the biggest motor protein in eukaryotic cells. In human, the dynein heavy chain 1 

protein sequence is about 4600 amino acids long (Figure 1.2-3). For comparison, in human 

Figure 1.2-2: Domain composition of Dictyostelium discoideum Kinesin 3. Based on Pfam (34) and 

provided by CyMoBase (35). 
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the myosin heavy chain 1 gene is composed of about 1900 aas and the kinesin 1 gene is 

composed of about 1000 aas. Like kinesin, cytoplasmic dynein uses microtubules to 

transport the cargo over long distances. Dyneins move from the cell membrane to the 

centre of the cell, towards the (-) of microtubules (30,45). Furthermore, dynein is essential 

for cell division (46). The second kind of dynein, the axonemal dynein, is important for the 

movement of flagella and cilia (47). Dynein includes a head domain that is composed of 

six AAA domains forming a ring. Here, ATP (chemical energy) is hydrolysed to produce 

conformational changes. These changes produce the power stroke and the resulting 

movement (mechanical energy) of the protein. Additionally, dynein has a tail, a neck and a 

linker domain that connect the head to the tail. Furthermore, the stalk domain transmits 

conformational information between AAA domains and the microtubule binding domain. 

Cytoplasmic dynein does not have the ability to transport cargo from the periphery to the 

cell centre. It needs to be activated by dynactin (chapter 2.1, page 30), a multi subunit 

protein complex composed of eleven different proteins. Dynactin acts as an adapter 

between dynein and the cargo (48–50), and influences dyneins processivity (51–54). 

Dynactin is also important during cell division (46) and can also bind to kinesin-2 (55,56) 

and kinesin-5 (57). 

  

Figure 1.2-3: Domain composition of Homo sapiens Dynein heavy chain 1 Based on Pfam (34) and 

provided by CyMoBase (35). 
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1.3 Protein Family Analyses 

1.3.1 Why analysing a protein family? 

To understand the role, the structure, and the function of the protein of interest, a protein 

family analysis and the study of its evolution help. With a protein family analysis in as 

many organisms as possible and the resulting sequence alignment, it is possible to 

recognise errors in the starting sequence, or to identify wrong or missing parts of the 

sequence. This kind of analysis can minimize the probability to get artificial results 

because of using a wrong protein sequence. Even more, information about conserved 

amino acids is received. These amino acid positions might have higher influence to the 

protein structure and function as other position of the protein. To represent the 

conservation of amino acid positions in a sequence alignment, the tool WebLogo (58) (e.g 

Figure 2.1-2D, page 39) can be used. This knowledge helps to plan mutation experiments. 

The scientist saves time, money, and resources. Even more, doing a protein family analysis 

may also lead to different classes of the same protein that might have different functions, 

or are expressed in different tissues. One additional aspect is that searching for 

homologous proteins in e.g. all eukaryotic genomes (59) might lead to an idea, how the Ur 

protein of the last common ancestor might have looked like. 

1.3.2 How analysing a protein family? 

To do such a protein family analysis, a starting sequence is necessary. If no sequence is 

available, one can be get from the protein database of NCBI (National Center for 

Biotechnology Information). Using this sequence, it is possible to use BLAST (60), or 

Webscipio (13) to search in the phylogenetic next related organism for the homolog 

protein. If the genome of an organism is available at NCBI, tblastn instead of blastn can be 

used. This modification of blast uses a protein sequence as query and searches in all six 

reading frame translations of the genomic sequence. 

It is important to take all hits with a significant small e-value as possible homologs into 

account. The e-value describes the number of random hits that can be found by chance 

searching in a database. The bigger the database is the smaller should this value be. They 

may belong to different classes of the protein family. To align these sequences, BioEdit 

(61) and ClustalW (62) can be used. But the best way to improve the alignment, mainly if 

many sequences are already collected and aligned is to do it manually. Especially if 

additional knowledge about domains or even the protein structure is available, a manually 

annotation improves the quality of the protein alignment significantly. Automatic 

alignment tools, such like ClustalW, normally do not use biological information. They try 

to align the sequences based on scoring matrices. This may destroy biological conserved 
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domains with specific function, like the motor domain, by aligning e.g. loops with different 

lengths and low homology to each other. 

During the analysis, the number of sequences of different species is gaining. If a more 

related sequence is already available, adding a new sequence gets faster. 

1.3.3 Issues during a protein family analysis 

Small analysis 

Doing a small analysis is faster. It is easier to search in only 10 to 20 species distributed in 

all branches of the eukaryotic tree. This way is acceptable, if only information for e.g. 

mutation experiments is needed. With this small number of sequences, it might be possible 

to determine conserved amino acid position in the sequence of the protein of interest. But 

to understand the evolution of protein families in detail, a complete analysis of as many as 

possible e.g. eukaryotes is essential. It might be that all analysed species of a sub branch 

are missing a specific protein class. The analysis would lead to the result that the last 

common ancestor (LCA) of this sub branch had lost this specific protein class. But it 

happens that a further analysed species of this sub branch still has this protein class (e.g. 

Myosin class 22 in Spizellomyces punctatus). The LCA did not lose the specific protein 

class; all species of the branch have lost this protein except the new analysed one. 

Furthermore, it happens that each species of a branch has a different set of classes (63). To 

select only one of these species as the representative of the branch will lead to a 

misinterpretation. For instance, if only the kinesins of Drosophila melanogaster as the 

representative of the Drosophila branch were analysed, it would lead to the suggestion that 

none organism of the branch have Kinesin 4D and that the LCA of all of them had lost this 

protein class (Kinesin 4D is present in e.g. Aedes aegypti). But adding Drosophila 

persimilis as another representative of this branch will neglect the first assumption. Kinesin 

4D is present in this organism. 

Problems and pitfalls with genome sequencing data 

The major issue with genomic data is that normally it is not known whether the genomic 

sequence is complete. For instance, EST clones are not full-length, or EST data does not 

reflect all proteins that are really expressed by the organism. Furthermore, whole 

sequenced genomes sometimes are not completely sequenced (having a low coverage) or 

are incorrectly assembled. This leads to gaps, frame shifts, or even artificially missing 

genes. Even more, different sequence databases often contain different sequences of the 

same organism. One example for this kind of issues is the human reference assembly. One 

of the Dynein heavy chain genes was partially found in the human reference assembly. A 
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sequence analysis with the same gene in the J. C. Venter chromosome assembly leads to 

the result that about 40,000 base pairs were missing in the human reference genome. 

Furthermore, even published sequences have to be reanalysed. Many of them, especially 

the sequences based on automatically annotation, are wrongly predicted. One reason can be 

that for the published protein sequence no sufficient protein family analyses was done, or 

even skipped. This means that parts or complete exons could have been missed. 

Additionally, automatic annotation programs usually do not predict other spicing sides than 

GT--AG. The splice sides GC--AT or AT--AC are ignored. Or, if more than one possible 

splice site is predicted, these tools may take the wrong one. In addition, small exons are 

often not recognised. Another issue is that these tools often have problems with missing 

bases based on sequencing errors and the thereupon supposed frame shifts. They do not 

add Ns, or gaps at these positions. 

One further reason for doing a complete protein family analysis is that it might be that the 

collected sequences are not correctly annotated. Often, the starting amino acids of all 

collected sequences seem to be correct, because all of them start with a methionine. 

Sometimes, a further protein sequence might not have a methionine at the first suggested 

amino acid position. This protein sequence might have additional amino acids upstream the 

suggested protein start position. Reanalysing the start position of all already collected 

sequences with the upstream sequence of the newly found homolog sometimes leads to 

another starting methionine upstream that all sequences have in common. 

1.3.4 Correctly predict and assemble proteins 

It is not easy to know, if the protein of interest and the corresponding sequence is correctly 

predicted and assembled. One way is to do a protein family analysis in as many species as 

possible and to manually validate all sequences by comparing them to each other. Even 

very closely related species might contain different sets of homologs due to gene and 

genome duplication events, e.g. at the emergence of the vertebrates (64). Furthermore, it is 

useful to compare different assembly versions of the same organism, if available (chapter 

2.3, page 90), especially if the gene seems not to be complete or correct. Additionally, it is 

helpful to compare the gene structures and intron positions of all sequences (chapter 3.3, 

page 180). In general, the intron positions are conserved and mistakes in the corresponding 

protein sequence are directly visible. 
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1.3.5 Phylogenetic analysis 

To fully understand the evolution of a protein and the corresponding sequence alignment, it 

is important to know which sequences and classes are more related to each other. With this 

knowledge the manual annotation and correction of a sequence alignment is easier, 

because related sequences can be put beneath each other. Correlating sequence positions 

and wrong annotations are more prominent, e.g. if all sequences except one have nearly the 

same amino acids at the specific position. To achieve this knowledge, a phylogenetic tree 

is essential. 

A phylogenetic tree represents the relationship among different organisms. As show in 

Figure 1.3-1, a phylogenetic tree has many nodes. There are two types of nodes. The first 

type of nodes is at the end and represents a specific organism (A-E). These nodes are also 

called leaves. The second kind of nodes is connected to two or more leafs. They represent 

the last common ancestor (LCA) of the (sub) tree. The nodes are connected to each other 

via branches. The length of a branch represents the evolutionary time elapsed between its 

endpoint. A phylogenetic tree without branch lengths is called a cladogram. A phylogram 

represents a phylogenetic tree with branch lengths. 

Organisms can have different types of relationships. If all of them as the LCA share a 

specific characteristic, it is called monophyly. If some organisms out of this branch do not 

have this specific characteristic, the grouping of the remaining organisms is called 

paraphyly. If organisms have the same characteristic, but do not share a LCA with the 

same characteristic, it is called polyphyly. 

During a protein family analysis, homologous sequences of the protein of interest are 

searched. Homolog means that the sequences or genes share a common origin. The 

division of homologous sequences into orthologous and paralogous sequences is the most 

important one for eukaryotes. Orthologous sequences originated from a single ancestral 

gene in the last common ancestor. Paralogous genes are related via gene duplication. Based 

on linage-specific gene loss events, to paralogous sequences might behave like orthologs. 

Figure 1.3-1: Schematic representation of a phylogenetic tree. 
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This can happen, if the LCA had a duplication of one gene and the analysed offspring has 

lost either one or the other version of this gene. These genes are called pseudo-orthologs. 

In bacteria, xenologous and pseudo-paralogous genes can be found (65). These are based 

on horizontal gene transfer. 

To calculate a phylogenetic tree, there are many methods and tools available. To get a first 

tree, the Neighbor-Joining method, for instance implemented in ClustalW (66), can be 

used. This distance based method needs a short calculation time and a first classification of 

different protein classes is possible. But often, this method is not successful in solving the 

relationship of less related species and sequences. Uncharacterised sequences, so called 

orphans, remain. They do not group to any protein class, or to each other. 

To reduce the number of orphans, the Maximum-Likelihood method can be tried. This 

method is robust to many violations and statistically well founded, but it is very CPU and 

time consuming. Even using multiple CPUs for one phylogenetic analyses, e.g. using 

RAxML (67), the analysis can take days, weeks, or even months to generate a phylogenetic 

tree. It mostly depends on the number of sequences in the sequence alignment. One way to 

reduce the computation time is to reduce the number of sequences with CD-HIT (68). 

Setting the parameter of CD-HIT to select only one sequence representative of a cluster 

with more than 85% sequence similarity, reduced the number of myosin sequences from 

more than 6000 to 2200. Another way to trim the alignment is to remove too similar, or too 

divergent positions from the sequences with the tool Gblocks (69). Comparing the time 

that is saved by CD-HIT and Gblocks, CD-HIT has significant more influence. The reason 

is that the computational time is increasing exponentially with the number of sequences 

and linear with the number of amino acids in the sequences. But still, a phylogenetic 

analysis of the remaining 2200 sequences of myosin took 140 days with RAxML and 1000 

bootstrap steps on server with 48 CPUs. 

Both methods, Neighbor-Joining and Maximum-Likelihood have in common that the most 

adequate substitution matrix should be used. Therefore, the tool ProtTest (70) can be 

applied. It generates a phylogenetic tree for each selected substitution matrix and lists the 

Akaike information criterion (AIC) (71) for each result. The AIC describe the quality, how 

good the selected model fits the underlying data. Based on these values the best fitting 

substitution matrix can be chosen for the phylogenetic analysis. 

One additional method for phylogenetic analysis is the Bayesian method. For such an 

analysis, the tool MrBayes (72) can be used. But like RAxML, this type of analysis is slow. 

And for a phylogenetic analysis of a protein family, it does not produce more accurate 

results. It is not necessary to use ProtTest to select the best fitting substitution matrix. 

MrBayes can select if on its own. 
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1.4 Databases and Web applications 

1.4.1 Database 

During the analysis of a protein family, different type of data is accrued. In our case, 

information about the species, genomes, sequencing projects, publications, and the 

sequence itself with different statistical analyses will be collected. To store this data 

without losing the relation between them, it is necessary to use a relational database, like 

PostgreSQL (73). This database is open source and free to use. 

For each type of data, a database table with specific columns has to be created. For all 

above named data types, a table is designed to store the corresponding information in. 

There are two ways to store the relation between tables. If the relationship is 1:n, a foreign 

key has to be used. For instance, one sequence belongs to one species, but one species has 

n sequences. This implies storing the corresponding species ID in the sequence table. If the 

relationship is n:m, an additional table has to be designed to store the two foreign keys. For 

instance, one species is listed in many different publications, and a publication lists 

different species. This leads storing the species ID and the publication ID in the additional 

table. 

Much information found on our web pages is automatically generated by different tools 

running in the background. If a sequence is changed or added, the molecular weight, the 

amino acid statistics, and the domain structure using hmmpfam (74) and Pfam (34) are 

calculated. If a new species is added, the NCBI taxonomy is added and refreshed once a 

day. Furthermore, the link to the detailed species page is added to NCBI LinkOut (75) and 

to the Encyclopedia of Life (76). Additionally, the available Blast (77) page of CyMoBase 

has to be updated and therefore, the underlying Blast database has to be refreshed as well. 

To offer other scientist the possibility to benefit of sequence data and the corresponding 

statistics, CyMoBase (35) was developed. In CyMoBase, all published data and additional 

analyses of our group can be found. 

1.4.2 Web application 

It is not only important to store the incurred information and the corresponding meta data 

in a database. For instance, it is not user friendly to access the data using a terminal and the 

SQL language. Furthermore, it could be quite dangerous to allow everybody direct access 

to the database. It is quite easy to change or even delete stored entries. 

One elegant way to share the data with colleagues is to create a web application. This kind 

of applications has the advantage that the user does not have to install a tool and all its 
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dependencies on the local computer. Only a web browser and internet connection is 

necessary. 

To deploy such a service, the first step is to decide, which programming language fits best 

to the given task. In our case, the programing language Ruby (78) was selected for nearly 

every project. This language has the advantage of being object-oriented. Furthermore, 

source code written in Ruby is easy to read and to understand, even without knowledge of 

this language. But the main reason for using Ruby in our group is the web framework 

Ruby on Rails (79). 

The Ruby on Rails framework has the advantage of agile and rapid application 

development, using generators, engines, and gems. Furthermore, the Ruby on Rails 

community is big and code already exists for many tasks. This framework uses the 

Model/View/Controller concept that allows the software engineer to structure the different 

parts of the applications. A Model is used for creating and handling the data. Often, a 

Model is associated with a database table. The benefit is that e.g. the programmer does not 

have to code SQL queries by hand, like “SELECT sequence FROM sequence 

WHERE sequence_id = 123;” to get the sequence of interest. He just have to code 

“Sequence.find(123).sequence”. Everything is prepared by ActiveRecord 

implemented in the Ruby on Rails framework; the security checks, validations, creating the 

SQL-query, and preparing the result as an object. The Controller is important to collect and 

to prepare all necessary information for the View, which represents the data. 

One additional reason for using Ruby on Rails is its ability to handle huge data. In our 

internal database, we have more than 29,000 manually annotated sequences, 50 proteins, 

and 1200 species. One reason is the ability to create different caches. That means that e.g. 

the statistics page of diArk (Chapter 2.3, page 90) does not have to be recalculated every 

time, a user enters the page. Only, if new data was added to the database behind diArk, the 

graphs will be recalculated, which takes about 30 seconds. Using the cached version, the 

user will see the statistics page in less than 1 second. 

1.4.3 Development 

To keep track of the source code changes made by different members of our group, we use 

the source code versioning and revision control and management software Subversion (80) 

and git (81). In principal, this means that the software developer first has to check out the 

latest version of the source code out of the repository. After adding new features or bug 

fixes, the developer has to commit the changes with comments back to the repository. 

Furthermore, an editor for the source code is essential. Of course, the editor of the 

operating system can be used. But normally, these editors do not have syntax highlighting, 
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can manage all files of a project, or highlight the changes of the source code compared to 

the repository. Therefore, a more powerful editor, like Netbeans, TextMate, or Sublime 

Text 2 should be used. 

Normally, only one or two browsers are installed on the local computer. But to be sure that 

every user of the web application sees the same design and has the same functionality, the 

application has to be tested with different web browsers and even different versions of 

them. Therefore, virtual machines with different operating systems and different browsers 

can be created. 

In our group, different web applications are developed. Nearly none of them uses the same 

Ruby version and set of gems. To avoid conflicts we use the Ruby Version Manager (82) 

to set up a unique environment for each project. 

1.4.4 Deployment 

Using the same server for development and for the public access is risky. If there is a 

change in the source code of the application that disturbs or even breaks the application, it 

will be directly passed to the user. Furthermore, if there is a security hole in one of the 

applications and servers running, it could be possible that the main server gets hacked. 

Therefore, we are using two different servers; one for developing and one for the public. 

But using this setting, it can be trick to get the latest data and source code to the public 

server. The source code of the application has to be deployed, the genomes and the 

corresponding images have to be copied, the users’ rights have to be set correctly, and the 

database and caching servers have to be restarted. Furthermore, the database has to be 

copied and cleaned up, because not every data in our internal database is already published 

and therefore should not be public available. To do all these steps by hand take about 30 

minutes. Therefore, we use Capistrano (83) for deployment. Different ‘receipts’ were 

developed for each of the steps mentioned above. Now, it takes only one command in the 

terminal to perform every step in the background and to deploy the application. 

1.4.5 Set up a new database 

Internal, we do not have only one database to store information about cytoskeleton and 

motor proteins. To set up a complete new database does not only mean to create a new one 

with the existing database schema. Because all information about species, genome files, 

and sequencing projects are the same, it would be time consuming to undertake each 

database the same changes. Therefore, we use the replication system Slony (84) for 

PostgreSQL. This system uses one master and many slave databases. Each change in a 

replicated table of the master database will be forwarded to the slaves, immediately. 
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Furthermore, our web applications are designed to use different databases. Only a few 

minor changes have to be made in configuration files and the complete web interface and 

all analyses are available for the new database. 

1.4.6 NMR 

To solve the structure of proteins, the nuclear magnetic resonance (NMR) technique can be 

used. Today, there are two major techniques, the liquid-state and the solid-state NMR. 

Whereas the resonances of a liquid state NMR spectrum are usually separated and an 

assignment to the corresponding amino acids and atoms is quite easy, the spectra produced 

with solid state NMR are difficult to interpret. In solid state NMR, the resonances of the 

atoms fuse and an assignment gets harder. One solution for this issue is to predict the 

spectrum of the protein of interest and to plot the resulting peaks to the experimental 

spectrum. 

Nowadays, different tools exist to predict the shifts of amino acids atoms (e.g. 81,82). But 

no software was developed to predict the corresponding spectra based on different 

experimental settings. Therefore, Peakr and the corresponding web application Webpeakr 

were developed (chapter 3.1, page 163). Like the other mentioned web applications, 

Webpeakr only requires a modern web browser. 

One feature of NMR is the possibility to study the dynamics of a protein. Based on these 

studies, the function of the protein can be understood. These exchange processes can be 

observed. One technique for this goal is the Carr-Purcell-Meiboom-Gill (CPMG) 

experiment. But the analysis of such an experiment is not easy. To avoid issues during 

analysis, the web application ShereKhan was developed (chapter 3.2, page 176). 
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The publications are ordered chronologically, beginning with the newest. 
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2.1.1 Abstract 

Background 

Dynactin is a large multisubunit protein complex that enhances the processivity of 

cytoplasmic dynein and acts as an adapter between dynein and the cargo. It is composed of 

eleven different polypeptides of which eight are unique to this complex, namely dynactin1 

(p150
Glued

), dynactin2 (p50 or dynamitin), dynactin3 (p24), dynactin4 (p62), dynactin5 

(p25), dynactin6 (p27), and the actin-related proteins Arp1 and Arp10 (Arp11). 

Results 

To reveal the evolution of dynactin across the eukaryotic tree the presence or absence of all 

dynactin subunits was determined in most of the available eukaryotic genome assemblies. 

Altogether, 3061 dynactin sequences from 478 organisms have been annotated. 

Phylogenetic trees of the various subunit sequences were used to reveal sub-family 

relationships and to reconstruct gene duplication events. Especially in the metazoan 

lineage, several of the dynactin subunits were duplicated independently in different 

branches. The largest subunit repertoire is found in vertebrates. Dynactin diversity in 

vertebrates is further increased by alternative splicing of several subunits. The most 

prominent example is the dynactin1 gene, which may code for up to 36 different isoforms 

due to three different transcription start sites and four exons that are spliced as 

differentially included exons. 
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Conclusions 

The dynactin complex is a very ancient complex that most likely included all subunits in 

the last common ancestor of extant eukaryotes. The absence of dynactin in certain species 

coincides with that of the cytoplasmic dynein heavy chain: Organisms that do not encode 

cytoplasmic dynein like plants and diplomonads also do not encode the unique dynactin 

subunits. The conserved core of dynactin consists of dynactin1, dynactin2, dynactin4, 

dynactin5, Arp1, and the heterodimeric actin capping protein. The evolution of the 

remaining subunits dynactin3, dynactin6, and Arp10 is characterized by many branch- and 

species-specific gene loss events. 

2.1.2 Background 

Dynactin is a multisubunit protein complex in eukaryotic cells required as an activator of 

cytoplasmic dynein, the major minus end-directed microtubule motor (48,87). Dynactin 

acts as an adapter between dynein and the cargo (48–50) and enhances the movement of 

dynein by increasing its processivity (51–54). The dynein-dynactin complex plays an 

important role during mitosis (88,89) and is necessary for synapse stabilization (90). It is 

involved in nuclear migration, and during cell division in mitotic spindle positioning (91–

93) and organization of spindle microtubule arrays (94). Although most of dynactins 

functions are in conjunction with cytoplasmic dynein it also binds to and modulates 

kinesin-2 (55,56) and kinesin-5 (57). 

Dynactin is composed of eleven different subunits ranging in size from 22 to 150 kDa (95). 

Several components are present as dimers or oligomers in the complex resulting in an 

overall molecular weight of 1.2 MDa. The novel dynactin subunits have initially been 

named according to the molecular weights of the vertebrate subunits in SDS gels (87). 

However, as the molecular weights differ between species the original naming is not 

adequate to describe the protein family relation of the subunits in all eukaryotes. Therefore 

and because these subunits are unique to the dynactin complex we adopt and use the 

nomenclature dynactin1 to dynactin6 (symbols DCTN1 to DCTN6), which has recently 

been established by the HUGO Gene Nomenclature Committee (HGNC; (96)), throughout 

this analysis. 

The structure of the complex can be divided into two distinct domains: the Arp1 rod and 

the projecting arm (97,98). The projecting arm (consisting of the so-called sidearm and 

shoulder complex) links dynactin to cytoplasmic dynein, kinesin motors, and microtubules. 

It is composed of two dynactin1 (p150
Glued

), four dynactin2 (p50 or dynamitin), and two 

dynactin3 subunits (p24 and p22 have been used for the mouse and the human ortholog, 

respectively). The Arp1 rod is built of eight Arp1 molecules forming a short actin-like 

filament, probably one β-actin molecule, and the conventional actin capping proteins Capα 
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and Capβ, which are located at the barbed-end of the mini-filament. The other end of the 

filament is terminated by Arp10 (the name Arp11 is synonymously used for the vertebrate 

orthologs (96)) and dynactin4 (p62), to which the dynactin5 (p25) and dynactin6 (p27) 

subunits are associated. The heterotetrameric complex of dynactin4, dynactin5, dynactin6 

and Arp10 is also called pointed-end complex. 

Dynactin1 is the largest subunit of the dynactin complex (99) and belongs to the 

microtubule plus end-binding protein family (100). The microtubule-binding CAP-Gly 

(cytoskeleton-associated protein-glycine-rich) domain is located at the N-terminus 

(99,101). The CAP-Gly domain is connected to the other subunits of the complex via two 

long coiled-coil regions. The first coiled-coil region following the CAP-Gly domain binds 

to the intermediate chain of cytoplasmic dynein (102,103). Dynactin2 is the connection 

between the projecting arm and the Arp1 rod (104,105) and its over-expression in vivo 

causes disruption of the dynactin complex (104,97,106). Dynactin3 is required for 

attachment of dynactin1 to dynactin2 (107). Arp1 is the actin-related protein most similar 

to actin and forms an actin-like mini-filament (98) that represents the backbone of 

dynactin, to which the other dynactin subunits bind. It is supposed that membranous 

cargoes bind to dynactin via the Arp1 rod (50,108,109). 

The first studies on dynactin have been performed with chicken brain samples (48,87). 

Subsequently, dynactin subunits have been identified and analyzed in the model organisms 

Neurospora crassa (110–115), Saccharomyces cerevisiae (116–119), Drosophila 

melanogaster (120,121) and Caenorhabditis elegans (121–123). Although the composition 

of the dynactin complex in vertebrates gradually became apparent, a thorough analysis of 

the complex and its subunits in terms of gene duplicates, alternatively spliced isoforms, 

and phylogenetic evolution is still missing. That a surprising diversity might be found has 

been shown by a recent study of the motor protein repertoire of 21 insect genomes 

uncovering a branch specific duplication of the well-known dynactin1 (p150
Glued

) gene in 

Drosophila species (63). 

Building such a multi-protein complex with a filament of fixed size seems rather 

complicated. Because most of the analyses of the complex have been done with vertebrate 

samples, it would be interesting to see whether the various unicellular protists that often 

have smaller gene repertoires, may have evolved compacted versions of the dynactin 

complex. Vice-versa, there could have been a minimal dynactin complex at the origin of 

the eukaryotes that multicellular eukaryotes expanded to accomplish more and different 

tasks. Here, we examined every known protein of the complex and determined its absence 

and presence in all eukaryotic genomes as available in September 2011. Furthermore, we 

inspected all genes to identify alternatively spliced exons and their appearance during 

evolution. For our analysis, we manually assembled and annotated more than 4,700 
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dynactin and actin-related protein sequences from about 550 species. All sequences were 

inspected and validated at the genomic DNA level to remove wrongly predicted sequence 

regions, to manually fill gaps in gene predictions, and to reveal the correct exon/intron 

boundaries. The sequences and related data like gene structure reconstructions and 

biochemical properties are available through CyMoBase (http://www.cymobase.org). 

2.1.3 Results 

Identification of dynactin genes 

Dynactin protein sequences are not as strongly conserved as for example tubulins, and 

three of the dynactin subunits are relatively short complicating their identification if they 

were spread on several exons. In addition, dynactin contains two actin-related proteins of 

which Arp1 is closely related to actin while Arp10 is a very divergent member thus 

hindering their immediate identification. The dynactin subunits might have been duplicated 

in single species or certain branches, like the Drosophila dynactin1 gene (63). These 

events can only be revealed through the phylogenetic analysis of the corresponding protein 

sequences. Thus, it is of major importance to obtain the best sequence data possible and to 

create the most accurate multiple sequence alignments. Automatic gene predictions are 

error-prone (for example, automatic gene prediction programs do not recognize GC---AG 

intron splice sites), and even those gene predictions are available for only a small subset of 

all sequenced eukaryotic genomes (124). Therefore, we manually assembled and annotated 

all dynactin and actin-related sequences used in this study. Manual identification and 

assembly means that we started from a set of sequences verified by cDNA and used those 

for searches with standard tools like TBLASTN in the genome assemblies. Unfortunately, 

only a few full-length mRNA/cDNA sequences for dynactin subunits are available, which 

served as representatives for correct sequences. Every search hit has further been analyzed 

by manual inspection of the corresponding genomic DNA sequence either to reveal the 

correct intron/exon boundaries or to extend hits that only covered short parts of the search 

sequence. Those sequences were excluded, for which some local similarity was identified 

(e.g. similarity to the dynactin1 CAP-Gly domain) but for which the remaining parts of the 

respective subunits could not be found although the genomic sequences of the respective 

contigs were long enough. Genomes, for which the respective dynactin subunits could not 

unambiguously be assembled in the first instance, were reanalysed as soon as further data 

was added to the multiple sequence alignments. In this way the completeness of the search 

for dynactin subunits and the accuracy of the gene assembly and annotation has 

continuously been re-evaluated and improved. In addition to manually assembling all 

sequences, the multiple sequence alignments of the dynactin sequences have been created 

and were maintained and improved manually (Additional File 2.1.10.1). 
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Sequences of which small parts were missing due to gaps in the genome assemblies (up to 

5%) were termed “Partials”. “Partials” are not expected to considerably influence the 

phylogenetic tree computations. Sequences of which more than 5% were missing due to 

genome assembly gaps or incomplete EST data but that are otherwise unambiguous 

orthologs or paralogs were termed “Fragments”. "Fragments" are important to denote the 

presence of the subunits in the respective species in the qualitative analysis. Dynactin 

genes were termed pseudogenes if they contain more features like frame shifts and in-

frame stop codons and miss more conserved sequence regions than can be attributed to 

sequencing or assembly errors. 

In total, the dynactin dataset contains 3061 sequences from 478 organisms (Table 2.1.1, 

Additional File 2.1.10.2), of which 2872 have been derived from 353 WGS sequencing 

projects. 2668 sequences are complete, and an additional 191 sequences are partially 

complete. In addition, 1766 actin and actin-related proteins from 323 species have been 

assembled to finally reveal the subfamily relationship of potential Arp1 and Arp10 

orthologs in questionable cases. For plotting the presence or absence of dynactin subunits 

across the tree of the eukaryotes we only included those species whose genomes have been 

sequenced with high coverage and which provided reliable data in many other cases 

(63,125–127). Nevertheless, low-coverage genomes have also been analyzed because 

every single piece of sequence could be very important to resolve ambiguous regions in 

related species or to clarify phylogenetic question. For example, we also analyzed the 

incomplete genome of the agnath Petromyzon marinus to reveal at which stage alternative 

splice forms had been evolved in vertebrate evolution. To infer the phylogenetic 

relationship of duplicated dynactin subunits we calculated phylogenetic trees using the 

Maximum Likelihood and Bayesian methods. Gene structures were reconstructed for all 

sequences using WebScipio (13) and can be inspected via CyMoBase 

(www.cymobase.org) for further investigation. 
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Table 2.1.1: Data statistics 

 total dynactin1 

p150 

ropy-3 

Nip100 

dynactin2 

p50 

 

Jnm1 

dynactin3 

p24 

ropy-10 

Ldb18 

dynactin4 

p62 

ropy-2 

dynactin5 

p25 

ropy-12 

dynactin6 

p27 

Cap1 

(Capα) 

Cap2 

(Capβ) 

Arp1 

 

ropy–4 

Arp10 

Arp11 

ropy–7 

Sequence            

Total 3061 321 312 278 322 326 258 368 299 306 271 

From WGS 2872 300 280 248 289 296 229 359 298 304 269 

Pseudogenes 60 1 6 3 19 12 5 14 0 0 0 

Completeness            

Complete 2668 246 259 250 250 273 220 345 286 293 246 

Partials 191 27 14 23 28 31 27 10 4 10 17 

Fragments 181 48 37 5 44 12 9 6 9 3 8 

Species            

Total 2863 288 306 274 301 313 246 289 292 287 267 

WGS-projects 2567 257 261 238 256 271 215 270 278 269 252 

EST-projects 960 86 106 96 103 113 93 102 102 87 72 

WGS- and EST-projects 1314 124 135 116 134 148 115 146 149 133 114 

Sequences in Taxa            

Metazoa 1339 155 132 141 159 158 132 167 94 101 100 

Fungi 1339 144 140 118 124 118 96 138 141 165 155 

Apusozoa 9 0 1 1 1 1 1 1 1 1 1 

Amoeba 56 5 5 4 5 5 5 10 8 4 5 

SAR 227 15 28 10 27 32 17 30 29 30 9 

Excavata 21 0 1 0 1 5 2 4 7 1 0 

Viridiplantae 53 0 0 0 0 0 0 27 26 0 0 

Rhodophyta 0 0 0 0 0 0 0 0 0 0 0 

Glaucophyta 5 0 1 1 1 2 0 1 1 0 0 

Cryptophyta 3 0 1 0 0 1 1 0 0 0 0 

Haptophyta 0 0 0 0 0 0 0 0 0 0 0 
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Dynactin1 

Dynactin1 plays a major role for the function of the dynactin complex as it connects the 

Arp1 rod, and thus the cargo binding sites, to cytoplasmic dynein, the transporter protein 

complex, and to microtubules, the track. It can hardly be imagined to build a functional 

dynactin complex without a dynactin1 subunit. However, dynactin1 is also the least 

conserved of the dynactin subunits (Figure 2.1-1). This is most likely due to its domain 

structure that consists of a short N-terminal globular CAP-Gly domain followed by two 

coiled-coil regions, which account for two thirds of its primary sequence. Both the region 

separating the two coiled-coil regions and the C-terminal region are not even conserved 

between metazoan and fungal dynactin1 subunits, which belong to the opisthokont branch. 

Given the functional importance of dynactin1 we were surprised not to be able to identify 

homologs in any Apicomplexa, in the Heterolobosea Naegleria gruberi, and the Apusozoa 

Thecamonas trahens (Table 2.1.1). When searching for dynactin1 homologs in these 

organisms we analysed all TBLASTN and PSI-BLAST hits showing sequence similarity to 

CAP-Gly domains but we only found other CAP-Gly domain containing proteins like 

CLIP-170/restin (128), and the tubulin-specific chaperones B and E (129,130). 

Duplicates of dynactin1 have been found in independent branches of the eukaryotic tree 

(Additional File 2.1.10.3). In the Brachycera branch (including the Drosophila clade) the 

dynactin1 gene has been duplicated once (63). Another duplication of dynactin1 was found 

in the Actinopterygii branch, supported by Brachydanio rerio, Takifugu rubripes, and 

Gasterosteus aculeatus. Some of the nematods like Brugia malayi also encode two 

versions of dynactin1. Two duplications of dynactin1 were found in the genome of the 

Figure 2.1-1: Sequence conservation in dynactin subunits. Box plots of the sequence identities and 

similarities of the dynactin subunits. 
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fungus Rhizopus arrhizus, and one additional dynactin1 in Mucor circinelloides. The 

variant A and B subunits each grouped together, suggesting a gene duplication predating 

the separation of the two species. Variant C of Rhizopus arrhizus grouped to variant B 

indicating another Rhizopus-specific duplication. 

The dynactin1 gene of Homo sapiens is encoded in 32 exons on chromosome 2 (Figure 

2.1-2A, (131)). All exons are constitutively expressed and present in all dynactin1 

transcripts, except for exon 5 (“RGLKPKK”), the second part of exon 6 (“APTARK”), 

exon 7 (“TTTRRPK”), and exon 27 (“EEQQR”) that are alternatively spliced (Figure 

2.1-2B). Some alternative transcripts have already been described based on the analysis of 

a fetal human cDNA library (dynactin1-∆5; dynactin1-∆5,6: dynactin1-∆5,6,7; (132)) 

suggesting that exons 5–7 are each differentially included. In order to reveal a more 

general view of possible transcripts we extensively searched for corresponding sequences 

of vertebrate species in the available EST and cDNA databases and found the following 

combinations for exons 5–7 (Figure 2.1-2C): 

- none of the alternative exons is included in the transcript (Δ5,6,7) 

- exon 5 included, resulting in four additional positively charged residues (lysines or 

arginines, Δ6,7) 

- exon 7 included, three additional positively charged residues (Δ5,6) 

- exon 5 and 7 included, seven additional positively charged residues (Δ6) 

- exon 6 and 7 included, five additional positively charged residues (Δ5) 

- exon 5, 6 und 7 included, nine additional positively charged residues 
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We did not find EST or cDNA-data for transcripts including only exon 6 (∆5,7), or EST-

data including exons 5 and 6 without exon 7 (∆7). Exon 27 is also a differentially included 

exon. Maybe because of lack of more full-length cDNA data or maybe because of tight 

regulation, exon 27 is found to be absent in dynactin1-∆5,6,7, and to be present in 

dynactin1-∆5 and dynactin1 (Figure 2.1-2C). In addition, transcripts are generated from 

three alternative start positions. The first is at the beginning of exon 1, the second is at the 

beginning of exon 2, and the third possible transcript starts with exon 6 

(“MMRQAPTARK…”), which corresponds to the “p135” construct. While transcript start 

sites 1 and 2 are found in all described combinations of exons 5–7 and exon 27, transcript 

start site 3 (exon 6) is only found in combination with exon 7 included and either exon 27 

included or spliced out. 

Interestingly, the alternative exons encode different numbers of basic residues, arginines 

and lysines. Although only six of the eight possible combinations of the alternative exons 

have been found in EST and cDNA data so far, vertebrates seem to be able to stepwise 

increase the number of basic residues in this region from zero to nine. The basic residues 

influence the sliding behaviour of dynactin along the microtubules with fewer charges 

allowing a faster diffusion (132). The function of the region including the fourth 

differentially included exon, exon 27, which is located subsequent to the second coiled-coil 

region and thus behind a proposed Arp1 binding site (99), has not been analysed so far. 

While the third transcription start site produces a dynactin1 without a CAP-Gly domain 

(“p135”) the functional difference between transcripts of the two other transcription start 

sites is not known yet. The longer N-terminus (about 20 residues) is not visible in any of 

the available crystal structures of dynactin1 CAP-Gly domains (101,133–135). In addition, 

Figure 2.1-2: Gene structure and isoforms generated by alternative splicing of dynactin1. 

The gene structure was reconstructed with WebScipio and represents the dynactin1 (p150) 

homolog of Homo sapiens encoded by 32 exons including four alternatively spliced exons (A). 

Dark grey bars represent exons, light grey bars indicate introns, and coloured bars symbolize 

the alternatively spliced exons. For better visualisation, exons and introns are scaled 

differently. ATG in orange rectangles represent translation start positions. Translation start 

codons exist in exons 1, 2, and 6, respectively. The zero in green rectangles represents the 

first reading frame. A zoomed view on the exons 21–25 shows intron retention of intron 22 

(dark-green bar) that results in the translation of exon 23 in a different reading frame leading 

to a premature stop codon (light-green bar). The protein sequences for the alternative exons 

are given (B) as well as a short summary of the combinations of the alternatively spliced 

exons that have been found in full-length cDNA data (C). Due to missing full-length cDNA 

sequences the inclusion or exclusion of alternative exon 27 could not be determined for all 

combinations of exons 5 to 7 (ND = not determined). The sequence logos (D) illustrate the 

sequence conservation within the multiple sequence alignment of the CAP-Gly domain. For 

better orientation, the sequences of three representative CAP-Gly domains are shown: the 

human CAP-Gly domain as the main target of disease associated mutations, the 

Saccharomyces cerevisiae and the Dictyostelium CAP-Gly domains as representatives of 

widely used model organisms. β-strands as determined from the crystal structure are drawn 

as yellow arrows. Green dots point to amino acids of the human CAP-Gly domain that have 

been proposed to constitute the second EB1-binding site (133) and red dots highlight residues 

that are part of the conserved EEY/F motif binding site (101,133,134). Some mutations as 

found in human diseases are given below the reference sequences with numbering referring to 

human dynactin 
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a solution state structure (PDBid 2COY) revealed that the N-terminus is an unstructured 

and unordered coil. 

There is another alternative transcript generated by retention of intron 22 (Figure 2.1-2A). 

This intron retention results in a premature stop codon and has only been found in 

combination with transcription start site 2. The resulting transcript includes the CAP-Gly 

microtubule binding domain and the dynein intermediate chain binding site but stops 

before the second proposed coiled-coil region. The C-terminal part of dynactin1 starting 

with the second coiled-coil region has been proposed to bind to Arp1 and truncation 

mutants of Drosophila dynactin1 have been shown not to be incorporated into dynactin 

(99,136). This most likely also accounts for the alternative transcripts including intron 22 

of vertebrate dynactin1. 

The alternatively spliced exons and transcription start sites are conserved in all vertebrates 

and were also found in the agnath Petromyzon marinus the sistergroup of all gnathostomes 

representing the deepest separation in extant vertebrates. Especially the lysines and 

arginines and their positions are invariant. However, in the fish type A dynactin1 subunits 

the exons 5 have been lost, as well as the third potential translation start in exon 6. Instead, 

exon 6 encodes only the part that is alternatively spliced in type B dynactin1. Thus a 

“p135”-like isoform cannot be built from fish type A dynactin1 subunits. Alternatively 

spliced isoforms have not been identified in any other of the analyzed species. 

The sequence conservation plot across all dynactin1 CAP-Gly domains shows that the core 

structure consisting of six beta-strands and several key residues for binding microtubule 

plus end-tracking proteins is highly conserved (Figure 2.1-2D). The key residues for 

binding the C-terminal EEY/F tail motifs of CLIP170, EB1 proteins, and α-tubulines are 

F52, W57, K68, N69, and R90 (human dynactin1 numbering, (101,133)). These are almost 

invariant from stramenopiles to alveolates to humans (Figure 2.1-2D). In contrast, the 

residues of the proposed second EB1-binding site A49, L51, T54, K56, and R76 (human 

dynactin1 numbering, (133)) are not conserved (Figure 2.1-2D). EB1 proteins are present 

in all eukaryotes (plants, Giardia, stramenopiles, Alveolata, Trichomonas, Opisthokonts, 

data not shown). Thus, this proposed second EB1-binding site could be specific to 

mammals or, most likely, be an artefact from crystal packing effects. The latter is 

supported by another crystal structure of the complex of the dynactin CAP-Gly domain and 

the C-terminus of EB1, in which only the C-terminal EEY motif binds to dynactin1 (134). 

Several mutations in the CAP-Gly domain of human dynactin1 are associated with 

diseases. The G59S mutation has been identified in patients with distal spinal bulbar 

muscular atrophy (dSBMA, (137)) and the G71R/E/A, T72P, and Q74P mutations have 

been found in patients with Perry’s syndrome (138). All mutations lead to destabilization 

of the CAP-Gly domain (139). The two glycines G59 and G71 are invariant in all 
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dynactin1 CAP-Gly domains. While the threonine and glutamine are variable across the 

eukaryotes prolines are never found at these positions (Figure 2.1-2D). 

Dynactin2 

Dynactin2 was found in almost all branches of the eukaryotic tree that contain a dynactin 

complex (Table 2.1.1). The only two species containing a likely functional dynactin 

complex without dynactin2 are the closely related yeasts Ogataea parapolymorpha and 

Ogataea angusta. Because two different species of Ogataea have been sequenced it is 

unlikely that dynactin2 could be missed because of gaps in the assemblies. None of the 

genomes analysed encodes more than one functional dynactin2 gene. Some mammals and 

Caenorhabditis brenneri contain dynactin2 pseudogenes. 

Dynactin2 from Homo sapiens is encoded in 16 exons on chromosome 12 (Figure 2.1-3A). 

Two of the exons, the very short exons exon 3 (“FAQ”, residues 36–38) and exon 4 (“EL”, 

residues 39 and 40), are alternatively spliced. Both exons are independently differentially 

included and many EST and cDNA clones from many vertebrates exist excluding exons 3 

and 4 (dynactin2-∆3, 4) as well as including each exon separately (dynactin2-∆3 and 

dynactin2-∆4) and both exons together. The two alternatively spliced exons were also 

found in the agnath Petromyzon marinus, but not in any invertebrate and thus seem to be 

an invention of the most ancient vertebrate. While the up- and downstream coding 

sequence around exons 3 and 4 is slightly variable in vertebrates, the sequence of the two 

short exons is invariant. In contrast to dynactin1 we could not identify any further 

transcription start sites. The analysis of the available EST/cDNA data do not support 

alternatively spliced isoforms in any other species than vertebrates. 

The first dynactin2 cDNA sequences were isolated from rat and human, and consisted of 

the long form including both alternative exons (isoform-1, (104)). Although 

immunobiochemical studies of the dynactin2 expression in various adult rat tissues have 

been interpreted to result from the same transcript (104) the slightly different sizes of the 

dynactin2 bands in the SDS-gels could in retrospect originate from the tissue-specific 

expression of the alternative splice forms. Later, isoform-1 and the dynactin2 isoform 

excluding the two alternative exons (isoform-2, dynactin2-Δ3,4) have been shown to be 

tissue specific transcribed (140), and very recently isoform-2 from human has been 

compared to chicken dynactin2-Δ3 with respect to determinants for self-oligomerization 

and interactions with other dynactin subunits (105). 
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The residues encoded by the alternative exons (residues 36 to 40) are located in the N-

terminal region of dynactin2 but have not been the specific focus of any biochemical study 

yet. Both the N-terminal and the C-terminal part of dynactin2 are needed for proper self-

assembly and binding to dynactin3. The N-terminal 100 residues seem to be required and 

sufficient for binding to Arp1 (105,141). Binding essays showed that determinants for the 

optimal recruitment of dynactin1 are located in the N-terminal half of dynactin2 but that 

the N-terminal 100 residues alone are not sufficient (105). It could thus be possible that a 

certain combination of alternatively spliced exons in dynactin2 correlates with the 

differentially inclusion of exon 27 of dynactin1. More specific experiments will be 

Figure 2.1-3: Gene structures and alternatively spliced exons of dynactin subunits. The gene structures 

including alternatively spliced exons of the dynactin subunits of Homo sapiens were reconstructed with 

WebScipio. The colour coding is the same as in Figure 2 A) The scheme shows the gene structure of 

dynactin2 (p50) consisting of 16 exons including the differentially included exons 3 and 4. B) Gene structure 

of dynactin3 (7 exons). For dynactin3, pseudo-transcripts were identified (for detailed information see 

Additional File 4). C) The dynactin4 (p62) gene is comprised of 14 exons of which exon 6 is alternatively 

spliced. E) and F) Gene structures of dynactin5 (6 exons) and dynactin6 (7 exons), respectively. 
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necessary to reveal how such small modifications of two to five residues could modify 

dynactin2’s binding to Arp1, dynactin1, and dynactin3. 

Dynactin3 

We were not able to identify dynactin3 homologs in Ustilaginomycetes, Chytridiomycota, 

Naegleria gruberi, Bigelowiella natans, Ciliophora, plants, and Stramenopiles (Table 

2.1.1). Dynactin3 homologs could also not be identified in the Schizosaccharomyces 

branch and most of the analyzed yeast species. It has been proposed that dynactin3 is the 

least conserved of the dynactin subunits (121). This analysis has been based on the 

comparison of the sequence identities of the dynactin subunits of chicken, Drosophila, 

C.elegans, and Neurospora crassa to the mouse subunits. In order to determine the least 

conserved dynactin subunit based on all eukaryotes we calculated sequence identity and 

similarity matrices for all subunits (Figure 2.1-1). Because the data includes sequences 

from all branches of the eukaryotes each subunit shows a broad distribution. The 

comparison of the medians of the populations shows that dynactin1 is the least conserved 

dynactin subunit followed by dynactin3 and dynactin6. Because we were able to identify 

dynactin3 in almost all opisthokonts the dynactin3 subunits have most likely been lost 

independently in most Saccharomyctes, the Basidiomycote Ustilago maydis, and in the 

fungi of the Chytridiomycota. Similarly we should have been able to find the dynactin3 

homologs in ciliates based on the dynactin3 subunits from the Apicomplexa. The other 

branches, for which we could not find dynactin3 homologs, have either lost the gene or the 

dynactin3 proteins must be very different from the known dynactin3 subunits. Naegleria, 

Bigelowiella, and stramenopiles species normally do not contain intron-rich genes. Thus, it 

is unlikely that we missed dynactin3 subunits because they were not present in gene 

prediction datasets (that are available for some species and that we searched with PSI-

BLAST) or because the scores of short exon hits were too low to be detected with 

TBLASTN. 

Dynactin3 has been duplicated in Rattus norvegicus. The translations of both genes are 

identical except for three amino acids that are conserved substitutions. However, the gene 

of homolog B does not contain any introns and is not supported by EST data. Therefore, it 

is most likely the result of a recent retro-transcription of a processed pseudogene. Human 

dynactin3 is encoded on chromosome 9 in 7 exons, which are constitutively spliced (Figure 

2.1-3B). A few EST clones suggest the alternative transcription of exon 6 that, however, 

leads to pseudo-transcripts (Figure 2.1-3B, Additional File 2.1.10.4). Alternatively spliced 

isoforms have also not been identified in any other species. 
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Dynactin4 

Dynactin4 was found in all branches of the eukaryotic tree that contain dynactin. However, 

homologs could not be identified in many yeast and most of the Schizosaccharomyces 

species. Dynactin4 proteins are much longer than dynactin3 proteins and we would expect 

to identify homologs in the yeast and Schizosaccharomyces species based on the supposed 

homology to the identified dynactin4 proteins. Missing dynactin4 genes are therefore 

rather the result of gene loss than the result of identification problems. 

The published dynactin4 sequence from Neurospora crassa (ropy-2 or RO2 gene) contains 

a sequencing error that led to a predicted N-terminal extension of 173 residues (113). The 

genomic sequence encodes another methionine 62 residues upstream of the translation start 

site. Homologous sequence to these 62 residues including the methionine could only be 

found in Neurospora species and the closely related Sordaria macrospora but not in other 

Sordariales (e.g. Chaetomium, Thielavia) or any other fungi. The sequence starting from 

the second methionine is highly conserved in all fungi and thus this methionine is most 

probably also the translation start site in Neurospora and Sordaria (Additional file 

2.1.10.5). 

Dynactin4 from Homo sapiens is encoded in 14 exons on chromosome 5 (Figure 2.1-3C). 

Exon 6 (“QHTIHVV”) is a differentially included alternatively spliced exon. Different 

isoforms have already been reported for rat (142) but not further evaluated. The 

alternatively spliced exon is conserved in sequence, length, and reading frame in all 

vertebrates and was also found in the agnath Petromyzon marinus, but not in 

cephalochordates (Branchiostoma floridae), tunicates (e.g. Ciona intestinalis), and other 

invertebrates. The exon invention event therefore predates the separation of the 

Gnathostomata and the Hyperoartia. There is not enough EST/cDNA data available to 

proof the alternative character of the exon in all vertebrates. For example, there is only one 

EST clone from Petromyzon that covers the respective sequence region and includes exon 

6 but none without exon 6. But because there are EST/cDNA clones for several fish, 

mammals, and Xenopus with and without exon 6 it is highly probable that exon 6 is 

alternatively spliced in all vertebrates. Alternatively spliced isoforms have not been 

identified in any other species. 

Dynactin4 subunits have been predicted to contain N-terminal LIM (142) or RING 

domains (143), which are short domains consisting of two zinc fingers of the treble clef 

fold group arranged in tandem (144,145). The treble clef fold is characterized by a β-

hairpin at the N-terminus and an α-helix at the C-terminus that both contribute two ligands 

for zinc binding (146). In LIM domains these ligands are almost exclusively cysteins while 

cysteins could be replaced by histidines in RING domains. In addition, the tandem treble 
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clef fingers are separated by a two-residue spacer in LIM domains, which is invariant in 

length and seems to be essential for LIM-domain function (147). Dynactin4 subunits from 

almost all species contain eight CxxC motifs, of which the seventh and eights motif are 

separated by about 150 residues. The cysteins are never substituted by histidines and a 

two-residue spacer exists only between the fifth and sixth motif. A multiple sequence 

alignment based secondary structure prediction using Jpred (148) did not reveal any α-

helical propensity close to the CxxC motifs (data not shown). Thus, dynactin4 can bind up 

to four zinc ions but it is unlikely that these zinc fingers adopt the treble clef fold and form 

LIM or RING domains. Rather, the CxxC motifs will form so-called zinc ribbons, which 

are composed of two β-hairpins forming two structurally similar zinc-binding sub-sites. 

These sites are often separated by even protein domains (146). Thus, as long as structural 

data is not available it is not possible to predict to which of the other motifs the eighth 

CxxC motif of dynactin4 might fold to build a zinc finger. The highly probable 

contribution of the eighth motif to the structure of the zinc-finger domain might also 

explain why expression of only the N-terminal 130 residues of dynactin4 resulted in 

aggregates (142). 

Dynactin5 

Dynactin5 was found in all eukaryotic branches that contain dynactin, except for species of 

the Schizosaccharomycetes clade and some yeast species of the Saccharomyces clade. In 

the yeast species Vanderwaltozyma polyspora, none of the dynactin subunits were 

identified, except for dynactin5 and the capping proteins. Vanderwaltozyma also does not 

encode a cytoplasmic dynein homolog. Thus, the VpDynactin5 might either be an artefact 

(unlikely) or it gained a species-specific function outside the dynactin complex (needs 

experimental verification). The absence of dynein and dynactin in Vanderwaltozyma is 

most likely related to the specific phenotypic feature that spores are formed by extra 

mitotic replications after meiosis independent of bud formation (149). Sole dynactin5 

subunits have also been found in Euglenozoa, and dynactin6 additionally in Trypanosoma 

cruzi. Euglenozoa also contain cytoplasmic dynein heavy and intermediate chains. The 

presence of only dyanctin5 (and also dynactin6) is in accordance with the report of a freely 

soluble pool of these subunits in cells (95). In addition, a dynactin5 homolog was found for 

the plant Vitis vinifera in the cDNA database. This sequence could not be identified in the 

genome assembly and grouped to a cluster containing parasitic Nematodes in the 

phylogenetic tree (data not shown) indicating that it is most likely a contamination of the 

Vitis vinifera cDNA library. Some mammals contain one or more pseudogenes resulting 

from retro-transcripts. 
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Dynactin5 from Homo sapiens is encoded in six exons on chromosome 16 (Figure 2.1-3D). 

The available EST and cDNA data do not provide evidence for any alternatively spliced 

exons in human dynactin5 as well as dynactin5’s from any species. 

It has been reported that the subunits dynactin4, dynactin5, and Arp11 from mouse, 

Drosophila, and C.elegans have conserved alkaline pIs (97). It has been suggested that one 

or all may interact electrostatically with negatively charged membrane lipids or other 

acidic cargoes such as lipid droplets or viral nucleocapsids (97). Recently, dynactin5 from 

Neurospora crassa was shown to be required for early endosome interaction (150). 

However, Drosophila Arp11 and dynactin4 and Arp11 from C.elegans actually have acidic 

pIs (5.16, 6.61, and 6.4, respectively). These contradictions were perplexing and we 

decided to determine whether potential electrostatic interactions between dynactin subunits 

and membranes are conserved across the eukaryotes. Therefore, we have analyzed the 

distribution of pI values of the pointed-end complex subunits of all species (Figure 2.1-4). 

Dynactin4, dynactin6, and Arp10/Arp11 show broad distributions from acidic to alkaline 

pIs. In contrast, almost all dynactin5 subunits have alkaline pIs suggesting a dynactin5 

specific interaction within the complex or to other cellular components. The other pointed-

end subunits might have conserved functions that are, however, most likely independent 

from electrostatic interactions. 

Dynactin6 

Dynactin6 is encoded in all eukaryotic branches, except for Aconoidasida (including 

Plasmodium species), plants, Rhizaria, Bacillariophyta, Saccharomycotina and 

Schizosaccharomycetes. In the Euteleostei branch (containing part of the fish), the 

dynactin6 gene has been duplicated. The dynactin6 gene from Homo sapiens is located on 

chromosome 8 (Figure 2.1-3E). It consists of 7 exons all of which are constitutively 

spliced. Alternatively spliced isoforms have not been identified in any species. 

Arp1 

The only species encoding dynactin subunits except Arp1 were the yeast Vanderwaltozyma 

polyspora DSM 70294, the stramenopiles Aureococcus anophageferens, and the 

cryptophyte Guillardia theta. Duplicates have been identified in mammals and anole lizard 

(Additional File 2.1.10.6) grouping to two types, variant A (also known as α-centractin, 

(151,152)) and variant B (also known as β-centractin, (153)). Because the fish Arp1s are 

most closely related to variant B while the bird and frog Arp1s are most closely related to 

variant A, the Arp1 duplication event must have been at the origin of the vertebrates, most 

probably as part of the two whole genome duplications (WGDs) that happened at the 

emergence of the vertebrates (64). Unfortunately, EST or genomic DNA data is not 
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available for any Arp1 in Petromyzon marinus. Therefore, we cannot conclude yet whether 

the Arp1 gene duplication happened at the basis of the vertebrates or the Gnathostomata. 

Subsequent to the duplication, the ancestors of the fish, birds, and frogs each lost one 

additional Arp1 paralog, while the mammals and the anole lizard retained both of them. 

Arp1A and Arp1B have both been shown to be part of dynactin and were found in a 

constant ratio of about 15:1 in the cytosolic fraction (153). There was no evidence for a 

free pool of either isoform and it could not be resolved whether Arp1A and Arp1B appear 

in distinct or mixed complexes. A recent proteomics study of microtubule associated genes 

in brain tissue also showed that both paralogs are part of the dynactin pool (154). Formally 

it could be possible that all combinations of the two Arp1 paralogs are present in dynactin 

complexes in mammalian cells. However, because the two paralogs are 90% identical 

(96% similar) and the few differences are distributed over the length of the Arp1 molecule 

and because most vertebrates retained only one Arp1 homolog it is likely that even mixed 

dynactin complexes are functionally identical. 

  

Figure 2.1-4: Distribution of the pI values of the dynactin4, dynactin5, dynactin6, and Arp10 subunits. The 

isoelectric points of the dynactin subunits were rounded to the first decimal place and the number of sequences 

having a pI of a certain range (increment of 0.1) plotted. The numbers next to the subunits in the legend denote 

the total numbers of sequences used in the graph. The inlet contains box plots of the data for each dynactin 

subunit. 
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Arp10 (Arp11) 

Ten actin-related proteins have been found in the completed genome sequence of 

Saccharomyces cerevisiae, namely Arp1 to Arp10 (155). Subsequently, next to Arp1 a 

second actin-related protein has been identified in the vertebrate dynactin complex. It has 

been named Arp11 although its closest grouping homologs in a phylogenetic tree of actin 

and actin-related proteins were the yeast Arp10 and ropy-7 from Neurospora crassa (97). 

Most probably, the support for a potential subfamily grouping was not as significant as for 

other groups of actin-related proteins. Along the same lines a comparative analysis of 20 

completely sequenced eukaryotic genomes did not reveal compelling evidence for 

grouping Arp10 and Arp11 into one subfamily but recognized that, until then, the 

appearance of Arp10 and Arp11 was mutually exclusive (156). It has been suggested that 

both should be grouped together if yeast Arp10 was found in the dynactin complex or to 

separate them if both Arp10 and Arp11 were found in a single organism (156). Recently, 

yeast Arp10 has been shown to be an integral part of the dynactin complex (117). 

Arp10 and Arp11 proteins are very divergent, not only in comparison to the other actin-

related proteins but also in between the subfamily. In order to determine their presence or 

absence in species not encoding unambiguous orthologs we assembled all actin related 

genes of these species for comparison with complete Arp repertoires of representative 

organisms. Altogether more than 2,300 Arp proteins have been assembled and analyzed 

including all previously designated Arp classes (156). Thus, Arp11 orthologs have been 

identified in the Metazoa, the Fungi (except yeasts), the Amoebozoa, and Oomycetes 

branch. Arp10 orthologs have been identified in almost all species of the 

Saccharomycotina branch. Exceptions are Zygosaccharomyces rouxii, Vanderwaltozyma 

polyspora, Candida glabrata, and Lodderomyces elongisporus. Both Arp10 and Arp11 

have been found in a mutually exclusive manner and group together in the phylogenetic 

tree of all Arp proteins (Additional file 2.1.10.1). Therefore, and because representatives of 

both have been shown to be present in dynactin, both are orthologs. According to HUGO 

this group should be named Arp10 (symbol ACTR10) and Arp11 can be used as synonym 

(96). As with the other dynactin genes we will follow the HUGO recommendation and use 

the name Arp10 for orthologs of this group of actin-related proteins throughout the rest of 

the analysis. Arp10 has been duplicated in Gallus gallus, and two Arp10 homologs were 

identified in the pseudotetraploid Xenopus laevis. In the other branches of the eukaryotes, 

none of the assembled actin-related proteins clearly belongs to the Arp10 subfamily. 
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Capping proteins Capα (Cap1) and Capβ (Cap2) 

The ubiquitous actin capping proteins Capα (Cap1) and Capβ (Cap2) are part of the 

dynactin complex but except for capping the Arp1 minifilament they do not seem to have 

dynactin-specific functions and will therefore be discussed in Additional File 2.1.10.7. 

2.1.4 Discussion 

Here, we have performed an exhaustive analysis of all known dynactin subunits in all 

eukaryotic genomes available until September 2011. The presence of dynactin subunits is 

always coupled to the presence of a cytoplasmic dynein heavy chain (DHC1). Some 

branches do not contain a DHC1 and accordingly do not contain any dynactin subunit 

(Figure 2.1-5A): plants, diplomonads (e.g. Giardia lamblia), Haptophyceae (e.g. Emiliania 

huxleyi), Entamoebidae, some of the Microsporidia, and Rhodophyta (e.g. 

Cyanidioschyzon merolae and Galdieria sulphuraria). While the presence of dynactin is 

coupled to the presence of a DHC1 there are a few species that contain cytoplasmic 

dyneins but do not encode dynactin subunits: Piroplasmida (e.g. Babesia and Theileria 

species), some Microsporidia, and Parabasalia (e.g. Trichomonas vaginalis). The DHC1s 

of the known Piroplasmida and Microsporidia are, however, extremely divergent and 

shortened (about 3,200 instead of the usual 4,500 residues) and it is not known whether 

these are functional motors at all. Together, these results demonstrate the strong functional 

interconnection between dynactin and cytoplasmic dynein. In addition, both were most 

probably already present in the last common ancestor of the eukaryotes. Although dynein-

independent functions have been reported for dynactin these are most likely sub-

functionalization in specific branches of the eukaryotic tree in which either dyneins 

partnership became obsolete for certain functions or in which dynactin acquired additional 

specific binding partners. 
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Figure 2.1-5: Evolution of the dynactin complex with respect to the species evolution. A). The tree 

represents the most widely accepted phylogenetic tree of the eukaryotes. However, especially the grouping of 

taxa that emerged close to the origin of the eukaryotes remains highly debated. Therefore, alternative 

branchings are also indicated in the tree. The phylogeny of the supposed supergroup Excavata is the least 

understood because only a few species of this branch have been completely sequenced so far. While the 

grouping of the Heterolobosea, Trichomonada, and Euglenozoa into the Excavata is found in most analyses, 

the grouping of the Diplomonadida as separate phylum or as part of the Excavata is still debated (arrow 1 

(157)). According to most of the recent phylogenetic analyses, the Alveolata, Rhizaria, and Stramenopiles 

form the superfamily SAR (158,159). The placement of the Haptophyceae and Cryptophyta to the SAR is still 

highly debated. Although several analyses are in favour of this grouping (arrow 2; (160–162)) most analyses 

are in contrast (158,159,163–165). At each leaf of the tree one representative species of the branch is 

printed. Branch lengths are arbitrary. The tree illustrates the presence and absence of each subunit of the 

dynactin complex in the corresponding species under the hypothesis of five eukaryotic supergroups and the 

position of the LECA as indicated. Alternative eukaryotic roots are indicated by coloured arrows. Coloured 

boxes show gene duplications and white boxes show gene loss events of dynactin subunits. The presence 

(green box) or absence (white box) of the cytoplasmic dynein heavy chain gene DHC1 is indicated for those 

species that do not have dynactin or miss most of the subunits. B) A possible tree of some major branches of 

the eukaryotes is shown together with the subunits encoded by the respective taxa. The tree is based on the 

most parsimonious way the branches could have diverged based on the assumption that during this evolution 

subunits have only been gained and not lost. 
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All of dynactins known eleven subunits were already present in the last common ancestor 

of the eukaryotes because all of them have been identified in at least two of the major 

lineages (Figure 2.1-5A). However, in many genomes single subunits are missing. Is this 

due to gene loss events or due to problems in their identification? The dynactin complex 

and the dynactin subunits have first been identified and characterized in vertebrates and 

insects, and these constitute the reference sequences. It could be possible, that some 

subunits have not been identified in several branches and species, which diverged very 

early in eukaryotic evolution, because of their low similarity to the subunits of the 

metazoan species that prevented their identification. However, unambiguous homologs 

have been identified and annotated in every major lineage of the eukaryotes demonstrating 

that the sequence similarity in general dates back to the last common ancestor. Even when 

we searched with these homologs instead of the reference sequences, missing homologs in 

closely related species could not be identified. For example, although a dynactin1 has been 

found in Tetrahymena we were not able to identify dynactin1 homologs in Toxoplasma 

gondii, Plasmodium and Cryptosporidium species. Therefore, we rather assume that 

subunits have been lost during evolution although we cannot exclude that we might have 

missed divergent homologs that can only be revealed in experiments, but not sequence 

based analyses. In addition, subunits might be missing because of gaps in the sequence 

assemblies. 

Evolution of the dynactin complex in eukaryotes 

The evolution of the dynactin complex in eukaryotes is characterized by many branch- and 

species-specific gene loss and gene duplication events (Figure 2.1-5A). The monophyly of 

the SAR branch is well established now (166) as well as the monophyly of the 

Opisthokonts (and even unikonts, (167)) and Excavata (167). The last common ancestors 

of both the SAR and the unikonts contained all eleven dynactin subunits (Figure 2.1-5B). If 

the unikont-bikont hypothesis, that combines all major kingdoms except the unikonts into a 

supergroup called bikonts and places the eukaryotic root between these two supergroups 

(166,168), were true the last common ancestor of all extant eukaryotes (LECA) must have 

contained the complete dynactin complex (Figure 2.1-5A). Another hypothesis places the 

origin of the eukaryotes between Plantae and the rest (photosynthetic-nonphotosynthetic 

split, (169,170)). Unfortunately, the genome sequence of the Glaucophyte Cyanophora 

paradoxa is not complete, but it seems that based on the latter hypothesis the LECA would 

have contained only dynactin2, dynactin3, dynactin4, dynactin5, and the CAP proteins. 

The dynactin data does not help in resolving the issue of unambiguously placing the 

eukaryotic root because its analysis involves eleven subunits and is biased by the very 

small number of sequenced species in the taxa Cryptophyta, Haptophyta, Glaucophyta and 

Excavata except Euglenozoa. Thus it could be possible that more complete dynactin 

inventories will be found in newly sequenced species of these taxa like in the SAR branch 
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in which all dynactin subunits were found in total but not in a single species. Building a 

parsimonious tree from the presence and absence of the dynactin subunits alone in all 

species is not possible without breaking established monophyletic groups like the 

sistergroups Fungi and Holozoa, or the sistergroups Blastocystis and Oomycetes. However, 

if we try to reconstruct a tree of the eukaryotes based on the major taxa by only breaking 

the still debated phylogenetic groupings of the Haptophyta and the Diplomonadida but 

leaving established supergroups intact, the following scenario can be imagined (Figure 

2.1-5B). Diplomonadida and Haptophyta both do not contain cytoplasmic dynein and 

dynactin and were therefore the first to diverge in eukaryotic evolution. The LECA would 

have not contained dynein and dynactin in this case. Next, the dynactin5 and dynactin6 

subcomplex and dynactin2 were invented and the Cryptophyta separated. This would be 

consistent with the finding of a freely soluble pool of dynactin5 and dynactin6 in cells (95). 

The placing of the Glaucophyta (as part of the Plantae) is not yet clear due to the 

incomplete genome of the single representative Cyanophora paradoxa. The Glaucophyta 

do have already dynactin3 and dynactin4 but miss dynactin6. Subsequently, Arp1 and 

dynactin4 evolved completing the Arp1 rod in Heterolobosea (Excavata). Finally, the 

projecting arm had been completed in SAR and Opisthokonta. However, this model is 

based on the assumption that dynactin subunits had only been gained and not lost during 

early eukaryotic evolution, and the model contradicts the unikont-bikont and the 

photosynthetic-nonphotosynthetic split hypotheses. Given the many dynactin gene loss 

events in later separating branches it is more likely that the LECA already contained all 

dynactin subunits. This assumption could be combined with both split hypotheses and is in 

agreement with analyses of other protein complexes in which the reconstructed complexes 

of the LECA contained most of the present-day subunits (171,172). 

From the stage of the SAR and Opisthokonta the subsequent evolution of the branches is 

determined by many and specific gene loss events. Especially Arp10, dynactin6, 

dynactin1, and dynactin3 have been lost independently in many branches. The Arp1 

filament capping function of Arp10 might have been taken over by one of the so far 

unclassified actin-related proteins or dynactin4. Dynactin6 forms a tight complex with 

dynactin5 in vertebrates (97) but because also yeasts have, if at all, only dynactin5 it might 

be possible that dynactin5 forms a homodimer in the species lacking dynactin6. Dynactin1 

subunits have independently been lost by many species or their dynactin1 homologs have 

lost the CAP-Gly domain hindering their identification because of the low sequence 

similarity of the coiled-coil regions. Vertebrate and Drosophila dynactin1 transcripts 

without a CAP-Gly domain (corresponding to “p135”) are very well versed to bridge the 

Arp1 rod to dynein and microtubules showing similar intracellular trafficking of organelles 

(94,132,173). Thus, so far unknown dynactin1s without CAP-Gly domains could still be 

present in Apicomplexa, Heterolobosea and Apusozoa. Dynactin3 is necessary for the 
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incorporation of dynactin1 into the yeast dynactin complex (116). However, it has been 

shown that dynactin1 in vertebrates and Drosophila contains an independent Arp1 binding 

site, and therefore dynactin3 might not be essential for the dynactin complex in all species. 

This might explain dynactin3’s absence in many branches that have dynactin1. Other 

reasons could be that we were not able to identify all dynactin3 subunits because of their 

low sequence conservation or that dynactin3 has diverged in independent branches so far 

that homology cannot be detected any more. In any case, strong changes happened to this 

subunit independently in many early branching eukaryotic lineages and also in closely 

related branches. 

Expansion of dynactin complexity in metazoan 

Dynactin complex diversity in metazoa is greatly enhanced by branch specific gene 

duplications and the introduction of alternative splice forms (Figure 2.1-6). The dynactin1 

gene has been duplicated independently in the nematods of the Spirurida branch, in the 

Brachycera including the Drosophila species (63), and in fish genomes (Figure 2.1-6). 

Thus, dynactin complexes with different properties could be generated in these species by 

assembling two different homodimers or a heterodimer of their different dynactin1 

subunits. Dynactin6 and Arp10 have also been duplicated in the Otocephala branch 

(including Brachydanio rerio) and in birds, respectively. Arp1 has been duplicated early in 

vertebrate history and subsequently fish, birds, and amphibians lost different types of the 

duplicates. An alternative but less likely scenario would be that all dynactin subunit 

duplications were part of the two whole genome duplications at the origin of the 

vertebrates followed by numerous independent gene losses in the extant species. 

Interestingly, alternatively spliced exons have been invented in vertebrate dynactin1, 

dynactin2, and dynactin4 genes either before, in between or after the two whole genome 

duplication events happened but before the divergence of the agnaths and the 

Gnathostomata (Figure 2.1-6). Thus, complexity and fine-tuning of dynactin1 can 

considerably be enhanced by differential inclusion of four exons that can be combined with 

three alternative start sites for translation (Figure 2.1-2). The alternative start sites affect 

the inclusion/exclusion of the CAP-Gly domain, and three of the alternative exons encode 

consecutive pieces of the basic region between the CAP-Gly domain and the first coiled-

coil domain. These alternative splice forms therefore do not affect the binding of dynactin 

to cytoplasmic dynein but only the region attaching dynactin to microtubules (174). 

Altogether, 36 different transcripts can theoretically be generated for each vertebrate 

dynactin1 gene. It is not known yet whether heterodimers of dynactin1 isoforms are 

possible, which would multiply the theoretically possible number of different dynactin 

complexes. However, it seems unlikely that a transcript with certain functionality, e.g. a 

transcript without the CAP-Gly domain, would be combined with a subunit that could in 
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part reconstitute the missing function. This conclusion is consistent with findings in rat 

brain that showed distinct complexes of dynactin with either full-length dynactin1 (p150) 

or CAP-Gly diminished dynactin1 (p135, (173)). The three alternative splice forms 

analyzed so far (p150-∆5; p150-∆5,6: p150-∆5,6,7) also showed a tissue specific 

expression pattern (132) demonstrating that most likely only a limited number of different 

dynactin1 subunits and not all possible combinations are present in a single cell. However, 

all combinations will most likely be present in each organism. 

 

 

Figure 2.1-6: Evolution of the dynactin complex with respect to the species evolution in Metazoa. The tree 

represents the most widely accepted phylogenetic tree of the Metazoa. At each leaf one representative species 

of the branch is printed. Branch lengths are arbitrary. Coloured boxes show gene duplications of dynactin 

subunits. Coloured boxes with a red asterisk illustrate the introduction of alternatively spliced isoforms of 

the corresponding protein in vertebrates. White boxes denote gene loss events. The two whole genome 

duplication events at the origin of the vertebrates are shown (1R and 2R). The second duplication might also 

have happened in the Gnathostomata branch (dashed arrow). Due to missing data the duplication of the 

Cap1 and Arp1 genes cannot unambiguously be dated and could have happened either after the 1R event or 

after the divergence of the Hyperoartia. 
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Because most subunits are present in multiple copies in the complex, a single gene 

duplication of one subunit would already result in two, three, or more different complexes, 

if complexes were built not only from distinct but also mixed subunit compositions. Based 

on their gene content, the vertebrates can theoretically build thousands of different 

dynactin complexes considering all combinations of the genes and splice forms. However, 

most of the differences are introduced by tiny changes. For example, all identified 

alternatively spliced exons contain only between two and seven residues. In addition, the 

two Arp1 paralogs differ in only a few residues that are distributed over the length of the 

molecule. Thus, these small changes are not expected to considerably alter the overall 

structure of dynactin. However, it is well known that even single posttranslational 

modifications can dramatically change the functions of proteins from 

activating/deactivating enzymes or binding/non-binding other proteins or membranes (e.g. 

phosphorylation of dynactin1 strongly reduces its microtubule affinity, (175)). Concerning 

the two Arp1 paralogs it is hard to imagine how defined combinations could be generated 

in the cell given that eight to nine Arp1 subunits comprise the Arp1 minifilament. This 

would require a strong regulation of the protein level of both paralogs as well as a strong 

regulation of the position-specific incorporation into the minifilament. The 15:1 ratio of the 

paralogs could be regulated at the transcription level but it is very likely that both are just 

randomly incorporated into dynactin without influencing its structure, stability, and 

function. Therefore, dynactins functions will most likely only be modulated through the 

various alternative transcripts. The differences seem small but have not been studied at a 

molecular level yet. 

Reduction of dynactin complexity in yeasts 

In general, gene loss in yeasts only affects the pointed-end complex subunits and 

dynactin3, which mediates association of dynactin1 to dynactin2 (Figure 2.1-7) The 

Schizosaccharomycetes and Saccharomycotina both have lost the dynactin6 subunit. 

Dynactin5 and dynactin6 are predicted to fold into left-handed β-helical structures (176), 

and are supposed to form a tight heterodimeric complex in vertebrates (97). They show 

low sequence similarity but can still be aligned to each other (data not shown). Therefore, 

it could be possible that dynactin5 forms homodimers in those species that do not encode 

dynactin6. Dynactin3 and dynactin5 have been lost in Schizosaccharomycetes and many 

Saccharomycotina subbranches. The loss of dynactin3 in yeasts is surprising because it has 

been found to be essential to recruit dynactin1 to the dynactin complex in Saccharomyces 

cerevisiae (116). The dynactin1 genes in yeasts have about the same lengths, which is also 

true for the dynactin2 genes. A missing dynactin3 is therefore not compensated by 

additional domains in the other dynactin subunits. Either changes at the surface of 

dynactin1 or dynactin2 may supersede dynactin3 or we were not able to detect the missing 

dynactin3 subunits yet. Dynactin5 is required for the interaction of dynein with a subset 
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but not all membranous vesicles, which is supported by the conserved basic pI of all 

dynactin5 subunits and by membrane-flotation essays (150). This is also consistent with 

findings in Saccharomyces cerevisiae, which does not encode a dynactin5 subunit, that 

dynein is necessary for nuclear migration and spindle orientation but does not perform 

vesicle transport (177,178). In addition, dynactin4, Arp10, and dynactin2 have been lost in 

several, two, and 1 branch of the yeasts, respectively. Arp10 is needed for the stability and 

capping of the Arp1 filament (117) and its absence should thus affect dynactins integrity. 

Both Zygosaccharomyces and Lodderomyces lack Arp10 and dynactin4, the other pointed-

end capping protein and it is unclear how the Arp1 filament could be stabilized in these 

species. 

  

Figure 2.1-7: Evolution of the dynactin complex with respect to the yeast species evolution. The 

phylogenetic tree of the Saccharomycetes and Schizosaccharomycetes is based on the Maximum-Likelihood 

tree (RAxML) of the concatenated dynactin2, Cap1, Cap2, Arp1, and Arp10 subunits. Bootstrap support 

values (100 randomisations) are given for every node. The phylogenetic distribution of the sampled species is 

in overall agreement with other recent yeast phylogenies (179,180). Small differences are most likely due to 

the different genes (LSU rRNA, SSU rRNA and EF-1α DNA sequences in (179), 542 putative orthologous 

proteins in (180), and dynactin protein sequences in our analysis) and methods used (NJ and MP in (179), 

ML in (180) and in our analysis). On the left the phylogenetic tree is shown with the corresponding species at 

each leaf. White boxes at branches represent gene loss events. On the right those subunits of the dynactin 

complex are tabulated that show differential inclusion within the analysed species. Dynactin subunits that 

are present in all species have been omitted for clarity. The abbreviation ‘n’ denotes the absence of the 

corresponding subunit in the respective genome while blanks indicate their presence. 
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2.1.5 Conclusions 

The dynactin complex is a very ancient complex that already existed in the last common 

ancestor of extant eukaryotes. It consists of eleven subunits of which at least seven 

comprise the core structure: dynactin1, dynactin2, dynactin4, dynactin5, the heterodimeric 

capping protein, and Arp1. The presence of the dynactin complex coincides with that of the 

cytoplasmic dynein heavy chain: Organisms that do not encode cytoplasmic dyneins like 

plants and diplomonads also do not encode dynactin subunits either. In the metazoan 

lineage, several of the dynactin subunits were duplicated independently in different 

branches. The largest repertoire is found in vertebrates. Also at the origin of the 

vertebrates, several alternatively spliced exons have been invented providing the basis for 

modulating the core functions. The most prominent example is the dynactin1 gene, from 

which 36 different transcripts could be generated. In contrast, ascomycetous yeasts have 

reduced subunit compositions. In general they have reduced pointed-end complexes, which 

in return let to the loss of the functions coupled to the specific subunits. 

2.1.6 Methods 

Identification and annotation of the genes of the dynactin subunits 

Dynactin genes have been identified in iterated TBLASTN and PSI-BLAST searches of 

the completed or almost completed genomes of about 600 organisms starting with the 

protein sequences of the human dynactin subunits. All hits were manually analyzed at the 

genomic DNA level. The correct coding sequences were identified with the help of 

multiple sequence alignments of the respective dynactin subunits. As the amount of 

dynactin sequences increased (especially the number of sequences from taxa with few 

representatives), many of the initially predicted sequences were reanalysed to correctly 

identify all exon borders. Where possible, EST data has been analyzed to help in the 

annotation process. In addition to the analysis of these large-scale sequencing projects, all 

dynactin sequences in the “nr” database at NCBI have been collected and reanalysed. 

Several of the genes contain alternative splice forms. The different splice forms were not 

considered independently in the analysis but in all cases the same splice forms were taken 

for homologous dynactin proteins. All sequence related data (names, corresponding 

species, GenBank ID's, alternative names, corresponding publications, domain predictions, 

sequences, and gene structure reconstructions) and references to genome sequencing 

centres are available through the CyMoBase (http://www.cymobase.org, (181)). A list of 

the species analyzed, their abbreviations as used in the alignments and trees, as well as 

detailed information and acknowledgments of the respective sequencing centres is also 
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available as Additional File 2.1.10.8. Webscipio (127,182) was used to reconstruct the 

gene structure (exon/intron pattern) of each sequence. 

Generating the multiple sequence alignment 

The multiple sequence alignments of the dynactin subunits have been built and extended 

during the process of annotating and assembling new sequences. The initial alignments 

have been generated from the first about 20 sequences obtained from NCBI using the 

ClustalW software with standard settings (62). During the following correction of the 

sequences (removing wrongly annotated sequences and filling gaps) the alignment has 

been adjusted manually. Subsequently, every newly predicted sequence has preliminarily 

been aligned to its supposed closest relative using ClustalW, the aligned sequence added to 

the multiple sequence alignment of the respective dynactin subunit, and the alignment 

adjusted manually during the subsequent sequence validation process. Still, many gaps in 

sequences derived from low-coverage genomes remained. In those cases, the integrity of 

the exons next to gaps has been maintained (gaps in the genomic sequence are reflected as 

gaps in the multiple sequence alignment). The sequence alignments of the dynactin 

subunits can be obtained from CyMoBase or Additional File 2.1.10.1. 

Comparison of the sequence identities and similarities 

Sequences designated “Fragment”, “Partial”, or “Pseudogene” were removed from the 

multiple sequence alignments of the dynactin subunits. Poorly aligned positions and 

divergent regions of the alignments were removed using Gblocks (69) with the following 

parameters: A) The minimum number of sequences for a conserved position and the 

minimum of sequences for a flank position were set to the minimum (e.g. half the number 

of sequences plus one). B) The maximum number of contiguous nonconserved positions 

was set to 32000 and the minimum length of a block was set to 2. C) The parameter for the 

allowed gap position was set to ‘all’. 

Sequence identity matrices (2D-matrix tables containing sequence identities scores for 

each pair of sequences) were calculated for each alignment using the method implemented 

in BioEdit (Tom Hall, http://www.mbio.ncsu.edu/bioedit/bioedit.html). Shortly, the 

reported numbers represent the ratio of identities to the length of the longer of the two 

sequences after positions where both sequences contain a gap are removed. Sequence 

similarity matrices were calculated with MatGAT (183) using the BLOSUM62 substitution 

matrix and setting the gap opening and extending penalties to 12 and 2, respectively. 
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Computing and visualizing phylogenetic trees 

For calculating phylogenetic trees of single dynactin subunits only complete and partial 

sequences were included in the dataset. For the calculation of the tree of the yeast species, 

the sequences of the Arp1, Arp10, Cap1, Cap2, and dynactin2 subunit of each species of 

the Saccharomyces and the Schizosaccharomyces branch were concatenated. Missing 

protein sequences (Zygosaccharomyces rouxii Arp10, Lodderomyces elongisporus Arp10, 

Ogataea parapolymorpha dynactin2, and Naumovozyma dairenensis Cap2) were 

substituted by gaps. The phylogenetic trees were generated using two different methods for 

each dataset: 1. ProtTest was used to determine the most appropriate of the available 112 

possible amino acid substitution models (70). The tree topology was calculated with the 

BioNJ algorithm and both the branch lengths and the model of protein evolution were 

optimized simultaneously. The Akaike Information Criterion with a modification to control 

for small sample size (AICc, with alignment length representing sample size) identified the 

LG model (184) to be the best for the dynactin3, dynactin5, dynactin6, Arp, and Cap 

datasets and the JTT model (185) for dynactin1, dynactin2, and dynactin4. Maximum 

likelihood (ML) analysis with estimated proportion of invariable sites and bootstrapping 

(1,000 replicates) were performed using RAxML (67). 2. Posterior probabilities were 

generated using MrBayes v3.1.2 (72) with the MPI option (186). Two independent runs 

with 5,000,000 generations, four chains, and a random starting tree were computed using 

the mixed amino-acid option. MrBayes used the WAG model (187) for all protein 

alignments. Trees were sampled every 1.000th generation and the first 25% of the trees 

were discarded as “burn-in” before generating a consensus tree. Phylogenetic trees were 

visualized with the CLC Sequence Viewer (http://www.clcbio.com) and FigTree 

(http://tree.bio.ed.ac.uk/software/figtree/) and are available as Additional File 2.1.10.1. 
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2.1.10 Additional files 

2.1.10.1 Additional file 1 as ZIP 

Zip archive of the Maximum Likelihood and Bayesian inference trees, and the sequence 

alignments of the dynactin subunits. The file includes all Maximum Likelihood and 

Bayesian trees of all dynactin proteins in the Newick format. The sequence alignments of 

the proteins are included in fasta format. 

The zip file can be found in the corresponding publication. 

2.1.10.2 Additional file 2 as PDF 

Dynactin inventory of the analysed species. The file lists the presence and number of 

orthologs for each dynactin subunit for each analysed organism in taxonomic order. 

The pdf file can be found in the corresponding publication. 

2.1.10.3 Additional file 3 as PDF 

Phylogenetic tree of dynactin1. The file contains the phylogenetic tree of dynactin1 

highlighting the species- and branch-specific gene duplication events. 

The pdf file can be found in the corresponding publication. 

2.1.10.4 Additional file 4 as PDF 

Additional file 4 Detailed description of the pseudo-transcripts of dynactin4. The file 

contains details about the pseudo-transcripts of dynactin4. 

The pdf file can be found in the corresponding publication. 
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2.1.10.5 Additional file 5 as PDF 

Sequence alignment of fungal dynactin4 proteins. The file contains the sequence alignment 

of the N-termini of several fungal dynactin4 (p62) subunits showing that the upstream 

methionines in Neurospora and Sordaria are most likely not the translation start sites. 

The pdf file can be found in the corresponding publication. 

2.1.10.6 Additional file 6 as PDF 

Phylogenetic tree of Arp1. The file contains the phylogenetic tree of Arp1 focused on the 

vertebrate branch highlighting the Arp1 gene duplication event and subsequent branch-

specific losses of Arp1 subtypes. 

The pdf file can be found in the corresponding publication. 

2.1.10.7 Additional file 7 

Evolution of the conventional actin capping protein Cap 

CapZ, the heterodimeric cytoplasmic actin-capping protein, caps the barbed-end of the 

Arp1 mini-filament. Because of their ubiquitous cytoplasmic function, the CapZ subunits 

Cap! (Cap1) and Cap" (Cap2) have also been found in plants and algae that do not contain 

any other dynactin subunit. CapZ homologs have been found in all available eukaryotes 

except the diatom Thalassiosira pseudonana. The reason is unknown but unlikely to be an 

unexpectedly large divergence because homologs were identified in the closely related 

species Fragilariopsis cylindrus and Phaeodactylum tricornutum. The reason could be a 

gap in the genome assembly although it is unlikely that both capping proteins were missing 

because of gaps. 

Cap1 (Capα) 

368 Capα sequences were identified in 289 species (Table 2.1.1, Additional File 2.1.10.1). 

All eukaryotes encode at least one copy of Cap1 (Capα). Several Cap1 homologs have 

been identified in vertebrates (Figure 2.1-1). However, the duplication pattern of the 

homologs of the Actinopterygii, Amphibia, Sauropsida, and Mammalia branches cannot 

easily be explained by the two whole genome duplications that happened at the origin of 

the vertebrates (64). Instead, there must have been either additional single gene 

duplications with further gene losses in certain branches, or the homologs must have 

diverged so far that their phylogenetic relationship cannot be resolved with current 

phylogenetic methods. Therefore, variant designations do not necessarily correspond to 

evolutionary relationships between these branches. The most remarkable exceptions in the 

branches listed above are: in between the mammalia branch, the rodents show another 

Cap1 duplication, which is related to Cap1A (Capα1), the lizard Anolis carolinensis 
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encodes an additional homolog compared to the other Sauropsidae, which is related to 

Cap1C (Capα3), and the Cap1 variants of Brachydanio rerio do not group to the variants 

of the other fish. Both major mammalian Cap1 isoforms, Cap1A (Capα1) and Cap1B 

(Capα2), are present in dynactin from brain (154) although their ratio is unknown. 

The three Cap1 variants of Homo sapiens are located on chromosome 1 (variant A), 

chromosome 7 (variant B), and chromosome 12 (variant C), respectively (Figure 2.1-2). 

The variant A and variant B genes consist of 10 exons while variant C is encoded by a 

single exon. The identical gene structures of the variant A and variant B genes support 

their origin from a common ancestor. Variant C most probably derived by retrotransciption 

of a processed ancestral Cap1 gene, a process leading to pseudo-genes in most cases. 

However, because several dozens of EST and cDNA clones strongly support its cellular 

expression, the ancestral variant C gene must have gained a new promoter region. 

Cap2 (Capβ) 

299 Capβ sequences have been assembled from 292 species (Table 2.1.1, Additional File 

2.1.10.1). Cap2 was found in all eukaryotic species except the diatom Thalassiosira 

pseudonana. Duplicates have been identified in Trichomonas vaginalis (five Cap2 

homologs) and Paramecium tetraurelia (two Cap2 homologs). Mutually exclusive splicing 

(188) increases the vertebrates Cap2 diversity. The Cap2 gene of Homo sapiens is located 

on chromosome 1 and consists of ten exons of which the first eight are constitutively 

transcribed and exons 9A and 9B are mutually exclusive spliced (Figure 2.1-2). The 

transcripts including exon 9A are also called Capβ1 and the transcripts including exon 9B 

Capβ2. Many EST and cDNA clones support both mutually exclusive spliced exons in 

most vertebrates while invertebrates do not encode alternatively spliced Cap2 genes. 

Unfortunately, the Cap2 gene is not included in the fragmented draft assembly of 

Petromyzon marinus so that it is not clear yet whether the alternatively spliced form has 

been invented at the origin of the vertebrates or the Gnathostomata. Of the two Cap2 

isoforms, only the Capβ1 isoform (including exon 9A) has been found in the dynactin 

complex (189). 
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Figure 2.1-8: Phylogeny of Cap1 (Capα) in vertebrates. Bayesian tree (MrBayes, WAG model) of the Cap1 

protein dataset (368 sequences). Major branches have been collapsed to highlight the duplication events of 

Cap1 in Metazoa (red stars with “GD”). Small numbers within the triangles denote the number of included 

leafs. Branch support values correspond to Bayesian posterior probabilities 
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2.1.10.8 Additional file 8 as PDF 

Species table. The file contains all species of the analysis, their scientific names, the 

abbreviation as used in the sequence alignments and trees, the species taxonomy, 

references to sequencing centres, and publications if genome analyses have already been 

published. 

The pdf file can be found in the corresponding publication. 

  

Figure 2.1-9: Gene structures of the Capα and Capβ homologs of Homo sapiens. Three variants of Capα 

have been identified in Homo sapiens. Variant A (found on chromosome 1) and B (found on chromosome 7), 

both have 10 exons. Variant C (found on chromosome 12) consists of one exon. For Capβ, one copy was 

found in the human genome comprised of 10 exons, of which exons 9A and 9B are alternatively spliced. 
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2.2.1 Abstract 

Background 

Coronins belong to the superfamily of the eukaryotic-specific WD40-repeat proteins and 

play a role in several actin-dependent processes like cytokinesis, cell motility, 

phagocytosis, and vesicular trafficking. Two major types of coronins are known: First, the 

short coronins consisting of an N-terminal coronin domain, a unique region and a short 

coiled-coil region, and secondly the tandem coronins comprising two coronin domains. 

Results 

723 coronin proteins from 358 species have been identified by analysing the whole-

genome assemblies of all available sequenced eukaryotes (March 2011). The organisms 

analyzed represent most eukaryotic kingdoms but also cover every taxon several times to 

provide a better statistical sampling. The phylogenetic tree of the coronin domains based 

on the Bayesian method is in accordance with the most recent grouping of the major 

kingdoms of the eukaryotes and also with the grouping of more recently separated 

branches. Based on this “holistic” approach the coronins group into four classes: class-1 

(Type I) and class-2 (Type II) are metazoan/choanoflagellate specific classes, class-3 

contains the tandem-coronins (Type III), and the new class-4 represents the coronins fused 

to villin (Type IV). Short coronins from non-metazoans are equally related to class-1 and 

class-2 coronins and thus remain unclassified. 
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Conclusion 

The coronin class distribution suggests that the last common eukaryotic ancestor possessed 

a single and a tandem-coronin, and most probably a class-4 coronin of which homologs 

have been identified in Excavata and Opisthokonts although most of these species 

subsequently lost the class-4 homolog. The most ancient short coronin already contained 

the trimerization motif in the coiled-coil domain. 

2.2.2 Background 

The coronin proteins, which were originally isolated as a major co-purifying protein from 

an actin-myosin-complex of the slime mold Dictyostelium discoideum (190), have since 

been identified in other protists (191,192), fungi (193), and animals (194), but are absent in 

plants. Coronins are a conserved family of actin binding proteins (195–197) and the first 

family member had been named coronin based on its strong immunolocalization to the 

actin rich crown like structures of the cell cortex in Dictyostelium discoideum (190). 

Coronins belong to the superfamily of the eukaryotic-specific WD40-repeat proteins 

(198,199) and play a role in several actin-dependent processes like cytokinesis (27), cell 

motility (27,28), phagocytosis (200,201), and vesicular trafficking (202). 

WD-repeat motifs are minimally conserved regions of approximately 40-60 amino acids 

typically starting with Gly-His (GH) dipeptides 11-24 residues away from the N-terminus 

and ending with a Trp-Asp (WD) dipeptide at the C-terminus. WD40-repeat proteins, 

which are characterized by the presence of at least four consecutive WD repeats in the 

middle of the molecule, fold into beta propeller structures and serve as stable platforms for 

protein-protein interactions (198). 

The coronin proteins have five canonical WD-repeat motifs located centrally. Since the 

region encoding the WD repeats is similar to the sequence of the beta-subunit of trimeric 

G-proteins the formation of a five-bladed beta-propeller was assumed for coronins (203). 

However, the determination of the structure of murine coronin-1 (MmCoro1A (204)) 

demonstrated that the protein, analogous to the trimeric G-proteins, forms a seven-bladed 

beta-propeller carrying two potential F-actin binding sites. Apart from the central WD-

repeats, almost all coronin proteins have a C-terminal coiled-coil sequence that mediates 

homo-oligomerization (205–207), and a short N-terminal motif that contains an important 

regulatory phosphorylation site in coronin-1B (28). In addition, each coronin protein has a 

unique region of variable length and composition following the conserved extension to the 

C-terminus of the beta-propeller. 

Based on their domain composition coronins have originally been divided into two 

subfamilies, namely short and long coronins (208). Short coronins consist of 450 - 650 



2.2 A holistic phylogeny of the coronin gene family reveals an ancient origin of the tandem-coronin, defines 

a new subfamily, and predicts protein function 67 

amino acids containing one seven-bladed beta-propeller and a C-terminal coiled-coil 

region. Furthermore, the N-terminal region of most known short coronins contains 12 basic 

amino acids. Since this motif is only present in coronin molecules, it has been suggested as 

a novel coronin signature (208). The longer types of coronin, also called POD or Coronin 

7, possess two complete core domains in tandem but lack a coiled-coil motif. In the longer 

coronins, the sequence of the basic N-terminal motif is reduced to 5 amino acids. Based on 

phylogenetic relationships among the coronins, the Human Genome Organization 

nomenclature committee (HGNC) proposed a system in 2001 that grouped the short 

coronins into two classes resulting in a total of three subtypes (197). Very recently, a new 

nomenclature has been suggested dividing the coronins into twelve subclasses based on the 

analysis of about 250 coronins from most taxa (209). In contrast to previous systems, every 

mammalian coronin (and corresponding vertebrate homologs) was designated an own class 

resulting in seven vertebrate classes. Invertebrates were grouped into two classes, the fungi 

got an own class, coronins from alveolates were grouped with those from Parabasalids 

(class 10), and the remaining coronins from Amoeba, Heterolobosea, and Euglenozoa were 

combined into the twelfth class. This study constituted the first major phylogenetic 

analysis of the coronin family. However, this classification was not consistent with the 

latest phylogeny of the eukaryotes and homologs of some major branches like the 

stramenopiles were missing. 

Here, we present the analysis of the complete coronin repertoires of all eukaryotic 

organisms sequenced and assembled so far. The distribution of all coronin homologs is in 

accordance with the latest taxonomy of the eukaryotes and reveals the origin of the 

tandem-coronin and another newly defined class in the last common ancestor of the 

eukaryotes. 

2.2.3 Results 

Identification and annotation of the coronin 

The coronin protein genes were identified by TBLASTN searches against the 

corresponding genome data of the different species. The list of sequenced eukaryotic 

species as well as access information to the corresponding genome data has been obtained 

from diArk (210). Species that missed certain orthologs in the first instance were later 

searched again with supposed-to-be orthologs of other closely related species. In this 

iterative process all coronin family proteins have been identified or their loss in certain 

species or taxa was confirmed. Because verified cDNA sequences and protein predictions, 

which often contain mispredicted exons and introns even in the “annotated” genomes, are 

not available for most of the sequenced species, the protein sequences were assembled and 

assigned by manual inspection of the genomic DNA sequences. Exons have been 
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confirmed by the identification of flanking consensus intron-exon splice junction donor 

and acceptor sequences (211). In addition, the gene structures of all coronin genes were 

reconstructed using WebScipio (13,212). Through comparison of the intron positions and 

splice-site phases in relation to the protein multiple-sequence alignment, several suspicious 

exon border predictions could be resolved and the protein sequences subsequently be 

corrected. The genomic sequences of many species contain several gaps due to the low 

coverage of the sequencing or problems in the assembly process. Only some of the gaps 

could be closed at the amino-acid level by analysing EST data. 

Table 2.2.1: Data statistics 

 coronin 

Sequence  

Total 723 

From WGS 700 

Domains 7 

Amino acids  

Total pseudogenes 7 

Pseudogenes without sequence 3 

  

Completeness  

Complete 614 

Partials 44 

Fragments 62 

  

Species  

Total 358 

WGS-projects 323 

EST-projects 112 

WGS- and EST-projects 152 

  

The coronin dataset contains 723 sequences from 358 organisms (Table 2.2.1). 614 

sequences are complete, and an additional 44 sequences are partially complete. Sequences 

for which a small part is missing (up to 5%) were termed “Partials”, while sequences for 

which a considerable part is missing were termed “Fragments”. This difference has been 

introduced because Partials are not expected to considerably influence the phylogenetic 

analysis. Several of the genes were termed pseudogenes because they contain too many 

frame shifts, in-frame stop codons, and missing sequences to be attributed to sequencing or 

assembly errors. 

Multiple sequence alignment, phylogenetic analysis, and classification 

A multiple sequence alignment of all coronin family members has been created and 

extensively manually improved (Additional file 2.2.9.1). The basis of the alignment was 

the conserved coronin domain that consists of the -propeller region and a subsequent 

conserved extension, which packs against the “bottom” surface of the propeller (204). This 
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entire domain is conserved in all coronin homologs and we would therefore suggest 

naming it coronin-domain. The unique regions following the coronin-domain could only be 

aligned for homologs of closely related species. The C-terminal predicted coiled-coil 

regions were aligned again for all corresponding sequences to analyse potential 

oligomerization patterns (see below). The second coronin-domains of the tandem-coronins 

were also aligned to the coronin-domains for the phylogenetic analysis. One part of the 

coronin-domain in coronin-1D is encoded by a cluster of mutually exclusive exons (see 

below) and therefore the exon with the higher sequence identity to related homologs has 

been included in the alignment. The phylogenetic tree of the coronin family was calculated 

for 764 coronin-domains, including both coronin-domains of the tandem-coronins 

separately, using the Bayesian (Additional file 2.2.9.2) and the maximum-likelihood 

method (Additional file 2.2.9.3). The resulting trees were almost identical. However, the 

relations of the innermost nodes representing the most ancient relationships were best 

resolved using the Bayesian approach (Figure 2.2-1). The resulting phylogenetic tree is in 

accordance with the latest phylogenetic grouping of the six kingdoms of the eukaryotes 

(158,164,165) of which five are covered by the data analysed here. Thus, coronins of 

phylogenetic related species group together in the coronin family tree. In the coronin tree, 

not only the grouping is retained but also the evolutionary history of the branches. For 

example, the fungi separate as monophyletic group before the metazoans, and after the 

Amoeba.  

The classification into subfamilies should at best include both the phylogenetic grouping of 

the protein family members and the domain organisation of the respective homologs. 

However, because most coronins contain a unique region between the coronin-domain and 

the C-terminal coiled-coil regions, several sub-branch specific domain organisation 

patterns evolved. To keep the coronin classification as simple as possible and to provide 

the highest consistency with previous classification schemes, the following classification is 

proposed: The classification should solely be based on the phylogenetic tree of the 

coronin-domains because it is in accordance with the phylogeny of the eukaryotes and 

contains the conserved part of the proteins that is the basis of the protein family. Metazoan 

species encode two phylogenetically distinct groups of coronins that have historically been 

named class-1 and class-2 coronins. Further variants of these classes should be named 

alphabetically, e.g. class-1A, class-1B, etc.. However, due to the independent whole-

genome, genomic region, and single gene duplication events of certain phylogenetic 

branches these variant designations do not always refer to orthologs. For the mammalian 

coronins, which are the best analysed coronins, the suggested classification is almost 

entirely consistent with previous classifications (197) and the HGNC nomenclature except 

for “CORO6” and “CORO7”, which are here classified as coronin-1D and coronin-3, 

respectively. Class-3 comprises the tandem coronins. All members of this class group 

together in the phylogenetic tree, and only single homologs have been found in all species 



70 2 Publications 

analysed. Class-4 is a newly defined class that contains coronins with variable numbers of 

C-terminal PH, gelsolin, and VHP domains, but also coronins with only very short 

sequences outside the coronin-domain. The other coronins group in accordance with the 

latest taxonomy of the species (Figure 2.2-1). In our opinion it does not add information or 

help the scientific community if those coronins were classified separately. In contrast to the 

metazoans, gene duplications in the branches of Amoeba, Excavata, and SAR are species-

specific and do not warrant further subclassification at the moment. For example, instead 

of talking about a “class-11 coronin” and long explanations what type of coronins would 

belong to such a class, it would be easier, shorter, and less confusing to just say a 

“Naegleria coronin”, an “apicomplexan coronin” or a “yeast coronin”. The distribution of 

the coronins analysed here is summarized for some example species in Figure 2.2-2 

including previously used names and classification schemes. The distribution of all 

coronins is found in Additional file 2.2.9.4. Coronin homologs are absent in Rhodophyta 

(Cyanidioschyzon, Galdieria), Viridiplantae, Microsporidia, Formicata (Giardia), and 

Haptophyceae (Emiliania). 
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Figure 2.2-1: Phylogenetic tree of the coronin family. The phylogenetic tree of the coronin family was 

calculated from the multiple sequence alignment of the conserved coronin domain using the Bayesian 

method. The unrooted tree was drawn with iTOL (213) and branches were coloured according to class and 

taxonomic distributions. For an extended representation of the tree including all posterior probability values 

see Additional file 2.2.9.3. 
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Figure 2.2-2: Coronin repertoire of selected species of major taxa and branches. The coronins of several 

representative species for most eukaryotic taxa and branches are listed (for the list of all species see 

Additional file 2.2.9.4). On top, alternatively used names and classification schemes are given for better 

comparison and orientation. 
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Short coronins (class-1, class-2, and unclassified coronins) 

The domain organisations of most short coronins (class-1, class-2, and unclassified 

coronins) are similar. They consist of the 390 amino-acid long coronin-domain followed 

by a short unique domain and a C-terminal short coiled-coil region (about 30-40 amino 

acids, Figure 2.2-3). The unique regions are conserved in branches (e.g. the vertebrates 

have similar regions, as do the arthropods, the nematodes, etc.), but are not conserved for 

major taxa (e.g. fungi, Metazoa, stramenopiles). 

The Saccharomyces cerevisiae coronin, ScCoro (CRN1), is known to bind to microtubules 

via its unique region between the -barrel domain and the coiled-coil oligomerization 

region (Figure 2.2-3, (214)). Two short regions showing homology to the microtubule-

binding regions of MAP1B mediate this interaction. However, the MAP1B sequence motif 

is very short (about ten residues) and not very specific comprising mainly glutamate and 

lysine residues (214). If the corresponding motifs in ScCoro are responsible for 

microtubule-binding then all yeast and Schizosaccharomyces coronins should be able to 

bind to microtubules because they contain motifs with similar amino acid compositions. A 

similar motif or region could not be identified in the Pezizomycotina coronins. While these 

supposed microtubule-binding regions mainly consist of glutamate, lysine, proline, serine, 

and threonine and are not even conserved in very closely related yeast species, the 

Saccharomyces cerevisiae coronin, ScCoro, has very recently been described to contain a 

CA domain (C: central; A: acidic; (215)). This domain, with which ScCoro activates and 

Figure 2.2-3: Domain organisation of representative coronins. A colour key to the domain names and 

symbols is given on the right except for the coronin domain that is coloured in orange. The abbreviations for 

the domains are: WD, WD repeat; PH, pleckstrin-homology domain; LZ, leucine zipper; VHP, villin 

headpeace domain. 
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inhibits the ARP2/3 complex depending on concentration (215), is similar to CA domains 

in WASP family proteins (216). The CA domain is well conserved but distinct within the 

Saccharomyceta clade (Pezizomycotina and Saccharomycotina, Figure 2.2-4). 

Surprisingly, the coronins of the Tremellomycetes (e.g. Filobasidiella/Cryptococcus 

species) that belong to the Basidiomycota encode a C-terminal dUTPase domain 

(deoxyuridine triphosphatase domain) instead of the coiled-coil region (Figure 2.2-3). 

These coronin sequences are supported by many EST/cDNA clones for several of the 

Filobasidiella species extending from the coronin domain to the stop-codon. In addition to 

this dUTPase domain, the Filobasidiella species contain a further dUTPase in the genome 

that is conserved in the other Basidiomycotes, and also the other fungi. The dUTPase 

domains of the Tremellomycetes coronins contain all characteristic dUTPase domain 

motifs (217) and are therefore supposed to constitute enzymatically active domains. 

dUTPases typically form homotrimer active site architectures with all monomers 

contributing conserved residues to each of the three active sites (217). Except for the 

prediction of trimerization of these coronins, which could be mediated by the dUTPase 

domains instead of the coiled-coil domains in the other coronins, it needs experimental 

data to link the function of actin filament structure remodelling by coronins to dUTP 

nucleotide hydrolysis in DNA repair by dUTPases. 

Class-3 coronins 

Class-3 coronins (Type III coronins) comprise homologs that encode two coronin domains 

arranged in tandem (197). These two coronin domains are separated by unique regions, and 

class-3 coronins do not encode coiled-coil domains. As recently reported (215) the class-3 

coronins also encode a CA domain similar to the CA domain of the WASP family proteins 

at their C-termini (Figure 2.2-3). Based on the multiple sequence alignment of 112 class-3 

coronins from all major branches of the eukaryotes the position of the C-region has slightly 

been adjusted in comparison with a previous analysis (Figure 2.2-4; (215)). Although the 

C-region of the class-3 coronins is not as conserved as similar regions in the yeast short 

coronins or in WASP family proteins, the characteristic pattern of hydrophobic residues 

concluded by a basic residue is visible in the homologs of all species (Figure 2.2-4). In 

contrast to the short coronins, the unique region between the C-terminal coronin-domain 

and the conserved CA-domain is short (20-30 amino acids). 
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Like for the short coronins the Filobasidiella species have surprising and species-specific 

tandem-coronins. The Filobasidiella class-3 coronins have a D-glycerate 3-kinase domain 

between the two coronin-domains (Figure 2.2-3). Only the termini of the Filobasidiella 

class-3 coronins are supported by EST/cDNA data, but long exons bridge the N-terminal 

coronin-domain and the glycerate 3-kinase domain, as well as the glycerate 3-kinase 

domain and the C-terminal coronin-domain. As found for the dUTPase domain of the short 

coronins, the Filobasidiella species contain an additional D-glycerate 3-kinase that has 

homologs in the other fungi and also in plants. Why it is advantageous to connect an actin-

filament binding function to a glycerate 3-kinase needs experimental evaluation. The 

glycerate 3-kinase domain is not found in the class-3 coronins of the other Basidiomycotes. 

Except for the Filobasidiella species only the insects have long insertions between the two 

Figure 2.2-4: Sequence conservation in the CA domains. The sequence logos illustrate the sequence 

conservation within the multiple sequence alignments of the CA domains of the Saccharomycotina, the 

Pezizomycotina, and the class-3 coronins. The CA domains of the Saccharomycotina and the Pezizomycotina 

are located within the unique regions of the short coronins while the CA domain of the class-3 coronins is at 

the C-termini of the proteins like in WASP family proteins. The regions between the C and the A domains are 

of variable length. 
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coronin-domains of their class-3 coronins. These insertions are highly conserved, about 

300 residues long, and do not show any homology to known domains, sequence motifs, 

and other proteins. 

In contrast to the related species Rhizopus arrhizus and Phycomyces blakesleeanus the 

coronin-3 of Mucor circinelloides consists of only the second coronin-domain of the 

tandem. We can exclude the possibility of this being an artefact of the genome assembly 

for three reasons. First, the genome sequence is continuous around MucCoro3. Secondly, 

there is no homology to any part of the N-terminal coronin-domain of RhaCoro3 or 

PhbCoro3 in the genome although the sequence identity of the C-terminal coronin-

domains is about 65%. And finally, there is a TATA-box shortly upstream of the 

MucCoro3 gene. Because a coronin-3 has already been present in the most ancient 

eukaryote the loss of the N-terminal coronin-domain must be specific to Mucor 

circinelloides. 

Class-4 coronins 

Based on the phylogenetic tree (Figure 2.2-1) and the domain composition of the protein 

homologs, another coronin class can be defined for which the Dictyostelium discoideum 

homolog, also called villidin (29), would be a representative (Figure 2.2-3). We suggest 

naming members of this class class-4 coronins. Most class-4 coronins consist of an N-

terminal coronin-domain followed by three to four PH domains, four to five gelsolin 

domains, and a C-terminal villin headpiece domain (VHP). Class-4 coronins were 

identified in two of the major kingdoms of the eukaryotes, in excavates and opisthokonts. 

Furthermore, they are found in several of the sub-branches of the opisthokonts, in 

amoebae, fungi, and the fungi/metazoa incertae sedis branch. Because class-4 coronins 

from different species often contain different numbers of PH and gelsolin domains, domain 

gain and loss events must have happened in the respective branches or single species. 

However, there are not enough coronin-4 homologs identified yet to reconstruct the 

evolution of these regions. In addition to these multi-domain class-4 coronins there is a 

group of class-4 coronins that just consists of the conserved coronin domain and is 

restricted to some Amoebae species yet. 

Alternatively spliced coronins 

Alternative splice forms have been reported for two coronin homologs: five variants of 

coronin from Caenorhabditis elegans (218), CeCoro1 (Figure 2.2-5), and three variants for 

coronin-1C from human (219), HsCoro1C. The described splice variants do not concern 

the beta-barrel domain but the structurally low-complexity region prior to the coiled-coil 

region in CeCoro1 and elongations of the N-terminus of HsCoro1C, respectively. In the 

reported analysis of CeCoro1 (218) two splice sites (the alternative 3’-splice site of exon7 
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and the alternative 5’-splice site of exon8) do not obey the conventional splicing rules. 

Alternative 5’-splicing of exon8 would lead to a premature stop-codon. In the four 

additional Caenorhabditis strains analysed here, C. briggsae, C. japonica, C. remanei, and 

C.brenneri, alternative 5’-splicing of exon8 would not lead to a premature stop-codon at 

the same position as in C. elegans but to transcripts of various lengths. The same accounts 

for several of the other available nematode coronin-1 genes. Given the high conservation 

of the nematode coronin-1 genes, especially the Caenorhabditis genes, and the completely 

uncommon nature of the potential splice sites, the reported alternative 3’-splice site of 

exon7 and 5’-splice site of exon8 are most probably artificial results. An alternative 3’-

splice site has been reported for exon8 of CeCoro1 comprising two amino acids (218). 

Similar splice sites were identified in the genes of the other analyzed Caenorhabditis 

species but not in other nematodes. This splice site is thus also either an artificial result or 

specific for the Caenorhabditis branch. In addition, skipping of exon8 has also been 

reported to lead to an alternative transcript (218). The intron position and reading frame of 

exon8 of CeCoro1 is conserved in all analyzed nematode coronin-1’s except for the 

Strongyloides rattii coronin-1, which consists of only one exon, and the Pristionchus 

pacificus coronin-1, which has introns at different positions. Compared to the full-length 

transcript, the other alternative splice forms of CeCoro1 are of low abundance (see Fig. 2 

in (218)). Because the integrity of exon8 of CeCoro1 (intron positions around the 

conserved coding sequence of exon8) is not conserved in nematodes but the corresponding 

amino-acid sequence, alternative splicing of nematode coronin-1 is either restricted to 

some sub-branches or an artificial result of the CeCoro1 analysis. 

Alternative splicing of human coronin-1C results in two additional transcripts derived from 

alternative transcription start sites encoded by an additional upstream exon, compared to 

the normal start site as found and conserved in all other coronin proteins (219). These 

alternative splice forms seem to be restricted to modern primates (human, chimpanzee, 

gorilla, orang-utan, and gibbon) and have been discussed in detail elsewhere (219). 

We have identified alternative splice variants for coronin-1D (Figure 2.2-5), a coronin 

subfamily restricted to vertebrates. A cluster of two mutually exclusively spliced exons, 

exon5a and exon5b, was identified in all tetrapods. The amino-acid sequences 

corresponding to exon5 of the fish genes are more similar to exon5b than to exon5a. Thus, 

exon5a is the result of an exon duplication event that either occurred after the separation of 

tetrapods from fishes or at the onset of the vertebrates, where exon5a has been lost in the 

ancestor of the fishes. Exon5 represents the sequence of almost the entire fourth WD repeat 

(fifth blade in the -propeller) starting in the middle of the fourth -strand of blade four. 

By exchanging the fourth WD repeat the vertebrates could fine-tune the function of the 

coronin-1D beta-barrel domain. Vertebrate coronin-1D (CORO6) has not been analyzed 

experimentally yet and its specific function is unknown. 
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Further alternative transcripts are derived from mammalian coronin-1D genes by 

alternative 5’-splicing of the last exon, exon10. This alternative splicing results in one 

additional glutamine residue and is conserved in all 22 analyzed mammalian coronin-1D’s 

except for Ailuropoda melanoleuca (giant panda), Loxodonta africana (elephant), Myotis 

lucifugus (little brown bat), and Bos taurus (cow). 

Oligomerization 

Most of the short coronins have predicted coiled-coil domains at the C-terminus that are 

the bases for their supposed oligomerization. Initially, coronins have been proposed to 

form dimers (203), the most common form of coiled-coil multimerization. In the last 

decade, a few coronin homologs were biochemically purified and analyzed. Accordingly, 

the Xenopus laevis coronin-1C (XcoroninA) has been shown to form a dimer (220) while 

an oligomeric state has been found for human coronin-1C (coronin 3; (206), and the 

Saccharomyces cerevisiae coronin (CRN1) trimerizes (215). Parallel trimer formation has 

also been shown in a crystal structure of the coiled-coil domain of mouse coronin-1A (207) 

revealing a conserved motif determining the trimeric structure: R1-[ILVM]2-X3-X4-[ILV]5-

E6. In this motif arginine forms a salt-bridge with glutamate at the surface of the coiled-coil 

structure and the aliphatic side chain moieties of arginine and glutamate pack against the 

hydrophobic residues at positions 2 and 5 of the motif shielding them from solvent. 

Mutation of the arginine to lysine leads to a concentration-dependent equilibrium between 

trimers and tetramers with tetramers forming at high concentration, while mutation to 

Figure 2.2-5: Gene structures of alternatively spliced coronins. The cartoons outline the gene structures of 

the alternatively spliced coronin-1 gene from Caenorhabditis elegans, CeCoro1, and the coronin-1D gene 

from Homo sapiens, HsCoro1D. The alternatively spliced CeCoro1 gene contains a differentially included 

exon8, which has an additional alternative 3’-splice site, leading to three transcripts. The other two 

described splice sites, an alternative 3’-splice site of exon7 and an alternative 5’-splice site of exon8 (218), 

are most probably artificial. The HsCoro1D gene contains a cluster of two mutually exclusive spliced exons, 

exon5a and exon5b, and an alternative 5’-splice site of exon10. Dark grey bars and light grey bars mark 

exons and introns, respectively, and alternative exons and splice sites are coloured. 
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alanine or norleucine leads to tetramers (207). Mutation of the invariant arginine to 

glutamine in the trimerization motif of human matrilin-1 leads to tetramers (221). 

Unfortunately, the switching of arginine and glutamate in the respective positions has not 

been analyzed yet. We would expect that such a switch should be as stable as the original 

motif. Thus, to predict the oligomerization state we have analyzed all coronin coiled-coil 

regions for the presence of the trimerization motif. Accordingly, all 233 class-1 coronins 

have the classical motif, except for DpCoro1B and DrpCoro1B (Drosophila 

pseudoobscura and persimilis; Lys at position 1), and NvCoro1 (Nematostella; Cys at 

position 2), and are thus predicted to form trimers. This would include the Xenopus 

Coro1C that has, however, been shown to exist as a dimer (220). The situation is more 

diverse for the class-2 coronins. The invertebrate coronins contain the trimerization motif, 

except for AmqCoro2 (Amphimedon; Ser at P1), HerCoro2A (Helobdella; Lys at P1), 

HerCoro2B (Phe at P1), MydCoro2 (Mayetiola; Gln at P6), and the nematode class-2 

coronins (Cys at P2). Almost all fish class-2 coronins contain the trimerization motif, but 

the other vertebrate class-2 coronins have conserved mutations. The tetrapod class-2A 

coronins encode a glutamine instead of the invariant arginine, which would turn them to 

tetramers in analogy to matrilin-1 (221). The tetrapod class-2B coronins contain glutamine 

instead of the glutamate at position 6 of the motif, a substitution whose effect has not been 

analyzed yet. 

About half of the analyzed fungal coronins have the classical trimerization motif. The most 

common substitutions that are found in all Schizosaccharomyces and most Basidiomycota 

coronins are lysines or glutamines instead of the arginine at position 1. While the coiled-

coil region is conserved in general, substitutions happened in specific species but not in 

whole branches (except for the Schizosaccharomyces). Therefore, we would expect all 

fungal coronins to form trimers. All Amoeba coronins, the Stramenopiles coronins 

(exceptions: FrcCoro a His at P1, BhCoro_B a Asn at P6, AuaCoro_B a Lys at P1), the 

Trichomonas and Naegleria coronins contain the classical trimerization sequence motif in 

the coiled-coil region. Interestingly, the kinetoplastid coronins have the salt-bridge 

switched in the motif and should thus also be able to form trimers. From the Alveolata, 

only the Ciliophora (e.g. Tetrahymena) and Coccidia (e.g. Toxoplasma gondii) coronins 

contain coiled-coil domains, and only the Coccidia contain the trimerization motif. 

These are, however, predictions based on the existence of the proposed trimerization motif. 

The motif has been identified in 86% of all short, autonomous, and parallel three-stranded 

coiled-coils while it is also observed in 9% of the antiparallel trimers and in 5% of the 

parallel and antiparallel dimers (207). Thus, although most short coronins are predicted to 

form trimers some might nevertheless function in other oligomeric states in the cell. The 

oligomerization state can ultimately only be shown in experiments, which have, however, 

been done for just a few of the coronins yet. 
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F-actin binding 

F-actin binding is one of the common properties of coronin proteins. The extended 

multiple sequence alignment presented here together with the recently determined crystal 

structure of murine coronin-1A (204) now allows a reevaluation of previous mutagenesis 

studies. Truncation studies have shown that the coronin domain, including the -propeller 

and its C-terminal extension, is necessary for F-actin binding (214,222). Mapping the 

sequence conservation within 13 short coronin members onto the surface of the crystal 

structure revealed two regions, one formed by blades 1, 6, and 7 and one formed by blades 

6 and 7 and a portion of the C-terminal extension, to represent possible actin binding sites 

(204). Subsequently, several surface-exposed charged amino acids have been mutated to 

alanine or substituted by reversed charges in human coronin-1B and their F-actin binding 

affinity has been analyzed ((223), Figure 2.2-6 red dots, see also Additional file 2.2.9.5). 

Only the R30D mutation abolished actin binding in vitro. Although an arginine is the most 

prevalent amino acid at this position it is often substituted by a lysine or a proline (Figure 

2.2-6). The multiple sequence alignment of the coronins also does not show a trend 

towards a class-specific substitution. For example, while a proline is found at this position 

in all vertebrate class-2 coronins, arginines, lysines, asparagines, prolines, threonins, and 

tyrosins are found in invertebrate class-2 coronins. At least negatively charged amino acids 

are not found in any of the coronin domains at this position. Recently, systematic 

mutagenesis of charged surface-exposed residues of yeast coronin revealed a patch of 

residues extending over the top and one side of the -propeller that abolished actin binding 

when mutated to alanine (Figure 2.2-6, green dots (224)). The analysis of the conservation 

within the coronin proteins shows that many of the substitutions in both studies have been 

performed on marginally conserved residues (e.g. E
215

A/K, K
216

A/E, 1-11, 1-15, 1-16). 

Thus, it is not surprising that coronins with mutations of these residues are able to bind F-

actin. As actin binding is one of the common functions of coronins and actins belong to the 

highest conserved protein families the actin binding surface of the coronins is also 

expected to be highly conserved. Most of the residues that were found to abolish actin 

binding when mutated to alanine are strongly conserved (Figure 2.2-6). The few residues 

that are highly conserved but do not influence actin binding might be interaction sites for 

other proteins like cofilin. 
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Figure 2.2-6: Sequence conservation within the actin binding region. The sequence logos illustrate the 

sequence conservation within the multiple sequence alignments of the coronin domains. Here, only the N- 

and C-termini of the coronin domains are shown because most of the residues implicated in actin binding 

map to these regions. For the representation of the entire coronin domain see Additional file 2.2.9.5. For 

better orientation, the sequences of three representative coronins are shown: the yeast coronin as the main 

target of mutagenesis experiments, the Dictyostelium coronin as the founding member of the protein family, 

and the murine coronin-1A of which the crystal structure is known. Secondary structural elements as 

determined from the crystal structure are drawn as yellow arrows (β-strands) and red boxes (α-helices). 

Green dots point to amino acids of ScCoro that have been mutated to alanine (224) and red dots highlight 

mutagenesis studies in HsCoro1B (223). Light-blue boxes highlight mutations that abolished actin binding, 

dark-grey boxes represent mutations that did not influence actin binding, and light-grey boxes point to 

mutations in yeast coronins that could not be expressed and tested. 
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2.2.4 Discussion 

Here, we have analyzed 723 coronins from 358 species. For 323 species whole genome 

sequence data was available allowing a “holistic” analysis of the coronin protein family. In 

addition, the whole genome assemblies of 69 species have been analyzed that in the end 

did not contain any coronin homolog. These species include Rhodophyta 

(Cyanidioschyzon, Galdieria), Viridiplantae, Microsporidia, Formicata (Giardia), and 

Haptophyceae (Emiliania). A sequence alignment of the coronin proteins was created and 

extensively improved manually. The phylogenetic analysis of the conserved coronin 

domain, which is also included in the crystal structure (204), using the Bayesian method 

showed that the grouping of the coronins is completely in accordance with the latest 

phylogeny of the eukaryotic species (Figure 2.2-1, (158,164,165)). Subsequently, we 

analyzed the coronin tree with respect to established and proposed classifications defining 

subfamilies. Two major schemes are currently in use, the old one established by the HGNC 

(197) and a more recent one expanding the number of classes from three to twelve (209). 

Essentially, the later classification re-defines subclasses of the HGNC scheme as separate 

classes, e.g. 1A and 1B become class-4 and class-1, respectively, and groups some 

branches to new classes. However, some coronins still remained unclassified and several 

classes have been proposed, like the invertebrate metazoan classes 8 and 9, although the 

contributing members did not form monophyletic branches in the underlying protein 

family tree. The proposed classes 10 and 12 contain members of unrelated taxonomic 

branches, probably because these coronins were adjacent in the tree figure. In addition, the 

Entamoeba tandem-coronin did not group to the other tandem-coronins. Thus, this 

classification is not consistent with the taxonomy of the eukaryotes. In addition, homologs 

of major branches were missing in the analysis like those from stramenopiles. We do not 

intend to add confusion to the classification of the coronin family but want to suggest a 

reliable and, considering future genome sequencing projects, expandable scheme. Two 

major reasons support the future use of the HGNC scheme although it needs some minor 

adjustments. The classification by Morgan and Fernandez (209) of coronins outside the 

metazoans is not consistent with the latest taxonomy of the eukaryotes and therefore not 

adaptable to our more comprehensive coronin tree. In addition, it is well known that two 

whole-genome-duplications are the reason for the expansion of gene homologs at the 

origin of the vertebrates (64), while another whole-genome-duplication happened at the 

origin of the Actinopterygii (225,226). Thus retaining the orthology between non-

vertebrate and vertebrate coronins in class-numbers would be desirable but has also been 

abandoned by Morgan and Fernandez (209). Here, we adapted the HGNC classification 

except for renaming CORO6 and CORO7 (HGNC) to coronin-1D and coronin-3, 

respectively, numbering additional fish coronins as coronin-1E, coronin-2C, and coronin-

2D, and defining the new coronin class-4. The term “class” is equivalent to the term 

“Type” used by the Bear group in recent reviews (197,227). However, we prefer the term 
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“class” to be consistent with the terminology used for other protein families (e.g. the 

myosin family (125,228)) and therefore to facilitate the work with databases and search 

engines in the future. 

Class-4 coronins represent a new type of coronins that are present in Excavata (Naegleria 

gruberi), Amoebae, fungi (Spizellomyces punctatus), and the Fungi/Metazoa incertae sedis 

branch. Most class-4 coronins consist of the N-terminal coronin domain followed by two to 

three PH, four to five gelsolin, and a C-terminal VHP domain. The first representative of 

this subfamily has been identified in Dictyostelium discoideum and called villidin because 

of the homology of its gelsolin and VHP domains to villin (29). The homology of villidins 

WD-repeat region to coronin has been recognized later on (229,230) suggesting villidins 

origin through a fusion of the coronin domain with villin. Villin is the founding member of 

a superfamily of proteins containing three to six gelsolin domains (reviewed in (229,231)). 

Like villidin (class-4 coronins), villin, supervillin, and protovillin also contain a C-terminal 

VHP domain. Alignment of villin to the class-4 coronins gelsolin domains shows that the 

class-4 coronins have lost the first gelsolin domain of villin. The first gelsolin domain of 

villin is associated with dimerization, actin filament capping, nucleation, and bundling, and 

G-actin binding (231). Thus, class-4 coronins do not play a role in these activities via their 

Figure 2.2-7: Evolution of the coronin protein family with respect to the species evolution. Schematic 

representation of the most widely accepted eukaryotic tree of life. Branch lengths are arbitrary. The coronin 

inventories of certain taxa and specific species have been plotted to the tree with class numbers given in 

colour-coded boxes. "O" stands for "Orphan", the unclassified short coronins. The numbers on the arrows 

refer to alternative placing of the respective taxa: 1: The independence of the Diplomonadida (instead of 

grouping them to the superkingdom Excavata) is supported by (157). 2: The monophyly of the Rhodophyta is 

supported by (160,164). 3: Grouping the Haptophyceae and Cryptophyta to the SAR is supported by (160–

162). 
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gelsolin domains (29). However, villin contains three phospholipid-binding domains, two 

preceding the second gelsolin domain and one overlapping with the VHP domain. These 

phospholipid-binding domains are conserved in class-4 coronins and are most probably 

responsible for their association with internal membranes like Golgi-structures and ER-

membranes (29). 

To reveal the evolution of the coronin family and to determine the coronin repertoire of the 

last common ancestor of the eukaryotes, we plotted the coronin inventory of several 

representative species, whose genome sequences are available and whose coronin 

inventories are therefore complete, on the most widely agreed tree of the eukaryotes 

(Figure 2.2-7). However, especially the grouping of taxa that emerged close to the origin of 

the eukaryotes remains highly debated. Therefore, alternative branchings are also indicated 

in the tree. The phylogeny of the supposed supergroup Excavata is the least understood 

because only a few species of this branch have been completely sequenced so far. While 

the grouping of the Heterolobosea, Trichomonada, and Euglenozoa into the Excavata is 

found in most analyses, the grouping of the Diplomonadida as separate phylum or as part 

of the Excavata is still debated (arrow 1 (157)). Also, some analyses group the red algae of 

the Rhodophyta branch to the Viridiplantae (159,163,232) and others support their 

independence (arrow 2; (160,164)). According to most of the recent phylogenetic analyses, 

the Alveolata, Rhizaria, and Stramenopiles form the superfamily SAR (158,159). The 

placement of the Haptophyceae and Cryptophyta to the SAR is still highly debated. 

Although several analyses are in favour to this grouping (arrow 3; (160–162)) most 

analyses are in contrast (158,159,163–165). Short coronins containing the N-terminal 

coronin domain and the C-terminal oligomerization domain have been found in all 

branches except Diplomonadida, Haptophyceae, and Viridiplantae/Rhodophyta. The 

phylogenetic grouping of the species based on the phylogenetic tree of the coronin 

domains showed that the coronins with different domain compositions (containing 

dUTPase domains, ARP2/3 binding domains, no coiled-coil regions) are species-specific 

developments based on domain loss and gain events while the corresponding species 

correctly group together inside the respective branches. Class-3 coronins are also found in 

all major eukaryotic superkingdoms that contain coronins. We did not identify any species 

that contains exclusively a class-3 coronin suggesting that encoding a class-3 coronin is a 

plus for the species but not a necessity. Class-4 coronins were found in two of the four 

coronin-containing superkingdoms, the Excavata and the Opisthokonts. Several major sub-

branches of the Opisthokonts contain class-4 coronins, the Amoebozoa, the Fungi, and the 

Fungi/Metazoa incertae sedis branch. However, the evolution of the class-4 coronins rather 

seems to be determined by gene-loss events. This distribution of the coronin classes 

demonstrates that the last common ancestor of the eukaryotes must have contained a short 

coronin as well as a tandem coronin (class-3), and most probably even a class-4 coronin. In 
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the coronin-family tree (Figure 2.2-1) the C-terminal coronin-domains of the class-3 

coronins group closer to the short coronins than the N-terminal coronin-domains. 

This suggests a three-step invention of the class-3 coronin (Figure 2.2-8): First a gene 

duplication of the short coronin happened (1). The new copy was subsequently copied 

twice but the order of these events could not be determined (2). One copy has been 

distributed in a different genomic region resulting in the class-4 coronin after fusion to a 

copy of the villin gene (2B). The other copy resulted in a tandem gene duplicate in which 

the new copy was placed at the 5' site of the original gene (2A). The tandem gene duplicate 

subsequently fused to build the class-3 coronin prototype (3). It could also be possible that 

the coronin domain copy, which led to the class-4 coronin, would have been produced as a 

copy of the 3' coronin of the then already existing tandem gene duplicate (4). 

At the origin of the Metazoa and Choanoflagellida branches another gene duplication event 

led to two distinct classes, class-1 coronins and class-2 coronins (Figure 2.2-7). The further 

evolution of the short coronins in the invertebrate branches is determined by species-

specific gene-loss and gene-duplication events (Figure 2.2-2). This view is, however, based 

on the species whose genomes are available today and might change as soon as sequencing 

of more related species reveals subtypes of the class-1 and class-2 coronins in major 

invertebrate branches. At the origin of the vertebrates the two well-known whole-genome 

duplications (2R, (64)) resulted in several subtypes of both the class-1 and class-2 

coronins. The subsequent third whole genome duplication in the fish-lineage (225,226) led 

to even more gene duplicates. Subsequent to this boost of coronin homologs at the onset of 

the vertebrates branch-specific gene deletions happened, like the loss of the class-1B 

variants in fishes and the class-1A loss in birds (Figure 2.2-2). 

Figure 2.2-8: Evolution of the coronin classes. The cartoon shows the different gene duplication and fusion 

events that led to the formation of the short coronins, the class-3 coronins, and the class-4 coronins. 
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The short coiled-coil region including the trimerization motif R-[VILM]-X-X-[VIL]-E is 

an accomplishment of the most ancient short coronin because it is found in coronins of all 

branches of the eukaryotic tree. It has been retained without major mutations for a long 

evolutionary time. This is exemplified by the fact that changes, which might lead to other 

oligomerization states, are species-specific or have been introduced in very recently 

separated branches. 

2.2.5 Conclusions 

The phylogenetic tree based on the coronin domains of 723 homologs from 358 species 

allowed grouping the coronin proteins into four classes: Class-1 (Type I) and class-2 (Type 

II) comprise short coronins and resulted from a gene duplication of a short coronin at the 

onset of the halozoans. Short coronins are characterized by an N-terminal coronin domain 

followed by a unique domain and a C-terminal short coiled-coil region. The coiled-coil 

domain of almost all short coronins contains a trimerization motif that must therefore have 

already existed in the last common ancestor of the eukaryotes. Class-3 (Type III) coronins 

comprise coronins with two coronin-domains arranged in tandem and have been found in 

species of all eukaryotic kingdoms that contain coronins. Class-4 (Type IV) coronins 

encode fusions of the coronin domain to villin and have been identified in Excavata and 

Opisthokonts although most of these species subsequently lost the class-4 homolog. Hence, 

the last common ancestor of the eukaryotes must have contained a short coronin and a 

class-3 coronin, and most probably a class-4 coronin. 

2.2.6 Methods 

Identification and annotation of the coronin family proteins 

The coronin genes have been identified by TBLASTN searches against the sequenced 

eukaryotic genomes, which have been obtained via lists available from the diArk database 

(210,233). All hits were manually analyzed at the genomic DNA level. Datasets of 

predicted proteins produced by the sequencing consortia often miss homologs, and 

predicted proteins contain mispredicted exons and introns in many cases, necessitating 

manual assembly and annotation. The correct coding sequences were identified with the 

help of the multiple sequence alignments of all coronin proteins. As the amount of protein 

sequences increased (especially the number of sequences in taxa with few representatives), 

many of the initially predicted sequences were reanalysed to correctly identify all exon 

borders. Where possible, EST data available from the NCBI EST database has been 

analyzed to help in the annotation process. In addition, coronin homologs from cDNA 

projects or single-gene analyses have been obtained by TBLASTN searches against the 

NCBI nr database (60). Gene structures have been reconstructed using WebScipio (13) as 
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far as genomic sequence data was available. All sequence related data (names, 

corresponding species, GenBank ID's, alternative names, corresponding publications, 

domain predictions, gene structure reconstructions, and sequences) and references to 

genome sequencing centres are available through CyMoBase (35,181). 

Generating the multiple sequence alignment 

The multiple sequence alignment of the coronin family has been built and extended during 

the process of annotating and assembling new sequences. The initial alignment has been 

generated from the first about 50 non-validated sequences obtained from NCBI using the 

ClustalW software with standard settings (62). During the following correction of the 

sequences (removing wrongly annotated sequences and filling gaps) the alignment has 

been adjusted manually. Subsequently, every newly predicted sequence has been 

preliminary aligned to its supposed closest relative using ClustalW, the aligned sequence 

added to the multiple sequence alignment of the coronins, and the coronin alignment 

adjusted manually during the subsequent sequence validation process. We have also 

retained the integrity of the primary sequence within the secondary structural elements that 

have been determined from the crystal structure (e.g. sequence gaps have only been 

introduced in known loop regions). Still, many gaps in sequences derived from low-

coverage genomes remained. In those cases, the integrity of the exons surrounding the gaps 

has been maintained (gaps in the genomic sequence are reflected as gaps in the multiple 

sequence alignment). The unique and coiled-coil regions are completely divergent in 

sequence and length and were therefore aligned manually. The domain compositions of the 

short coronin, the class-3, and the class-4 coronins are different and regions outside the N-

terminal coronin domain were only aligned within these groups. The C-terminal coronin 

domains of the class-3 coronins were separately included in the multiple sequence 

alignment of the coronins, in addition to being aligned as part of their class. 

Building trees 

For calculating phylogenetic trees only full-length and partial sequences were included in 

the alignment. The phylogenetic trees were generated based on the conserved coronin 

domains (corresponding to amino acids 1-386 of HsCoro1A) using two different methods: 

1. Maximum likelihood (ML) using the LG model with estimated proportion of invariable 

sites and bootstrapping (1,000 replicates) using RAxML (67). 2. Posterior probabilities 

were generated using MrBayes v3.1.2 (72) with the MPI option (186). Two independent 

runs with 15,000,000 generations, four chains, and a random starting tree were computed 

using the mixed amino-acid option. From the 32,000th generation MrBayes used the Wag 

model (187). Using ProtTest (70), the LG model (184), which is, however, not 

implemented in MrBayes, was determined to provide a slightly better fit to the data than 
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the Wag model. Trees were sampled every 1,000th generation and the first 25% of the 

trees were discarded as “burn-in” before generating a consensus tree. 

Domain and motif prediction 

Protein domains were predicted using the SMART (234) and Pfam (34) web server. The 

leucine zipper motifs have been identified using the Prosite database (235). The CA 

domains have been identified by visual inspection of the manual sequence alignment of the 

coronins and motif comparisons with CA domains of WASP family proteins available at 

CyMoBase (unpublished data, (35)). Graphical representations of the sequence patterns 

have been generated with WebLogo (58). 
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2.2.9 Additional files 

2.2.9.1 Additional file 1 – Sequence alignment of the coronins 

The file contains the alignment of the full-length sequences of the coronins in fasta-format. 

The data can also be downloaded from CyMoBase (35). 

The file can be found in the corresponding publication. 

2.2.9.2 Additional file 2 – MrBayes tree of the coronin family 

This file contains the phylogenetic tree calculated with MrBayes including posterior 

probability values that has been the basis for Figure 2.2-1. Here, the tree is plotted in an 

extended way so that every coronin can be found and compared easily. 

The file can be found in the corresponding publication. 
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2.2.9.3 Additional file 3 – RAxML tree of the coronin family 

This file contains the phylogenetic tree calculated with RAxML including bootstrap values. 

The tree is plotted in an extended way so that every coronin can be found and compared 

easily.  

The file can be found in the corresponding publication. 

2.2.9.4 Additional file 4 – Coronin repertoire of all eukaryotes analyzed 

Complete table of the coronin inventories of 358 eukaryotes. 

The file can be found in the corresponding publication. 

2.2.9.5 Additional file 5 – Conserved residues in the coronin domain 

This figure contains the sequence conservation of the entire coronin domain including all 

mutagenesis experiments as described in Cai et al. (223) and Gandhi et al. (224). 

The file can be found in the corresponding publication. 
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2.3.1 Abstract 

Background 

Nowadays, the sequencing of even the largest mammalian genomes has become a question 

of days with current next-generation sequencing methods. It comes as no surprise that 

dozens of genome assemblies are released per months now. Since the number of next-

generation sequencing machines increases worldwide and new major sequencing plans are 

announced, a further increase in the speed of releasing genome assemblies is expected. 

Thus it becomes increasingly important to get an overview as well as detailed information 

about available sequenced genomes. The different sequencing and assembly methods have 

specific characteristics that need to be known to evaluate the various genome assemblies 

before performing subsequent analyses. 

Results 

diArk has been developed to provide fast and easy access to all sequenced eukaryotic 

genomes worldwide. Currently, diArk 2.0 contains information about more than 880 

species and more than 2350 genome assembly files. Many meta-data like sequencing and 

read-assembly methods, sequencing coverage, GC-content, extended lists of alternatively 

used scientific names and common species names, and various kinds of statistics are 

provided. To intuitively approach the data the web interface makes extensive usage of 

modern web techniques. A number of search modules and result views facilitate finding 

and judging the data of interest. Subscribing to the RSS feed is the easiest way to stay up-

to-date with the latest genome data. 
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Conclusions 

diArk 2.0 is the most up-to-date database of sequenced eukaryotic genomes compared to 

databases like GOLD, NCBI Genome, NHGRI, and ISC. It is different in that only those 

projects are stored for which genome assembly data or considerable amounts of cDNA 

data are available. Projects in planning stage or in the process of being sequenced are not 

included. The user can easily search through the provided data and directly access the 

genome assembly files of the sequenced genome of interest. diArk 2.0 is available at 

http://www.diark.org. 

2.3.2 Background 

The International Human Genome Project needed almost 13 years for the sequencing of 

the first human genome (10). While Celera, using the same Sanger technique, already 

accelerated human genome sequencing to three years by applying a whole genome shotgun 

instead of the primer based approach (9), the sequencing of even the largest mammalian 

genomes has become only a matter of days with current next-generation sequencing 

methods (236). The bottleneck for providing the analysis of a eukaryotic genome is thus 

not the sequencing process anymore (237). The most time consuming part is the assembly 

and even more the annotation of genes, RNA, and other genetic features (238). 

Nevertheless, while only a few genome assemblies have been made public per year at the 

beginning of the century, dozens of genome assemblies are released per month today. A 

further increase in the speed of releasing genome assemblies may be expected because of 

the increasing number of next-generation sequencing machines worldwide (239), together 

with the announcement of major sequencing plans (see for example the 1000 human 

genomes project (240), the 1001 arabidopsis genomes project (241), the 1,000 Plant & 

Animal reference genomes project (242), and the 10,000 vertebrates genomes project 

(243)). 

There are many steps to produce a complete and gap-less genome sequence of an 

organism. First draft versions often contain sets of so-called contigs that have been built 

from the assembly of whole genome shotgun reads. The genome coverage is the most 

important factor determining contig length. In the following steps during the assembly 

process the contigs are organised into supercontigs and finally into chromosomes. In the 

finishing process, gaps are filled by direct sequencing of the corresponding regions. 

However, the publication of the genome sequence of an organism does not correlate with 

the status of the assembly process. Some genome assemblies have been published although 

they are very fragmented and represent rather early draft assemblies (e.g. (244–247)), 

while finishing and gap-closing have already been done for other genomes still waiting to 

be published. It is obvious that analyses based on genes, genomic regions, or proteins need 

high coverage genome sequences and assemblies to very long contigs or even 
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supercontigs. This is especially true for the analysis of genes of higher eukaryotes that are 

often spread over hundred thousands of base pairs. 

How can a researcher find out which organisms have already been sequenced, how good 

the quality of the latest assembly is, and what the differences between the sometimes many 

different assemblies of the same genome are? To provide access to genome data, five 

major databases have been developed: GOLD (248), NCBI Genome Project (will soon be 

reorganized into NCBI BioProject) (249), National Human Genome Research Institute 

(NHGRI) (250), International Sequencing Consortium (251), and diArk (210). The GOLD 

database monitors finished and on-going genome and metagenome sequencing projects of 

all branches of the tree of life (248). The largest part of the database is related to 

prokaryotes for which most of the about 130 metadata fields have been designed. GOLD’s 

strength therefore is the listing of the prokaryotes, while it is outdated for eukaryotes. For 

example, GOLD announces 156 eukaryotes as published (although several of these are 

listed as “unpublished” in the table, status: March 10, 2011) while genome assemblies of 

358 eukaryotes have been published according to diArk (status: March 10, 2011). The 

NCBI Genome Project pages list all sequencing centres participating in a certain 

sequencing project and provides many links to other species resources (species databases, 

BLAST and genome browser pages, publications, etc.). However, the list of these projects 

is far from being up-to-date. Here, 431 eukaryotes are available and listed as complete or 

draft assembly, while diArk provides assemblies for 613 species. The NHGRI hosts a list 

of approved sequencing targets (almost exclusively eukaryotic) with limited additional 

information. However, most eukaryotic projects are not listed, and the project status (not 

started, in process, complete) is often not up-to-date. For example, the sequencing of 

Geomyces destructans is still listed as "not started" although a very good draft assembly is 

already available. The International Sequencing Consortium hosts a list of comparable 

information to the NHGRI. 

diArk 2.0 is the most up-to-date database for eukaryotic sequencing projects, providing in 

the latest version many meta-data like sequencing and read-assembly methods, sequencing 

coverage, GC-content, extended lists of alternatively used scientific names and common 

species names, and various kinds of statistics. diArk only lists those projects, for which 

genome assemblies or considerable amounts of cDNA data are available. diArk does not 

list projects that are planned, and does not track the various stages of the genome 

sequencing process (species targeted, awaiting DNA, DNA library prepared, etc.) as it is 

done by GOLD (248). Due to the next-generation sequencing methods sequencing has 

become so fast and cheap that the time frame between planning and finishing sequencing 

projects is in the order of weeks and not years anymore. Although independent groups 

have not sequenced too many identical species yet, sequencing has started to become 

competitive so that project plans are often not announced anymore and finished sequences 
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claimed by press releases (252). The virtue of the sequencing projects is the data, and thus 

the intention of diArk is to provide easy and fast access to where and which eukaryotic 

data may be obtained. 

2.3.3 Methods 

The technologies 

The system is running on Linux. The database management system is PostgreSQL (73) 

supported by pgpool-II (253). The web application framework is Ruby on Rails (79), 

which is based on the object orientated programming language Ruby (79). In order to 

present the user with a feature rich interface while minimizing the amount of transferred 

data the site makes extensive use of modern Web 2.0 techniques like Ajax (Asynchronous 

JavaScript and XML) using Prototype (254), and Lightwindow (255). Graphs are drawn 

using the graphical toolkit Protovis (256,257), the statistical programming language R 

(258), and SVG (259). Ruby together with BioRuby (260) is also used for scripts that 

automatically retrieve data via the NCBI-API, reconstruct the phylogenetic tree of diArk's 

species, and analyse genome assembly files. All technologies used are freely available and 

open source. 

The database 

diArk has been developed with a custom database schema due to the unique requirements 

of the system (210). Initially, three interconnected tables had been at the centre of the 

database: species, projects, and publications. This basic concept has significantly been 

extended by more than doubling the number of database tables and by increasing the 

number of fields in existing tables (Additional file 2.3.10.1). Most importantly, a table for 

genome file data has been added to which several further tables are connected representing 

sequencing and assembly methods (Figure 2.3-1, Additional file 2.3.10.1). 
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The genome file table contains information about genome assemblies. Genome assembly 

files are retrieved from sequencing centres, dedicated species/taxa sequencing pages, or 

from the NCBI database. While some information is directly calculated from the assembly 

files, other information is manually added to the genome file table. Every assembly file 

gets a genome type identifier based on the fasta-entries. The most important genome types 

are Chromosome, Uchromosome (these files contain contigs/supercontigs, which could not 

be mapped to any (unknown chromosome) or anchored (random chromosome) to a certain 

chromosome), Supercontigs, Contigs, Ureads (unplaced reads), Apicoplast, Chloroplast, 

Kinetoplast, and Mito (mitochondrial DNA). In addition, there are some special extensions 

to the file types, for example “assembly1", "assembly2", etc.. These extensions indicate 

that different assemblies for the same genome are available. For example, if assemblies 

were produced from different sequencing data like in the case of Drosophila 

pseudoobscura (assembly1: (261); assembly2: unpublished assembly of The Institute for 

Genomic Research) or if the same reads were assembled using different methods/software 

like in the two Bos taurus genome assemblies (assembly1: (262); assembly2: (263)). 

If possible, the version of the assembly as well as the release date of the data is provided. 

In general, the versions and release dates are entered manually as given by the sequencing 

centres. Otherwise the dates are used at which the files were saved in the ftp-directories. 

Figure 2.3-1: Schematic organisation of the database. The diagram shows the major tables of the database 

and their connections. Some of the content fields of the three main tables Species, Project, and Genome File 

are listed. Details to publications are obtained from NCBI via their API. The References table contains the 

major sequencing centres and species project web pages. 
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For NCBI-assembly data, we store the dates at which the data has been submitted to NCBI. 

Please note that the version numbers do not correlate among sequencing centres and NCBI. 

Also, we rank the completeness of the genome assemblies as a rough estimate of the 

quality of the data. If provided by the sequencing centres, the genome coverage of the 

assembled sequence data is given. For some assemblies, comments are written that provide 

further background information about differences to earlier assemblies and problems 

during the assembly process, for example. 

 

 

Figure 2.3-2: Contig distribution for three sample genome assemblies. A) Example of a low-coverage 

mammalian genome. B) Example of a high-coverage insect genome. C) Example of a chromosome assembly. 

All chromosomes are plotted as separate entries. 
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In addition to this manually collected information, the GC content, the size in Giga-base-

pairs, the number of fasta-entries, the occurrence of illegal characters in the sequences (not 

being g/G, a/A, t/T, c/C, or n/N), and the N50 of the assemblies are calculated from the 

fasta files. The N50 value is a measure of contig length and is calculated by adding up 

contig lengths starting with the longest contig. The length of that contig, which leads to at 

least half of the assembly, is the N50 value. The longer the contigs are the longer is the 

contig that overcomes the half-genome barrier. All contig lengths are counted and plotted 

in decreasing length together with the N50 value (Figure 2.3-2). These graphs provide 

additional information to the user to judge the quality of the assembly. Accession numbers 

are only stored from NCBI data. 

For every genome file the sequencing methods and the assembly software were collected, 

if available. The next-generation sequencing methods strongly differ in their usefulness 

concerning de-novo assemblies, and therefore this information together with the 

sequencing coverage and the library types used for sequencing is absolutely essential to 

judge the quality of the data.  

The web interface 

The web interface always represents the current state of the database, and all tables and 

graphs are calculated on-the-fly depending on users’ requests. The database is searched 

using any of the six search modules, or a combination of them. We have added a new 

module, called “Genome Files”, for searching the data content of the genome file table and 

associated tables (Figure 2.3-3A). 
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Figure 2.3-3: Screenshots of diArks “Genome Files” search module and several result views. A) The new 

“Genome Files” search module of diArk allows a detailed search for species that were sequenced with a 

specific sequencing method, for certain assembly methods, for specific genome types, for the completeness of 

the assembly, for illegal characters (not a/A, t/T, g/G, c/C, n/N), and for genomes provided by diArk. 

Furthermore, the data can be filtered by the GC-content, by the sequence coverage, and the release date of 

the genome assemblies. B) The “Genome Files” result view provides an overview about the different genome 

assemblies generated by the sequencing centres. Clicking on the symbols provides further details and the 

possibility to download the genome file. C) The “References” result view provides an overview about some 

data analysis options the species project pages offer, like BLAST pages or access to genome browsers. D) 

The “Genome Stats” result view gives a species based overview about several genome statistics, like the 

chromosome numbers and the GC-contents, with the species ordered according to their taxonomy so that 

closely related organisms can be compared. 
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The results of the search can be browsed in result views. Previously, three result views had 

been offered, the “Species”, the “Publications” and the “Projects” result view. The new 

“Genome Stats” result view provides a fast overview of important genome characteristics 

in direct comparison of evolutionarily related species and includes chromosome numbers 

(if known), genome sizes (as calculated from the assembly files, given as number of base 

pairs included in the chromosome-, supercontigs-, or contigs-file, in descending priority), 

the GC-contents, and the number of contigs (Figure 2.3-3D). The “Genome Files” result 

view provides a direct comparison of the data related to the assembly files (Figure 2.3-3B). 

Here, data as provided from NCBI and the sequencing centres can be downloaded (in 

accordance with the Bermuda principles and the Ford Lauderdale agreement (264)) and the 

graphs presenting the size distribution of the contigs/supercontigs/etc. can be viewed 

(Figure 2.3-2). The “References” result view provides information about tools and material 

as provided by the species sequencing pages, for example, whether certain species 

homepages provide BLAST search possibilities or access to genome browsers (Figure 

2.3-3C). The “Sequencing Stats” result view provides many graphs presenting various 

aspects of the data (in total or according to the selection by the user; see also below). 

In addition to the modular search, which allows a powerful and very detailed definition of 

the search, diArk provides a “Fast Search” just offering the main search options: the search 

for a single species, the selection of model organisms or given taxa, the selection for 

sequencing type, completed genome sequencing, and retrieval of NBCI genome data. This 

search should be more suited for beginners. 

Stay informed – inform others 

To stay up-to-date with newly sequenced genomes without repeatedly accessing diArk we 

offer an RSS-feed. To easily inform others, diArk offers options that allow the user to send 

content to facebook-, twitter-, and email-accounts. 

2.3.4 Results and Discussion 

diArk is the most comprehensive and complete database for eukaryotic sequencing 

projects. The number of sequenced species and projects has more than doubled since the 

first version of diArk went online (Figure 2.3-4, (210)). diArk now (March 2011) contains 

806 species (415 in 2007; numbers in parenthesis refer to database content in 2007), of 

which 613 (209) were subject to whole genome sequencing. Genome sequence data is 

referenced by 1911 (824) species project pages that are organized into 101 (73) sequencing 

centres.. The number of sequenced species is not as strongly increasing as might have been 

expected (Figure 2.3-4B). 
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The discrepancy between the expected sequencing throughput and the only slightly 

exponential increase of sequenced species is best explained by the increased use of next-

generation sequencing machines for other projects then de-novo sequencing of eukaryotes, 

like for human sequencing in the course of the 1000 Genomes Project (240) and for 

metagenome projects, which are not covered by diArk. Also, most likely due to next-

generation sequencing the number of incomplete genomes (genomes sequenced with very 

low coverage) does not increase as strongly as before (Figure 2.3-4C). The strong increase 

between 2007 and 2008 is due to the low coverage sequencing of more than 60 

Saccharomyces strains (265). Although some sequenced genomes are awaiting analysis 

and publication since years, most genome sequences are published shortly after their 

generation (Figure 2.3-4C). The genomes of most sequenced species are still published in 

the high-impact journals Science, those of the Nature group, PNAS, and the PLoS journals 

(Figure 2.3-4D). 

  

Figure 2.3-4: Eukaryotes sequenced worldwide. A) The pie chart shows the sequenced species sorted by 

taxa for which genome assemblies have been released. B) The graph shows the increase of total sequenced 

eukaryotes, genome data as well as EST data, in dependence of the year. Note that the lower numbers in the 

figures compared to the numbers given in the text are due to the fact that dates, at which genomes had been 

made available, are not known for every genome assembly. C) The graph shows the sequenced eukaryotes 

separated according to complete and incomplete (low-coverage genomes) genome assemblies. In addition, 

publications of genome assemblies are plotted. D) The diagram shows the number of publications of genome 

assemblies separated to four major publishing groups, the Nature Journals, the PLoS Journals, Science, and 

the Proceedings of the National Academy of Science (PNAS). 
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Taxonomic distribution 

As in 2007, whole genome sequencing is still strongly biased towards sequencing of fungi 

(especially ascomycotes) and chordates (Figure 2.3-5A). However, in 2007 we pointed out 

(210) that sequencing of nematodes and plants is far underrepresented, and this has 

changed dramatically. The number of sequenced nematodes and plants increased fivefold 

in the last years while the number of the other sequenced species doubled to tripled (Figure 

2.3-5C). The taxonomic distribution is still better balanced for transcriptome sequencing 

(Figure 2.3-5B). 

 

Figure 2.3-5: Species sequenced in relation to taxa. A), B) The pie charts show the number of sequenced 

species ordered by several major taxa. Graphs were drawn separately for species A) whose genome was 

sequenced and B) for which transcriptome data is available. C) Species are plotted according to the year in 

which the first genome assembly has been released. The species are combined to the same taxa as in A) and 

B). 
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Sequencing methods 

Since the first sequencing of a genome using massively parallel DNA sequencing (266) the 

Sanger method has increasingly been substituted by the high-throughput methods 

Roche/454, Illumina Solexa, and SOLiD (Figure 2.3-6). These methods pose several 

restrains to de-novo species sequencing like the need for a far higher sequencing coverage 

(some species like Oreochromis niloticus are sequenced with a coverage of more than 200 

using Illumina) and specific assembly software. Both characteristics have been included in 

diArk. 

Genome characteristics 

Based on the genome assembly files diArk calculates several genome assembly 

characteristics like the number of contigs, N50 values, GC-content, and genome size. The 

plot of the genome sizes of completed genome assemblies against their GC-content shows 

taxa specific distributions (Figure 2.3-7A). Chordates have the largest genomes (and also a 

wide distribution of genome sizes, Figure 2.3-7B/C) but a narrow distribution of their GC-

contents between 37 - 47%. Apicomplexa have the broadest distribution with GC-contents 

ranging from 20 - 55%, while Chlorophyta have the highest GC-contents (52 - 67%). 

 

Figure 2.3-6: Number of species sequenced by a certain sequencing method per year. The diagram shows 

the number of species sequenced with different sequencing methods. For species that were sequenced using 

several methods (e.g. the whole genome library was sequenced with 454 and the BAC library sequenced with 

Sanger), every method is counted. 
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diArk in comparison to other databases 

Important parameters describing diArk's content in comparison to that of GOLD, NHGRI, 

NCBI Genome, and ISC are listed in Table 2.3.1. Because diArk, NHGRI, and ISC 

exclusively contain eukaryotes only those data were compared. Most obviously, the total 

number of species differs by up to a factor of ten. At diArk, information about 806 species 

is available (numbers have been obtained on March 10, 2011) while GOLD provides data 

for 2153 eukaryotes with 1876 species unique. NHGRI lists 187 (total 248), NCBI 

Genome 986 (total 1090), and ISC 287 (total 360) unique species, respectively. In total, 

GOLD and NCBI Genome list more species than diArk, but this is mainly due to the 

different philosophies. GOLD and NCBI Genome include species for which genome 

projects are planned or which are in very early stages ("DNA received" or "sequencing in 

progress") of the project while diArk only lists projects for which genome assemblies or 

considerable amounts of cDNA/EST data are available. In addition, GOLD, NHGRI, 

NCBI Genome, and ISC list the same species multiple times if for example different 

sequencing centres sequence different genome libraries (e.g. three entries are available for 

sequencing Bos taurus at GOLD), while diArk combines these data. 

 

 

Figure 2.3-7: Genome assembly characteristics. A) The graph shows the GC-content and the genome size of 

completed genome assemblies (thus excluding low-coverage genomes). For better visualisation the genome 

size is plotted logarithmically. B) The diagram shows the box plot of the genome sizes of some major taxa for 

which many completed genome assemblies are available. C) Same as B) but the genome sizes are plotted 

logarithmically to better visualize the sizes of the smaller genomes. 



2.3 diArk 2.0 provides detailed analyses of the ever increasing eukaryotic genome sequencing data 103 

Different strains of a species (e.g. Saccharomyces cerevisiae YS2 and YS4) are treated 

separately in all databases. Thus, the up-to-dateness of the databases can only be compared 

at the level of draft, finished, and published genomes. In diArk, 613 of 806 species are 

completely sequenced and 358 are published. In contrast, GOLD assigned 358 of the 2153 

species as completed and 156 as published genomes. Publications for species are missing 

in GOLD for example (chosen alphabetically) for the pea aphid Acyrthosiphon pisum  

(267), the giant panda Ailuropoda melanoleuca ((268), still marked as “in progress”), the 

fungus Ajellomyces capsulatus NAmI WU24 (269), the American malaria mosquito 

Anopheles darlingi ((270), still marked as “in progress”), and the fungus Ascosphaera apis 

(271), while the list of 156 “published genomes” also contains species marked as 

“unpublished” (e.g. Arthroderma benhamiae) and those, for which no information at all is 

given (e.g. the four Arabidopsis thaliana ecotypes Bur-0, C24, Ler-1, and Kro-0). At NCBI 

Genome, 431 completed and 285 published eukaryotes were found. Because species 

projects and publications are entered manually into diArk and the other databases, the 

lower numbers by GOLD and NCBI Genome might mainly result from oversight and lack 

of manpower by the curators. diArk includes all publications listed in GOLD and NCBI 

Genome. Furthermore, diArk is unique in providing additional information for most of the 

sequenced genomes like the method(s) used for sequencing, the method(s) used to create 

the assembly, and assembly details like the sequencing coverage or the assembly version. 

For each assembly, the GC-content and the assembly size are computed while NCBI 

Genome and GOLD provide these data for only a small subset of their species. Based on 

these data, diArk presents the most comprehensive and complete dataset of sequenced 

eukaryotic species worldwide. 
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Table 2.3.1: diArk’s content in comparison to other databases 

 diArk GOLD NHGRI NCBI Genome ISC 

# species (unique/total) 806 1876/2153 187/248 986/1090 287/360 

# mRNA sequencing projects 562 350 (EST) 

88 

(Transcriptome) 

11 (RNA)  

1 (cDNA) 

- 6 (cDNA) 

1 (EST) 

# genome sequencing projects 1499 1705 160 1078 - 

# genomes marked as "sequenced" 
1) 

613 358 

(completed) 

88 (completed) 431 105 

# genomes marked as "published" 
2) 

358 156 - 285 - 

taxonomy full taxonomy two major taxa one major taxon two major taxa one major taxon 

sequencing method  - - - - 

assembly method  - - - - 

GC-content (# species) 589/613 142/1876 - - - 

genome size (# species) 589/613 510/1876 -  - 

assembly details  - - - - 

genome assembly files analysed 2109 - - - - 

species common names    -  

links to species pages   - - - 

detailed info about species pages  - - - - 

sequencing centre reference      

funding agency -   -  

target (survey sequencing, draft, etc.) - -    

project status -     

database search options   - limited limited 

database content view options 7 result tabs 1 table 1 table 1 table 1 table 

accessibility / speed fast slow fast fast fast 
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1)
 In this analysis, all genomes, for which assemblies were announced, are regarded as “sequenced” independently of the various status that the 

different databases give (draft, completed, published) and independently of the genome coverage. 

2)
 The numbers of published genomes have been retrieved as follows: diArk: 1) Using the Search page, select Projects_Search_Module, select 

“Sequencing type” Genome, and “Select all references” All Projects; 2) Add Search_Module, select Publications_Search_Module, and select 

“Select all publications” All Publications. GOLD: The number of published genomes is given, separated by kingdoms, in the “Complete Published” 

list. NCBI Genome: The number of published genomes has been derived by counting the links to PubMed. 

NHGRI: http://www.genome.gov/10002154 (acquisition of data: 2011-03-10) 

NCBI Genome Projects: http://www.ncbi.nlm.nih.gov/genomeprj, http://www.ncbi.nlm.nih.gov/genomes/leuks.cgi (acquisition of data: 2011-03-10) 

ISC: http://www.intlgenome.org/viewDatabase.cfm (acquisition of data: data as of 2011-03-10) 
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2.3.5 Conclusions 

Due to the next-generation sequencing methods genome data of eukaryotes is increasing 

rapidly. Technically, all methods have their advantages and disadvantages, and it is 

therefore important to know how the genome of interest has been sequenced. Also, 

different assemblies have been generated for several species using either the same raw data 

but different assembly methods (262,263,272), or incorporating data from different sources 

(see for example the latest Rattus norvegicus assembly, version 4.1, generated at the 

Human Genome Sequencing Center at Baylor College of Medicine). diArk stores all 

genome assemblies that are available worldwide and provides several assembly related 

metadata: assembly version, assembly release date, completeness of the assembly, GC-

content, assembly size, number of contigs, N50-value (including graphical representation 

of the contig distribution), accession numbers of the contigs, genome assembly files, 

sequencing method, and assembly method. diArk also provides many statistical analyses of 

its content based on the selection of the data. Currently, diArk contains data associated to 

806 species. For 611 of them, genome assemblies are available, in most cases in different 

versions and types (contigs, supercontigs, chromosomes, etc.) amounting to 2109 genome 

assembly files. Of these 611 genome assemblies, 358 have already been published. 

Compared to other databases diArk 2.0 provides the most recent and comprehensive 

eukaryotic genome assembly data. 

2.3.6 Availability and Requirements 

Project name: diArk – a resource for eukaryotic genome research  

Project home page: http://www.diark.org/  

Operating system: Platform independent  

Programming language: Ruby  

Other requirements: The current version of diArk was designed for Firefox, but has been 

tested on all recent versions of Safari, Internet Explorer, and Chrome. It requires cookies 

and JavaScript enabled.  

Web-service: To use the web service via SOAP, the WSDL-file can be obtained at 

http://www.diark.org/diark_backend/service.wsdl. For using XML-RPC, users can connect 

to the endpoint URL http://www.diark.org/diark_backend/api.  

License: The database schema, the web application and all scripts can be obtained upon 

request and used under a GNU General Public License. 
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2.3.10.1 Additional file 1 - Database scheme. 
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Figure 2.3-8: The schema shows the database tables and their relations. Content related tables are grouped 

and coloured according to Figure 2.3-1 of the main manuscript. For each table the columns are listed with 

their name and data type. Yellow keys in front of the names signify columns with unique identifiers. Blue 

window-symbols mark foreign key columns that contain values of id-columns of other tables. Symbols at the 

right side of the column names designate indices for better performance. Lines are relations between tables. 

Two unary (recursive) relationships are defined: One linking taxa to their parent taxon and one linking 

species groups to their parent group. 



108 2 Publications 

2.4 Cross-species protein sequence and gene structure 
prediction with fine-tuned Webscipio 2.0 and Scipio 

Klas Hatje
1*

, Oliver Keller
2*

, Björn Hammesfahr
1
, Holger Pillmann

1
, Stephan Waack

2
 and 

Martin
1§

 

1
 Abteilung NMR basierte Strukturbiologie, Max-Planck-Institut für Biophysikalische 

Chemie, Am Fassberg 11, D-37077 Göttingen, Germany 
2
 Institute of Computer Science, University of Göttingen, Goldschmidtstr. 7, 37077 

Göttingen, Germany 
*
 KH and OK contributed equally to the work 

§ 
Corresponding author 

 

BMC Research Notes 
Published: 28 July 2011 

BMC Research Notes 2011 4:265 doi:10.1186/1756-0500-4-265 This article is available 

from http://www.biomedcentral.com/1756-0500/4/265 

2.4.1 Abstract 

Background 

Obtaining transcripts of homologs of closely related organisms and retrieving the 

reconstructed exon-intron patterns of the genes is a very important process during the 

analysis of the evolution of a protein family and the comparative analysis of the exon-

intron structure of a certain gene from different species. Due to the ever-increasing speed 

of genome sequencing, the gap to genome annotation is growing. Thus, tools for the 

correct prediction and reconstruction of genes in related organisms become more and more 

important. The tool Scipio, which can also be used via the graphical interface WebScipio, 

performs significant hit processing of the output of the Blat program to account for 

sequencing errors, missing sequence, and fragmented genome assemblies. However, Scipio 

has so far been limited to high sequence similarity and unable to reconstruct short exons. 

Results 

Scipio and WebScipio have fundamentally been extended to better reconstruct very short 

exons and intron splice sites and to be better suited for cross-species gene structure 

predictions. The Needleman-Wunsch algorithm has been implemented for the search for 

short parts of the query sequence that were not recognized by Blat. Those regions might 

either be short exons, divergent sequence at intron splice sites, or very divergent exons. We 

have shown the benefit and use of new parameters with several protein examples from 
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completely different protein families in searches against species from several kingdoms of 

the eukaryotes. The performance of the new Scipio version has been tested in comparison 

with several similar tools. 

Conclusions 

With the new version of Scipio very short exons, terminal and internal, of even just one 

amino acid can correctly be reconstructed. Scipio is also able to correctly predict almost all 

genes in cross-species searches even if the ancestors of the species separated more than 

100 Myr ago and if the protein sequence identity is below 80 %. For our test cases Scipio 

outperforms all other software tested. WebScipio has been restructured and provides easy 

access to the genome assemblies of about 640 eukaryotic species. Scipio and WebScipio 

are freely accessible at http://www.webscipio.org. 

2.4.2 Background 

Whole genome sequences of eukaryotes are generated with increasing speed (273). While 

the focus at the beginning of high-throughput DNA sequencing was on model organisms 

and the human genome, for which tremendous amounts of secondary data was available, 

the aims have shifted to organisms of medical or economic relevance (e.g. Plasmodium 

falciparum (274) or Phytophthora ramorum (275)), to the comparative analysis of entire 

taxa (e.g. the Drosophila clade (276) or Candida species (277)), and, very recently, to 

organisms of evolutionary interest (e.g. Trichoplax adhaerens (278) or Volvox carteri 

(279)). However, gene catalogues are only available for a small part of the sequenced 

organisms and a precise and complete set of genes is still unavailable for even a single 

species. In the first instance the gene annotation is done with automatic gene prediction 

programs that either predict only isolated exons, or reconstruct the complete exon-intron 

structures of the protein-coding genes, or even try to predict 5’ and 3’ untranslated regions. 

Ab-initio gene prediction programs only use the assembled DNA sequences as input, 

having precomputed models for nucleotide distributions, while evidence-based programs 

consider alignments of ESTs, cDNAs, or annotated sequences from closely related 

organisms, with the target sequence (reviewed in (280)). The highest accuracy is reached 

by programs that combine model-based and alignment-based approaches (281,282).  

For many biological applications like the phylogenetic analysis of a protein family (e.g. 

(125)) or the comparative analysis of the exon-intron structure of a certain gene from 

different species (e.g. (283)), it is necessary to obtain translated transcripts of homologs of 

closely related organisms or the reconstructed exon-intron patterns of the genes, 

respectively. The protein sequences of homologs of a certain protein can be obtained in 

several ways. Annotations based on ab-initio gene predictions, sometimes supplemented 

by EST data, are available for about half of the sequenced eukaryotic genomes, although it 
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is often tedious to find the corresponding data via the FTP-pages of the sequencing centers. 

In addition, automatic predictions are not complete and in many cases not correct. For very 

few eukaryotes, full-length cDNA data can be accessed. However, these data never cover 

the complete transcriptome of the species. Another possibility is to manually annotate the 

protein homologs in the genomes of choice by comparative genomics. This is certainly the 

most accurate way. By this approach a multiple sequence alignment of as many as possible 

homologs is created, and based on this sequence alignment mispredicted sequence regions 

(insertions and missing regions) are easily detected. Further homologs are added by 

manual inspection of the corresponding genomic DNA regions and manual reconstruction 

of intron splice sites. Splice sites are in most cases conserved throughout the eukaryotes 

(284) and therefore their position and frame can be used for gene reconstructions by 

comparing gene structures from known and to be annotated genes. 

To assist in the task of the manual annotation of eukaryotic genomes, and to provide 

options for genomes for which gene prediction data is not available, we have recently 

developed Scipio (13,212). Scipio is a post-processing script for the Blat output (285) and 

maps a protein sequence to a genomic DNA sequence. Blat has been developed for the fast 

alignment of very similar DNA or protein sequences. However, Blat is not able to identify 

very short exons (two or three amino acids, or exons of just the N-terminal methionine), it 

is not able to assemble genes spread on more than one contiguous DNA sequence, it misses 

exons that are too divergent, it does not apply biological sequence models to determine 

exact splice site locations on nucleotide level, or to distinguish introns from insertions 

caused by frameshifts or in-frame stop codons (13,212,286).  Scipio is able to address most 

of these issues resulting in considerably improved gene structure reconstructions (13,212). 

Its initial intention was to cope with sequencing errors, to assemble genes from highly 

fragmented genome assemblies, and to reconstruct intron splice sites. Scipio was not able 

to correctly reconstruct very short exons or to correctly reconstruct genes in cross-species 

searches if these were not highly identical. 

Here, we present the fundamentally improved version of the Scipio software that has been 

extended for the use in cross-species searches. In addition, very short exons and divergent 

regions at intron borders are now correctly reconstructed. Scipio can be used via the web-

interface WebScipio that provides access to 2111 genome assembly files for 592 species 

(end of February 2011). 

2.4.3 Methods 

The presented software consists of two programs that form a pipeline for the output of the 

external program Blat, which is executed first. The Blat results are post-processed by the 

Scipio script written in Perl (287). WebScipio provides a graphical user interface for Scipio 
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that we have developed using the web framework Ruby on Rails (78,79). The workflow 

was optimized to direct the user to the necessary input parameters. This was implemented 

with the technique of Asynchronous Javascript and XML (AJAX). Visual effects were 

realized with the help of Prototype (254) and script.aculo.us (288) that are JavaScript 

libraries, which are integral parts of Ruby on Rails. 

Scipio 

The Scipio Perl script itself, which can also be run standalone, has undergone numerous 

extensions that are based on our extensive experience in manual gene annotation 

(35,63,125). The general setup of the script that aimed to handle all the various sequencing 

and assembly errors has already been described (212); here, we present an implementation 

of the Needleman-Wunsch algorithm which is the main extension to the previous version. 

The Needleman-Wunsch Algorithm used in Scipio 

In the updated version of Scipio, we use a modified Needleman-Wunsch style dynamic 

programming (DP) algorithm to perform an exhaustive search for the best-scoring spliced 

alignment between the query and target sequence fragments that were left unmatched by 

Blat. Like the original Needleman-Wunsch algorithm, it calculates an optimal global 

alignment between the sequences, but it is adjusted to find an optimal spliced alignment 

between a protein query sequence s and a genomic target sequence t. Given the 

computational cost of |s| and |t|, it is executed only on very short sequence fragments s and 

t. We introduce different categories of penalties depending on the type of matching. Any 

alignment can be represented by a parse Φ: a collection of pairs of strings (s1, t1), … 

, (sk, tk), such that the aligned sequences are the concatenations: s = s1 … sr, t = t1 … tr. A 

penalty score p(sk, tk) is assigned to each pair as follows: 

 if sk is a single residue and tk a string of length 3 (codon), then p(sk, tk) = pMAP(sk, tk) 

is a match/mismatch penalty: 
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 an insertion penalty p(sk, tk) = pINS is assigned to them if sk is a single residue and tk 

is empty 

 a gap penalty p(sk, tk) = pGAP is assigned to them if tk is a codon and sk is empty  

 a frameshift penalty p(sk, tk) = pFS is assigned to them if tk consists of 1 or 2 

nucleotides, and sk is empty or a single residue 
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To cover the case of introns, in addition we define intron penalties based on the donor and 

acceptor splice sites: 
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with a constant value pINT for any sequence of nucleotides n1...n and zero splice site 

penalties if n1n2 = “GT”, and n 1n= “AG”. We distinguish two cases: in-frame introns, 

and introns splitting codons: 

 if sk is empty and tk exceeds the minimum intron length, then p(sk, tk) = pINTRON(tk) 

is the intron penalty 

 if sk is a single residue n1n2n3, and tk = n1ωn2n3 , or tk = n1n2ωn3 with single residues 

and ω a string exceeding the minimum intron length, then the penalty is a combined 

match/intron penalty: p(sk, tk) = pINTRON(ω) + pMAP(sk, n1n2n3). Here, two different 

penalties are defined (depending on the frame of the intron), and thus the minimum 

of them is taken.  

If (sk, tk) does not satisfy any of these conditions, no penalty is defined resulting in an 

invalid parse. By combining insertions, deletions, and frameshifts, there is always some 

valid parse for any given pair of sequences. The cost of a parse Φ is the sum of the 

penalties: p(Φ) = p(s1, t1) + … + p(sr, tr), and we calculat 

  
p s,t = min p   | is a valid parse aligning s and t  

by computing the DP matrix (Mij) containing the minimal score for an alignment of the 

subsequences s[0..j-1] and t[0..i-1], using the following recursions: 
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where each of these expressions corresponds to one of the possible penalty types for the 

last segment of the parse. 
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The last three lines cover introns, one for each reading frame, with min denoting the 

minimum intron length. To avoid having to iterate over all values for i' in these cases, we 

precompute nine variants of the score matrix with partial intron penalties added (indexed 

by a nucleotide n if it splits a codon) as follows: 
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Note that n denotes the nucleotide before the intron in M
(1)

, and the nucleotide after it in 

M
(2)

. The latter contains already the mismatch penalty, while the former does not. With i' 

the latest segment start allowed (i' = i − min for an intron scored by M
(0)

, and i' = i − min−3 

for a codon split by an intron), the intron variables are given recursively by 
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and then replace the last three lines in the recursion for Mij: 

  

M
ij

= min

,

M
i, j

0 
+ p

ASS
t

i2,i1 
 ,

min
n=a,c,g,t

M
i, j,n

1 
+ p

MAP
s

j1 
, n t

i2,i1 
  + p

ASS
t

i4,i3 
 ,

M
i, j,n

2 
+ p

ASS
t

i3,i2 
 















 

The penalties for the Needleman-Wunsch algorithm can be adjusted manually in the Scipio 

command-line version but not via the WebScipio web-interface. The penalties need to be 

well balanced so that the Needleman-Wunsch search does not result for example in a 

number of artificial short exons where a long exon is missing due to a gap in the genome 
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assembly. Based on extensive tests with in-house test data we set the following values as 

default: mismatch-penalty: 1.0; insertion-penalty: 1.5; gap-penalty: 1.1; frameshift-penalty: 

2.5; intron-penalty: 2.0 + the respective penalties for donor and acceptor splice sites. 

WebScipio 

At present, the web interface offers 2272 genome files of 643 eukaryotic organisms. 

Metadata corresponding to the species, like assembly versions, sequencing centers, and 

assembly coverage, is available from the diArk database (210). WebScipio reads the 

metadata out of a periodically updated text file generated from diArk, or queries the diArk 

database directly with SQL.  

The gene structure schemes resulting from the Scipio run are generated and displayed in 

the Scalable Vector Graphics (SVG) format (259). This allows scaling the graphics while 

retaining their resolution and to show tooltips generated with JavaScript and HTML for 

each element of the gene structure schemes. For browsers not supporting SVG, a fall back 

solution is implemented, which uses the Portable Network Graphics (PNG) format. The 

PNG files are generated by Inkscape (289). 

Internally, the sequence data is processed with the help of BioRuby (260). Results are 

saved in the YAML format (290), but are also available for download in the GFF format. 

The web application runs the Blat and Scipio jobs in the background, which was 

implemented using the Rails plug-in Workling in combination with Spawn (291,292). The 

server-side stored session data is increasing with every extension of WebScipio. To make 

the session storage fast, flexible, and scalable we use a database backend called Tokyo 

Cabinet (293). It offers a simple key-value store, also called hash store, for accessing 

different data objects with the help of a unique key for each object. Tokyo Tyrant is the 

network interface to Tokyo Cabinet and allows storing data across the network on several 

servers. It is used in WebScipio for scalability reasons. 

External Tools 

We use Hoptoad for error reporting (294). It is a web application that collects errors 

generated by WebScipio, aggregates them to the detailed error reports for developer 

review, and sends email notifications. We use a behaviour-driven testing strategy to 

validate the functionality and behaviour of WebScipio. For the automation of these tests 

we use RSpec (295), which is a behaviour-driven development framework for the Ruby 

programming language. Our intention for this test implementation was the need of 

reliability and accuracy within the continuously extended software. Application tests are 

run with Selenium, a test system for web applications (296). This offers the opportunity to 

test the web-interface as a whole. Selenium integrates into the Mozilla Firefox browser as a 
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plug-in that records the user interaction in the form of a Ruby script. To run the test scripts 

without user-interaction, Selenium starts and controls the browser automatically. We 

integrated the user-interface tests into our automated test environment as additional RSpec 

test cases. 

2.4.4 Results and Discussion 

Scipio and WebScipio workflow and general parameters for fine-tuning gene 

predictions 

The general workflow of Scipio and WebScipio is similar to that described previously 

(13,212). Scipio provides some general search parameters that filter the Blat output for 

further post-processing, and offers several expert options that influence the post-processing 

steps. In the new Scipio version, especially the part of the gap-closing (mapping the parts 

of the query sequence to the target sequence that Blat failed to recognize) and hit extension 

(modelling the regions at exon borders, including terminal exons, where homology was too 

low to be identified by Blat) has been improved (Figure 2.4-1, see also Additional file 

2.4.11.1). This has been done by implementing the Needleman-Wunsch algorithm for the 

search of unmapped query sequence in respective target regions and by introducing 

parameters that allow a higher divergence from the exon border regions predicted by Blat. 

All new parameters are adjustable by the user although the default values should be good 

enough for most cases. However, especially when searching for very divergent homologs 

or when searching for homologs of very divergent species, these parameters might need 

manual adaptation. Figure 2.4-1 shows a detailed scheme of the Scipio workflow including 

all parameters that can manually be adjusted. Also, some of the most important decisions 

are outlined that Scipio makes to provide the best possible result. The detailed scheme 

should allow the experienced user to fine-tune the search in especially difficult cases. The 

rationale for implementing each of the parameters and its consequences are explained 

below. 
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  Figure 2.4-1: The extended Scipio workflow. This diagram depicts the activity and data flow of a Scipio run. 

Scipio needs a protein and a target genome sequence, both in FASTA format, as input to start a Blat run. 

Every single Blat hit is subsequently processed and filtered, and assembled in the case of hits on multiple 

targets. The gap_length describes the number of amino acids of an unmatched query subsequence. The 

intron_length is the corresponding length of the unmatched target subsequence in nucleotides. 
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The new web-interface 

Because we wanted to offer most of the new parameters to the experienced user via the 

web-interface WebScipio, and we planned to introduce searches for alternatively spliced 

exons, we had to redesign the WebScipio workflow. The goal was to keep it well 

structured, intuitive and clear. We have also improved the usability for new and less 

experienced users by providing more examples, help pages, and documentation. The 

general design of selecting one target sequence for the search for multiple query sequences 

has been retained. Next, the experienced user can adjust many of the Scipio variables, and, 

also at this stage, many of the parameters for searches for alternative exons (those 

parameters are described elsewhere). We provide some default values for cross-species 

searches that are based on our experience in working with and knowledge about eukaryotic 

genomes (125). For example, some genomes are known to contain only small numbers of 

introns while others are known to contain only short introns. Special settings for cross-

species searches are provided for several specific taxa but the default cross-species 

parameters should be applicable for most genomes. Having selected a specific set of 

parameters every single parameter can still be adjusted individually. 

As before, the most important result view is the scheme of the exon-intron structure of the 

search result. In this scheme, all information regarding the quality of the result (complete 

versus incomplete, containing gaps, i.e. unmatched parts of the query sequence, 

questionable introns, mismatches, frame-shifts, in-frame stop-codons, etc.) is included. 

Opening the “Search details” box provides further information concerning the search 

parameters, and additional data regarding the aligned query sequence is available from the 

different result views. 

Due to gene and whole genome duplications during eukaryotic evolution there are often 

two or more closely related homologs of a certain protein per genome. This might cause 

some problems for cross-species searches if the paralogs in the target genome are about 

equally homologous to the query sequence. Therefore, we implemented a --

multiple_results parameter. Switching --multiple_results off is the best way to get the exact 

gene structure for an intra-species search. Switching --multiple_results on (default setting 

in cross-species searches) allows retrieving all possible results depending on the general 

search parameters (like --min_score or --min_identity, Figure 2.4-2). If multiple hits are 

found they will be listed separately and can be analysed using the various result views. In 

addition, we implemented a quick view showing the gene structure schemes as a fast 

overview. As example for the benefit and limitation of this parameter, we searched for 

class-II myosin heavy chain homologs in humans (Figure 2.4-2). It is known that 

vertebrate genomes contain several muscle myosin heavy chain genes (belonging to the 

class-II myosin heavy chains) that are specialised for certain tissues like heart muscles or 
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skeletal muscles (125). Six of these genes are encoded in a cluster (297). The example 

search shows the gene structure corresponding to the query sequence (HsMhc1_fl) and the 

gene structures of six homologs of varying degree of divergence. While the closest 

homolog (HsMhc1_fl_(1)) only contains mismatches compared to the query sequence, the 

three next closest homologs have severely deviating gene structures. They contain very 

long introns in the middle of the genes indicating that they are mixed genes assembled 

from the N-terminal half from one gene of the muscle myosin heavy chain cluster and the 

C-terminal half taken from the following gene of the cluster. The next two homologs are 

already very divergent so that parts of the genes cannot be reconstructed leaving many and 

long gaps. 

Use of WebScipio to produce publication-quality figures of gene structures 

WebScipio can be used to easily produce publication-quality figures of gene structures. 

Either, these figures can be produced in the described way, or the user can upload an own 

genomic DNA sequence for use as target sequence. This is interesting in the case that the 

whole genome sequence is not known but only the genomic sequence of a certain region. 

SVGs can be downloaded and further processed in many graphics programs. 

New general and expert search parameters 

The parameters --min_score (previously: --best_size), --min_identity, and --max_mismatch 

have already been described(13) and define the threshold for the Blat hits to be processed 

by Scipio. To reduce or even abolish the artificial assembly of contigs that by chance 

contain some identical residues we have introduced the parameter --min_coverage that 

applies to every single Blat hit. The coverage is the number of mapped residues (as match 

or mismatch) divided by the query length of the (possibly partial) hit. By default, Scipio 

rejects hits with coverage of less than 60%. 

In addition to these general parameters we have introduced several expert options most of 

which will be described in detail below. One of the parameters is --transtable that allows 

the user to specify a non-standard translation table, for the use with species like Candida 

species, Tetrahymena thermophila and others that would otherwise lead to mismatches. 

Another parameter called --accepted_intron_penalty is used to define valid splice sites. By 

default, GT---AG and GC---AG are accepted, whereas, for example, introns with the 

pattern AT---AC would be classified as doubtful (“intron?”). By adjusting the --

accepted_intron_penalty parameter those introns will also be accepted instead of defining 

those introns as “intron?”. 
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Figure 2.4-2: Screenshot of the multiple results view of WebScipio. The screenshot shows the result of the 

search for multiple homologs of one of the muscle class-II myosins from human in the human genome. The 

search parameters were --min_identity=60%,--max_mismatch=∞, and --multiple_results=yes to get as many 

homologs as possible. On top, the opened quick view of all reconstructed gene structures is shown. Next, a 

panel with the different results is shown. Green numbers mark complete results (100% of the query sequence 

reconstructed) while red numbers mark incomplete results (might contain gaps, mismatches, frameshifts, 

etc.). Result hit number 2 was selected and shows the result for the closest homolog to the query sequence 

with no gaps (unmapped query sequence) but 101 mismatches. 
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Parameters to account for additional/missing bases in predicted exons 

Gene homologs even from very closely related species are often too divergent to be 

completely identified by Blat. While the core building block of the proteins and the 

functional sites are often strongly conserved, low homology is especially found at the 

surface of the proteins. Thus, loop regions are often sites of amino acid substitutions, 

insertions of long stretches of residues, and deletions. In addition, since the terminal 

regions of most proteins are at the surface, they are also often very divergent. Short 

stretches of nucleotides whose lengths are multiples of three and whose translations do not 

result in any in-frame stop codons are most likely to be insertions rather than true introns.  

A parameter --min_intron_len has been implemented to distinguish introns from insertions, 

with a default minimum intron length of 22 nucleotides. A minimum intron length of 22 

nucleotides is a rather conservative estimate given the minimum intron length of 35-40 

nucleotides based on a test set of about 17,000 introns of genes of 10 model organisms 

(298). Thus, by default additional coding sequence for up to seven amino acids (= 21 

nucleotides) will be treated as exon sequence and joined with the surrounding exons into a 

single exon. 

The opposite case of extra amino acids in the query is dealt with by the parameter --

gap_to_close. By default, a mapping of up to six additional amino acids from the query 

sequence to the exon borders will be enforced at the cost of further mismatches, in order to 

eliminate a gap (of unmatched query sequence). This parameter also effects the modelling 

of the intron borders (see below). Figure 2.4-3 shows two examples of cross-species 

searches in which the target sequence contains additional or less amino acids in conserved 

exons. Case A shows the results of a search for a kinesin homolog from Neurospora crassa 

(query sequence) in the closely related organism Neurospora discreta (target sequence, see 

also Additional file 2.4.11.2). Because of the relatively high homology of the two 

sequences, Blat has already retained the additional residues of the query sequence so that 

they are included in the result of the old Scipio version. However, a questionable intron 

(called intron? in Scipio) was introduced in the region that contained additional nucleotides 

in the target sequence leading to missing residues in the target translation. With the new 

parameter --min_intron_len these additional nucleotides are correctly treated as exonic 

sequence. Case B shows an example of two divergent homologs of the dynactin p62 gene 

of Phytophthora ramorum (query sequence) and Phytophthora sojae (target sequence, see 

also Additional file 2.4.11.2). These two homologs contain a long divergent region with 

many consecutive mismatches in the first exon that is not identified by Blat and introduces 

a long gap of unmatched residues. In addition, the N- and C-termini have divergent 

sequences and different lengths. With the new parameters, Scipio can correctly model the 

target gene.  
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Parameters to identify divergent exons and very short exons ignored by Blat 

To identify exons that contain too many mismatches to be identified by Blat, and to 

correctly annotate very short exons, the Needleman-Wunsch algorithm described above 

forces an alignment of unmatched query sequence to spare target sequence. Very short 

exons of one to four amino acids are only reconstructed if they are identical to the query 

sequence and contain valid splice sites while short exons of five to seven amino acids are 

also often correctly reconstructed if they contain mismatches between query and target 

Figure 2.4-3: Modelling of additional/missing bases in gene predictions. Case A shows the result of the 

search of a kinesin from Neurospora crassa (query sequence) in Neusrospora discreta (target sequence) 

using the old and the new Scipio version. The --min_intron_len parameter has been set to 22. Case B shows 

the result of a search of the dynactin p62 homolog from Phytophthora ramorum (query sequence) in 

Phytophthora sojae (target sequence). To get the correct gene prediction the following Scipio parameters 

have been used: --min_identity=60%, --min_score=0.3, --max_mismatch=∞, --gap_to_close=15, --

min_intron_length=22. The colour coding is explained in the legend and applies to all gene structure figures. 

For further information see Additional file 2.4.11.2. 
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sequence (e.g. in cross-species searches). The maximal lengths of query and target 

sequence fragments to be aligned with Needleman-Wunsch are controlled by the 

parameters --exhaust_align_size and --exhaust_gap_size, respectively. By default, the 

exhaustive search is restricted to query gaps of 21 amino acids (three times the default Blat 

tilesize), since we expect Blat to successfully discover at least parts of any longer exons, 

and to a target subsequence of 15,000 bps. The restriction of the latter value is caused by 

the exponentially increased run time with increased target subsequence so that for example 

the potentially very long introns in mammalian genomes are only searched after manual 

increase of this value. Other parameters affecting the Needleman-Wunsch algorithm, such 

as the penalties mentioned above, can be adjusted by the command line version only, and 

not via WebScipio. However, the default values have extensively been tested with in-house 

data and should not require changes in most if not all cases. 

The effect of the new parameters on the search results is demonstrated with the examples 

shown Figure 2.4-4 (see also Additional file 2.4.11.2). In case A, the human dynactin p50 

gene contains two very short exons of 3 and 2 amino acids. These two short exons are 

conserved in all vertebrates (1). Case B shows the coronin gene from the basidiomycote 

fungi Puccinia graminis encoding a short 3 amino acid exon (Figure 2.4-4, see also 

Additional file 2.4.11.2). In addition, the codons at the exon/intron junctions of this short 

exon are split. In most of the other basidiomycotes sequenced so far, this short exon is part 

of one of the neighbouring exons, or part of a longer exon that includes both neighbouring 

exons. However, it also exists in the basidiomycote Melampsora laricis-populina. Thus, 

this short exon is not an artificial creation but a true exon. Case C presents the dynactin 

p150 gene that contains three short exons of 7, 6, and 7 amino acids at the beginning of the 

gene (Figure 2.4-4, see also Additional file 2.4.11.2). Even with the Blat-tilesize set to 5 

those exons are not recognized in the search against the chromosome assembly. This 

example best demonstrates the effect of the --exhaust_align_size (default setting 15,000 

bps) and the --exhaust_gap_size (default setting 21aa) parameters to completely 

reconstruct the respective part of the gene. At the 3'-end of the p150 gene, there is another 

very short exon that shows some homology to the beginning of the preceding intron and is 

therefore added to the 3’-end of the preceding exon although this results in some 

mismatches. This behaviour has also been corrected in the new Scipio version by some 

other parameters (see below). 

Genes might not only contain very short exons between other exons but also at gene 

termini. Scipio uses an exact pattern search for N-terminal and C-terminal exons. Terminal 

exons will only be accepted if they match the query sequence and if the resulting intron 

borders agree with the two most common splice site patterns (GT---AG and GC---AG). 

The length of the terminal exons searched for is limited by the --gap_to_close parameter 

that is by default six residues.  
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Figure 2.4-4: Reconstruction of very short exons. Case A shows the result for the reconstruction of the 

human dynamitin (dynactin p50) gene, that contains a 3 amino acid exon and a following 2 amino acid exon 

that are differentially included in the final transcript. These exons could not be reconstructed with Blat and 

the old Scipio version, but using the new Scipio version that enables Needlman-Wunsch searches. The --

exhaust_align_size parameter has been set to 15,000bp because of the length of the intron. Case B shows the 

result of the reconstruction of the coronin gene from Puccinia graminis f. sp. tritici. The small but 

evolutionarily conserved exon 7 can now correctly be reconstructed. Case C shows the result of the 

reconstruction of the mouse dynactin p150 gene that contains three short exons of 7, 6, and 7 amino acids 

close to the 5’-end of the gene. For the correct reconstruction, the --exhaust_align_size parameter has been 

increased to 10,000 bp, because of the length of the intron, and the --exhaust_gap_size has been set to 21 

because of the length of the query that could not be mapped. The colour coding of the scheme is the same as 

in Figure 2.4-3. For further information see Additional file 2.4.11.2. 
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Parameters to account for low homology at intron borders 

The correct prediction of exact intron borders is one of the most difficult tasks in protein-

based gene-prediction, especially those intron borders next to small exons, because their 

residues might be falsely assigned to neighbouring exons, or when homology is low, as in 

cross-species applications. Here, divergent residues at intron borders are often not 

recognized by Blat, or conversely, intronic sequence is falsely assigned to the exon. To 

deal with the latter case, Scipio cuts off the marginal parts of Blat matches and realigns 

them. The parameter --max_move_exon allows increasing the default value of six residues 

that are cut off from the marginal parts. Figure 2.4-5 shows the effect of this parameter in 

some representative examples (see also Additional file 2.4.11.2). In the case of the human 

class-19 myosin gene, Blat and the old Scipio version were not able to reconstruct the 5’-

end of the gene correctly, because the intron in front of the second exon of the gene ends 

with the translated sequence LFQ that is very homologous to the real sequence LQQ. Blat 

added these residues to exon 2 albeit introducing a mismatch. With the new parameter --

max_move_exon (default setting is 6), Scipio is now able to resolve this misalignment and 

to subsequently identify the correct exon 1. Case B shows the reconstruction of the actin 

capping protein  from Theileria heterothallica (Figure 2.4-5, see also Additional file 

2.4.11.2). Here, by chance the intergenic region before exon 3 shows some homology to 

exon 2 (3 matches and 3 mismatches) and thus the exon 2 sequence was erroneously joined 

to exon 3. This happened irrespectively of lowering the Blat tilesize or adjusting any of the 

other Scipio parameters. By setting the --max_move_exon to 6 (default setting), the new 

version of Scipio is now able to correctly reconstruct the CAP gene. 

Parameters to adjust searches on chromosomes or highly fragmented data 

Scipio is able to reconstruct genes that are spread on several contigs or supercontigs of 

highly fragmented genomes. As we have shown, this feature is one of the most important 

strengths of Scipio (212) that other programs do not offer. However, this feature is not 

needed in chromosomal assemblies, and might lead, especially in the case of cross-species 

searches, to composed hits that stretch across multiple chromosomes, one of them being 

false positive (Figure 2.4-6). Hence, it can be switched off with the parameter --

single_target_hits (or --chromosome), which is the default setting when selecting a 

chromosome assembly as genome target file in WebScipio. 

For highly fragmented genomes it is still useful to allow gene reconstructions across 

several contigs. But also in this case one would want to exclude the assembly of hits that 

would introduce extremely long introns between exons on different contigs. To accomplish 

for those cases we have introduced the --max_assemble_size parameter that adjusts the 

maximum size of intron parts at target boundaries. If an intron would have to be created 

between two partial hits across two contigs that exceeds the given size (default: 75000 
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nucleotides), the two hits will not appear together as parts of one composed hit; rather, the 

lower-scoring contig will be discarded unless --multiple_results is enabled. Alternatively, 

the parameter --min_dna_coverage can be used to limit the length of introns stretching 

across contig boundaries, by specifying a minimum query/target length ratio for composed 

hits, in per cent. 

  

Figure 2.4-5: Reconstructing short exons at low homology intron borders. The scheme shows two examples 

for the reconstruction of short exons in regions where the intron borders of the neighbouring exons show 

some homology to the unmatched query sequence. The value for the --max_move_exon parameter has been 

set to 3 (case A) and 6 (case B), respectively. The colour coding of the scheme is the same as in Figure 2.4-3. 

For further information see Additional file 2.4.11.2. 



126 2 Publications 

Improved gene structure reconstruction in cross-species searches 

To test the sensitivity and specificity of the new Scipio version we performed a cross-

species search of the dynein heavy chain (DHC) genes of Homo sapiens in Loxodonta 

africana. The dynein heavy chain genes have been chosen because they belong to the 

longest genes in eukaryotic genomes and thus contain many exons spread on several 

hundred thousands of base pairs (Table 2.4.1). In addition, the dynein heavy chain family 

members show different degrees of identity in mammals and are therefore very suitable to 

test the limits of Scipio. Afrotheria (to which the elephants belong) and the 

Euarchontoglires separated about 100 million years ago (299). The DHC query sequence 

test set and the longer time the species have split up should be a better test for the cross-

species search capabilities of Scipio compared to the cross-species search of human 

myosin heavy chain genes in the mouse genome that we performed earlier (13). 

Figure 2.4-7 shows some example results of the cross-species search with genes of 

decreasing identity. The class-1 dynein heavy chain genes (DHC1) are very conserved 

between mammals, and the Loxodonta DHC1 could perfectly be reconstructed (except for 

the N-terminus that is not covered in the genome assembly). The DHC4A protein of 

Loxodonta has about 88 per cent identity to the human homolog, and could also completely 

be reconstructed. In contrast, the DHC9B protein has only about 78 per cent identity to the 

human homolog and the reconstructed gene still contains several gaps. The figure shows 

the result of the search using the old Scipio version compared to the result of the search 

with the new Scipio version. As reference, the result of the manual annotation of the gene 

is shown. It is very obvious that the new Scipio version provides a dramatically improved 

reconstruction of the Loxodonta DHC9B gene. More than 1,000 additional residues could 

Figure 2.4-6: Reconstructing genes on chromosome assemblies. The scheme shows an example of the 

search for the rat homolog (target sequence) of the human Kif5C kinesin motor protein. The C-terminal 

about 25 amino acids of the rat Kif5C homolog is missing in the respective chromosome assembly. Using 

Scipio v1.0 a very short identical stretch of four amino acids, found on a different chromosome, has 

artificially been added to the 3’-end of the gene generating an “intron” of millions of base pairs (Note the 

scale of the introns!). The new parameter --single_target_hits now prevents this mis-assembly. The colour 

coding of the scheme is the same as in Figure 2.4-3. 
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be mapped corresponding to an increase in completeness by about 25 per cent. The number 

of reconstructed exons increased from 62 to 80, which is close to the optimally 

reconstructed number of 85. 

Table 2.4.1: Details of the dynein heavy chain genes used for the cross-species search 

Protein Name Homo Loxodonta status* Loxodonta Loxodonta 

 Length [aa] Length [aa]  Length [bp] Exons 

DHC1 4646 4561 P 62248 77 

DHC2 4307 4234 P 413085 89 

DHC3A 4707 4690  358204 92 

DHC3B 4624 4582 P 298827 78 

DHC4A 4507 4508  361115 82 

DHC4B 4462 4428 P 115251 79 

DHC4C 4486 4339 P 486267 69 

DHC5 4589 4584  140290 79 

DHC6 4509 4457 P 134640 86 

DHC7A 4024 4019  253605 62 

DHC7B 4070 3966 P 187156 60 

DHC7C 3960 3960  201577 73 

DHC8 4265 4064 F 80895 73 

DHC9A 4158 4062 P 302568 75 

DHC9B 4612 4597 P 369531 85 

DHC11 4779 4779  81205 43 

* Status: P = partial sequence (short part of the sequence missing); F = sequence fragment 

(large region of the gene missing in the genome);  = sequence complete. 

The diagrams in Figure 2.4-8 show the improvements in gene reconstruction of the new 

Scipio version compared to the old version for the complete DHC dataset (see also 

Additional file 2.4.11.3). The reference for the perfectly reconstructed gene is the manual 

annotation based on the comparative annotation of more than 2,000 dynein heavy chain 

genes. The basis in diagram A is the reconstruction with Scipio v1.0, and shown are the 

improvements in the completeness of the annotation with Scipio v1.5 using different 

search parameters. In general, with the new Scipio version the reconstructions in these 

cross-species searches could considerably be improved. Lowering the tilesize, a Blat 

parameter to search with smaller fragments, further improved the results in only two cases. 

This corresponds to improvements independent of Scipio. However, extending the search 

frame for the exon search with the Needleman-Wunsch algorithm (parameter --

exhaust_align_size) further completed the reconstruction in almost all cases demonstrating 

the effect of the newly introduced Needleman-Wunsch search for short or divergent exons.  
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Figure 2.4-7: Example cross-species searches. The results of four searches with dynein heavy chain 

sequences from Homo sapiens in the elephant (Loxodonta africana) genome are shown. All genes are spread 

on several hundred thousands of base pairs. Statistics to the sequence results are given below the gene 

structure cartoons. An “intron?” is an intron for which the borders do not correspond to the standard splice 

sites GT---AG or GC---AG. The colour coding of the scheme is the same as in Figure 2.4-3. 
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Figure 2.4-8: Diagrams of the improvements introduced with the new Scipio version. The diagrams 

describe the improvement of the gene reconstructions of the DHC genes in the cross-species search of the 

human homologs (query sequences) in elephant (target sequence) using different Scipio versions and 

parameters. (A) The base-line is the result of the search using the old Scipio v1.0. The maximal possible 

annotation is represented by the gene reconstructions based on the manually annotated elephant DHC genes 

(reference dataset, purple). The blue bars show the reconstruction with Scipio v1.5 using --blat_tilesize=7, --

exhaust_align_size=500 and --exhaust_gap_size=21 (dataset s1). Green bars are results from the second 

search (dataset s2) with same parameters as for the first search, except for --blat_tilesize=6 and --

exhaust_gap_size=18 (three times the tilesize). This dataset represents improvements independent of Scipio. 

The red bars represent searches with same parameters as for dataset s1, except for the increased parameters 

--exhaust_align_size=5,000 and --exhaust_gap_size=25 (dataset s4). This data takes far longer to compute 

compared to the first search, because of the Needleman-Wunsch search in longer regions. For the DHC1 

gene Scipio v1.0 maps too many amino acids of the human query sequence to the elephant genome. So the 

negative bar representing the other datasets shows that these datasets cover the right number of 4561 amino 

acids. (B) This diagram depicts the number of gaps (human query sequence not matched in the elephant 

genome) and questionable introns (intron?; introns with uncommon splice sites) for the searches with the old 

Scipio version and the new version applying different parameters as in (A). The detailed values of the 

diagrams are shown in tables in Additional file 2.4.11.3. 
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Comparison of gene reconstruction and prediction tools 

We compared Scipio to other tools that reconstruct and predict genes based on a protein 

sequence, and to general gene prediction tools. The tools can be ordered in three 

categories. The tools of the first category reconstruct the exon-intron structure of the 

protein-coding genes based on a genomic sequence and a provided protein sequence. 

Scipio (212), Prosplign (249), Exonerate (300), and Prot_map (301) belong to this 

category. The second category includes the tools Fgenesh+ (302), GeneWise/Wise2 (303), 

and GenomeScan (304), that combine homology based gene reconstructions taking 

advantage of given protein sequences, and ab initio gene prediction approaches. The third 

group of software packages consists of ab initio gene prediction tools like Augustus (305), 

Fgenesh (302), and Genscan (306). The latter tools are not really comparable with the other 

ones in the task of reconstructing single genes, but the comparison illustrates the 

differences of ab initio and homology based gene predictions. In addition to Blat, we tested 

Blast (77), which can also be used as an initial search for the Prosplign tool. However, for 

our test cases this approach did not improve the results of Prosplign (see Additional file 

2.4.11.4). 

To evaluate the performance of Scipio in comparison to the other tools, four test scenarios 

have been designed. The DHC proteins have been chosen as a large general test set, while 

the other examples used for the explanation of the new Scipio parameters have been used 

as a test set for genes difficult to reconstruct. Both test data sets have been explored in 

reconstructions/predictions out of whole genome assemblies and respective gene regions. 

This differentiation has been done because only a few of the above-mentioned tools could 

be used in searches against whole genomes due to the limited upload possibilities of the 

respective web-interfaces while command-line versions of the tools were not available for 

every software. Thus we tested the performance of all tools against the gene regions of the 

test data that correspond to the nucleotide sequence of the reference annotation plus 2,000 

additional base pairs up- and downstream. To make the execution times comparable, the 

genome wide runs were performed on a dedicated server, which contains four 2.2Ghz 

AMD Opteron 6174 processors, with 12 cores each, and 128GByte of memory. 
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Scenario 1 

In the first scenario, the tools had to reconstruct the dynein heavy chain genes in the whole 

Loxodonta africana genome assembly based on the human protein sequences (Table 2.4.2). 

Table 2.4.2: Test scenario 1: Reconstruction of the Loxodonta africana dynein heavy chain genes in the 

whole genome sequence based on human protein sequences 

Tool Predicted 

genes 

Missing 

exons
1
 

Wrong 

exons
2
 

Exon 

sens. 

% 

Exon 

sens. 

(ov.)
3
 % 

Exon 

spec. 

% 

Nucl. 

sens. 

% 

Nucl. 

spec. 

% 

Execution 

time per 

prot. seq. 

Scipio 1.5
4 

16 11 6 93.4 99.1 93.3 98.7 99.8 70m 46s 

Exonerate
5
 2145 6 5669 94.8 99.5 16.5 99.7 18.5 123m 23s 

Exonerate
6
 16 287 62 73.4 76.1 90.2 76.1 94.3 121m 27s 

          

Augustus
7
 1374928 0 390943

4 

47.9 100.0 0.0 100.0 0.3 > 10 days 

          

BLAT
8
 - 9 264228 19.6 99.3 0.1 97.4 2.6 7m 24s 

Scipio 1.0
4
 16 14 46 86.1 98.8 83.2 97.9 99.4 8m 24s 

1
 Number of annotated exons, which are not overlapped by any predicted exon 

2
 Number of predicted exons, which are not overlapped by any annotated exon 

3
 Number annotated exons, which are overlapped by at least one predicted exon divided by 

the number of annotated exons 
4
 Mammalia cross species default options (for detailed parameters see Additional file 

2.4.11.5) 
5
 Parameters: --model protein2genome 

6
 Parameters: --model protein2genome --bestn 1 

7
 Parameters: --species=human --genemodel=exactlyone (for more parameters see 

Additional file 2.4.11.5) 
8
 Parameters as in 

4
: -tileSize=7 -minIdentity=54 -minScore=15 -oneOff=1 

Besides Scipio, only Exonerate and Augustus were able to produce reasonable results. 

Prot_map, Fgenesh, and Fgenesh+ could not be tested in this scenario because the 

command-line versions are proprietary and it is not possible to upload whole genome 

sequences via their web-interfaces. WebScipio is the only tool available, which already 

provides genome sequences. The dynein heavy chain genes contain 1,202 annotated exons 

including 209,486 nucleotides. The Loxodonta africana genome contains 3,271,792,967 

nucleotides including N’s. For the DHC1 gene the N-terminus cannot be found in the 

genome sequence because of a gap in the genome assembly. We adjusted the start of the 

first known exon in the reference annotation to the predicted exon for each tool, because 
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the start depends on whether a tool found an exon in front of the first known exon. The 

results of the first test scenario are presented in Table 2.4.2 (for more data see Additional 

file 4). Both Scipio and Exonerate in the standard mode are comparable in exon sensitivity 

(93.4% and 94.8%, respectively) and missed a similar amount of exons (11 exons and 6 

exons, respectively). However, Exonerate predicted many wrong exons (5669 exons) 

resulting in a low specificity (16.5%, compared to 93.3% exon specificity by Scipio). 

Exonerate can be configured to report only the best hit by setting the --bestn option to 1. 

While this option increased the specificity (from 16.5% to 90.2%), the sensitivity 

decreased (from 94.8% to 73.4%). Also, the number of missing exons increased to 287. 

Comparing the results of Scipio and Blat illustrates that Blat found almost all exons, but 

that Scipio is needed to refine the exon borders as well as to exclude hits not related to the 

query sequence. Using the new Needleman-Wunsch algorithm Scipio v1.5 closes many 

gaps by adding and extending exons to the hits found by Blat. The number of missing 

exons is lower in Blat (9 exons missing) than in Scipio (11 exons missing), because Blat 

maps parts of the protein sequence to the genomic sequence, although these hits are not in 

the same order as in the protein sequence. Scipio excludes these hits. The results also show 

the great improvement of Scipio v1.5 compared to Scipio v1.0 in sensitivity (93.4% and 

86.1%, respectively) and specificity, (93.3% and 83.2%, respectively). Altogether, these 

results show that Scipio v1.5 is the only free tool that is able to reconstruct the genes nearly 

complete in this scenario. 

Scenario 2 

The results of the second scenario are shown in Table 2.4.3.  

All above-mentioned tools were compared except for GenomeScan. Although 

GenomeScan produced results with the data provided on the respective webpage it did not 

work with our protein examples. The data show that Scipio performed in the same range as 

the other tools with respect to sensitivity and specificity. Scipio, Prosplign, and Exonerate 

revealed the highest sensitivity (94.7%, 95.7%, and 94.8%, respectively). Although 

Prosplign missed only one exon it also mis-predicted 41 exons. The homology based ab 

initio tools Fgenesh+ and Wise2 also provided almost complete reconstructions. Especially 

Fgenesh+ achieved high and balanced values for sensitivity (94.9%) and specificity 

(94.8%). The number of predicted genes illustrates that Exonerate without the --bestn 

option and Wise2 tend to divide long genes (32 and 39 genes predicted, respectively, 

instead of 16). The ab initio tools did not show comparable performance to the other tools 

in this scenario resulting in sensitivities of 76 – 82% and specificities of 58 – 83%. 

Augustus outperforms Fgenesh and Genscan with (Table 2.4.3) or without (see Additional 

file 2.4.11.4) the option to predict exactly one gene. Augusuts with the restriction to predict 

exactly one gene resulted in more accurate reconstructions. As in the whole genome 
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scenario, the new Scipio v1.5 (93.1% sensitivity and 93.1% specificity) provides far better 

gene predictions than Blat and Scipio v1.0 (sensitivity of 19.9% and 86.2%, and specificity 

of 19.4% and 85.9%, respectively). 

Table 2.4.3: Test scenario 2: Reconstruction of the Loxodonta africana dynein heavy chain gene structures in 

the respective gene regions based on human protein sequences 

Tool Pred. 

genes 

Missing 

exons
1
 

Wrong 

exons
2
 

Exon 

sens. 

% 

Exon 

sens. 

(ov.)
3
 % 

Exon 

spec. 

% 

Nucl. 

sens. 

% 

Nucl. 

spec. 

% 

Scipio 1.5
4
 16 13 6 93.1 98.9 93.1 98.6 99.8 

Scipio 1.5
5
 16 4 7 94.7 99.7 93.7 99.2 99.8 

Prosplign
6
 16 1 41 95.7 99.9 92.6 99.9 98.7 

Exonerate
7
 32 7 6 94.8 99.4 94.6 99.6 99.5 

Exonerate
8
 16 255 4 75.7 78.8 95.6 79.2 99.7 

Prot_map
9
 16 4 27 91.7 99.7 86.2 99.3 99.7 

         

Fgenesh+
10

 16 10 10 94.9 99.2 94.8 99.0 99.7 

Wise2
11

 39 3 16 93.3 99.8 91.2 99.7 98.9 

         

Augustus
12

 16 132 111 81.9 89.0 83.2 89.9 88.7 

Fgenesh
10

 161 111 342 80.2 90.8 67.3 91.8 62.3 

Genscan
13

 194 138 520 76.3 88.5 57.9 90.4 55.3 

         

BLAT
14

 - 16 19 19.9 98.7 19.4 97.0 98.9 

Scipio 1.0
4
 16 16 10 86.2 98.7 85.9 97.8 99.8 

1
 Number of annotated exons, which are not overlapped by any predicted exon 

2
 Number of predicted exons, which are not overlapped by any annotated exon 

3
 Number annotated exons, which are overlapped by at least one predicted exon divided by 

the number of annotated exons 
4
 Mammalia cross species default options (for detailed parameters see Additional file 

2.4.11.5) 
5
 Mammalia cross species default options; -tileSize=6 (for detailed parameters see 

Additional file 2.4.11.5) 
6
 Parameters: -full -two_stages 

7
 Parameters: --model protein2genome 

8
 Parameters: --model protein2genome --bestn 1 

9
 Similarity: Weak; Search for one best alignment only (for more parameters see 

Additional file 2.4.11.5) 
10

 Organism: Human 
11

 Parameters: -both 
12

 Parameters: --species=human --genemodel=exactlyone (for more parameters see 

Additional file 2.4.11.5) 
13

 Organism: Vertebrate; Suboptimal exon cutoff: 1.00 
14

 Parameters as in 
4
: -tileSize=7 -minIdentity=54 -minScore=15 -oneOff=1 
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Scenario 3 and 4 

In the third and fourth scenario we compared the tools in their performance to reconstruct 

the difficult cases, which we introduced above by describing the new parameters of Scipio 

v1.5. In scenario 3 a search in the whole genome and in scenario 4 a search in the 

respective gene regions (as in scenario 2) was performed. Table 2.4.4 summarizes the 

results of the third and fourth scenario. Only when using the latest version of Scipio the 

genes of the test data set could correctly be reconstructed and predicted in the whole 

genome assemblies as well as in the gene region. None of the other tools was able to 

reconstruct all genes correctly, even if the gene region was given as in the fourth scenario. 
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Table 2.4.4: Test scenario 3 and 4: Difficult cases for reconstruction of gene structures 

Tool Ned 

kinesin 

Phs 

dynactin 

p62 

Hs 

dynactin 

p50 

Pug 

coronin 

Mm 

dynactin 

p150 

Hs 

myosin 

Th 

CAPα 

Scipio 1.5
1
        

Prosplign
2
 O o  –  –  

Exonerate
3
 O o – –  – – 

Prot_map
4
 O o – – – o – 

        

Fgenesh+
5
 O o – – – o o 

Wise2
6
 O o – – – – – 

        

Augustus
7
 O o – – – – – 

Fgenesh
5
 O o – – – – – 

Genscan
8
 O o – – – – – 

        

BLAT
9
 O o – – – – – 

Scipio 1.0
1
 O o – – – – – 

Ned: Neurospora discreta, Phs: Phytophthora sojae, Hs: Homo sapiens, Pug: Puccinia 

graminis, Mm: Mus musculus, Th: Thielavia heterothallica 

  All exons are reconstructed correctly 

o  All annotated exons are matched by or overlap with predicted exons 

–  Exons are missing 

1
 Ned, Phs: cross species default options; Hs, Mm: default options, exhaust_align_size=15000; Pug, 

Th: default options (for detailed parameters see Figure 2.4-3, Figure 2.4-4, and Figure 2.4-5 and 

Additional file 2.4.11.5) 

2
 Parameters: -full -two_stages 

3
 Parameters: --model protein2genome 

4
 Similarity: Weak; Search for one best alignment only (for more parameters see Additional file 5) 

5
 Organisms: Ned, Th: Neurospora crassa; Phs: Phytophtora; Hs: Human; Pug: Puccina; Mm: 

Mouse 

6
 Parameters: -both 

7
 Parameters: --genemodel=exactlyone; Organisms: Ned: --species=neurospora; Phs, Pug, Th: --

species=generic; Hs, Mm: --species=human (for more parameters see Additional file 2.4.11.5) 

8
 Organism: Vertebrate; Suboptimal exon cutoff: 1.00 

9
 Parameters: -minScore=15; Ned, Phs: -tileSize=5 -minIdentity=54 -oneOff=1; Hs, Pug, Mm, Th: 

-tileSize=7 -minIdentity=81 
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2.4.5 Conclusions 

Scipio and its graphical web-interface WebScipio are tools for the reconstruction of gene 

structures in eukaryotes. Scipio is based on the widely used program Blat that has been 

developed for aligning sequences of very high similarity. However, for the correct 

reconstruction of intron splice sites, very short exons, genes spread on several contigs, and 

the handling of sequencing errors a lot of post-processing is required. This is done by 

Scipio. Here, we present the fundamentally updated versions of Scipio and WebScipio, 

with an improved reconstruction of very short exons and intron splice sites, especially for 

the case of cross-species searches. To this end, we introduced a version of the Needleman-

Wunsch algorithm that was shown to find a higher number of short exons previously 

missed, and to correct intron boundaries, especially in cases of lower sequence similarity. 

Furthermore, gaps in the mapping are now more frequently explained by divergent 

sequences, allowing for longer regions of insertions or deletions predicted on the same 

exon. Several parameters were introduced that can be used to fine-tune this behaviour if 

necessary. The sequence similarity between query and target sequence decreases with 

increasing evolutionary distance. While Blat is in principle able to locate hits for more 

distant species, the results become more and more incomplete, raising the importance of 

the post-processing. We could show that Scipio is now able to almost completely 

reconstruct genes from species whose ancestors separated more than 100 Myr ago. 

WebScipio allows easy access to Scipio and genome assemblies of about 640 eukaryotic 

species. This is unique to all gene reconstruction/prediction tools available and allows easy 

identification and reconstruction of protein homologs in related organisms. We compared 

the performance of Scipio to many other tools using our test data. While there are only 

minor differences in the reconstruction of the mammalian dynein heavy chain genes 

between Scipio, Exonerate, Prosplign, and Fgenesh+, the other software tools were not 

able to correctly reconstruct the more difficult cases encoding very short exons and 

showing strong sequence divergence at intron borders or inside of exons. Also unique to 

Scipio, this is the only tool available that is able to correctly reconstruct and predict genes 

that are spread on several contigs. 

2.4.6 Availability and requirements 

Project name: WebScipio, Scipio 

Project home page: http://www.webscipio.org 

Operating system: Platform independent 

Programming languages: Ruby, Perl 
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Software requirements: Installation of Blat and BioPerl for using Scipio as command-line 

tool. WebScipio has been tested with InternetExplorer, Firefox, Chrome, Safari, and 

Opera. 

License: WebScipio and Scipio may be obtained upon request and used under a GNU 

General Public License. 

Any restrictions to use by non-academics: Using WebScipio and Scipio by non-academics 

requires permission. 

2.4.7 List of abbreviations 

Blat: BLAST like alignment tool; FTP: File transfer protocol; HTML: Hypertext markup 

language; SVG: Scalable vector graphics; PNG: Portable network graphics; YAML: 

YAML ain’t markup language 
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2.4.11 Additional files 

2.4.11.1 Additional file 1 – Activity flow of the hit processing step 

The scheme shows a detailed activity flow of the hit processing step. Here, the experienced 

user can see, where and how the various expert parameters modulate Scipio’s hit 

processing, and can thus adjust these parameters to get the best result possible. 

The file can be found in the corresponding publication. 

2.4.11.2 Additional file 2 – Protein – DNA alignments corresponding to 
the example searches 

Here, additional data corresponding to the example searches is provided. 

The file can be found in the corresponding publication. 

2.4.11.3 Additional file 3 – Table with detailed data of the results of the 
cross-species search of the human DHC genes in the elephant 
genome. 

The table provides detailed data to the cross-species searches including numbers of 

matches and mismatches, gaps and intron?’s, for the searches with different parameters. 

The file can be found in the corresponding publication. 

2.4.11.4 Additional file 4 – Detailed evaluation values used for Tables 2, 
3, and 4 

This file provides a description of each evaluation parameter and the values obtained with 

each software tool for all sequence predictions. The values highlighted in yellow were used 

for Table 2.4.2, Table 2.4.3, and Table 2.4.4.  

The file can be found in the corresponding publication. 

2.4.11.5 Additional file 5 – Software versions and run parameters of the 
gene reconstruction and prediction tools 

The tables shows the exact versions and run parameters, which were used for the 

comparison, for each scenario. 

The file can be found in the corresponding publication. 
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2.5.1 Abstract 

Background 

Alternative splicing of pre-mature RNA is an important process eukaryotes utilize to 

increase their repertoire of different protein products. Several types of different alternative 

splice forms exist including exon skipping, differential splicing of exons at their 3'- or 5'-

end, intron retention, and mutually exclusive splicing. The latter term is used for clusters of 

internal exons that are spliced in a mutually exclusive manner. 

Results 

We have implemented an extension to the WebScipio software to search for mutually 

exclusive exons. Here, the search is based on the precondition that mutually exclusive 

exons encode regions of the same structural part of the protein product. This precondition 

provides restrictions to the search for candidate exons concerning their length, splice site 

conservation and reading frame preservation, and overall homology. Mutually exclusive 

exons that are not homologous and not of about the same length will not be found. Using 

the new algorithm, mutually exclusive exons in several example genes, a dynein heavy 

chain, a muscle myosin heavy chain, and Dscam were correctly identified. In addition, the 

algorithm was applied to the whole Drosophila melanogaster X chromosome and the 

results were compared to the Flybase annotation and an ab initio prediction. Clusters of 

mutually exclusive exons might be subsequent to each other and might encode dozens of 

exons. 
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Conclusions 

This is the first implementation of an automatic search for mutually exclusive exons in 

eukaryotes. Exons are predicted and reconstructed in the same run providing the complete 

gene structure for the protein query of interest. WebScipio offers high quality gene 

structure figures with the clusters of mutually exclusive exons colour-coded, and several 

analysis tools for further manual inspection. The genome scale analysis of all genes of the 

Drosophila melanogaster X chromosome showed that WebScipio is able to find all but 

two of the 28 annotated mutually exclusive spliced exons and predicts 39 new candidate 

exons. Thus, WebScipio should be able to identify mutually exclusive spliced exons in any 

query sequence from any species with a very high probability. WebScipio is freely 

available to academics at http://www.webscipio.org. 

2.5.2 Background 

Eukaryotes can enhance their repertoire of different protein products by alternative splicing 

of the corresponding genes (307). Since the first description of alternative splicing of 

precursor mRNA almost 30 years ago (308,309) the suggested and verified percentage of 

human genes that are spliced into alternative transcripts has steadily risen (for reviews see 

for example (22,310)). Very recently, two studies using high-throughput sequencing 

indicate that every single human gene containing more than one exon is transcribed and 

processed to yield multiple mRNAs (15,311).  

Mainly, five different types of alternative splicing affect the resulting translated protein 

product (14,312,313): The first type is exon skipping, in which an exon, also called 

cassette exon, is spliced out of the transcript together with its flanking introns. The second 

and third types are the alternative splicing of the 3' splice site and 5' splice site, 

respectively. Here, two or more splice sites are recognized at one end of the exon. The 

fourth type is intron retention in which part of an exon is either spliced (like a regular 

intron) or retained in the mature mRNA transcript. While exon skipping and alternative 3' 

splice site selection account for most alternative splicing events in higher eukaryotes 

(16,17), the most prevalent type of alternative splicing in plants, fungi, and protozoa is 

intron retention (18). The fifths type is called mutually exclusive splicing and is used for 

clusters of internal exons that are spliced in a mutually exclusive manner. It is important to 

note that the term mutually exclusive splicing is only used for these specific clusters of 

exons. Mutually exclusive splicing demands a specific mechanism for the regulated 

splicing of exactly one of the exons of such a cluster. Recent analyses have shown that this 

mechanism might be based on intra-intronic RNA pairings that are conserved at the 

secondary structure level (314–316). These alternatively spliced exons must not be mixed 

up with exons that seem to be spliced in a mutually exclusive manner based on their 

annotation. This especially accounts for terminal exons that are alternatively spliced in 
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conjunction with the use of alternative promoters or 3’-end processing sites (for a review 

see for example (317)). The regulation of the splicing of these types need not be at the 

level of splicing.  

To our knowledge, the only study to identify and predict regions in silico that might 

contain mutually exclusive spliced exons used a method of local similarity of genomic 

regions at the nucleotide level (318). Assuming that clusters of mutually exclusive exons 

evolved by one or several rounds of single-exon duplications, given gene locations were 

self-aligned using a pairwise local alignment algorithm to derive similar regions. Those 

regions were regarded as candidate regions, and mutually exclusive exons were only 

predicted by verification through EST and cDNA data. The method itself cannot determine 

exons including intron splice sites, and is not able to identify mutually exclusive exons 

whose DNA sequences have diverged considerably. False positive candidates are detected 

in regions that contain clusters of duplicated genes, and in regions containing pseudo-

exons (e.g. exons that are in the process of being lost containing frame-shifts and in-frame 

stop codons, and missing correct splice sites). 

Here, we propose a different approach that is based on the knowledge of creating 

meaningful transcripts. We presume that most mutually exclusive exons encode the same 

region of the resulting protein structure. These regions are embedded in the surrounding 

three-dimensional structure and thus alternative exons must preserve all structurally 

important contacts between the corresponding local structure elements. A demonstrative 

example is the alternatively spliced motor domain of the muscle myosin heavy chain in 

arthropods (24). In Drosophila, four clusters of mutually exclusive spliced exons encode 

regions of the motor domain, and the variability of creating different transcripts and further 

fine-tune the motor domain function is even enhanced in the waterflea Daphnia magna by 

four additional clusters. One of the clusters contains exons encoding the so-called relay 

helix and subsequent relay loop, a structural element that starts at switch-2 embedded in 

the middle of the motor domain and ends at the connection to the converter domain. This 

whole relay element converts small conformational changes at the ATP-binding site to 

large movements of the lever arm (32). Retaining structural integrity is therefore 

indispensable for mutually exclusive exons. Of course, parts of the exons might also 

encode loop regions, but also those parts must at least partly be conserved to retain their 

general function. 

Based on these preconditions we apply the following constrains to our search for mutually 

exclusive exons: A) Mutually exclusive exons must have about the same length (allowing 

some length difference for e.g. parts encoding loop regions). B) They must have conserved 

splice site patterns (e.g. a GT 5’ intron splice site cannot be combined with an AC 3’ splice 

site) and the reading frame of the exon must be conserved. C) They must show sequence 
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similarity. These features have been implemented in an extension to the WebScipio 

software. The application of the algorithm to various genes from several eukaryotes, and to 

all genes of the X chromosome of Drosophila melanogaster is demonstrated. 

2.5.3 Methods 

The search algorithm has been implemented as an extension to the WebScipio web 

application (13). It is based on the exon-intron gene structure reconstructed by Scipio 

(212). The extension is written in the Ruby programming language (78) and fully 

integrated into WebScipio to facilitate user interaction, and visualization and analysis of 

the results. WebScipio uses the web framework Ruby on Rails (79). To make the session 

storage fast, flexible, and scalable a database backend consisting of Tokyo Cabinet and 

Tokyo Tyrant (293) is used. To run jobs in background the Rails plug-in Workling in 

combination with Spawn (291,292) is applied. 
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Figure 2.5-1: Activity diagram of the search algorithm. The activity diagram shows the processing steps of 

the search algorithm and the influence of the parameters on each step. The run starts with an exon-intron 

gene structure determined by Scipio. Based on the chosen parameters the exons and corresponding introns 

are selected and searched for mutually exclusive spliced exon candidates. The candidates are processed and 

filtered. These steps are repeated in the case of a recursive run. In the end, the algorithm outputs the exon-

intron structure including mutually exclusive spliced exons. 
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Search algorithm 

The new algorithm divides into several steps, which are executed for each original exon 

(Figure 2.5-1, a detailed activity diagram is available as Additional file 2.5.9.1). It assumes 

that mutually exclusive spliced exons share the following features: Firstly, mutually 

exclusive spliced exons have a similar length; secondly, their splice sites and reading 

frames are conserved; thirdly, they are homologous. 

For each internal exon ("original exon") the two surrounding introns (or optionally all 

introns of the gene) are scanned for exon candidates that have a similar length. These exon 

candidates must introduce introns with the following splice site pattern: GT---AG, GC---

AG, GG---AG, and AT---AC. Firstly, the algorithm looks for the nucleotide pairs AG or 

AC in the intron sequence, which define start sites of exon candidates and 3’ splice sites of 

the proposed intron. If the intron in front of the original exon starts with GT, GC or GG the 

algorithm searches for AG, if it starts with an AT the algorithm searches for AC. Secondly, 

the algorithm looks for the nucleotide pairs GT, GC, GG and AT in the intron sequence, 

which define ends of exon candidates and 5’ splice sites of the proposed intron. If the 

intron following the original exon ends with AG the algorithm searches for GT, GC and 

GG, if it ends with AC the algorithm searches for AT. The nucleotide sequences between 

two possible 3’ and 5’ splice sites of the scanned intron that have a length similar to the 

length of the original exon are considered as exon candidates. The maximum length 

difference between an exon and its candidate can be adjusted by the allowed length 

difference parameter in number of amino acids. The default value of this parameter is 20aa. 

For terminal exons, the algorithm is able to scan the up- and downstream regions of the 

gene for exon candidates. The first exon of a protein-coding gene has to start with the start 

codon ATG. Thus, for the first exon, alternative candidates must start with ATG instead of 

sharing a theoretical splice site pattern with the first exon. The last exon is followed by a 

stop codon (TAG, TAA, or TGA) and all exon candidates must be followed by a stop 

codon instead of sharing a splice site pattern with the last exon. The use of the start codon 

and stop codon instead of the splice sites can be adjusted by the search with start codon for 

first exon and search with stop codon for last exon parameters. For example it would be 

useful to release this restriction in the case where the algorithm searches for alternative 

exons in a protein fragment. The default of these parameters is to search with a start codon 

if the first amino acid of the user-provided protein query sequence starts with methionine, 

and to search with stop codons if the last exon is followed by a stop codon. To reduce the 

number of candidates it is possible to set the minimal exon length parameter. Original 

exons, which are shorter than this length, are not considered in the candidate search. The 

default value for this parameter is 15aa. 
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The nucleotide sequences of the exon candidates are translated into amino acid sequences 

using the BioRuby library (260). The candidates are translated in the same reading frame 

as the original exon, because their nucleotide sequences appear mutually exclusive in the 

resulting mRNA and thus share the same reading frame. If the translation results in an in-

frame stop codon, the candidate is rejected. 

Each candidate sequence is aligned to the original exon sequence. If the alignment score is 

high, the probability that the two exons are homologous is high as well. The optimal global 

alignment of the two amino acid sequences is calculated with the Gotoh algorithm, which 

extends the Needleman-Wunsch algorithm by affine gap costs (319,320). For this task, the 

pair_align program of the SeqAn package (321) is used. The gap penalties are set to -10 for 

initial gaps and -2 for extending gaps. The Blosum62 matrix is used as substitution matrix 

(322,323). Because of differences in length and amino acid composition of the clusters of 

mutually exclusive exons the resulting global alignment scores are not directly comparable. 

To normalise the alignment scores each score is divided by the score of the alignment of 

the original exon sequence to itself. This relative score shows the similarity of the two 

sequences on a scale from zero to one. Candidates, which have a low alignment score, are 

rejected. The threshold for rejection can be adjusted in per cent by the minimal score for 

exons parameter (default: 15%). If candidate regions overlap the highest scoring candidates 

are retained or, if scores are identical, the longest candidates. 

An optional recursive search was implemented to find less similar alternative exons. If this 

option is selected, the search is repeated with the found alternatively spliced exons as 

query exons. The number of recursive runs can be adjusted with the maximal recursion 

depth parameter up to three rounds of recursion (default: recursive search disabled). 
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Figure 2.5-2: Gene structure representation and detailed alignment view. The figure shows the WebScipio 

gene structure representation of the Drosophila melanogaster Dscam gene with mutually exclusive spliced 

exons and a section of the alignment view including exon 5 and the first two identified alternative exon 

candidates. The colours in the gene structure figure are the same as the colours of the exon identifiers in the 

text alignment. The opacity of the colours of each alternative exon corresponds to the alignment score of the 

alternative exon to the original one. This score is shown in the detailed alignment view next to the exon 

identifier. For each exon the genomic sequence, its translation, and the translation of the original exon is 

shown. Identical residues are illustrated as dashes and mismatches as red highlighted crosses. The crosses 

are highlighted in light red for amino acids, which are chemically similar. Gaps are marked as green 

hyphens. 
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WebScipio integration 

The WebScipio tool allows reconstructing an exon-intron gene structure based on a protein 

sequence query. This reconstruction step is the basis for the mutually exclusive spliced 

exon search. The user can enable the search and adjust several parameters in the Advanced 

Options section of WebScipio. The search will run subsequently to the gene structure 

reconstruction step. In addition, the user can enable the search after uploading a previously 

calculated and downloaded Scipio result. 

The result of the search is displayed in the Result section of the WebScipio interface 

(Figure 2.5-2, top). The standard gene structure picture is extended by the predicted 

mutually exclusive spliced exons. The alternative exons corresponding to the same original 

exon constitute a cluster. Exons of a cluster get the same colour. The original exon is dark 

coloured and the corresponding predicted ones are lighter coloured depending on their 

similarity with respect to the original exon. In the Statistics section the number of exons in 

each cluster is shown in colour. 

The Alignment view (Figure 2.5-2, bottom) offers a detailed analysis at the sequence level. 

For each alternative exon the genomic sequence, its translation, and the alignment to the 

original translated exon are shown. The alignment score is given in per cent. The 

alternative exons are also marked in the Genomic DNA result view. In the Coding DNA 

and Translation result view the user can choose the alternative exons that should build the 

alternative coding DNAs or protein sequences. The results can be downloaded in several 

data formats. The YAML file contains all corresponding information and can later be 

uploaded and used for future analysis (290). Additionally, the results can be downloaded as 

General Feature Format (GFF) file (324). The figures can be downloaded in the Scalable 

Vector Graphics (SVG) format for further high quality processing (259). Example searches 

as well as further descriptions of the search parameters are provided on the help pages of 

WebScipio.  

2.5.4 Results and Discussion 

Identification of mutually exclusive spliced exons 

The search for mutually exclusive spliced exons is based on three criteria: (1) The lengths 

of the mutually exclusive exons must be very similar, because these exons are supposed to 

code for the same part in the resulting protein structure, including identical secondary 

structural elements. (2) To be spliced in a mutually exclusive way, the exons must have 

similar splice sites and reading frames to be compatible with the previous and following 

exons. (3) The exons must encode homologous protein sequences, because their inclusion 

into the protein structure must be compatible with the corresponding local structural 
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environment. The search implemented in WebScipio is based on the availability of the 

gene structure. Firstly, mutually exclusive exon candidates are searched for using 

corresponding splice sites to the query exons and restricting the candidate length to similar 

reading frames (e.g. split codons in the query exon must result in split codons in the 

candidate exons). Total length difference is less restricted allowing length differences 

between query and candidate exons at the DNA-level in multiples of three for each 

additional or missing codon. These candidate exons are then filtered and scored based on 

the Blosum62 matrix. The best scoring, non-overlapping candidates are proposed to be 

alternative exons to the respective query exon, resulting in a cluster of mutually exclusive 

exons. With this approach, the absolute necessary constraints at the DNA-level that can be 

obtained by bioinformatics means are combined with biological information. Based on 

these criteria several cases can be distinguished: (A) alternative exons found in the 

surrounding introns of single internal exons should form true clusters of mutually exclusive 

exons, (B) alternative exons found for terminal exons most probably constitute multiple 

promoters or multiple poly(A) sites, (C) clusters of several exons in combination, which 

can be found by searching for candidates for all exons in all introns and up- and 

downstream regions, most probably represent cases of tandemly arrayed gene duplications 

or trans-spliced genes. 
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Figure 2.5-3: Example cases of mutually exclusive spliced exons, multiple promoters and multiple poly(A) sites. The 

figure illustrates three examples of genes containing mutually exclusive spliced exons, one example containing multiple 

promoters, and one containing multiple poly(A) sites. Dark grey bars and light grey bars mark exons and introns, 

respectively. The small blue bar represents an “intron?” that does not have canonical splice sites because an exon is 

missing in the assembly. Coloured big bars represent mutually exclusive exons found by the new algorithm. The darkest 

coloured bar is the exon that was included in the query sequence, while the lighter coloured bars represent identified 

mutually exclusive exons. The higher the similarity between the candidate and the query exon the darker will be the 

colour of the candidate (100% identity would result in the same colour). Yellow boxes with numbers indicate the 

reading frame of the corresponding exon. 
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Table 2.5.1: Mutually exclusive exons in the Drosophila species Dscam genes 

exon Dm AF260

530 

Dse
a 

Dy Der Da Dp Drp
a 

Dw Dmo Dv Dg 

4 12 12 12 12 12 12 12 10 12 12 12 12 

6
b 

46/47 47/48 46
c 

39/40 44 47 49 49 48/49 50 52 53 

9 32 33 29 32 33 33 32 29 29 32 32 32 

17 2 2 2 2 2 2 2 2 2 2 2 2 

total 92/93 94/95 90 85/86 91 94 95 90 91/92 96 98 99 

[16, 46] 95 95 95 87 94 93 94 95 95 95 98 94 

[15] 95 95  88  93 94   95 98  

Dm = Drosophila melanogaster; Dse = Drosophila sechellia Rob3c; Dy = Drosophila 

yakuba Tai18E2; Der = Drosophila erecta TSC#14021-0224.01; Da = Drosophila 

ananassae TSC#14024-0371.13; Dp = Drosophila pseudoobscura MV2-25; Drp = 

Drosophila persimilis MSH-3; Dw = Drosophila willistoni TSC#14030-0811.24;  

Dmo = Drosophila mojavensis TSC#15081-1352.22; Dv = Drosophila virilis TSC#15010-

1051.87; Dg = Drosophila grimshawi TSC#15287-2541.00. 

a
 Genomes are fragmented and contain gaps in the Dscam genes. 

b
 The first number corresponds to a search with standard parameters, the second to 

searches with one round of recursion. 
c
 One of the exons is a pseudo-exon because it misses the last forth of the exon because of 

an in-frame stop codon. 

Example genes with clusters of mutually exclusive exons 

To test the quality of the new algorithm, several well-known genes with clusters of 

mutually exclusive exons with different characteristics were analysed (Figure 2.5-3). The 

first test case is the cytoplasmic dynein heavy chain from Schistosoma mansoni 

(SmDHC1). Dynein heavy chains belong to the longest genes in eukaryotes encoding 4000 

– 5000 residues and are spread over several dozens of exons. The mutually exclusive exon 

is clearly identified in the middle of the gene, encoding split codons at the 3’- and 5’-end 

of the exon. The query exon and the candidate exon have identical lengths and show strong 

homology. Based on the multiple sequence alignment of more than 2000 DHCs these 

exons are mutually exclusive and not constitutive or differentially included. The second 

case represents the muscle myosin heavy chain gene from the waterflea Daphnia magna 

(24). The arthropod muscle myosin heavy chain genes contain several clusters of mutually 

exclusive exons to fine tune the mechanochemical characteristics of the motor domain that 

are needed to accomplish the different tasks in the various muscle types (325). The 

DapMhc1 is an example with nine clusters of mutually exclusive exons of which several 

are adjacent and not interrupted by constitutive exons. The new algorithm found all 
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mutually exclusive exons that have manually been identified previously (24). The two 

example alignments show that the new algorithm is able to correctly identify even short 

exons with limited complexity, and subsequent clusters of mutually exclusive exons 

encoded in different reading frames. The third example shows the prediction of the 

mutually exclusive exons in Dscam (Down syndrome cell adhesion molecule) from 

Drosophila melanogaster, which is known to encode the largest set of mutually exclusive 

exons of any gene analysed so far (326,327). The potentially 95 mutually exclusive exons 

of the Dscam gene are organized into four clusters that are separated by constitutive exons. 

The exon 4, 6, 9, and 17 clusters are supposed to contain 12, 48, 33, and 2 exons, 

respectively (327). In the publicly available Drosophila melanogaster reference genome 

sequence (chromosome assembly version 4.1 as provided by Flybase (328,329)) mutually 

exclusive exons were searched using a gene translation containing the first exons of each 

of the clusters as query sequence. If clusters contain that many exons as are found in the 

Dscam genes it might be possible that the exon, that has been included in the query 

sequence, is the most divergent of the exons of the cluster. Therefore, a parameter to the 

search algorithm that enforces recursive searches in all introns with the newly identified 

exon candidates was introduced. Exons that might not be identified in the first round might 

then be found in the second, third, or later round. Of course, the recursive depth should not 

be too large to avoid the inclusion of false positive exons because of the decreasing 

stringency of the query exons. Including every first exon of the Dscam mutually exclusive 

exon clusters in the query sequence, all twelve exons of the exon 4 cluster were identified, 

both exons of the exon 17 cluster, and 46 and 32 exons for the exon 6 and exon 9 cluster, 

respectively (Figure 2.5-3,Table 2.5.1). Increasing the recursive depth to one also revealed 

exon 6.11, which is the most divergent exon of the cluster, and which has not been 

detected in transcriptome studies yet (330–332). Exon 6.47 was not identified because the 

intron before exon 6.47 does not have an "AG" at the 3'-end and is therefore not 

compatible with the "GT" at the 5'-end of the intron succeeding exon 5. The supposed 5'-

end sequence of exon 6.47 is different to the published sequence (327) but is supported by 

many genomic DNA reads available from GenBank (a genomic DNA read identical to the 

published sequence was not found). Exon 9.13 was also not identified because it contains a 

frame shift in the Drosophila reference genome assembly, supported by many genomic 

DNA reads. Therefore, the translations of the predicted transcripts containing exon 9.13 all 

stop shortly behind this frame shift (e.g. NM_001043054.1, NM_001043034.1, and 

NM_001043065.1). However, both exon 6.47 and exon 9.13 were identified in many 

transcripts (330–332). Thus, either the genome assembly based on the many genomic DNA 

reads is wrong, which is unlikely, or the many EST/cDNA-reads are wrong, which is also 

unlikely, or the genomic DNA has been obtained from a different strain than the one that 

has been used in the transcriptome studies. WebScipio is, however, not able to identify 

mutually exclusive exons if those do not correspond to the exon length (e.g. frame shifts 
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will result in other reading frames and exon lengths) and corresponding splice site 

restrictions. The strength of the new algorithm is illustrated at the exon 17 cluster that 

encodes two highly divergent but mutually exclusive spliced exons (Figure 2.5-3). When 

applying the search for mutually exclusive exons in the Dscam gene against the published 

genomic sequence (NCBI accession number AF260530 (327)) all proposed 95 mutually 

exclusive exons were identified (Table 2.5.1). Less mutually exclusive exons in the search 

against the Drosophila melanogaster reference genome sequence compared to the search 

against the published sequence are therefore not due to problems with the search algorithm. 

In addition, mutually exclusive exons in the Dscam genes of the other sequenced 

Drosophila species were searched ((276);Table 2.5.1). Here, all mutually exclusive exons 

were found immediately, and only three further exons were identified by a second 

recursive round of exon search. As found for the Drosophila melanogaster gene, 

WebScipio identified sometimes more sometimes less exons compared to the published 

analyses (315,316,333). However, the WebScipio searches were performed against the 

official reference genome assemblies, while the published analyses were based on 

manually performed genomic clone assemblies of the Dscam gene regions. Therefore, the 

differences in exon numbers do not result from shortcomings of the search algorithm, but 

from differences in the assembly of the reference genome data and the manually assembled 

genomic regions. 

Example genes encoding 5'- and 3'-terminal exons with features of mutually exclusive 

spliced exons 

Terminal exons are often not selected at the level of splicing. Instead, initial (5’-terminal) 

exons are most probably selected at the level of transcription that starts at different 

promoters. Terminal exons (or better alternative exons encoding for the terminal stop 

codon) might either be spliced as differentially included exons, like in the case of the 

Drosophila muscle myosin heavy chain gene (24), or as multiple poly(A) sites. 

Nevertheless, these terminal exons might contain an important structural part of the 

encoded protein and thus often have similar length and show sequence similarity. Figure 

2.5-3 shows two examples of genes that contain 5’- and 3’-terminal exons sharing the 

described features of mutually exclusive exons, but are spliced as multiple promoters or 

multiple poly(A) sites. The silver protein of Drosophila melanogaster illustrates a case 

where two initial exons, which are transcribed/spliced as multiple promoters, share the 

features of mutually exclusive exons. The capping protein beta (Cap) from Homo sapiens 

represents a case where homologous 3’-terminal exons containing multiple poly(A) sites 

are found. The detection of these cases can be suppressed by disabling the search for 

mutually exclusive exons for 5'- and 3'-terminal exons. By default, WebScipio enables the 

search for homologous exons for all exons, because it is not known whether the user is 
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searching with a complete, partial or fragmented query sequence. In the case of partial and 

fragmented sequences the search would provide significant results. Also, genes sometimes 

contain untranslated 5'- and/or 3'-terminal exons whereby the first translated exon could 

well be part of a cluster of mutually exclusive spliced exons. In addition, alternative 

terminal exons by themselves might provide interesting perspectives to the corresponding 

genes independently of whether they are mutually exclusively spliced or not. WebScipio 

cannot distinguish between the described cases and thus the user has to be careful when 

alternative terminal exons are proposed. 

Detection of trans-spliced genes and arrays of tandem gene duplications 

The trans-splicing of separate pre-mRNAs involving coding exons to reveal a joined 

transcript is a relatively uncommon event (334). In general, trans-spliced genes in 

Drosophila melanogaster can be distinguished into those with multiple first exons or 

multiple 3'-terminal exons, or those with very large introns. Many of the trans-spliced 

genes contain variable single terminal exons (e.g. mod(mdg4) (335,336) or lola (337)) or 

alternative terminal exon groups (e.g. CG42235 (334)). When searching for mutually 

exclusive spliced exons based on one of the annotated isoforms of a trans-spliced gene 

potentially alternative exons of internal exons might be identified. An example of the 

trans-spliced Drosophila melanogaster gene CG1637 is shown in Figure 2.5-4. Three 

isoforms of the CG1637 gene exist (Isoform A, B, and C) that result in transcripts of a 

common 5’ exon spliced to isoform-specific sets of three 3’ exons. The sequences of the 

isoform-specific sets are homologous although the intron positions are different between 

the isoform A/B exons and the isoform C exons. When searching with the isoform A exons 

for mutually exclusive exons in surrounding introns the homologous exon of isoform B is 

found for the first of the three isoform A-specific exons (Figure 2.5-4-I). When only 

searching in surrounding introns (search in up- and downstream regions disabled) further 

exons are not found for isoform B (homologous exons would only exist in the downstream 

region, Figure 2.5-4-II) and for isoform C (the introns are at different positions so that the 

similar-length condition does not apply anymore, Figure 2.5-4-III). Thus, if only isoform A 

were known a mutually exclusive exon would have been proposed. To avoid the 

misannotation of exons of trans-spliced clusters a parameter was introduced that allows 

searching for candidate exons not only in the neighbouring introns but also in all introns. In 

Figure 2.5-4-IV the exons of isoform B were identified by searching with the exons of 

isoform A in all introns revealing the trans-spliced nature of the cluster. 
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Figure 2.5-4: Examples of a trans-spliced gene and an array of tandem gene duplications. A) Schematic 

representation of the trans-spliced Drosophila melanogaster CG1637 gene. The three annotated isoforms A-

C are shown consisting of the common 3'-terminal start exon and different groups of alternative exons. If 

only isoform A were known a potentially mutually exclusive exon would have been found by a search for 

candidates in surrounding introns (case I). However, a search for candidates of all exons in all introns 

reveals the two groups of homologous exons that are trans-spliced in isoform A and B (case IV). Isoform C 

also encodes a cluster of trans-spliced exons whose sequence is homologous to that of isoform A/B. However, 

the exonic sequence is interrupted at different intron positions (case III). Note, that the gene structure 

annotated by Flybase (shown here) is different to the published one ((333), supplementary Figure 2.5-3). B) 

Gene duplications of the Drosophila melanogaster CG14502 gene. The figure shows the tandem 

arrangement of the duplicated genes of the Drosophila melanogaster CG14502 gene as found by WebScipio. 

The parameters minimal score for exons, maximal recursion depth, search in all introns and region size were 

adjusted for each search. With less restrict parameters less similar exons are found. 
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If searching in up- and downstream regions for alternatively spliced exons, it is possible 

that candidate exons belong to gene duplicates (Figure 2.5-4B). In this case, the WebScipio 

option to search for candidates in all introns including up- and downstream regions and not 

only in surrounding introns helps identifying exons of gene duplications. In many cases, 

gene duplications result in genes arranged in tandem. Those gene duplicates often share the 

complete gene structure meaning that for every exon there is a corresponding exon in the 

duplicated gene. Figure 2.5-4B illustrates this behaviour and provides means by which 

users can judge between a true cluster of mutually exclusive exons belonging to one gene 

and a set of duplicated genes. If the search for candidate exons is only allowed in 

surrounding introns, a set of six homologous exons is found for the Drosophila 

melanogaster gene CG14502 (Figure 2.5-4B, I). Performing the search in all introns results 

in five homologous exons also for the second exon of the CG14502 gene, and shows one 

homologous exon for exon 1 (Figure 2.5-4B, II). The first exons of the genes seem to be 

very divergent. Allowing one additional recursive round of candidate search reveals the 

first exons for two additional gene homologs (Figure 2.5-4B, III). In addition lowering the 

score reveals the exon 1 candidates of the remaining two gene homologs, although two 

further regions with very low homology to exon 1 appear in the upstream region of the 

CG14502 gene (Figure 2.5-4B, IV). This example illustrates the use of the search 

parameters so that gene duplications can be identified. Gene duplicates that are not 

arranged in tandem but are distributed in the genome do not provide problems in 

evaluating exon candidates, because the search is restricted to a certain size of the up- and 

downstream regions. If needed, these gene duplicates can be identified with WebScipio 

using the general multiple results option. 

Application of the search algorithm for mutually exclusive exons to genome scale data 

The described search algorithm identifies three types of exons as described above: (A) 

mutually exclusive exons, (B) terminal exons that are spliced as multiple promoters or 

multiple poly(A) sites but share similar length, reading frame, and sequence homology, 

and (C) exons with the characteristics of mutually exclusive exons that are actually part of 

tandemly arrayed gene duplicates or groups of alternative exons in trans-spliced genes. 

Type B and type C exons are false positives, when looking for mutually exclusive exons. 

In addition, false positive exons are those exons that show all characteristics of type A 

exons but are constitutively or differentially included spliced. False negatives exons, which 

are not identified by WebScipio, are those mutually exclusive exons that do not have 

similar length and sequence homology. To quantify the amount of each of these exon types 

we searched the complete X chromosome of the fruit fly Drosophila melanogaster for 

mutually exclusive spliced exons with WebScipio and compared the results to the Flybase 

annotation. 
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Protein sequences for the search were obtained from the Flybase annotation (version 5.27) 

and mapped to the genomic sequence of the X chromosome using Scipio. 2,967 transcripts 

containing more than one exon were derived from 1,705 genes. For each exon mutually 

exclusive alternative splice variants have been searched for in the surrounding introns. The 

search parameters were set to 20 amino acids for the allowed length difference, to 15% for 

the minimal score for exons, and to 15 amino acids for the minimal exon length. We did 

not search for alternative exons in up- and downstream regions of genes, and we did not 

apply the recursive search, which means the repeated search for further alternative exons 

with the newly identified exons that we demonstrated for Dscam (see above). Three genes 

(lethal (1) G0193, CG1637, and CG42249), in which mutually exclusive exons were 

found, were excluded from the analysis, because the respective exons are spliced in a 

mutually exclusive manner in groups of two, three, and four exons, instead of single exons 

within a cluster. Those genes are probably trans-spliced (e.g.  see Figure 2.5-4A). 

Search for non-mutually exclusive exons sharing similar length, same reading frame, 

and sequence homology 

It could well be possible that internal exons with similar length, same reading frame, and 

showing sequence homology are not mutually exclusive spliced exons, but constitutive 

exons or exons spliced by one of the other types of alternative splicing. To get a 

statistically relevant number of these types of exons we collected all genes of the 

Drosophila melanogaster X chromosome containing at least two exons based on the 

Flybase annotation version 5.27. The transcripts of each gene were analysed independently 

because alternative splicing produces different exon neighbours. Thus exons are counted 

for each transcript (not each gene) even if the transcripts have the same start and end points 

in the genomic sequence. In total, the 2,967 transcripts of the Drosophila melanogaster X 

chromosome include 16,180 exons. All neighbouring exons were compared with respect to 

having similar length (allowed length difference 20aa), sharing high similarity (minimal 

score for exons 15%), coding for at least fifteen amino acids (minimal exon length 15aa), 

and encoding the same reading frame. 

Table 2.5.2: Search for exons annotated as constitutively spliced or differentially included sharing similar 

length, same reading frame and sequence homology in the Drosophila melanogaster X chromosome 

 Total Hits
a
 Percentage 

Exons 16180 90 0.56% 

Transcripts 2967 20 0.67% 

Genes 1705 6 0.35% 

a
 Exons (or transcripts/genes containing exons) which share similar length, same reading 

frame and sequence homology 
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The results are summarized in Table 2.5.2(for detailed information see Additional file 

2.5.9.2). Only 0.56% of the non-mutually exclusive exons (90 out of 16180) share the 

features of mutually exclusive exons. These exons are located in only six genes out of 1705 

(0.35%). In one of the six genes (Ciboulot) the two homologous exons are terminal exons 

and would represent a case of multiple poly(A) sites if alternatively spliced. This analysis 

shows that the chance that the exons predicted by WebScipio as mutually exclusive exons 

will later (e.g. after obtaining cDNAs) be reannotated as constitutive or differentially 

included exons, is very low. 

Search for mutually exclusive spliced exons in the Drosophila melanogaster X 

chromosome 

Some categories have to be defined to separate true (annotated) mutually exclusive spliced 

exons from predicted ones and false positives and false negatives. As real mutually 

exclusive exons we regard those with the following criteria: An exon is part of a cluster of 

mutually exclusive spliced exons if each transcript of the gene contains exactly one exon of 

the cluster (not none or more than one), the cluster contains at least two exons, the exons of 

the cluster are neighbouring exons, and the cluster is surrounded by further exons. The 

latter criterion distinguishes the mutually exclusive spliced exons from clusters of initial 

exons (5'-terminal exons) and 3'-terminal exons that are spliced in a mutually exclusive 

manner and share sequence similarity, similar length, and splice site conservation. In 

contrast to real mutually exclusive spliced exons the exons of these clusters appear 

mutually exclusive in the transcripts but their transcription and splicing is regulated in a 

different way. These clusters are therefore regarded as types of multiple promoters and 

types of multiple poly(A) sites, and are false positives. Other types of false positives are 

those exons that are predicted by WebScipio but overlap with already annotated exons and 

do not match exactly the positions of these exons. False negatives are those exons that do 

not meet the preconditions of similar length and sequence homology. However, if those 

exons are mutually exclusive spliced they must have conserved splice sites and reading 

frames. 

In total, 94 exons of similar length, same splice sites and reading frames, and sequence 

homology have been identified by WebScipio, of which 65 are potentially in clusters of 

mutually exclusive exons, 21 in clusters of multiple promoters, and 8 in clusters of 

multiple poly(A) sites (Figure 2.5-5). Of the 65 exons predicted to belong to internal 

clusters of mutually exclusive spliced exons, 26 exons are already annotated in Flybase. 39 

exons are predictions by WebScipio that have not been described before. These 39 exons 

are distributed into 18 clusters that belong to 17 genes. Thus, there are several clusters with 

more than two alternative exons, and one gene with two clusters. If the Flybase based 

annotation is assumed to represent true mutually exclusive exons, the chart represents the 
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specificity of our method. The 26 already known mutually exons divided by 65 predicted 

exons result in 40% specificity. 

 

 

 

 

 

 

 

However, the value for the specificity is misleading because it depends on the “known” 

mutually exclusive exons. We expect that many of the additional exons predicted by 

WebScipio will be experimentally confirmed in the future and thus will become “known” 

mutually exclusive exons. The true specificity will therefore be much higher than the value 

of 40% suggests. To analyse whether the additional exons predicted by WebScipio contain 

general features of exons (for example a higher GC content than the surrounding region), 

the found exons were compared to those of an ab initio prediction performed by 

AUGUSTUS (305) (Figure 2.5-5). In many cases the WebScipio predictions are supported 

Figure 2.5-5: Exons located on the Drosophila melanogaster X chromosome sharing similar length, same 

splice sites and reading frames, and sequence similarity. The pie chart shows the total number of exons of 

the Drosohpila melanogaster X chromosome, which share the features used by the new search algorithm. 

The blue and red slices represent the number of exons found by the new algorithm compared to existing 

annotations and to the ab initio prediction by AUGUSTUS, shown in the middle. The blue part illustrates the 

exons already annotated by Flybase, in contrast to the exons in clusters additionally predicted by WebScipio 

in red. The pie is divided in slices for initial, internal, and 3’-terminal exons. In addition to the number of 

exons, the chart indicates the number of clusters and genes, in which these exons were found. The orange 

numbers in the middle part of the pie indicate how many of the respective exons are found and reconstructed 

with correct exon borders by the ab initio prediction with AUGUSTUS, while the yellow numbers reveal the 

number of exons to which exons predicted by AUGUSTUS at least overlap. The green slices indicate 

constitutive exons, which share the features of mutually exclusive exons. These are the same exons, clusters, 

and genes as listed in Table 2.5.2 and Additional file 2.5.9.2. At the bottom, the figure illustrates the different 

types of alternatively spliced exons (multiple promoters, multiple poly(A) sites, mutually exclusive exons) in 

comparison with the cassette exon type. 
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by the ab initio prediction, which is based on the genomic sequence alone. The 

AUGUSTUS prediction matches 27 of the 94 exons with exact exon borders (Figure 2.5-4, 

orange numbers) and overlaps with 46 of them (Figure 2.5-4, yellow numbers). 

The results show that about 70% of all predicted exons (65 out of 94) comprise clusters of 

internal mutually exclusive exons. The false positive prediction of 5'- and 3'-terminal exons 

as mutually exclusive exons, which comprise the remaining 30% of predicted exons, could 

even be suppressed by a WebScipio option. We can also conclude that WebScipio 

correctly identifies all but one (see following section) of the annotated mutually exclusive 

exons. This suggests that most of the WebScipio predictions of new mutually exclusive 

exon candidates will also be real mutually exclusive exons. This is supported by the ab 

initio exon prediction by AUGUSTUS that showed exon probability for about 50% of the 

newly predicted exons, which is comparable to the ab initio prediction of the already 

annotated exons. However, we cannot completely exclude the possibility that some of the 

newly predicted exons might in truth be constitutive or differentially included exons (see 

previous section). 

False negatives would be those mutually exclusive spliced exons that do not share a similar 

length and sequence similarity. To figure out how often clusters of mutually exclusive 

exons with such characteristics exist in comparison to mutually exclusive exons with 

similar length and sequence similarity, all internal clusters of exons on the X chromosome 

that were annotated as mutually exclusive based on Flybase transcripts were manually 

analysed (Figure 2.5-6). Of the annotated genes only the Phosphorylase kinase γ gene 

contains two mutually exclusive spliced exons that do not have similar length and 

sequence (Figure 2.5-6, bottom). If the Flybase annotation is assumed as true, the chart in 

Figure 2.5-6 represents the sensitivity of the algorithm. 26 predicted mutually exclusive 

spliced exons divided by 28 annotated exons results in 93% sensitivity for internal exons. 

These data likely indicate that not many mutually exclusive spliced exons will be missed 

given the constraints of similar length and sequence similarity as implemented in 

WebScipio. Mutually exclusive exons predicted for 5’- and 3’-terminal exons were 

regarded as false positives because these rather present cases of multiple promoters, 

multiple poly(A) sites, and differentially included exons. However, additional untranslated 

terminal exons might exist that were not analysed here, and in those cases the exons, based 

on the translation predicted as terminal, become internal and thus true mutually exclusive 

exons. For comparison all terminal exons annotated as transcribed or spliced in a mutually 

exclusive manner have been analysed (Figure 2.5-7). Of the 101 terminal exons only 14 

terminal exons share the features of mutually exclusive spliced exons. A reason for the 

sequence and length variability of terminal exons is that the N- and C-termini of proteins 

are not as restricted in their structure as internal parts. Thus, the number of false positives 

predicted by WebScipio is rather low.  
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Figure 2.5-6: Mutually exclusive exons in genes of the Drosophila melanogaster X chromosome. The 

figure illustrates how many of the mutually exclusive exons, which were annotated based on Flybase 

transcripts, share the following features: high sequence similarity, similar length, same reading frame, and a 

minimal exon length (15 residues). The blue slice indicates exons characterised by these features and found 

by the new algorithm. The red slice indicates exons not sharing these features. At the bottom, the figure 

shows the exon-intron structure of the Phosphorylase kinase γ gene, which includes the only cluster of 

mutually exclusive exons that was not found by the new algorithm. 

Figure 2.5-7: Exons belonging to clusters of multiple promoters and multiple poly(A) sites in the 

Drosophila melanogaster X chromosome. The figure shows the number of multiple promoter exons and 

multiple poly(A) sites exons based on the Flybase annotation and illustrates how many of these exons share 

the following features: high sequence similarity, similar length, same reading frame, and a minimal exon 

length (15 residues). Blue slices indicate exons characterised by these features, and red slices indicate exons 

not sharing these features. 
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Future developments and applications 

Due to the precondition that mutually exclusive exons encode the same part of the protein 

product, we also want to include the comparison of the prediction of secondary structural 

elements for the query and the candidate exons as an additional scoring, analysis, and 

validation parameter. Also, other substitution matrices might be offered for the scoring of 

the aligned query and candidate exons. Scipio and WebScipio have been shown to be 

suitable for the prediction of genes in cross-species searches (13,212). Of course, both 

approaches can be combined and users can search, for example, with a human protein 

query sequence in other mammals to identify homologous genes and simultaneously 

predict mutually exclusive exons in the target sequence. Because the search for mutually 

exclusive exons relies on the translation of the exons as found in the genomic DNA, it does 

not depend on the initial query sequence but on the quality of the exons identified in the 

cross-species search. Another application would be to search for mutually exclusive 

spliced genes in the complete genomes of sequenced eukaryotes. 

2.5.5 Conclusions 

The extension of WebScipio to search for mutually exclusive exons is based on the 

precondition that these exons encode regions of the same structural part of the protein 

product. This precondition provides restrictions to the search for candidate exons 

concerning their length, splice site conservation and reading frame preservation, and 

overall homology. The implemented algorithm has been shown to identify all known 

mutually exclusive spliced exons in many example genes from various species, like the 

muscle myosin heavy chain gene of Daphnia pulex or the Dscam gene of Drosophila 

melanogaster. The search for homologs of terminal exons might, however, result in the 

prediction of multiple promoters, multiple poly(A) sites, groups of trans-spliced exons, or 

tandemly arrayed gene duplicates, and can therefore optionally be disabled. To quantify the 

quality of WebScipio to correctly predict already annotated mutually exclusive exons and 

to predict so far unrecognized exon candidates, an analysis of the whole X chromosome of 

Drosophila melanogaster has been performed. All but two of the 28 annotated mutually 

exclusive exons were found by WebScipio. In addition, WebScipio predicts 39 new 

mutually exclusive exon candidates of which about 50% are supported by an ab initio exon 

prediction by AUGUSTUS. In conclusion, WebScipio should be able to identify mutually 

exclusive spliced exons in any query sequence from any species with a very high 

probability. 
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2.5.6 Abbreviations 

DHC: Dynein heavy chain; Dscam: Down Syndrome Cell Adhesion Molecule; GFF: 

General Feature Format; Mhc: Myosin heavy chain; SVG: Scalable Vector Graphics; 

YAML: YAML ain’t markup language 
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2.5.9 Additional files 

2.5.9.1 Additional file 1 - Detailed activity diagram 

The detailed activity diagram shows each step of the search algorithm including points of 

decision and loops. 

The file can be found in the corresponding publication. 

2.5.9.2 Additional file 2 – Search for non-mutually exclusive exons sharing 
similar length, same reading frame and sequence homology  

The file provides detailed information of the found genes and their gene structures. 

The file can be found in the corresponding publication. 

 



163 3 Manuscripts in revision 

3 Manuscripts in revision 

3.1 Peakr: Predicting solid-state NMR spectra of 
proteins 

Robert Schneider
1,2,*,†

, Florian Odronitz
1,†

, Björn Hammesfahr
1,†

, Marcel Hellkamp
1
, and 

Martin Kollmar
1*

 

1
 Department of NMR-based Structural Biology, Max-Planck-Institute for Biophysical 

Chemistry, Am Fassberg 11, 37077 Göttingen, Germany. 
2
 Protein Dynamics and Flexibility by NMR Group, Institut de Biologie Structurale J.P. 

Ebel, 41 rue Jules Horo-witz, F-38027 Grenoble Cedex 1, France. 
*
 To whom correspondence should be addressed.  

†
 These authors contributed equally to the work and should be regarded as joint First 

Authors. 

 

Bioinformatics 
 

3.1.1 Abstract 

Motivation 

When analysing solid-state NMR spectra of proteins, assignment of resonances to nuclei 

and derivation of restraints for 3D structure calculations are challenging and time-

consuming processes. Predicted spectra that have been calculated based on, e.g., chemical 

shift predictions and structural models can be of considerable help. Existing solutions are 

typically limited in the type of experiment they can consider and difficult to adapt to 

different settings. 

Results 

Here, we present Peakr, a software to predict solid-state NMR spectra of proteins. It can 

take into account all types of correlations between nuclei usually relevant for assignment 

and structure elucidation and is able to produce lists and visualizations that can be useful 

when analysing measured spectra. Compared to other solutions it is fast, versatile and user 

friendly. 
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Availability and Implementation 

Peakr is maintained under the GPL license and can be accessed at http://www.peakr.org. 

The source code can be obtained upon request from the authors. 

3.1.2 Introduction 

In recent years, solid-state NMR has made significant progress in studying structure and 

function of biomolecules such as membrane proteins and protein fibrils (338–341). 

However, especially for larger proteins, resonance assignment and determination of 

restraints for 3D structure calculations are still difficult and time-consuming processes due 

to often limited spectral resolution and chemical shift ambiguity, as well as complex 

relationships between internuclear distances and signal intensities. These problems 

especially apply to through-space correlations that cannot be traced along the chemical 

bond network (342). 

For the assignment of resonances and the extraction of restraints, it has proven helpful to 

have predictions for spectra based on amino acid sequences, known or modelled 3D 

structures, chemical shift assignments or predictions from tools such as ShiftX (343), and 

the type of correlation probed in the respective experiment. This way, crosspeak 

assignments can be suggested and, for example, it can be investigated whether an 

experimental spectrum can be explained by a given structural model (344,345). Spectral 

predictions can also be used in an iterative process of obtaining shift assignments and 

refining the molecular structure at the same time (346). 

Existing software for the prediction of NMR spectra is usually tailored to calculating 

spectra of small molecules in solution (347–349). Some NMR data analysis software 

packages such as Sparky (350), NMRPipe (351), and CcpNmr (352) contain routines for 

prediction of protein NMR spectra, but these are often not straightforward to use; 

moreover, they are usually more adapted to solution-state NMR correlation types. At 

present, prediction of solid-state NMR spectra of proteins is typically carried out using 

general-purpose tools like spread sheet software or custom-made programs limited in 

flexibility and usability. 

Thus, it would be desirable to be able to predict a wide range of solid-state NMR 

experiments commonly used for resonance assignment and structure elucidation with a 

single software tool that is flexible enough to swiftly handle changes in input data such as 

chemical shift values, structural models, or labelling patterns. We implemented Peakr, a 

software package that fulfils these requirements. Spectra for 2D (
15

N,
13

C) and (
13

C,
13

C) 

intra- and inter-residue as well as through-space correlations can be computed quickly and 

can easily be adapted to specific needs. Using the calculated spectra, visual and numerical 
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comparisons between predicted and measured data are possible. Peakr is available through 

a web interface (www.peakr.org). 

3.1.3 Methods 

The higher abstracted parts of Peakr are implemented in the object oriented programming 

language Ruby (78) using the BioRuby library (260). The more data intensive bookkeeping 

is done using a PostgreSQL database (73). The Ruby on Rails framework (79) is used for 

the web application, which drives the web interface. Calculated and experimental spectra 

are visualized by a Peakr-plugin to the PyBiomaps library (353). The workflow of the 

software is outlined in Figure 3.1-1. Briefly, measured or predicted chemical shifts are 

assigned to the nuclei of a user-provided protein sequence. Based on these shifts and an 

optionally provided protein structure, various 2-dimensional spectra can be calculated. For 

visualization, either all or a subset of the residues and nuclei of the protein can be selected. 

Predicted spectra can be superimposed on and compared with experimental spectra. 

3.1.3.1 Protein sequences 

Protein object models represent the amino acid sequence and the NMR chemical shifts of 

nuclei. They are either created from a user-provided protein sequence or from a Protein 

Data Bank (PDB) structure file (354). 

3.1.3.2 Chemical shifts 

Chemical shifts are added to nuclei from user-provided shift lists, computer-generated shift 

estimations, database values, or from a combination of these methods. User-provided lists 

of shifts are currently accepted in Sparky (350), ShiftX (343), and CSV (comma-separated 

values) formats. Output from other software can be converted to one of these formats using 

e.g. WeNMR (352). If a PDB file is provided, chemical shifts can directly be estimated 

using either ShiftX (343), ShiftX2 (85), Shifts (355), Sparta (356), Sparta+ (86), shAIC 

(357), or CamShift (358). Alternatively, average chemical shifts from the Biological 

Magnetic Resonance Database (BMRB, http://www.bmrb.wisc.edu) (359,360) can be 

assigned to nuclei. Here as well, other options such as using RefDB database values (361) 

could be added to Peakr if desired. These methods can be combined such that, for example, 

user-provided shifts from a Sparky-format list are used where available, while remaining 

nuclei are assigned either ShiftX prediction values or, for nuclei whose chemical shifts are 

not predicted by ShiftX, BMRB database values. Each nucleus can have multiple shifts to 

account for possible cases of conformational polymorphism sometimes seen in solid-state 

preparations of proteins (362). 
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Figure 3.1-1: Workflow of the Peakr web application. 
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3.1.3.3 Conformations 

Conformations represent a set of coordinates of the atoms of a given protein. Each protein 

can have several conformations. This way, an ensemble of structures or different 

conformations of the same protein under different experimental conditions can be 

represented. Conformations are obtained from models as included in PDB files. Protons 

have to be already present in the PDB file if they are required for the spectrum to be 

predicted (see through-space correlations below). Protons can be added to a structure using 

standard software such as WHATIF (363) or PyMOL (The PyMOL Molecular Graphics 

System). 

3.1.3.4 Correlations 

Correlations represent the type of experiment conducted to obtain a specific spectrum (see 

Figure 3.1-2 for typical correlations used in resonance assignment). They are applied to all 

or selected residues of the protein sequence to yield a list of crosspeaks. Six types of 

correlations are available: 

Intra-residue (
13

C,
13

C) correlations  

For defining (
13

C,
13

C) correlations within residues, the user can select which nuclei should 

be considered depending on their distance from the protein backbone (e.g. all carbons or 

only CO, CA and CB nuclei). It can also be specified by how many bonds two carbon 

nuclei may be separated to be included in the predicted spectrum (yielding, e.g., only one-

bond correlations or correlations between all carbons separated by up to three bonds). This 

way, the user can select correlations of interest and avoid overcrowding of the predicted 

spectrum with peaks that might not be present in a measured spectrum due to, for example, 

increased side chain mobility or short mixing time. 

Double quantum correlations  

(
13

C,
13

C) double quantum correlations represent intra-residue correlations seen in 2D 

double quantum–single quantum correlation spectra where the shift of a crosspeak in the 

Figure 3.1-2: Scheme of the protein backbone. Two amino acid residues i and i-1 with sidechains symbolized 

by Ri and Ri-1 are shown. Possible (solid-state) NMR correlations for sequential resonance assignment are 

indicated by arrows. Red, (
13

C,
13

C) correlations; blue, (
15

N,
13

C) correlations; solid lines denote intra-, 

dashed lines interresidue transfer. 
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indirect dimension corresponds to the sum of the chemical shifts of the two interacting 

nuclei. Double quantum correlations are created in the same way as regular intra-residue 

correlations; however, only one-bond correlations are considered, since only these are 

normally observed in experimental spectra. 

Inter-residue (
13

C,
13

C) correlations  

For (
13

C,
13

C) correlations between neighbouring residues, again, it can be specified which 

nuclei to consider depending on their distance from the backbone. In addition, the desired 

unique or maximum residue number difference for nuclei to be correlated can be chosen. 

(
15

N,
13

C) correlations  

(
15

N,
13

C) correlations can be defined as intra-residue N(i)-CA(i)-CX(i) or sequential N(i)-

CO(i-1)-CX(i-1) correlations (with CX representing any other carbon nucleus in the 

respective residue). It can be specified whether all or only a subset of the 13C nuclei 

should be included in the prediction, depending on their distance from the backbone 

(yielding, e.g., only N(i)-CA(i) or also N(i)-CA(i)-CB(i) correlations etc.). 

Through-space correlations  

Through-space correlations are created by specifying a set of residues, a set of 

conformations with atom coordinates, and a pairwise distance cut-off up to which 

correlations should be taken into account. This type of correlation can act in different 

modes, allowing either direct distances between heteronuclei to be considered (yielding C-

C or N-C through-space correlations) or the distances between protons directly attached to 

heteronuclei, yielding NHHC and CHHC correlations (364,365). A minimum distance 

threshold and a minimal residue number difference can also be specified. 

Peakr can also predict intermolecular through-space correlations if a PDB file with 

multiple protein chains is provided. For example, symmetry equivalents can be generated 

from known crystal structures using pro-grams such as SwissPDBViewer or PyMol. These 

can then be analyzed as different chains in Peakr. In this way, intermolecular crosspeaks 

arising due to crystal packing interactions can be identified. In the context of multimeric 

proteins or protein fibrils, the prediction of intermolecular correlations can be particularly 

useful (344). Currently, the prediction of intermolecular through-space correlations 

requires the presence of two or more copies of the same protein in the PDB file; however, 

the generalization to heteromultimeric protein complexes could be implemented as well. 
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3.1.3.5 Calculated Spectra 

Spectra represent a set of crosspeaks that are generated by applying a correlation object to 

a protein based on the selected lists of experimental or estimated chemical shifts. By 

default, spectra are calculated for all amino acids in the protein. If a provided PDB file 

contains several chains and/or models, calculated spectra can be displayed for each of these 

separately. In addition, the user can select subsets of residues to be displayed in a 

spectrum. One option is to select a certain sequence range based on residue number. 

Another possibility is to select residues within particular secondary structure types. If a 

PDB file is provided, secondary structure is assigned to individual residues using Stride 

(366); otherwise, it is predicted from the sequence using PsiPred v3.0 (367). Furthermore, 

any subset of amino acid types can be selected. This option can be used to simulate spectra 

of proteins that were expressed using forward or reverse labelling of certain amino acids 

(368,369). 

In addition, the user can select one of several more complex isotope labelling schemes. In 

the current implementation, Peakr provides 
13

C labelling patterns as obtained from protein 

expression using 1,3-
13

C-glycerol, 2-
13

C-glycerol, 1-
13

C-glucose, and 2-
13

C-glucose as sole 

carbon sources (370–372). The probabilities of individual carbon nuclei to be isotope-

labelled as listed in these publications are translated into opacity values in Peakr’s 

spectrum display. Thus, a correlation between two nuclei that are less likely to be 
13

C-

labelled in the selected labelling scheme appears correspondingly less intense in the 

spectrum. 

It is particularly helpful for analysis and interpretation of spectra if subsets of the same 

protein sequence are displayed at the same time, but with different colours or markers. 

Therefore, we provide a "clone"-button to copy every spectrum as often as needed. For 

each of these identical spectra, the user can then, e.g., select different sets of residues and 

update the displayed spectra accordingly. 

3.1.3.6 Experimental Spectra 

Processed experimental spectra can be read in and displayed, alone or overlaid with 

predicted spectra. Currently, Peakr accepts processed spectra in the format of Bruker 

XWinNMR or Topspin software (Bruker Biospin, Karlsruhe, Germany). 

3.1.3.7 Output 

Data storage 

Visualized spectra (covering all predicted peaks or a region selected by the user) can be 

downloaded in PNG, PDF, or SVG format. The generated lists of predicted and 

experimental spectra can be downloaded as file archives referenced by a checksum string 
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for further external investigation. Unmodified file archives can again be uploaded to Peakr 

for further analysis, including the generation of additional predicted spectra based on the 

previous settings. The individual checksum provides for security of the user’s data. In 

addition, all data is automatically deleted from the server 24 hours after creation, to avoid 

long-term storage of potentially sensitive research data. 

Lists  

The crosspeak lists that are stored in a spectrum object can be retrieved as tab-delimited 

files. When comparing with an experimental spectrum, the intensity of the measured 

spectrum at the positions of the predicted cross-peaks or in a defined region around them 

can be included. This provides for a straightforward numerical comparison between 

prediction and experiment, which can be useful for model validation or generation of 

restraint lists for structure calculation. 

Graphics  

Peakr generates spectra with crosspeaks as PNG files that can be zoomed and browsed 

providing the functionality known from applications like Google Maps. Predicted and 

experimental spectra can be combined in one plot. Crosspeaks from different spectra are 

distinguished by colour. If a specific 
13

C-labelling scheme is chosen, the probabilities of 

the correlations are displayed as opacities. Tooltips on every peak indicate the contributing 

nuclei and corresponding chemical shifts. 

3.1.4 Results and Discussion 

Peakr is available via a web interface (Figure 3.1-4). The workflow has been designed to 

provide the highest possible flexibility in terms of correlation types as well as protein 

regions and conformations chosen for comparison and analysis. The user can provide a 

protein sequence or a structural model, can choose between providing chemical shift lists, 

estimating shifts or combining these data, and can select various types of correlations that 

are used in most experimental setups. During spectrum prediction, Peakr first calculates 

correlations for all residues. Subsequently, any combination of residues can be selected for 

display, also from different chains or models that may be present in a PDB file (Figure 

3.1-3). Here, the “clone” function provides an easy way to visualize various selections of 

residues while using the same settings for shifts and correlations. 
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Figure 3.1-4: Screenshot of the Peakr web application with the example data as input. The part in which 

spectra can be predicted is shown divided into the sections Protein, Chemical shifts, and Correlations. 

Figure 3.1-3: The screenshot shows the list of predicted spectra after cloning the first spectrum using the 

Clone function (third icon from left). Different parts of the protein sequence were selected (see Start and 

End values). The spectra show resonances from the first 20 residues and from residues 30 to 76, 

respectively. For the second spectrum, only some of the amino acid types present in the sequence were 

selected, which are thus highlighted in orange. 
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As an example for using Peakr, we demonstrate the prediction of intra-residue (
13

C,
13

C) 

correlation spectra of solid ubiquitin and their comparison with experimental data. The 

experimental dataset consisted of a (
13

C,
13

C) correlation spectrum of microcrystalline, 

uniformly [
13

C,
15

N] isotope-labelled ubiquitin prepared as described (362). It was recorded 

on a 700 MHz spectrometer (Bruker Biospin, Karlsruhe, Germany) using 7.8ms of DARR 

(dipolar assisted rotational resonance) 
13

C-
13

C mixing (373). Spectrum predictions were 

generated in Peakr based on the ubiquitin amino acid sequence in plain one-letter code 

format and using chemical shift assignments for this solid-phase ubiquitin preparation as 

reported (362) in Sparky list format. We generated three different (
13

C,
13

C) spectrum 

predictions based on these data using Peakr’s intra-residue (
13

C,
13

C) correlation option, 

including sidechain nuclei up to Cδ and allowing for one-, two-, or three-bond correlations. 

Then, we compared these predictions to the experimental data by listing the intensities at 

the positions of the predicted peaks in the experimental spectrum. Based on visual 

inspection of the experimental spectrum, an intensity cut-off of 3000 was chosen to 

differentiate between signal and noise. 53.4% of one-bond, 17.9% of two-bond, and 2.4% 

of three-bond predicted correlations were found to be present in the spectrum based on this 

cut-off value, showing that the experimental spectrum yielded mainly one-bond and to 

some extent two-bond correlations under the conditions chosen. 

With this approach for comparing prediction to experiment, spectral intensities at exactly 

the predicted peak position are returned. It can be useful to allow for more variability in 

peak positions to account for, e.g., small variations in sample conditions such as 

temperature or pH. To do so, Peakr can return the maximum intensity in a defined region 

of the experimental spectrum around each predicted peak. Allowing for ±0.2 p.p.m. (parts 

per million) variation in peak position when comparing the above one-bond (
13

C,
13

C) 

spectrum prediction with experiment, 74.5% of predicted one-bond correlations are found 

above the selected threshold, indicating good agreement between prediction and 

experiment (Figure 3.1-5, green dots). 

For comparison, we predicted the same one-bond (
13

C,
13

C) correlation spectrum of 

ubiquitin using assignments reported for a different microcrystalline ubiquitin preparation 

(374), adjusted for the referencing offset of 2.01 p.p.m. between these assignments and the 

values used above. For this ubiquitin preparation employing 2-methyl-2,4-pentanediol as 

precipitant, rather than poly-(ethylene glycol) (362), significant chemical-shift differences 

were reported in some regions of the protein (362,375). Correspondingly, Peakr only finds 

66.0% of all predicted one-bond peaks within a range of ±0.2 p.p.m. of a spectral intensity 

above the selected threshold Figure 3.1-5, blue dots). This example illustrates the use of 

Peakr to quickly assess the quality and state of a protein sample. Expected peaks that are 

absent from an experimental spectrum, weaker than expected, or shifted may hint at 
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conformational differences or local motion (375). Thus, Peakr can directly point the user to 

spectral regions that merit further investigation. 

Several specific 13C labelling schemes that have been used in solid-state NMR studies in 

recent years are also implemented in Peakr. Labelling patterns obtained from using 1,3-

13C- or 2-13C-glycerol (370) as well as 1-13C- or 2-13C-glucose as sole carbon sources 

(371,372) can be selected for spectrum prediction. This feature is demonstrated in Figure 

3.1-6 for the same one-bond (13C,13C) correlation spectrum of ubiquitin as shown in 

green in Figure 3.1-5, using the 1,3-13C-glycerol labelling scheme. Peakr calculates 

opacity values of individual peaks according to the 13C labelling probabilities of the nuclei 

that give rise to the correlation. For the glycerol-based schemes, detailed labelling 

probabilities and isotopomer patterns are available (370) and implemented in Peakr, while 

the simplified scheme as shown in (371) is used for predicting spectra with 1-13C- and 2-

13C-glucose-based labelling. Such predictions should be very helpful in assigning spectra 

of proteins expressed with one of these labelling patterns, effectively reducing the need for 

the user to consult tables of labelling schemes manually. In addition to the option to select 

only certain amino acid types for spectrum prediction, the selective 13C-labelling option in 

Peakr allows to assess which labelling method would best reduce spectral crowding for 

Figure 3.1-5: Screenshot of the Peakr spectrum display window showing the example discussed in the 

Results and Discussion section. Orange: experimental DARR (
13

C,
13

C) spectrum of microcrystalline 

ubiquitin. Green and blue: predicted one-bond (
13

C,
13

C) correlations based on assignments reported in (362) 

(green) and based on assignments from (374) (blue). 
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larger proteins with sizable spectral overlap, offering a fast and convenient way to guide 

protein expression strategies for further experiments. 

  

Figure 3.1-6: Screenshots of the Peakr spectrum display window demonstrating different labelling schemes. 

Shown is a region from the green spectrum of Figure 3.1-5, with predicted one-bond (
13

C,
13

C) correlations 

based on the assignments reported in (362). A) Predicted spectrum based on a uniformly 
13

C labelled sample. 

B) Predicted spectrum based on the labelling scheme expected from using 1,3-
13

C-glycerol as sole carbon 

source during protein expression. For one crosspeak, a tooltip shows assignment, chemical shifts and opacity 

value (corresponding to the probability that the corresponding nuclei are both isotope-labelled). 
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3.1.5 Conclusions 

The Peakr software presented here can be of considerable help when analysing solid-state 

NMR spectra of proteins. It can predict 2D spectra for most of the common experimental 

setups. The predicted spectra can be helpful for suggesting resonance assignments and for 

deriving restraints for 3D structure calculations. As demonstrated in the case study, basic 

assumptions about a measured spectrum can be made in a matter of seconds, which can be 

useful in quality control of samples. In contrast to existing solutions, Peakr is very flexible 

and can use subsets of residues or nuclei to define spectra. This is especially valuable when 

reverse or selective labelling methods are used or when only a portion of the protein, e.g. 

the N-terminus, is of interest. Here, Peakr predictions can, for example, be used to assess 

which isotope labelling patterns would be optimal for a given protein in order to reduce 

spectral crowding. Peakr’s ability to rapidly predict intra- and intermolecular through-

space correlation spectra, with the same flexibility in choosing protein regions as well as 

upper distance limits to be considered, should be especially valuable in solid-state NMR 

structural studies. The option to compare predicted with measured spectra allows for 

estimating the degree of agreement between prediction and measurement. In this context, 

the percentage of predicted crosspeaks with a measured intensity above a given threshold 

can be seen as a simple figure of merit.  

The Peakr framework is itself highly flexible and can easily accommodate extensions 

desired by its users. Future versions may thus, for example, be extended to predict 3D 

correlation spectra or proton-detected experiments, which are increasingly used in solid-

state NMR (376,377), as well as to incorporate solution-state NMR correlation types.  

In summary, Peakr has the power and flexibility to become a useful tool for routine 

analysis of solid-state NMR spectra. It is thus hoped that the community will adopt it and 

provide active feedback for further improvement and extension. 
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Bioinformatics 
 

3.2.1 Abstract 

Summary 

Dynamics governing the function of biomolecule is usually described as exchange 

processes and can be monitored at atomic resolution with nuclear magnetic resonance 

(NMR) relaxation dispersion data. Here, we present a new tool for the analysis of CPMG 

relaxation dispersion profiles (ShereKhan). The web-interface of ShereKhan provides a 

user-friendly environment for the analysis. 

Availability 

A stable version of ShereKhan, the web application, and documentation are available at 

http://sherekhan.bionmr.org. 

3.2.2 Introduction 

Functions of biomolecules are governed by their dynamics of conformational 

interconversions sometimes induced by binding of a second partner. The kinetics of these 

processes needs to be explored. Normally, kinetics of the mentioned processes can be 

described with exchange processes. For example, proteins can be in conformational 

equilibrium, which may be characterized by two different conformations of the same 

molecule, or in chemical equilibrium, which may represent the bound and un-bound state 

of molecules to a binding partner. The environments of the nuclei may differ in each state 
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and thus their nuclear magnetic resonance (NMR) parameters (e.g. chemical shifts, scalar 

or dipolar couplings, and relaxation) may also be different. We focus here on processes, in 

which at least one of the magnetically active nuclei exchanges between these states by 

chemical exchange. 

The study of chemical exchange processes by NMR is already well established (378,379). 

Depending on the time scale at which the exchange process occurs, various NMR 

techniques such as line shape analysis, measurements of the spin-spin, or spin-lattice 

relation rates, the off-resonance saturation method, and pulse spin-echo techniques such as 

the Carr-Purcell-Meiboom-Gill (CPMG) experiment can be applied. In particular, the 

exchange processes occurring within the micro- to millisecond time window can be 

detected by the NMR relaxation dispersion experiments using CPMG or off-resonance 

irradiation approaches. Using the CPMG experiment, thermodynamic (relative populations 

of the species), kinetic (rates of exchange), and structural information (in form of chemical 

shifts) at atomic resolution can be obtained. Although CPMG relaxation dispersion 

experiments are in general well-established, their analysis is not a straightforward process. 

Currently available programs can be obtained upon request from the authors (e.g. 

GPMGFit), demand a number of software libraries (380), which are often not commonly 

available on personal computers and result in compatibility problems, or require 

proprietary software (GUARDD)(381). Therefore we developed ShereKhan, which is 

accessible through a web interface allowing a user-friendly selection of residues and 

suggesting models for the calculation of kinetic parameters like the relative populations of 

the species, the exchange rate, and chemical shift information from the CPMG relaxation 

dispersion data. ShereKhan assumes a global two state exchange process to fit the data 

with models for the slow or fast exchange. 

3.2.3 Features 

The ShereKhan web application provides an easy way to calculate exchange parameters 

(rates, relative populations, and their structural information) of molecules (Figure 3.2-1). 

The workflow has been designed to guide the user through the process from uploading data 

to the calculation of the exchange rates and populations of the states. The input file for a 

dataset is a simple tab-delimited text file containing R2 relaxation rate values including 

error estimates at various CPMG values for each residue (Figure 3.2-1A). In addition it 

must be specified with which resonance frequency and constant-time relaxation delay Tcp 

the data had been recorded. The residues must not be consecutive but should be numbered 

sequentially for calculating the chemical shift difference plot. ShereKhan accepts any 

number of datasets, e.g. data recorded at a pair or multiple field strengths. If the 

experimental datasets include relaxation dispersion data measured at two (or more) 

different magnetic fields, ShereKhan suggests the exchange regime (slow or fast exchange 
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regime) for each given residue to facilitate the selection of an appropriate model (382). 

Subsequently, specific sets of residues (e.g. with a certain exchange regime) or any 

combination of residues can be selected. In these way single residues containing 

ambiguous data can be deselected before starting the calculations. 

 

 

3.2.3.1 Applying different exchange regimes 

In the current implementation the user can choose between two exchange regimes (on the 

NMR time scale), slow or fast exchange (Figure 3.2-1B). After assigning the regime, the 

user can select a fitting model, namely the London model (383) or the Meiboom model 

(384) for the slow or the fast exchange regimes, respectively. Alternatively, users can use 

the Block-McConnell equation (385), which works for both regimes. Chemical shift 

variances and intrinsic R2 relaxation rates are residue-specific but kinetic parameters can 

be fitted globally. Starting values for the parameters of the model can either be suggested 

by ShereKhan or be specified by the user. 

3.2.3.2 Displaying and exporting results 

For residues in the fast exchange regime, only the exchange rates and their population 

weighted chemical shift differences can be extracted from the fitting of NMR relaxation 

dispersion data whereas for residues in the slow exchange regime, all parameters such as 

rate constants, populations, and chemical shift differences can be obtained from the fitting. 

Fits of the model to the data can be browsed interactively or downloaded in various 

graphics formats. 

Figure 3.2-1: A) The input file for ShereKhan containing R2 relaxation rate values including error estimates 

Esd(R2) at various CPMG values for each residue. B) Part of ShereKhan’s user interface showing the residue 

selection and parameter options. C) As output SherKhan provides exchange regime dependent kinetic 

parameters, a chemical shift difference plot, and graphs with the fits (not shown). 
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3.2.4 Implementation 

ShereKhan consists of a command-line program and a WWW-based tool, accessible using 

any modern web browser. The program was written in Python using the scipy (386) and 

matplotlib libraries (387) and the JSON parser. The web application framework is Ruby on 

Rails (79). In order to present the user with a feature rich interface the site makes extensive 

use of modern Web 2.0 techniques like Ajax (Asynchronous JavaScript and XML) using 

jQuery (388) and FancyBox (389). Interactive graphs are drawn using the graphical toolkit 

Protovis (256). User-uploaded data is stored temporary on the server and deleted when 

leaving the application. 
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3.3.1 Abstract 

Background 

All sequenced eukaryotic genomes have been shown to possess at least a few introns. This 

includes those unicellular organisms, which were previously suspected to be intron-less. 

Therefore, gene splicing must have been present at least in the last common ancestor of the 

eukaryotes. To explain the evolution of introns, basically two mutually exclusive concepts 

have been developed. The introns-early hypothesis says that already the very first protein-

coding genes contained introns while the introns-late concept asserts that eukaryotic genes 

gained introns only after the emergence of the eukaryotic lineage. A very important aspect 

in this respect is the conservation of intron positions within homologous genes of different 

taxa. 

Results 

GenePainter is a standalone application for mapping gene structure information onto 

protein multiple sequence alignments. Based on the multiple sequence alignments the gene 

structures are aligned down to single nucleotides. GenePainter accounts for variable 

lengths in exons and introns, respects split codons at intron junctions and is able to handle 

sequencing and assembly errors resulting in frame-shifts in exons and gaps in genome 

assemblies. Thus, even gene structures of considerably divergent proteins can properly be 

compared, as it is needed in phylogenetic analyses. Conserved intron positions can also be 
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mapped to user-provided protein structures. For their visualization GenePainter provides 

scripts for the molecular graphics system PyMol. 

Conclusion 

GenePainter is a tool to analyse gene structure conservation providing various visualization 

options. A stable version of GenePainter for all operating systems as well as 

documentation and example data are available at 

http://www.motorprotein.de/genepainter.html. 

Keywords 

exon, intron, gene structure, evolution 

3.3.2 Background 

All eukaryotic genomes that have been sequenced so far have been shown to possess at 

least a few introns including the unicellular organisms that were previously suspected to be 

intron-less (390,391). These data has fuelled the lively debate between the introns-early 

and introns-late concepts that is on-going since the discovery of splicing (392). The 

introns-early hypothesis says that already the very first protein-coding genes contained 

introns while the introns-late concept asserts that eukaryotic genes gained introns only after 

the emergence of the eukaryotic lineage. Support for either of the concepts has been 

revealed by modelling the rates of intron gain and loss in eukaryotic genomes (393), by 

analysing the conservation of intron positions of example genes from a selection of 

genomes (394), or by population-genetic considerations (395). Intron position conservation 

has also been used to improve gene predictions (396) and multiple protein sequence 

alignments (397), and to reconstruct ancient genes (24). 

A few software packages are available with which the conservation of intron positions can 

be analysed. Exalign is a software using only gene structure information to reveal intron 

conservation (398). Exalign uses gene structures from RefSeq gene annotations and from 

user definitions and calculates an alignment based on exon lengths and reading frames. 

However, Exalign fails if exon lengths between genes do not match. This is normally the 

case if genes encode less conserved proteins (e.g. differing in the lengths of surface loop 

regions) or if genes from more divergent species, which have been subject to complex 

intron loss and gain events, are compared. Thus, it is beneficial to use the information 

contained in protein sequence alignments. Tools that combine protein multiple sequence 

alignment (MSA) data and gene structures are CIDA/CIWOG (399), Malin (400), and 

scripts developed for large-scale analyses (401,402). CIDA/CIWOG comes with a web 

interface coupled to a database while Malin requires a species phylogeny as starting point. 

XdomView is the only software combining protein structures with intron and domain 
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positions (403). In XdomView the user can specify a PDB-ID. Domain definitions from 

SCOP, CATH, DALI, 3DEE, and MMDB are mapped to the specified structure. In 

addition, the protein sequence from the PDB file is used to identify eukaryotic homologs in 

the ExInt database to map intron positions and phase. However, XdomView is strongly 

limited by accepting only PDB codes as input, and the reference databases are far out of 

date (PDB of June 2003, SCOP release of March 2003, ExInt based on Genbank 122 of 

February 2001). 

With GenePainter we developed a tool that combines protein MSA data, gene and protein 

structures. GenePainter maps the intron positions obtained from the gene structures to the 

MSA taking reading frames into account. Additionally, conserved intron positions can be 

displayed in provided protein structures. The output can be used to compare gene 

structures from the exon/intron level down to the nucleotide sequences and to resolve and 

improve potentially ambiguous regions in the MSAs. GenePainter does not require any 

additional software/database to be installed and is unique compared to previous tools in its 

output options and the possible application in small- as well as large-scale analyses. 

3.3.3 Implementation 

GenePainter was written in Ruby (78), does not require any additional library, and can be 

used on any operating system (Additional File 3.3.10.1). The text and SVG output can be 

processed with any appropriate software. The output to visualize intron positions mapped 

to structures is scripts for PyMOL (404). The software as well as a comprehensive 

documentation can be found at http://www.motorprotein.de/genepainter.html. 

Needleman-Wunsch 

The mapping of intron positions and phases onto a PDB file is based on an alignment of 

the PDB sequence with one of the sequences from the protein MSA as reference. Thus, 

both the reference sequence and the chain of interest from the PDB file need to be 

specified. The alignment is calculated as described in (320). However, gaps at the end of 

the alignment are not penalized. This adaptation is of particular importance, as reference 

and protein sequence may vary greatly in length, possibly leading to an inappropriate 

alignment. Reasons for length differences can be full-length sequence in the alignment 

versus sequence of a single domain in the crystal structure, protein sequence in the 

alignment versus sequence joined to an expression/purification tag in the structure, and 

missing parts in the structure due to missing electron density. 
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3.3.4 Results and Discussion 

To demonstrate GenePainter we use part of the coronin dataset published recently (126). 

Coronins are a family of actin remodelling proteins consisting of a conserved β-propeller 

domain that comprises the N-terminal two thirds of the sequences, a unique region, which 

is only conserved within closely related species, and a short C-terminal coiled-coil region 

that mediates trimerization. Also, a protein structure is available comprising the β-propeller 

domain and part of the unique region (204). GenePainter needs Fasta formatted protein 

MSAs and gene structure information stored in YAML files as input (Figure 3.3-1, 

Additional File 3.3.10.1). Optionally, a protein structure can be provided in PDB format. 

The gene structures can most easily be obtained by using the WebScipio (13,182) web 

interface or via the WebScipio web service by using the provided gene_scan.rb script. 

The latter option requires the user to specify species names and genome assemblies, which 

are easier to select via the WebScipio web interface. The advantage of using WebScipio is 

its ability to predict protein sequences and reconstruct gene structures in cross-species 

searches (182) and thus the possibility to easily extend the input data by adding genes from 

related species. Also, WebScipio can cope with genome assembly problems like assembly 

gaps and sequencing errors leading to frame shifts and in-frame stop codons in exons. In 

the current implementation, other file formats describing gene structures like GFF (405) 

cannot be used as alternative input files for GenePainter. This is due to the fact that GFF 

files normally do not contain DNA sequence and therefore do not provide all necessary 

information. Optionally, alignment limits can be defined in GenePainter. This is 

particularly useful when comparing specific regions and domains of multi-domain proteins 

separately. 

Because GenePainter compares gene structures based on multiple sequence alignments of 

proteins it can be used to analyse proteins of any degree of similarity. The coronins from 

the sample data comprise sequences from apicomplexans, fungi and mammals. 

Accordingly, the similarity of the gene structures is not obvious at first glance (Figure 

3.3-1A). By scaling the exons and introns the similarity of exon lengths between homologs 

of closely related organisms becomes suggestive (Figure 3.3-1B. Note the different scaling 

of exons and introns in this figure.). Exons and introns were scaled up and down, 

respectively, so that the average length of the exons equals the average length of the 

introns. GenePainter maps intron positions including phase to the sequences as provided in 

the multiple sequence alignments. 
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  Figure 3.3-1: Gene structure schemes of coronins A) The schemes illustrate examples of coronin genes from 

human (Hs = Homo sapiens) and zebrafish (Br = Brachydanio rerio) Dark grey bars and light grey bars 

mark exons and introns, respectively. B) This figure illustrates examples of coronin genes from vertebrates 

(Hs = Homo sapiens, Br = Brachydanio rerio, Gg = Gallus gallus, Xt = Xenopus tropicalis), arthropods (Dm 

= Drosophila melanogaster, Ang = Anopheles gambiae), nematods (Ce = Caenorhabditis elegans) and the 

protozoan parasite Plasmodium falciparum (Pf_a). In order not to make small exons vanish when very large 

intronic stretches are present, the scaling of introns and exons is automatically balanced to make the picture 

visually meaningful (scale bars for exons and introns are given, respectively). Here, except for AngCoro2 and 

Pf_aCoro in all schemes the introns were scaled down and the exons scaled up so that the average length of 

the introns equals the average length of the exons.  
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Gene structure alignments 

The aligned gene structures can be analysed in various formats. The basic output format 

displays intron position in plain text, where exons and introns are represented by hyphen-

minuses “-” and vertical bars “|”, respectively. This format is particularly useful for large-

scale data (many positions and sequences in the MSAs, Figure 3.3-2A) and is independent 

of exon and intron lengths. Additional information can be added by using the -n option of 

GenePainter by which intron positions are represented by phase numbers instead of vertical 

bars “|” (Figure 3.3-2B). A gene structure alignment including exon and intron lengths is 

shown in Figure 3.3-3. It is immediately obvious that intron lengths vary considerably 

(compare human HsCoro2B and frog XtCoro2B for example). In addition, the scheme 

shows that the N-terminal β-propeller domain of coronin is highly conserved while the 

unique regions are variable and contain many gaps in the multiple sequence alignment 

(blue bars). 

The gene structure information can also be incorporated into the protein MSA as additional 

lines (option -a) where intron positions are either displayed as vertical bars “|” or as 

numbers defining the phase of the respective introns (Figure 3.3-3B). This format is most 

useful if the MSA will be re-evaluated to identify miss-aligned positions and regions. 

Visualizing conserved intron positions on protein structures 

Gene structure conservation derived by GenePainter can further be mapped on protein 

structures (option –pdb <file> [chain]). Therefore, one of the proteins from the 

MSA (set by -pdb_prot) is taken as reference and aligned with the protein sequence 

from a PDB file. Based on this alignment, intron positions and phases are projected on the 

protein structure. If no reference gene and no chain are specified, the first sequence in the 

alignment and chain A will be used by default. GenePainter supplies two python scripts for 

execution within PyMol comprising all necessary steps (including loading the PDB) in 

order to display the mapped intron positions and phases. While the script 

color_exons.py colours residues based on the underlying gene structure (Figure 

3.3-4A), the other highlights only intron phases (color_splicesites.py; Figure 

3.3-4C). In this visualization, both the last and first residues of succeeding exons are 

coloured by a three-color scheme denoting the phases of the respective introns. In order to 

elucidate the conservation of the respective intron positions, by default only those positions 

that are conserved in more than 80% of all genes (parameter can be changed via -

consensus) are considered for visualization (Figure 3.3-4B and Figure 3.3-4D). In both 

visualizations attention is focused on those parts of the structure, on which intron data are 

mapped. Unused chains and regions not mapped to the reference sequence like cloning 

artefacts and protein purification tags are displayed in grey.  
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Figure 3.3-2: Gene structure alignments. The gene structures shown in Figure 3.3-1 were aligned with 

GenePainter. A) Gene structure alignment representing exons (“-”) and introns (“|”) independent of their 

lengths. “|” underneath each other indicate intron positions with the same phase at the same position in the 

multiple sequence alignment. B) Similar visualization as in A) except that the intron phases are given instead 

of the intron indicator “|”. The outputs shown in A) and B) are plain text files and can be analysed with any 

text editor. 
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Figure 3.3-3: Nucleotide level alignment of gene structures. A) Representation of the gene structures at the 

nucleotide level. Exons and introns are scaled that both represent 50% of the width of the figure. Without 

scaling, the introns would dominate the schemes. Red and magenta lines represent introns and intron gaps, 

respectively. Intron gaps are placeholders to fill the space of shorter introns compared to the longest intron at 

that position up to the next exon. The thick bars denote sequence within exons (green, orange and coral bars) 

and gap positions within exons (smaller blue bars) that were inserted into the protein sequences to adjust the 

multiple sequence alignment. Different colours for exonic sequences have been introduced to emphasize 

particular aspects like exons, which are not interrupted by sequence alignment gaps or introns in any of the 

other sequences (green bars) and the last uninterrupted parts of exonic sequence before introns (orange bars). 

The last option is particularly useful to identify the ends of exonic sequence before very short introns, or to 

identify introns in very huge alignments. Coral bars denote all other exonic sequence. Light grey lines symbolize 

placeholders within exonic sequences that are interrupted by introns in other sequences. All placeholders and 

markers for alignment gaps are added to optically align the corresponding exonic sequences beneath each 

other. B) Section of the gene structure alignment of A) with respect to the multiple sequence alignment to 

highlight the exon and intron features. 
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3.3.5 Conclusion 

GenePainter is a tool to analyse the conservation of gene structures of eukaryotic proteins. 

It aligns the gene structures to the respective protein sequences in a multiple sequence 

alignment. Gene structure conservation can be displayed in a binary format (exons and 

introns) and based on the nucleotide sequences. GenePainter can map gene structure 

conservation on protein structures and provides scripts for visualization in PyMol. 

Figure 3.3-4: Visualization of gene structures on protein structures. In this figure, intron positions and 

phases are visualized in a protein structure. The gene structure of human HsCoro1A (see Figure 3.3-1) was 

mapped onto the Coro1A structure from mouse (204). The two different output formats are shown for 

comparison. A) illustrates colouring of exons mapped to the protein structure (color_exons.py). For 

better orientation, the N- and C-termini and the positions of the last residues in each putative exon are given. 

The number in brackets denotes an intron position covered by another structural element. C) displays the 

phases of the introns (color_splicesites.py). Numbers indicate the respective intron phases. In both 

figures, introns occurring in any of the sequences within the MSA are shown (-consenus 0). Contrary, 

introns conserved in 80% of all proteins (default value) are shown in B) and D). Analogous to A) and C), B) 

refers to color_exons and D) to color_splicesites. 
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Therefore, GenePainter will be a valuable tool for gene structure guided improvements of 

multiple sequence alignments and for phylogenetic analyses including or focusing on the 

conservation of intron positions within eukaryotic genes. 

3.3.6 Competing interests 

The authors declare that they have no competing interests. 
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gene_painter.zip 
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This file contains the GenePainter software (gene_painter.rb) and a script to 

reconstruct genes via the web service of WebScipio (gene_scan.rb). It also includes 

example data (MSA, gene and protein structures) used to create the figures. This file is also 

available from the project homepage. 

The zip file can be found in the corresponding publication or on the group homepage: 

http://www.motorprotein.de/genepainter/gene_painter.zip. 

 



 

4 Conclusions 

To understand a protein in detail, one possibility is to do a protein family analysis. 

Therefore, one starting protein sequence is used to search in one available related organism 

for homologues sequences. Afterwards, the starting sequence and the found homologues 

sequences have to be aligned. At this point, first similar sequence parts can be obtained. To 

add more sequences to the alignment, homologues sequences have to be search in many 

more related organisms. Adding and aligning more and more sequences, the existing 

alignment can be improved. Furthermore, biological information like specific domains of 

the protein helps to enhance the sequence alignment, too. The alignment should be 

corrected so that the domain sequences of each homolog are aligned to each other. A 

protein family analysis helps to determine if the sequence of the protein of interest is 

correct. Additionally, having only one sequence of one organism, it is not possible to make 

a statement when this protein occurred in the tree of life the first time. Doing such an 

analysis manually is time consuming. Therefore, it is faster and easier to use available 

sequences from databases. However, many automated annotated sequences found at NCBI 

are error prone. Unfortunately, many analyses are based on these wrong sequences. This is 

one reason why sequences from complete protein family analyses should be used, if 

available. The benefit of such an analysis is that all sequences of the analysis are compared 

to each other. Annotation errors are easier to recognize and to fix. Furthermore, for 

instance statistics of the number of amino acids, pI, molecular weight, and the level of 

conservation can be made for all sequences of the protein. With this knowledge, it is easier 

to plan mutation experiments of e.g. highly conserved amino acid positions. Such analyses 

were made for this dissertation. 

Dynein is one of the three motor proteins. However, it is not able to bind and transport the 

corresponding cargo through the cell on its own. Therefore, the dynactin protein complex, 

composed of eleven different proteins (dynactin1 – dynactin6, Arp1, Arp11, actin, Capα, 

and Capβ), is necessary. To understand the evolution of this complex in eukaryotes, a 

protein family analysis for each of the protein was done. 3061 sequences from 478 

organisms were collected. This analysis shows that the dynactin complex, like dynein, 

already existed in the last common ancestor of the eukaryotic branch. Furthermore, the loss 

of dynein, like in plants, accompanies with the loss of the dynactin complex. 

At least seven proteins of this complex, dynactin1, dynactin2, dynactin4, dynactin5, the 

capping proteins, and Arp1, are necessary for the function of dynactin. These proteins were 

found in nearly every branch of the eukaryotic tree, where dynein is present. One exception 

is dynactin1, which was not found in Apicomplexa, Heterolobosea, and Apusozoa. The 
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reason might be that the dynactin1 homologs of these branches do not have a CAP-Gly 

domain. This domain was used to find homologues sequences, because its core structure is 

highly conserved (Figure 2.1-2D). Furthermore, dynactin1 is the least conserved protein of 

the dynactin complex (Figure 2.1-1) and the TBLASTN and PSI-BLAST searches did not 

find the homologs in the three branches. However, this result does not mean that these 

branches do not have the possibility to produce a dynactin complex that interacts with 

dynein. The CAP-Gly domain interacts with the microtubule, but is not involved in the 

dynactin-dynein interaction. 

Dynactin6 builds a sub-complex with dynactin5. But dynactin6 is not present in all 

branches of the eukaryotic tree, like in the yeasts. Comparing the found sequences of 

dynactin5 and dynactin6 from other organism, it is still possible to align them. This leads 

to the possibility that yeasts might build up the sub-complex of two dynactin5 proteins. 

During the study, different duplication events were found. For dynactin1, independent 

duplication events were found in the Brachycera branch (including the Drosophila branch), 

Actinopterygii branch, and in some nematodes. Furthermore, duplications of dynactin1 

were found in the fungis Rhizopus arrhizus and Mucor cirinelloides. The respective 

homologs grouped together in the phylogenetic tree that suggests that the duplication event 

happened before the separation of these two organisms. One further gene duplication event 

was found for Arp1. It happened at the origin of Vertebrates. During evolution, the 

Actinopterygii branch lost variant A, whereas the Amphibia and the Archosauria branch 

lost variant B. These two homologs are very similar, Arp1 mixing in the dynactin complex 

would not change the function at all. 

Furthermore, we found that e.g. in vertebrates, the dynactin complex includes Arp11, 

whereas in yeasts, Arp10 is included. No eukaryotic genome was found including both 

homologs. We collected about 2300 Arp sequences from all eukaryotic branches and 

calculated phylogenetic trees. It was found that Arp10 and Arp11 grouped together. This 

leads to the result that Arp10 and Arp11 are orthologous proteins. According to HUGO we 

suggested to name both, Arp10 and Arp11, Arp10. 

The sequence alignments of the dynactin proteins help to better understand the correlation 

between point mutations and diseases. For dynactin1, the point mutations G59S, 

G71R/E/A, T72P, and Q74P are related to different diseases. As illustrated in Figure 

2.1-2D, G59 and G71 are highly conserved in all organisms. Furthermore, no sequence 

was found where a proline replaced T72, or Q74. All these amino acid positions are found 

in the CAP-Gly domain of dynactin1. Mutation of one of these positions destabilizes this 

domain and has direct influence to microtubule interaction, whereas the dynein-dynactin 

interaction is not interrupted. 
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Two proposed statements were revised. First, it has been proposed that dynactin3 is the 

least conserved protein of the complex (121). Therefore, sequences from four organisms 

were compared with the mouse homolog. Our analyses show that the least conserved 

protein of the dynactin complex is dynactin1, followed by dynactin3 and dynactin6 (Figure 

2.1-1). Second, it has been proposed that dynactin4, dynactin5, and Arp11 have conserved 

alkaline pIs (97). For this statement, subunits for each mentioned protein were analysed 

from mouse, Drosophila, and C. elegans. Our analysis shows that this statement is true for 

dynactin5 (Figure 2.1-4). But for Arp10 (Arp11) and dynactin4, the pI’s mainly distribute 

between a pH of about 6 to 7.5 and 6 to 8.5, respectively. With alkaline pI, a protein could 

interact electrostatically with negatively charged biomolecules like membrane lipids or 

acid cargoes. The recently reported interaction of dynactin5 with early endosomes is 

consistent with our result (150). The other pointed-end subunits might have electrostatic 

independent functions. 

Like the analysis of the dynactin complex, the analysis of the coronin protein family gives 

an indication for the coronin inventory of the last common ancestor of the eukaryotic 

branch. The LCA must have contained a short coronin that was the origin of coronin class-

1 and class-2. Furthermore, the LCA must have contained a class-3, and most probably a 

class-4 coronin. This result shows that the coronin introduced regulation of the actin 

cytoskeleton is a rather old function that already exists in the beginning of eukaryotes. 

For a protein family analysis, as many organisms as possible should be analysed to find the 

homologues sequences. New homologs can improve the quality of already collected 

sequence alignment. However, if the found sequence of an organism might be wrong and 

the analysis of the corresponding genome helps to correct it, a different assembly should be 

analysed, if available. Assemblies might include errors, like missing genomic sequence. In 

order not to lose the overview of correlations between the sequences, proteins, organism, 

genomes and assemblies, all collected data should be stored in a database. To offer easy 

access to the collected data and the corresponding analyses, a web application is helpful. 

The necessary web browser is usually installed on every computer and no further program 

with its dependencies needs to be installed. 

diArk is the most up to date database for eukaryotic genomes, organism and the 

corresponding meta data and analyses. It is the only database/web application that 

complies with the rapidly increasing genome data. Assembly related information about 

assembly version, assembly release date, completeness of the assembly, GC-content, 

assembly size, number of contigs, N50-value, accession numbers of contigs, genome 

assembly files, sequencing methods, and assembly method is stored. Knowing the used 

sequencing method and corresponding information like coverage, it is possible to 
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recognize the quality of the genome. This information helps to select the best fitting 

assembly for upcoming analyses, if more than one is available. 

diArk offers different search modules. They help users to select the data subset of interest. 

To keep track of the results, they are ordered by their types in seven different result tabs. 

Furthermore, different statistics, for instance the genome size/GC-content plot (Figure 

2.3-7A), are calculated on the fly based on the search result. diArk generates more than 

1200 unique visits per month that implies the importance of this application. 

To provide access to the huge number of published manually annotated protein sequences 

of our group, CyMoBase was developed. For each sequence, different types of analyses are 

available. It is possible to compare biochemical characteristics of each protein sequence to 

all other sequences of the same protein and to the subset of sequences based on the search. 

The results are visualised directly in the web browser. Analyses about number of amino 

acids, isoelectric point, molecular weight, negatively/positively charged residues, 

extinction coefficients, atomic composition, instability index, aliphatic index, and grand 

average of hydropathicity (GRAVY) can be displayed. These analyses give different kinds 

of biochemical information that help to understand the protein sequence of interest. 

Furthermore, information about domain composition and gene structures computed with 

WebScipio are offered. One additional feature of CyMoBase is the possibility to display 

the sequence alignment directly in the web browser. Besides, it is possible to display a 

sequence and gene structure alignment that provides information about conserved intron 

positions. Like diArk, it is easy to search through the huge number of data provided by the 

database and to reach the data subset of interest. This is managed by different search 

modules that can be combined in any order. This allows users to get the sequences, 

analyses, and other information of interest fast and easy. 

It does not suffice to provide access to this kind of data. Tools are necessary to search for 

new and to correct existing sequences. Furthermore, in depth analyses should be possible. 

WebScipio was developed for this reason. As above-mentioned, it reconstructs the exon 

intron gene structure using a genome and a protein sequence. WebScipio can reconstruct 

intron splice sites, very short exons, and exons spread over several contigs, correctly and is 

robust to sequencing errors. The possibility to change every parameter used during the 

search, the algorithm can be fine-tuned. This allows users not only to search in the 

corresponding genome of the protein sequence. It is shown that a cross species search is 

possible even if the last common ancestor is more than 100Myo years ago. Additionally, an 

algorithm is implemented in WebScipio to find and examine mutually exclusive exons that 

encode for the same structural part of the protein. This algorithm searches for exons next to 

each other that have roughly the same length, identical splice sites, are on the same reading 

frame, and have homologous sequence. 
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To analyse the gene structures of all sequences of a protein alignment, GenePainter was 

designed. It uses the gene structures calculated by WebScipio and the corresponding 

sequence alignment to produce an exon-intron alignment. The intron conservation level of 

all or a subset of sequences can be represented in different ways. Aligning errors in the 

multiple sequence alignment are directly visible. This information helps to improve the 

sequence alignment. Additionally, the intron conservation information assists to analyse 

the evolution of all introns of a gene. Moreover, with GenePainter, it is possible to map the 

intron information and their conservation level to a protein structure. It is possible to locate 

the part of the structure where exons with conserved introns can be found. 

To understand the molecular function of proteins in detail, the protein sequence and the 

corresponding protein family analysis does not suffice alone. With a 3D protein structure, 

molecular functions might be explained at atomic resolution. One way to get the structure 

of a protein is to use the NMR technique. While the resonance lines and peaks produced by 

liquid state NMR are mostly sharp, the peaks produced by solid state NMR are not. Hence, 

the peaks displayed in a 2D spectrum produced by solid state are overlying and the 

following assignment of atoms is difficult. To improve the assignment process, predicted 

peaks based on a PDB, or a protein sequence can be used. Therefore, Peakr and the 

corresponding web application Webpeakr were designed. Peakr predicts 2D spectra for the 

common experimental settings in matter of seconds. It is possible to predict C-C inter- and 

intraresidue, C-C double quantum, N-C intraresidue, N-C interresidue, and through space 

correlations. For the prediction of the underlying chemical shifts, e.g. different prediction 

tools using different prediction methods can be selected. Furthermore, with Webpeakr it is 

possible to predict peaks of only e.g. the N-terminal part of the protein sequence, specific 

amino acid types, or structure elements. Additionally, the labelling pattern can be changed 

and its influence to the resulting peaks analysed. With this knowledge, a noise reduced 

experiment can be planed. 

One additional benefit of Webpeakr is that only a modern web browser is required. No 

further program and its dependencies have to be installed on the local computer. It is 

possible to gain the results of interest fast and visually formatted. The complete session, 

including all uploaded files, settings, and selections can be downloaded and uploaded later 

on for further analysis. 

The molecular function of proteins is often based on conformational changes induced by 

binding of another protein, or other biomolecule. To describe the kinetics, exchange 

processes can be analysed. NMR can be used to study the thermodynamic (relative 

populations of the species), kinetics (rates of exchange), and the structure (in form of 

chemical shifts) at atomic resolution of these processes, e.g. with CPMG experiments. The 

analysis of the CPMG results is difficult, especially for beginners. Therefore, ShereKhan 
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was developed. It is accessible through a web interface. The user-friendly guided workflow 

allows first to upload the data. Second, a selection of every residue is available, as well as 

the selection of different models for the calculation of kinetics parameters. With these 

models and optional kinetic parameters, ShereKhan calculates the relative populations of 

the species, the exchange rate, and chemical shift information, based on the uploaded 

CPMG relaxation dispersion data. Third, the resulting values are listed directly in the 

browser. Furthermore, interactive plots providing exchange regime for each residue and 

chemical shift differences are visualized and can be downloaded in different graphical 

formats.  
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