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1 Introduction

Genomes

Genomes are the blueprint of life. It has long been speculated that the information that organisms
need to form there amazingly complex bodies are stored in a specific place inside the cells. With the
discovery of DNA, this place has been identified (1). The characteristics of the DNA perfectly fit the
requirements: Universal, robust, compact, mutable and open source.

With the advent of the genomic era, deciphering genomes in large numbers have become a possibility.
What has been a major technical challenge before (2,3,4), is now only a question of resources and
the number of sequenced genomes increases exponentially. Genome sequences are a very valuable re-
source for many types of research including molecular biology, phylogenomics, comparative genomics,
functional genomics, metagenomics and pharmacogenomics.

Although a large number of genomes are technically available, there is no central authority that lists
all projects and the species that have been sequenced. In order to remedy this problem we created
diArk, a web application for completed sequencing projects of eukaryotic genomes (Chapter 3). diArk
offers information about species and sequencing projects, alongside with literature references. It also
offers sophisticated search options and provides a great number of genomes for download. diArk can

be found at http://www.diark.org.

Genes

The most striking feature of genomes is that they encode proteins (5), the primary actors in cellular
processes. Genes are the regions which code for protein. In contrast to prokaryotes, the genes
of most eukaryotes are structurally complex. They comprise of regulatory elements (6), coding
regions (exons) and non-coding regions (introns) (7). The length of the non-coding stretches vary

considerably, ranging from dozens base pairs to many thousands.

Gene Annotation

Identifying the exact structure of a gene is important for a wide range of analyses and there have been
numerous attempts to predict gene structures (8). Although undoubtedly useful on the large scale,
existing programs are not well suited to optimise gene structures on the level of single bases. When
searching for the gene structure, given a known protein sequence, it is desirable to have a program

that does all possible refinement steps like finding small exons and optimizing splice sites since these
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steps are very cumbersome when done manually and are often neglected. Numerous studies could
benefit from precisely annotated genes since extensive studies were carried out based on incomplete
data. In order to find the one most coherent gene structure given a protein query, we created Scipio
(Chapter 6), a program that produces results that can be read by humans and computer programs
alike. For users who prefer a more user-friendly way of using Scipio, we offer WebScipio (Chapter
7), a web application which enables the user to search for genes in the genomes of about 250 species
on our server. The result can be viewed as clear tables and informative visualisations of the gene
structure. The program has also proven very useful for cross-species annotations, which are getting
increasingly useful as more and more genome sequences become available. WebScipio can accessed

found at http://www.webscipio.org.

Splicing

As organisms got increasingly complex during evolution and adaptation, their protein repertoire got
more diverse. Such diversification can be achieved by gene duplication, where one gene is copied and
is then free to mutate and fill a new functional niche. But eukaryotic organisms can also increase the
palette of their gene products by combining exons of a single gene in different ways by differentially
splicing the pre-RNA (6). This sophisticated process enables the cell to assemble gene products in
a modular way while using only minimal space in the genome. The decision on using either gene
duplication or differential splicing in a certain gene family is a characteristic that is also acquired
during evolution and therefore shared among closely related species. In the myosin gene family, the
most extensive differential splicing is seen in the muscle myosin heavy chain genes of arthropods. The
structures of these genes give interesting hints on how they may have evolved. On rare occasions,
mRNAs find their way back into the genome, providing a snapshot of their momentary sequence and
giving rise to pseudogenes. Close inspection of pseudogenes can reveal some details about the process
of mRNA splicing (Chapter 5).

Protein Families

Genomes of different species contain homologous proteins, that are similar in sequence, structure
and function. A large number of protein families have been identified (9). Since protein families
evolve and diversify and can have a great number of members, they are very good subjects to study
evolutionary processes (10). The myosin protein family is one of the families with representatives
in virtually all eukaryote genomes. Since myosins are involved in several essential processes in the
cell (11), all of them are highly conserved. On the other hand, they have seen great diversification
during evolution and many classes of myosin are specific for a few taxa. These characteristics make
them an ideal candidate for the reconstruction of the tree of eukaryotic life (Chapter 4). In our study
we used 2269 manually annotated protein sequences and were able to greatly extend the existing

classification system of the myosins and shed some light on disputed parts of the tree of life.
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Apart from myosin, eukaryotic cells have other motor proteins with specific functions: Kinesin and
dyneins. When combining the evolutionary information in all families of motor proteins, phylogenetic
relationships can be resolved with high confidence and in great detail. In large protein families which
are structured internally and can be split into classes and variants, the existence and non-existence of
variants can be used to cross-check the findings of more traditional studies. We used this combined
approach on the Arthropoda taxon and were able to precisely determine the phylogenetic relationship
of 21 completely sequenced species (Chapter 8).

When dealing with the many members of a protein family, it is important to not only consider their
sequence characteristics for categorization. Alongside information on the domain composition, the
species and their taxonomy and the relevant literature should be taken into account. In order to
track this information and to make it available, we created CyMoBase (Chapter 2), a web application
that stores information about more that 8000 manually annotated protein sequences, more than 960
species and more than 750 publications. The database can be searched conveniently and sophisticated
queries can be constructed and saved using a modular search system. CyMoBase can be found at

http://www.cymobase.org.

Solid state NMR

Since nuclear magnetic resonance has been discovered (12), it has been performed both in liquid
and in solid phase. Solution state NMR has for a longer time been successfully used for structure
determination of biological macromolecules (13). However, in recent years, solid-state NMR has also
been successfully used to determine protein structures (14,15). Especially as the proteins of interest
get larger, elucidating their structure becomes a very complex task that is hampered by the limited
resolution, resonance overlap and chemical shift ambiguity. For this process, predicted spectra can
be of great help, although existing solutions for these predictions are very limited and can hardly be
adapted to changed experimental parameters.

Since this problem can be solved using the same technologies used in the other projects, we decided
to create Peakr, a software program that can efficiently predict spectra for all common experimental
settings that are used in protein solid state NMR and is able to handle complicated cases like different
conformations and inter-molecular interactions in crystals (Chapter 9). Peakr offers an intuitive web

interface and can also be used as a web service.
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Note

The publications and manuscripts are ordered chronologically.
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2.1 Abstract

2.1.1 Background

Annotation of protein sequences of eukaryotic organisms is crucial for the understanding of their
function in the cell. Manual annotation is still by far the most accurate way to correctly predict genes.
The classification of protein sequences, their phylogenetic relation and the assignment of function
involves information from various sources. This often leads to a collection of heterogeneous data,
which is hard to track. Cytoskeletal and motor proteins consist of large and diverse superfamilies
comprising up to several dozen members per organism. Up to date there is no integrated tool available

to assist in the manual large-scale comparative genomic analysis of protein families.

2.1.2 Description

Pfarao (Protein Family Application for Retrieval, Analysis and Organisation) is a database driven
online working environment for the analysis of manually annotated protein sequences and their

relationship. Currently, the system can store and interrelate a wide range of information about protein
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sequences, species, phylogenetic relations and sequencing projects as well as links to literature and
domain predictions. Sequences can be imported from multiple sequence alignments that are generated
during the annotation process. A web interface allows to conveniently browse the database and to

compile tabular and graphical summaries of its content.

2.1.3 Conclusions

We implemented a protein sequence-centric web application to store, organize, interrelate, and present
heterogeneous data that is generated in manual genome annotation and comparative genomics. The
application has been developed for the analysis of cytoskeletal and motor proteins (CyMoBase) but

can easily be adapted for any protein.

2.2 Background

The success of the genome sequencing projects have culminated in release 149 of GenBank (16) that
announced two milestones: the total sequence data passed the 100 gigabases mark, and, for the first
time, the number of bases derived from whole genome shotgun sequencing projects exceeded the
number of bases in the traditional divisions of GenBank. However, the process of genome annotation
still lags considerably behind that of genome data generation. Although many tools have been de-
veloped for the ab initio annotation of whole genomes, especially the annotation of data from higher
eukaryotes yields low success rates (17). The success rates can considerably be increased by similar-
ity searches of EST data or of annotated data from other genomes. But also these data have their
drawbacks: ESTs are fragmentary and might suffer from several artefacts including contamination
with genomic DNA; similarities to proteins in other species might suffer from evolutionary divergence
or the orthologue-paralogue problem (18); and the presence of alternative splicing considerably com-
plicates the interpretation of alignments between genomic DNA, cDNAs and ESTs. More seriously,
however, similarity data is never complete. But it is the annotation that connects the sequence to

the biology of the organism (19).

Manual annotation is still by far the most accurate and successful way to achieve correct predictions
of genes. This process is best done using the possibilities of comparative genomics and multiple
sequence alignments. Because a majority of the proteins are not characterized and their functions
are largely unknown, the initial process involves categorizing these predicted proteins into subsets of
proteins or protein families based on homology, presence of various functional domains and motifs,

as well as similarity to well characterized proteins from other species.

Thus, when working with collections of protein-sequences from different species and sources, one
quickly accumulates large amounts of heterogeneous data: Protein and DNA sequences, their iden-
tifiers in different databases, references to literature, information about species including taxonomy,

and links to online resources like sequencing projects. Since data that can be retrieved from public
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databases is often incomplete or incorrect it is very desirable to be able to combine manually edited
with automatically generated content. In addition, there is often misleading and contradicting data,
especially concerning the nomenclature and classification of proteins, that needs to be tracked and

commented.

Cytoskeletal and motor proteins have extensively been studied in the past. They are involved in
diverse processes like cell division (20), cellular transport (21), neuronal transport processes (22),
or muscle contraction (23), to name a few. Especially motor proteins consist of large superfamilies.
E.g. vertebrates contain up to 60 myosins and about the same number of kinesins that are spread
over more that a dozen distinct classes. Since genome sequence data is rapidly accumulating it is
very important to have a reference database for the nomenclature and phylogenetic relation of the

proteins that allows the most accurate assignment of biological function possible.

Pfarao is a database driven web application that was written to assist researchers investigating
structure, function and phylogeny of proteins. It has been developed for the analysis of cytoskeletal
and motor proteins (CyMoBase), but can be adapted to any type of protein. It stores, organizes,
interrelates, presents, and analyzes data of various sources. Additionally, it triggers external pre-

diction programs, so that manually entered and automatically generated data is always synchronized.

2.3 Construction

2.3.1 Technologies

The system is running on UNIX (OS X and Linux) systems. The database management system is
PostgreSQL (24). As web application framework we chose Ruby on Rails (25) since it has the advan-
tage of rapid and agile development while keeping the code well organized. Part of this framework
is an implementation of Active Record (26) which is an O/RM (Object-relational Mapping) system
that makes database integration into an object oriented program considerably easier. This also allows
to use the interactive ruby shell (irb) with database rows wrapped in objects for interaction with the
database. This way of accessing the data often proves superior to the SQL shell. Additionally, Ruby
on Rails offers XML-RPC so data can be accessed by other programs.

We implemented a service-oriented mechanism that starts specific scripts, when records in the
database are added or updated. In this case, a PostgreSQL trigger starts a PL/Ruby script (27),
which opens a network connection to a delegation server program written in Distributed Ruby (28)
on the same machine and calls one of its functions, giving a database ID as an argument if appropri-
ate. The server can in turn start scripts to act upon the entered or updated data and returns after
completion so that the database transaction is completed. The server’s state can be set from within
the database or from external programs to disable certain functions during batch processing in order

to avoid flooding.
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The automation scripts for parsing BLAST (29) and HMMER (30) output are written in Ruby (31)
making use of the BioRuby library (32). Sequences are scanned for domains using the Pfam _fs release
19.0 database (33) containing 8183 hidden markov models.

The web pages are generated as XML (XHTML with SVG (34) data islands). We used SVG (34)
for charts because of the high display quality and the possibility of reuse in print. The site makes
extensive use of Ajax (Asynchronous JavaScript and XML) in order to present the user with a
feature rich interface while minimizing the amount of transferred data. All technologies used are

freely available and open source.

2.3.2 Database

The unique requirements of the system demand a custom database schema. The schema is sequence-
centric with an additional emphasis on species since these two aspects are the most important in
mutual annotation and, therefore, need to be represented in high detail (Figure 2.4). Grouped around
these central tables are tables for literature and sequencing projects as well as taxonomy and pre-
dicted domains.

The sequence table stores the protein sequence and the corresponding sequence as derived from the
multiple sequence alignment of the protein (see Import/Export). By relating a position in the align-
ment to the positions in a set of protein sequences it is possible to retrieve homologous stretches
from different sequences. In addition there are fields for sequence classification and nomenclature,
comments, legacy names, information about the completeness of the sequence, its potential to be a
pseudo-gene, and links to records in NCBI’s nucleotide and protein databases (35). The comment
field is one of the most important fields intended to contain information about differences of the
database sequences to published sequences that may have resulted from wrong exon predictions or
sequencing errors. Records in the sequence table are related to tables for proteins, species, and pub-

lications.

Several versions can be assigned to each sequence so changes and corrections can be tracked as more
information becomes available. Furthermore, there are links to tables containing automatically gen-

erated protein domain predictions (see Automated processes).

Species are defined by a set of names. There are fields for the scientific name of a species, the
species abbreviation as used to identify database sequences, and common names. As some species
are known by different scientific names, fields containing alternatively used names are also included.
To account for the different usage of the scientific names, all possible names are listed and linked to
the corresponding reference record wherever species are listed or used for selection via the interface.
A comment field may contain general information about the corresponding species, the specific strain

used, or common and divergent features compared to closely related organisms. The taxonomy field
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is converted automatically into a hierarchical representation of the taxa. (see Automated processes)

Proteins are stored with their name and abbreviation as used in the database. Furthermore, classes
of a certain protein can be grouped and categorized according to aspects like cellular function or
localization. The project table includes information about the sequencing centres including type of
data and completeness. Publications can be related either to a sequence to provide additional links

to biological information or to a sequencing project.

Data entry is done using the iiwi system (Odronitz F., Lampetsdoerfer T., Dietrich D., unpublished

results (36)) allowing for remote editing and access control.

2.3.3 Automated processes

The database can trigger external programs upon insertion or update of certain fields in the database
tables by contacting the delegation server program, which can in turn write computed data to the
database (Figure 2.1). When a protein sequence is inserted or changed a hmmpfam (30) process is
started scanning this sequence for putative domains with Pfam (33) profiles. The obtained domain
identifier and the start and end positions together with the E-value are stored in a database table.
Upon insertion of a new species record, the content of the taxonomy field is automatically converted
into a tree-representation of interrelated taxon records. Each record contains the name of the taxon,
and a reference to the parent taxon. Then the species record is connected to the common taxonomic
tree. This tree representation of the taxonomy allows for convenient searching, browsing and selection

of sub-trees (Figure 2.2).
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Automated Processes

(Build Taxonomic Tree)

C Pfam Scan )
Delegation Server
Other Databases

C Pubmed Database

Version Web Application
C NCB! C Web Front End )

Sequence Species )

C Pfam I I C BLAST Search )
i CPuincations C Tax.Tree )

CSequencing Centers)

FASTA File
CSequence AIignment)

Figure 2.1: Diagram of main tables and linked resources.

The Database (blue) with the central sequence table (cyan), important associated tables (white) and
connected systems are shown. Lines connecting tables depict table relations. Arrows depict flow of
information. FASTA files containing sequence alignments are imported and exported using Ruby (31)
scripts. The import function uses the BioRuby (32) library. Other databases are referenced via their IDs,
which are used to generate hyperlinks to records on their web sites. Automated processes are started by
a delegation server, which receives instructions from the database on insert or update of records. The
automated processes write information into the database using Active Record. The frontend is generated
using the Ruby on Rails (25) web application framework.
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Figure 2.2: Screenshot of the species selection interface.

The user can select all species or a subset of species. Taxa and species for which no sequences for the
selected proteins/protein classes exist are greyed out (taxa selection, model organisms) or are invisible
(tree). Each node of the tree can be expanded and collapsed. The auto-completion fields open and
highlight the tree down to the taxon/species typed. Common names like ciogére also supported. All
sections of the page respond to changes. Example: Nothing is selected. User selects kingdom Fungi. This
selects all phyla, classes, orders, species and model organisms that belong to Fungi. Also the portion of
the tree below Fungi is selected. User deselects Ascomycota. All elements react accordingly. User selects
Homo sapiens. User clicks Showin the result section and is presented with a list of sequences from Homo
sapiens and all Fungi, excluding Ascomycota (see Figure 2.3).
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2.3.4 Import/export functions

Files containing protein sequences in FASTA-format can be imported into the database to update
existing or insert new records in the sequence table (Figure 2.1). A naming convention at all levels
ensures the correct assignment of sequences in a FASTA file to sequence records in the database.
The sequence identifiers are a concatenation of species name abbreviation, protein name abbreviation,
protein class and protein variant. In contrast to the usage of numerical database IDs, the naming
convention thus immediately provides the user with information about the phylogenetic relation and
possible functions of the protein. Sequences and sequence alignments can be exported from the
database using filters to include only certain proteins, protein classes, or sequences from species
in certain taxa. The resulting FASTA file also follows the naming convention and therefore can
be re-imported after editing. Thus it is possible to retrieve a multiple sequence alignment from
the database, edit it manually and write it back to the database. During import, sequences with
identifiers that do not match any record in the database, induce the creation of a new database record

according to the information included in the identifier.

2.4 Utility and discussion

The requirements for Pfarao can be summarized as follows: The key component of the database
is the protein sequence that is obtained by manual annotation of genome and EST data with the
help of a multiple sequence alignment. The sequence needs to be connected to data that allows the
useful interpretation of the results concerning its biological function, and it needs to be linked with
primary databases like GenBank or PubMed. To be useful for the specific protein community, whose
members are expected to work in all biological and medical sub disciplines, the information of the

database has to be presented in the most comprehensible way.

2.4.1 Web interface

Great attention has been paid to a versatile yet easy to use web interface. We think that accessibility
and high quality representation is key to a productive usage of the system. Data can be entered and
edited using a series of forms and lists. Relations are represented as pull-down menus.

Pfarao encompasses a live web front end that is generated from the content of the database at each
request and thus always reflects the current data, eliminating the need for manual updates. To
browse the content of the database, the user selects a set of proteins and protein classes, and is then
guided to refine the selection by choosing a set of specific taxa or species. Taxa and species can
either be selected from tables containing specific subsets, or from a tree representation of the taxa
and species that is generated to match the protein and protein class selection. Taxa and species can
be browsed and selected by expanding/collapsing and including/excluding subsections of the tree, or
by using shortcuts or auto-completion fields (Figure 2.2). We consider the selection of specific species

and taxa a key feature for comparative analyses of protein inventories and diversity (Figure 2.2).
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Upon confirmation of the selection of protein and species, the system compiles a list of all sequences
matching the specified criteria and presents it as a list grouped by species in taxonomic order. Ad-
ditional data about the species like alternative names, links to sequencing centres and publications,
as well as detailed information about the sequences including publications, comments, domain orga-

nization, and the sequence data, can selectively be shown or hidden (Figure 2.3).
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Figure 2.3: Screenshot of the protein sequence view.

The list is grouped by species. Sequences are ordered by the protein name. Different types of information
are available for each species (publications, references to sequencing projects, taxonomy and name infor-
mation) and each protein sequence (version history, alternative names, domain composition, publications,
comments, source, amino acid sequence, links to other databases). All the details can be shown (and
hidden) selectively. This way, even long lists can be viewed without cluttering the page. The data is
retrieved on demand from the server via Ajax and does not have to be downloaded to the user’s computer
if not needed. Cursor labels provide the user with a short summary of the information behind the icons.
A click shows the complete information. Additional cursors added to the figure to show cursor labels.
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he system provides an integrated BLASTP (29) search and is able to link the sequences in the
BLAST database with the records in the SQL database via an ID. Thus the user can, apart from the
sequence, immediately access all related information. The organization of the database lends itself to
different types of statistical analysis. For each protein, a set of tables and graphs can be generated.
These analyses provide important information for the comparison of the protein inventory of specific
taxa and species, as well as important insights into the selected protein superfamily. The protein
inventory table gives an overview about the class distribution and the number of class members of
all or a number of selected species (ordered by taxonomy). Color-coding of the cells helps to quickly
identify characteristic patterns of specific taxa. Charts show the ratio of protein classes and the
distribution of the molecular weight for a chosen set of classes. All charts are generated on the fly in

resolution-independent SVG-code, so they can also be used for print.

2.4.2 Future developments

Pfarao provides a solid platform for additional features and significant future developments of the
system are underway. The front end will be extended to allow the graphical representation and fast
browsing of large alignments of selected sequences that will be of great value for mutational studies.
The interface is also intended to support the generation of phylogenetic trees for a user-defined set
of sequences. These extensions will increase the transparency of the manual annotation process, as
the user will be able to look at the two basic sources of information about protein sequence relations.
It is also planned to incorporate the corresponding DNA data and to track the various alternative

splice forms of the proteins.

2.4.3 Case study

Pfarao has initially been developed for cytoskeletal and motor proteins but can easily been adapted to
any protein. The database for cytoskeletal and motor proteins is called CyMoBase (37). Our current
in house database contains 3265 Sequences (3095759 amino acids) from 666 species, 494 publications,
and 385 references to 165 sequencing projects but is being extended on a daily basis. A portion of

the data has been released in the publicly available CyMoBase.

2.5 Conclusion

Here, we introduce a web application for the analysis of proteins from manual annotation and their
relationship. The major motivation for this work was to provide an integrated environment that
organizes and relates all relevant information and presents it using a high quality interface. Pfarao
is a tool that allows the researcher to constantly monitor the state of the work without having to
manually aggregate data from a range of sources. It has been developed for the analysis of cytoskeletal

and motor proteins (CyMoBase) but can easily be customized for any type of protein.

17



2 Pfarao/CyMoBase

2.6 Availability and requirements

CyMoBase can be accessed at http://www.cymobase.org/.

Due to the technologies used, it requires Firefox version 1.5 or greater with cookies and JavaScript
enabled. Other browsers do not have the required feature set or do not comply with the standards of
the W3C (34). The database schema, the web application, the server program and all scripts can be
obtained upon request and used under a Creative Commons License. Use of Pfarao by non-academics

requires permission.

2.7 Authors’ contributions

MK specified the requirements from a users perspective, defined the rules for data handling and
participated in the design of the interface. He collected all the data and evaluated every function of
the system. FO carried out the implementation of the system, designed the database scheme and did

the technical design and the programming. Both authors wrote and approved the final manuscript.
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Figure 2.4: Database schema.

The schema shows the database tables and their relations. For each table the columns are listed with
their name and datatype. 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.
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3.1 Abstract

3.1.1 Background

The number of completed eukaryotic genome sequences and cDNA projects has increased exponen-
tially in the past few years although most of them have not been published yet. In addition, many
microarray analyses yielded thousands of sequenced EST and ¢cDNA clones. For the researcher in-
terested in single gene analyses (from a phylogenetic, a structural biology or other perspective) it
is therefore important to have up-to-date knowledge about the various resources providing primary
data.

3.1.2 Description

The database is built around 3 central tables: species, sequencing projects and publications. The
species table contains commonly and alternatively used scientific names, common names and the
complete taxonomic information. For projects the sequence type and links to species project web-
sites and species homepages are stored. All publications are linked to projects. The web-interface

provides comprehensive search modules with detailed options and three different views of the selected
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data. We have especially focused on developing an elaborate taxonomic tree search tool that allows

the user to instantaneously identify e.g. the closest relative to the organism of interest.

3.1.3 Conclusions

We have developed a database, called diArk, to store, organize, and present the most relevant infor-
mation about completed genome projects and EST/cDNA data from eukaryotes. Currently, diArk

provides information about 415 eukaryotes, 823 sequencing projects, and 248 publications.

3.2 Background

Since the publication of the first complete genome sequence of an eukaryote, Saccharomyces cere-
visiae (3), the genome sequencing community has produced highly advanced drafts of many other
eukaryotes. The past few years have thus seen the rise of a completely new field in biology that is
described as comparative genomics (38). Initial results have shown that whole genome comparisons
are important to improve the annotation of genes and transcripts of a genome. It has also been
demonstrated that not only genome sequences of organisms spread over all kingdoms of eukaryotic
life are needed but also many of closely related organisms (39). These results have lead to the Fungi
genome initiative representing the widest sampling of genomes from any eukaryotic kingdom, the
mammalian genome project aimed to expand the genome coverage of mammals, and the Drosophila
species sequencing project intended to establish methods for comparative genomics among other
things. Thus, it is evident that future sequencing efforts have to include both further taxonomic
sampling and closely related organisms.

In many research areas it is important to have access to DNA data and DNA samples of as many
organisms as possible. For example, in structural biology there is a strong tendency to also work
with homologs of other organisms to enhance the chance of obtaining structural data because cloning
and protein expression are not as time consuming as they were some years ago (40). Reconstructing
phylogenetic relationships between species or proteins is another expanding topic and it is clear that
the addition of further sequence data improves the significance of the analyses by enhancing the
statistics and therefore limiting the negative effects of outliers (41).

Two main databases provide access to lists of completed and ongoing eukaryotic genome projects.
The Genomes OnLine Database (GOLD (42)) presents information on sequencing projects sorted
according to the three major lineages of the tree of life. In addition, GOLD distinguishes between
published and ongoing projects but lists some of the completed and not yet published genomes with
the published projects. GOLD also contains some limited information about genome sizes, GC con-
tents, and contact persons. The International Sequencing Consortium (ISC (43)) has established a
web-site to provide up-to-date information about eukaryotic genome sequencing projects of member
institutions. The list also provides information about the sequencing product, the strategy applied
and a proposed timetable. Both databases list all funding agencies, the sequencing centers, and very

basic taxonomic information about all species. However, the taxonomic information is that limited
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that the user cannot identify for example the closest homolog to his organism of interest. In addition,
only a very limited amount of alternative scientific names and no common names are provided, and
there is also only a limited number of links to access the primary data.

Here, we present the web-interface to diArk (digital ark) providing information on eukaryotic sequenc-
ing projects that resulted either in at least preliminary assemblies of genome data or a substantial
amount of EST or cDNA data. In the center of the database are extensive species-related information
(commonly and alternatively used scientific names, common names, and complete taxonomies) and
much information about the respective species sequencing projects. Apart from the up-to-date status
of the data our focus has been on a feature rich user interface with comprehensive and easy-to-use

search capabilities.

3.3 Construction and Content

3.3.1 Technologies

The system is running on UNIX (OS X and Linux) systems. The database management system is
PostgreSQL (24). As web application framework we chose Ruby on Rails (25) since it has the advan-
tage of rapid and agile development while keeping the code well organized. Part of this framework
is an implementation of Active Record (26) which is an O/RM (Object-relational Mapping) system
making database integration into an object oriented program considerably easier.

The web pages are generated as XML. The site makes extensive use of Ajax (Asynchronous JavaScript
and XML) in order to present the user with a feature rich interface while minimizing the amount of

transferred data. All technologies used are freely available and open source.

3.3.2 Database

The unique requirements of the system demand a custom database schema (Figure 3.3). At the cen-
ter of the database are three interconnected tables: species, projects and publications. The species
table holds all information about the different scientific and common names, so that every species
can be found even when the user does not know the exact scientific name. A comment field may
contain general information about the corresponding species, the specific strain used, or common and
divergent features compared to closely related organisms. Each species record is linked to a tree-like
data-structure representing its taxonomy. Through this hierarchical tree, it is possible to easily select
sets of species in the same taxon. The maintenance of the taxonomy tree is an automated proce-
dure, which is triggered by the database upon insertion of new species. A delegation server receives
messages from the database and starts a script to update the taxonomy tree.

The projects table contains details concerning a specific sequencing effort, such as its type (genomic
DNA or EST/cDNA) and a link to the web-page providing the primary data. The term completeness
is intended to describe the coverage of the genome. In this respect, EST/cDNA data is always incom-
plete as most genes are either only partially or not at all covered. Genomic sequencing is thought

to be complete if a certain quality and coverage of the assembly is reached. Genome sequences
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with low assembly coverages (j3) and/or short assembled contigs (a few kbp) do not provide enough
information to reconstitute even medium sized genes and are also considered incomplete (e.g. the
mammalian 2 coverage sequencing projects). Each project may be assigned to a reference, a term
we use for the large-scale sequencing centers (e.g. the DOE Joint Genome Institute) or community
species homepages (e.g. FlyBase). However, for many species, the sequence information is not avail-
able via a dedicated species home page but only via GenBank. Therefore the /’GenBank/’ links
provide BLAST search forms including the corresponding database (some data is only available from
the WGS, other from the EST database) and the corresponding species name. The projects table is
always linked to a species and, in case they exist, to one or more publications.

The publications table stores all relevant information about a publication like author, title, year and
journal. We included publications that refer to specific cDNA datasets (e.g. the large scale cDNA
sequencing of the nematodes), or that refer to the first description of the genome sequence (e.g. the
publication of the Osterococcus tauri genome). These interconnected sets of species, projects and
publications form the base of the search function. For example, searching for a species also returns
projects and publications. Data entry is done using the iiwi system (Odronitz F., Lampetsdoerfer

T., Dietrich D., unpublished results (34)) allowing for remote editing and access control.

23



3 diArk - a resource for eukaryotic genome research

diArk | search (=)

T Ayl oresourcefor
M’ K EtiaryoHegeromey & earch)
Homo Sitstos Dam News Toam Funding Links Coniact

Search [

Search Species, Projects and Publications. s
Fatmnces: &
Search Options: P =
99 DA Pt 187
m e 187 Species, 417 Projects, 96 Publications & e
ot
ey 19 Species, 64 Projects, 6 Publications & ‘-éf’ Pusiian

[
8 esTean

Select All e S
ETS/Gen.
O = celuiarorganisms B2
Select Taxa
Kingdom Phyllum s Order
O = Metazoa O~ cnordaa = Mammalia . T Primates
& [ Fungl ~ Apicomplexa J  Eurctomycstes (5t [ Haemospanda
O [ Viidiplaniae ~ Ascomycota " Saccharomycetes = Rodenia
Basdiomycota @, Actinopterygil # v Diptera
Wicrosporidia W A © [ Rnabaitda
M & Amphivia 4t Dictyostetiiga
 Arthropoda O hscidiacea
" Nemawda *® Y insecta
= strepiophyia
Select Model Organism
¥ Anopheles gambiae % v Drosophila melanogaster 7 Onyzasatva &
£ 0 £ 0 £

[ Brachydanio reria

#7 Caenomabdits elegans T Gallus gatlus 7 Sehizosaccharomyces pombe
[ Ciona intestinalis 7 Homo sapiens 7 Takitugu rubripes
[ Diciyosteium discoideum " Mus musculus 7 Xenopus tropicaiis

Select from Taxonomy Tree

Search for Taxon: 7
Search for Species: 7

TO cellular organisms =~

- & Rhodophyta ¥/
1+ O vindpianiae
stamenoplles ¥V

() Add new search module
Search Results:
Species (19) © Projects (64) © Publications (6) &
® diArk Team 2006 | moressum s [ = 1o [ 8 e on s
‘e 06 diArk | search =N

u’ ,a e Yrsulrss fur
. K EiRaTyBteaenommer eearct
riome Smtsics Dawm Nows Team Funding Links Contact

Soarch [T

Search ip.ehl. Projects and Publications. :::f""""‘ o
— Foteras -
Search Options: Projcs:

00 DNA Proocts: 487
ESTIEDNA Projcts: 265

No matches found, please change selection & Lot fos

Logend
Enter search words: @ Ot

19 (press enter) FE oo

uck-diled platypus, GucKDl platypus. platypus )  estom

AR S

= ey G o
Search Results:
Specles (no results) Projects (no results) Publications (no results)
© dlArk Toam 2006 | moressum & JEEy = Lo oo o i o o

diArk | search

187 Species, 417 Projects, 96 Publications ©

19 Species, 64 Projects, 6 Publications &

(2) Add new search module
‘Search Results:
Species (19) © Projects (64) © Publications (6) &
‘Specios perpage: & 5 15 25
Orderby: Taxanomy Nama
Jump to page:
1234
Daphnia pulex
Taxonomy:
| | Grustacea
| Cladocera | |
Daphnia
ponds. This small
Crusiacean. fess than 3 mm n size s barely visible wilh the naked eye. Water feas
analakes: wm o,
other small animals including Hydra
Referoncels: (5[0 - wHieaBase: Daphnia Water Fiea Genome Database t;
Bombyx mori str. Dazao
Taxonomy:
| Hexapoda

V4 : :
‘ Bombycoidea | Bombyciformes | Bombycidae | Bombyx

Referencels:

PuDIICaIONS:  Mita K, Morimyo M, OkanoK, et. a. (2003)

Proc Nati Acad Sci US A 1
Mita K, Kasahara M. Sasaki

141218,
et.al. (2004)

DNA Res 11, 27-35.

Tribolium castaneum str. Georgia GA2

Tasonomy:
| | | Hexapoda
Tribolium :
‘Common: fust-red flour beetle (German: rolbrauner Reismehik 7fer).
‘Comment: i i
since tfoeds on stored grains n mils warehouses and panties:

Referoncels: (= BaniicBase Tribolium Genome Daiabase &
(7 4 tuman 1
Indelum castoneum Genome Project;

&2
Projocts

® diArk Toam 2006 | Impressum e

diArk | search

),

A

M.;S JBHIEGENOmer esearch)
Fome Sutsics Dai News Team Funding Links Coniac

[ ResotSearch_Save Search Browso your Searches

Search Species, Projects and Publications

Search Options:

1Species, 2 Projects, 0 Publications &

() Add new search module
Search Results:
Species (1) © Projects (2) © Publications (no results)
2 for
€
2= The Genome Center y
(% Omihorynchus anatinus & (Omithorynchus anatinus)

© Ak Toam 2006 | Inprossum o

ATk Gontent
Soeces: 354
Raforances: &

300 DNA Propcts: 487
ESTICONA Projacts: 286
Pusicstons:

-
T Genom
[E st

GATK Goment
Speces:
Baterancas: s

jon DNA Prjecis: 147
ESTIEDNA Prjects: 265
B

Logend
B conommt
FE Genpan
o8 estem

e
GG 5o

Figure 3.1: Screenshots of diArk’s web-interface.
The screenshots highlight parts of the searches described in the case study.
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Figure 3.2: Distribution of genome sequencing and cDNA /EST projects over major branches
of eukaryotic life.

The numbers of sequencing projects for some major branches of eukaryotic life are shown. The charts
show the bias towards certain branches originating from the various large-scale sequencing efforts. The
total number of cDNA/EST and genome projects exceeds the number of species in diArk because for
some species both data are available.

3.4 Utility and Discussion

Hundreds of sequencing projects have been started in the past few years and thus the number of
projects offering access to first assemblies is increasing rapidly. However, a database providing ac-
cess to the primary data (genomic DNA or ¢cDNA/EST data) of all sequenced organisms does not
exist. For example, the DOE Joint Genome Institute provides access to 23 completely sequenced
eukaryotes via dedicated species project pages and the data for another 3 eukaryotes via ftp server.
However, the assembly data of only 9 species have already submitted to NCBI, although the data
of another one has already been published. At NCBI, there are two possibilities to BLAST against
genomic assembly data: directly using e.g. TBLASTN choosing the WGS database or by selecting
one of the genomicBLAST tables. However, the supposedly complete table of eukaryotic genomes
does not include the plant genomes. There are also strong discrepancies between the WGS database
and the assemblies available via genomicBLAST. The WGS database contains 145 species while
the genomicBLAST tables list only 130 organisms of which 2 are redundant. Missing species in
the genomicBLAST tables comprise for example the fish Gasterosteus aculeatus, the plants Rici-
nus communis and Populus trichocarpa, and the fungus Batrachochytrium dendrobatidis. Even more
complicating, both databases often provide different assembly versions of the genomes (e.g. v3 of
the Apis mellifera genome in the WGS database and v4.1 via the genomicBLAST tables). These
numbers show that there is a strong need for a universal database providing access to all the different
sequencing projects.

diArk has been developed to store, organize and present information about sequencing projects, that
have either produced preliminary or final assemblies of genome data, or that have resulted in sub-
stantial amounts of EST or cDNA data. The aim was to provide the best overview possible about
the different projects so that researchers get easy access to the primary data to increase for example

the taxon sampling in their phylogenetic analyses. Altogether, diArk provides links to 209 genome
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assemblies and to the EST/cDNA data of 291 species (as of 12-Dec-2006). diArk does not include
species for which only sequence reads are available. Given the already existing amount of completed
genomes and the accumulated know-how in the sequencing centers it would not be reasonable for
single researchers to build their own assemblies. We decided to not include those species until at least
a draft assembly is available. Next to be up-to-date and complete, the most important requirement

for diArk is a powerful and easy to use search tool.

3.4.1 Web Interface

Great attention has been paid to a versatile yet easy to use web interface. We think that accessibility
and high quality representation is key to a productive usage of the system. diArk encompasses a live
web front end that is generated from the content of the database at each request and thus always
reflects the current data. The database is searched using modules that can be combined in chains.
There are five different modules each providing specific options: a module for the full-text search in
all species names, a taxonomy search module, a module to select specific groups of species, a module
to search sequencing project related data, and a publication search module. A search can consist
of any combination of modules and their options. By adding further search modules the user can
successively refine the search and narrow down the result list. For each module the resulting selection
of species, projects and publications is shown, providing additional context. If a new module is added
the options available will be restricted by the selection from the previous modules. At any time, the
search options for every module can be changed and modifications are propagated down the chain
reapplying previous user actions.

Species can be searched for in two ways. The full-text search module provides an autocompletion
input field to search the list of scientific and common species names. The taxonomy search module
offers tables containing specific subsets like a selection of major taxa or a range of model organisms. In
addition, this module provides a taxonomic tree representation for the selection of taxa and species.
Taxa and species can be browsed and selected by expanding/collapsing and including/excluding
subsections of the tree, or by using shortcuts or auto-completion fields. If the dataset has been
restricted by previous modules (e.g. the selection of a specific reference), excluded species and taxa
are disabled in the tables.

All searches can be saved and re-run. The searches are saved purely as instructions on how to search
the database. This means that if the underlying data has changed since the last run, the options set
by the user will be reapplied to the data, possibly resulting in a different set of results. Based on
this mechanism, we implemented an alert service that is running saved searches on a regular basis
and alerts the user by email as soon as the results have changed. This enables highly customized

searches to be re-run automatically in order to monitor a specific subset of the data.
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Figure 3.3: Database schema.

3.4.2 Web Services

In order to make our data available programmatically to other researchers we implemented a web
service that supports XML-RPC and SOAP. The methods allow a remote program to retrieve the full
data on species, publications and projects as well as the relations between different types of records.
Additionally we offer a method that is equivalent to the auto-completion of the interface: When
a string is given as an argument, the web service returns an array of species-IDs where the string
occurs in any one of the name fields. We also make available a range of methods related to taxonomy:
Taxonomy records (currently 1906), their respective children and parent as well as all species within
a taxon can be retrieved. For any given species an array of taxonomy records representing their
ancestry is available.

With these mechanisms we enable other programmers to conveniently construct complex queries on

diArk’s interconnected data without knowing about the internals.

3.4.3 Case Study

Alice wants to see which Arthropoda genomes have already been sequenced (Figure 3.1). In the
taxonomic search module all species are listed regardless whether only ¢cDNA or genomic DNA
data is available. Therefore, she would have to first select /’genomic DNA data/’ in the projects
module. Afterwards Alice could either browse through the taxonomic tree to the Arthropoda and the
underlying species or select the Arthropoda from the tax table (Figure 3.1A) and view all contents
in the species result view (Figure 3.1B).

Bob wants to know whether platypus has already been sequenced, and if a genome assembly exists,
to see the list of web-sites to get access to the genome data. By typing /’plat/’ into the species
autocompletion form of the species names search module (or the taxonomy search module) he finds
that the scientific name of platypus is Ornithorhynchus anatinus and that there is another hit with
Anas platyrhynchos (Figure 3.1C). Having selected Ornithorhynchus anatinus Bob may either choose
to view the complete information connected to this organism by choosing the species view, or to view

only the list of links to sequencing projects in the project view (Figure 3.1D).
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3.4.4 Related Work

There is only one other serious compilation of genome sequencing projects, the GOLD database
(42). GOLD comprises data of all three major lineages of life, the bacteria, the archaea and the
eukaryotes. GOLD lists 674 eukaryotic sequencing projects (genome and cDNA sequencing) of which
44 are marked as published and another 13 as completed of which 4 are not publicly available. In
comparison, we have found 209 genome projects (161 completed, 62 published) and included them
in diArk. The major focus of GOLD seems to list all funded and ongoing sequencing projects
so that researchers and sequencing consortia get an overview and help in the decision about new
target species. Therefore, GOLD includes a very thorough compilation of the corresponding species
sequencing centers, the funding agencies, and contact persons. On the other hand, the taxonomic
information in GOLD is very limited, only a few alternative scientific names are listed and no common
names are provided. In addition, only a limited number of direct links to the assembly data are given.
Another major drawback of GOLD is being incomplete and not up-to-date. For example, 15 % of
the links associated with eukaryotic sequencing projects do not work (397 of 2644 total). In addition,
many projects are still listed as incompletealthough assembly data became available years ago and
the genomes have been published. In contrast, the focus of diArk is to provide access to already
existing genome assembly data and large cDNA/EST databases. This should enable researchers
interested in comparative genomics, phylogeny, any other topic requiring taxonomic sampling, and

single gene studies to get immediate access to most of the eukaryotic data available worldwide.

3.4.5 Future Developments

At the moment, it is not planed to include species data from the other two domains of life, the
bacteria and the archaea, although diArk provides the framework for an easy expansion. Instead,
we plan to extend diArk’s current eukaryotic data content and its technical basis. From the user
perspective it would be advantageous to obtain more information about the data availability and the
usability of the various project web-sites. In addition, we intend to include some sequencing related
data like assembly versions and coverage that will help the user to judge the different datasets. On
the technical site, we plan to provide an undo function for any search as well as a general email alert

for updated database content.

3.5 Conclusions

diArk is a new database to store, organize, and present the most relevant information about com-
pleted genome projects and EST /cDNA data from eukaryotes. The web-interface provides five search
modules each with detailed options and three different views of the selected data. Currently, diArk
provides information about 415 eukaryotic species, 823 sequencing projects, and 248 publications.
cDNA/EST data is available for 291 species and genome assemblies have been released for 209 eu-
karyotes (13-Dec-2006; Figure 3.2). There are striking differences between the two diagrams: Due to
large-scale efforts cDNA/EST data has been produced for many nematodes and plants while only a
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few of these species have been sequenced on a genomic basis. In contrast, the comparative genomic
programs on fungi and protozoa pathogens have resulted in many complete fungi and apicomplexa

genomes.

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 requires Firefox version 1.5 or higher with cookies
and JavaScript enabled. Currently, other browsers do not have the required feature set or do not
comply with the standards of the W3C (34).

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.

Licence: The database schema, the web application and all scripts can be obtained upon request and
used under a Creative Commons License.

Any restrictions to use by non-academics: Obtaining diArk by non-academics requires permission.
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4.1 Abstract

4.1.1 Background

The evolutionary history of organisms is expressed in phylogenetic trees. The most widely-used
phylogenetic trees describing the evolution of all organisms have been constructed based on single-
gene phylogenies that, however, often produce conflicting results. Incongruence between phylogenetic

trees can result from the violation of the orthology assumption and stochastic and systematic errors.

4.1.2 Results

Here, we have reconstructed the tree of eukaryotic life based on the analysis of 2269 myosin motor

domains from 328 organisms. All sequences were manually annotated and verified, and were grouped
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into 35 myosin classes of which 16 have not been proposed previously. The resultant phylogenetic tree
confirms some accepted relationships of major taxa and resolves disputed and preliminary classifica-
tions. We place the Viridiplantae after the separation of Euglenozoa, Alveolata, and Stramenopiles,
we suggest a monophyletic origin of Entamoebidae, Acanthamoebidae, and Dictyosteliida, and pro-

vide evidence for the asynchronous evolution of the Mammalia and Fungi.

4.1.3 Conclusions

Our analysis of the myosins allowed combining phylogenetic information derived from class-specific
trees with the information of myosin class evolution and distribution. This approach is expected to
result in superior accuracy compared to single-gene or phylogenomic analyses because the orthology
problem is resolved and a strong determinant not depending on any technical uncertainties is incor-
porated, the class distribution. Combining our analysis of the myosins with high quality analyses of
other protein families, e.g. that of the kinesins, could help in resolving still questionable dependencies

at the origin of eukaryotic life.

4.2 Background

Reconstructing the tree of life is one of the major challenges in biology (10). Although several
attempts to derive the phylogenetic relationships among eukaryotes have been published (44, 45),
many taxonomic groupings still remain heavily debated (10). The major reason for this is the fact
that molecular phylogenies based on single genes often lead to apparently conflicting results (for a
review, see (46)). Only recently, the application of genome-scale approaches to phylogenetic infer-
ence (phylogenomics) has been introduced to overcome this limitation ( (47,48)). In this context,
large and diverse gene families are often considered unhelpful for reconstructing ancient evolution-
ary relationships because of the accompanying difficulties in distinguishing homologs from paralogs
and orthologs (18). However, if the different homologs can be resolved, the analysis of a large gene
family provides several advantages compared to a single gene analysis, because it provides additional
information on the evolution of gene diversity for reconstructing organismal evolution. In addition,
direct information on duplication events involving part of a genome or whole genomes can be ob-
tained. Such an analysis requires a large and divergent gene family and sufficient taxon sampling.
It is advantageous if the taxa would be closely related to provide the necessary statistical basis for
subfamilies, as well as to be spread over many branches of eukaryotic life to cover the highest diver-
sity possible. Today, sequencing of more than 300 genomes from all branches of eukaryotic life has
been completed (49). In addition, many of these sequences are derived from comparative genomic
sequencing efforts (e.g. the sequencing of 12 Drosophila species) providing the statistical basis for
excluding artificial relationships.

The myosins constitute one of the largest and most divergent protein families in eukaryotes (11).
They are characterized by a motor domain that binds to actin in an ATP-dependent manner, a neck

domain consisting of varying numbers of I1Q motifs, and amino-terminal and carboxy-terminal do-
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mains of various length and function (50). Myosins are involved in many cellular tasks like organelle
trafficking (21), cytokinesis (20), maintenance of cell shape (51), muscle contraction (52), and others.
Myosins are typically classified based on phylogenetic analyses of the motor domain (53).

Recently, two analyses of myosin proteins describing conflicting findings have been published (
(54,55)). Both disagree with previously established models of myosin evolution (reviewed in (56)).
These analyses are based on 150 myosins from 20 species grouped into 37 myosin classes (55) and 267
myosins from 67 species in 24 classes (54), respectively. However, the number of taxa and sequences
included was not sufficient to provide the necessary statistical basis for myosin classification and for
reconstructing the tree of eukaryotic life.

Here, we present the comparative genomic analysis of 2269 myosins found in 328 organisms. Based on
the myosin class content of each organisms and the position of its single myosins in the phylogenetic

tree of the myosin motor domains we reconstructed the tree of eukaryotic life.

4.3 Results

4.3.1 ldentification of myosin genes

Wrongly predicted genes are the main reason for wrong results in domain predictions, multiple
sequence alignments and phylogenetic analyses. Therefore, we have especially taken care in the
identification and annotation of the myosin sequences. We have collected all myosin genes that have
either been derived from the isolation of single genes and submitted to the nr database at NCBI, or
that we obtained by manually analysing the data of whole genome sequencing and EST-sequencing
projects. Gene annotation by manually inspecting the genomic DNA sequences was the only way
to get the best dataset possible because the sequences derived by automatic annotation processes
contained mispredicted exons in almost all genes (for an in-depth discussion of the problems and
pitfalls of automatic gene annotation, gene collection, domain prediction and sequence alignment see
additional data file 1). These predicted genes contain errors derived from including intronic sequence
and/or leaving out exons, as well as wrong predictions of start and termination sites. Automatic gene
prediction programs are also not able to recognise that parts of a gene belong together if these are
spread on two or several different contigs. Often they also fail to identify all homologs in a certain
organism. The only way to circumvent these problems is to perform a manual comparative genomic
analysis. In addition, datasets with automatically predicted model transcripts are only available for
a small part of all sequenced genomes.

The basis of our analysis was a very accurate multiple sequence alignment. In case of less conserved
amino acid stretches the corresponding DNA regions of several organisms have been analysed in
parallel aiming to identify coding regions and shared intron splice sites. Thus, our dataset was
generated by an iterative gene identification (using TBLASTN) and gene annotation process, meaning
that most of the myosin sequences have been reanalysed as soon as data from closely related organisms

or further species specific data (new cDNA/EST data or a new assembly version) became available.
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In addition to manually annotating the myosins from genomic data, it was also absolutely necessary
to reanalyse previously published data, as these also contain many sequencing errors (especially
sequences produced in the last century) and wrongly predicted translations.

The myosin dataset contains 2269 sequences from 328 organisms (Table 1), of which 1941 have been
derived from 181 WGS sequencing projects. 1634 of all myosin sequences are complete (from the
N-terminus to the C-terminus) while parts of the sequence are missing for 635. 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. Indeed, even long loops like the
300 aa loop-1 of the Arthropoda variant C class-I myosins can either be included or excluded from
the analysis without changing the resulting trees (data not shown). 8 of the myosins were termed
pseudogenes because they contain proven single frame shifts in exons (e.g. in the HsMhc20 gene)
or that many frame shifts and missing sequences that those cannot be attributed to sequencing or
assembly errors.

Class-I and class-II by far comprise the most myosins (Figure 4.1A). Class-I myosins were found in
almost all organisms, and class-IT myosins have undergone several gene duplications (either resulting
from whole genome or single gene duplications) leading to up to 22 class-II myosins per vertebrate
organism. Although the total numbers of myosins per class are biased by the sequenced species we
expect the class-I and class-II to remain the largest class also if many other species not containing
any of these classes (e.g. the plants and Alveolata) will be sequenced in the future (Figure 4.1B). For
example, the number of species of the Chordata and the Viridiplantae lineage for which myosin data
is available is similar. However, the number of myosins for each of these species is very different with
the Chordata species encoding up to three times more myosins. In contrast, the number of sequenced
Fungi species (over 90 organisms) is almost twice as high as the number of Chordata species, but the

number of Fungi myosins is only a quarter of that of the Chordata myosins.

33



4 Drawing the tree of eukaryotic life based on myosins

A Numer of Myosins per class

Myo30 (12)Myo31 (7)
Myo32 (4)

Myo27 (22)
Myo26 (14)
Myo25 (8)
Myo24 (23)
Myo23 (15)
Myo22 (14)
Myo21 (20)
Myo20 (20),
Myo19 (27)

Myo18 (61)

Myo35 (14)
Orph (149)

Myo17 (70)
Myo16 (16) &
Myo15 (45) [

Myo14 (28)
Myo13 (8) ——
Myo12 (6)

Myo11 (127)

Myo10 (37)
Myo9 (60)

Myo8 (53)
Myo7 (91)
Myo6 (59)
B Numer of Species per taxon
Chordata (56)

Rest (60)

Microsporidia (2)

Arthropoda (35)

Ascomycota (71) Nematoda (17)

Mollusca (11)

Basidiomycota (16) Viridiplantae (39)

Apicomplexa (21)

Myo1 (381)

Mhc (617)

Myo3 (41)
Myo5 (197) Myo4 (1)

Numer of Myosins per taxon

Rest (358)

Microsporidia (4)

Chordata (910)
Ascomycota (246)

Basidiomycota (51)

Apicomplexa (114)

Viridiplantae (180)

Mollusca (20)

Nematoda (93) Arthropoda (293)

Figure 4.1: Taxon and class related statistics of the myosin dataset.
A) The pie-chart shows the number of myosins for each class. B) The charts show the number of species
and the number of myosins for a set of selected taxa. Exact numbers are given in brackets.

4.3.2 Nomenclature

The amount of produced data spread over all eukaryotic kingdoms now allows and demands a con-

sistent, systematic, and extendable nomenclature. Here, we introduce the following nomenclature
that builds on the already established system (53, 56,57,58) and tries to keep as many of the ex-
isting names as possible. Nevertheless, it changes some of the already used names thus getting rid
of sequence-specific and species-specific exceptions. We are aware of the confusion that this might

introduce about the names of some sequences. But given the fact, that the annotated data known
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before finishing this analysis (about 250-300 sequences) is very small compared to the data presented
here, we had to introduce an appropriate nomenclature. Otherwise the number of exceptions would
soon exceed the number of consistently named sequences. We are also aware that different names
and classifications have recently been introduced in the literature (54,55). However, these results
were derived from analyses of small datasets based on many incorrectly assembled sequences and thus
wrongly annotated myosins and we haven’t found a way to incorporate the small part of matching
data into our system. We also think, that even if we introduce some confusion to certain researchers
in the field, there is a strong necessity to have an appropriate nomenclature to manage the existing
and upcoming data. The CyMoBase, that we have developed to provide access to all myosin sequence
data (37), uses the new nomenclature, provides links to previously used names, and can be used as

reference.

The nomenclature is as simple as follows and in agreement with what most people in the field
are already using: The names of the sequences consist of four parts: the abbreviation of the species’
systematic name (A), the abbreviation of the protein (B), the class designation (C), and the variant
designation (D).

A. In general, species are abbreviated by using the first letters of their systematic names (e.g. Dm for
Drosophila melanogaster). However, there are many species, that would have the same abbreviation,
and in these cases we added the second letter of the first part of the name (e.g. Drm for Drosophila
mimetica). Different strains of the same species are differentiated by adding lowercase letters sepa-
rated by an underscore (e.g. Pf_a for Plasmodium falciparum 3D7, Pfb for Plasmodium falciparum
Ghanaian Isolate, Pf_c for Plasmodium falciparum HBS3, Pf.d for Plasmodium falciparum Dd2). B.
The abbreviation of the protein is Myo. In the case of the class-II myosins, the abbreviations Mhc
and Mys are used in the literature. As class-II comprises by far the most sequences and as numbers
have very often been introduced as variant designation (e.g. human Mys1, Mys2 etc.), we decided to
keep the class-II abbreviation as an exception of the proteins general abbreviation. We decided to
use Mhc as protein abbreviation for class-1I myosins as the abbreviation Mys has only been used for
mammalian members while all other class-II myosins have been named Mhc. If the class-II myosins
were named Myo2 (in accordance with the other myosin classes) we would have to also rename their
variant designations to avoid confusion with other classes (e.g. Myo21 could be a class-II myosin
variant 1 or a class-XXI myosin).

C. Classes are numbered according to their discovery. Thus, we keep all previously accepted class
designations (56). Recent further class designations (54,59) are based on data analyses of very small
datasets of wrongly annotated myosins and will not be considered. Richards and Cavalier-Smith (55)
have also used wrongly annotated myosins in their analysis and have developed a completely new
classification not consistent with any previous classification. As has been agreed upon in the past
new classes should only be designated if members of different organisms contribute. We have been
very conservative in our analysis in designating new classes, only assigning new classes if several

species contribute (e.g. class-XXI, all Arthropoda), or very divergent species (e.g. class-XXIX,
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Thallassiosira pseudonana, Phytophthora sp. and others), or, if the species are closely related, if
several homologs of each species contribute (e.g. class-XXX, Phytophthora sp. and Hyaloperonospora
parasitica). It is obvious, that class separation improves as more and more divergent sequences are
added. Especially the myosins of very divergent species (e.g. Phytophthora sp., Thallassiosira pseudo-
nana, Tetrahymena thermophila, Paramecium tetrarelia) tend to group mainly with the homologs
of the same organism. Our experience showed that if more sequences of closely related species are
added (e.g. sequences of Phytophthora ramorum, Phytophthora infestans, and Phytophthora sojae)
the class separation improves, and improves further if sequences of more divergent species are added
(Hyaloperonospora parasitica). But in most of these cases the separation is still not good enough to
distinguish between a class separation and just a variant separation. Thus, we only designated classes
that are well-supported and separated. 24 classes are supported by bootstrap values higher than 985
(out of 1000, see additional data file 2) and 5 are supported by bootstrap values higher than 874.
Class I has the widest taxonomic distribution and is supported by a bootstrap value of 788. Class
XXVIII (bootstrap value of 750), class V (593) class XXIII (463) and class XV (305) show the lowest
bootstrap values, but are well separated from any neighbouring class. We left groups of sequences
(e.g. the Tetrahymena thermophila and Paramecium tetrarelia myosins) unclassified although their
first node in the tree might be supported by a relatively high bootstrap value. A similar situation
would exist, if only five sequences of class-VII, class-X, and class-XV myosins were known. Then
these sequences would certainly group together, supported by a high bootstrap value of the first
node, as they are far more similar to each other than to the other myosins. Adding more homologs
showed these myosins to be separated in three classes, and we expect a similar class separation for
the myosins of e.g. Tetrahymena thermophila and Paramecium tetrarelia if more sequences of closely
related species will be added. D. If several myosin homologs exist for the same class, they are dis-
tinguished by a variant designation, a letter starting with A. Only for the class-II myosins variants
with numbers may be used (see above).

E. If both alleles of an organism have been assembled independently providing two versions for each
myosin gene, the different versions are distinguished by adding alpha and beta to the sequence name.

F. Alternative splice forms of the same gene get the same protein name.

All myosins that cannot be classified at the moment will be considered as ’orphan’ myosins. If
several orphans exist in a species, they get a variant designation. Orphan names are considered to be
preliminary names. Thus, orphan myosins will be renamed as soon as more sequences are available

that allow a well-supported classification.

4.3.3 Classification

The basis for the classification of the myosins is the phylogenetic relation of their myosin motor
domains (53,56). Now, the data for the myosins is strong enough that all designated classes are well

supported. Including or excluding sets of myosins (e.g. the orphans) does not change the phylogeny
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of the other classes (as has been observed for the small dataset used in previous analyses, (54)). Also,
including or excluding large insertions like the loop-1 insertion of the class-I variant C myosins of
Arthropoda, does not change the tree.

In contrast to other suggestions we do not agree with the idea that the tail domain architectures
should also be considered in the classification process (54,55). Our analysis shows that the motor
domains and the tails coevolved in most of the assigned classes, but there are many exceptions now
where the separation of organismal lineages occurred before the adaptation of further tail domains.
It does not make sense to artificially ’force’ sequences together, only because there is not enough
sequence data for a better classification. If for example the class-XII myosins should be related to
the class-XV myosins only because they also contain MyTH4 and Ferm domains (54), then they
could also be grouped to the class-VII, class-X, or class-XXII myosins. Many other myosins from
Stramenopiles or Amoeba would also have to be grouped to these classes as they also contain MyTH4
and Ferm domains. This seems very arbitrary. Also, several domains like the PH domain, Ankyrin
repeats or the Pkinase domain are found on either the N-terminus or the C-terminus of the myosins.
Many of the tail regions have also not been analysed in particular (domains have not been defined
yet). Thus, as soon as further domains get defined other myosin classes might unexpectedly share tail
regions. It is also not reasonable to consider the organismal distribution of myosins as classification
helper as has been proposed (54). The species sequenced only cover an extremely small part of
all organisms, and their selection has also been biased in favour of financial, medical and other
interests. It is therefore not reasonable to assume that the organisms that we know are the best
representatives regarding the myosin diversity of their taxa. For example even the well-studied
Drosophila melanogaster has lost the class-XXII myosin that the closely related species Drosophila
willistoni and other Drosophila species still have. Other Arthropoda (Daphnia, Apis, Anopheles)
have additional myosins belonging to well established classes (e.g. a class-III myosins and a class-IX
myosin) that all Drosophila species (that have been sequenced so far) have lost. The same is true for
nematodes where a class-XVIII myosin is found in Brugia malayi and not in Caenorhabditis species.
It is therefore very unlikely that myosins, that do not group to any of the other assigned metazoan
myosins (e.g. the class-XII myosins), are closely related to one of the metazoan classes although they
might share some domains in the tail regions. It is far more likely that a class-XII myosin will be
found in another metazoa species (as e.g. a class-XX myosin has been found in Echinodermata in
addition to Arthropoda), or that a class-XV myosin (to which the class-XII myosins have artificially
been grouped to, (54)) will be found in another nematode (as e.g a class-XVIII myosin has been
found in Brugia malayi). Both possibilities will support the current class designation. Nevertheless,
at the moment it seems that all sequenced lineages have developed their own specific myosin, e.g. the
class-XVI myosins in vertebrates, the class-XXI myosins in Arthropoda, and the class-XII myosins
in Nematoda.

Fragments have been classified and named based on their obvious homology at the amino acid level.
Those Fragments that did not obviously group to one of the assigned classes have sequentially been

added to the dataset used to construct the major tree. Some of these Fragments could subsequently be
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classified; others have to be considered as orphans. Note, that even very short fragments of only 100
amino acids are sufficient for proper classification. Thus, it is very unlikely that the orphan Fragments

will group to one of the established 35 classes if their full-length sequences become available.

4.3.4 Renamed myosins

Change of previous classification: Class-IV contains only one myosin. According to the nomenclature
guidelines outlined above this myosin would not be designated a class but be considered as orphan.
To not start confusion we didn’t change its classification as class-IV myosin, also expecting that more
members will be added as soon as further genomes are sequenced. However, our phylogenetic tree
shows that the former class-XIII myosins (of the algae Acetabularia cliftonii) belong to the class-XI
myosins, supported by a bootstrap value of 999. Therefore, we reclassified the former Acetabularia
class-XIII myosins as class-XI myosins, and assigned the class-XIII to a Kinetoplastida specific myosin
class. The Drosophila melanogaster NinaC protein has previously been classified as class-III myosin.
However, other Arthropoda contain real class-III myosins (or better: homologs to the mammalian
class-III myosins) and NinaC as well as the NinaC homologs of the other Arthropoda form a distinct
class. We decided not to rename all the mammalian class-III myosins but to rename NinaC and

introduce the new class-XXI.

Change of previous names: The apicomplexan myosins have traditionally been named alphabeti-
cally (54,60). However, even different splice forms of the same gene got different protein names.
In addition, gene and genome duplication events have lead and will lead to a confuing naming.
Thus, it is not possible to name these myosins consistently in an alphabetical manner and to provide
consistency for the future. We renamed the apicomplexan myosins according to our nomenclature
introducing some apicomplexan specific myosin classes. Nevertheless, we tried to keep the former

letters as variants where possible.

The Saccharomyces cerevisiae myosins have previously been named numerically (61) thus leading
to confusion with class numbers. In addition, several yeast species have now been sequenced that
have separated before some of the gene and whole genome duplication events happened during yeast
evolution. Most of the sequenced yeast species contain only one version of the class-1 and class-V
myosins, and Naumouvia castellic contains one class-I but two class-V myosins. It is not possible to
name the newly identified yeast myosins according to the Saccharomyces cerevisiae myosins. There-

fore, we renamed the Saccharomyces cerevisiae myosins according to our nomenclature.

Some of the plant and algae myosins were given arbitrary names in the past, especially those from
Helianthus annuus and Arabidopsis thaliana. This happened before genome data became available
but has not been changed later on /citeReddy2001. We have renamed these few myosins. Some of
the vertebrate class-1I myosins have also been renamed based on their homology to myosins from

closely related organisms. Especially descriptive names (e.g. 'nonmuscle myosin II" or ’fast skeletal
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muscle myosin’) have been disbanded in favour of numerical variant designations as suggested (56).

4.3.5 35 myosin classes

The analysis of the phylogenetic tree of the 2269 myosin motor domain sequences resulted in the
definition of 35 myosin classes (Figure 4.2, Figure 4.3, additional data file 2) of which 19 classes have
been assigned and described previously (56). Our analysis supports and keeps the existing classifica-
tion except for the former class-XIII that consisted of two myosins from the chlorophyte Acetabularia
peniculus (Acetabularia cliftonii). The former class-XIII was substituted by a Kinetoplastide specific
class consisting of myosins with an N-terminal SH3-like domain, a coiled-coil region, and two tandem
UBA domains. Five new classes, class-XX, class-XXI, class-XXII, class-XXVIII, and class-XXXV
are specific to Metazoan species. So far, class-XX has only been found in arthropods and the sea
urchin Strongylocentrotus purpuratus and consists of myosins with a long, coiled-coil region contain-
ing N-terminal domain, and a short neck comprised by one IQ motif. The myosins of class-XXI are
very similar to the class-III myosins in their domain organisation but contain distinct motor domains.
The class-XXII myosins are defined by two tandem MyTH4 and FERM domains. Most Metazoan
species have lost their class-XXVIII myosin. So far, class-XXVIII myosins have only been identified
in the sea anemone Nematostella vectensis, the frog Xenopus tropicalis, in Gallus gallus, and some
fishes. From the data available it seems that the species of the Acanthopterygii branch of the fishes
(including Takifugu rubripes and Gasterosteus aculeatus) have lost the class-XXVIII myosins. The
tail regions of class-XXVIII myosins consist of an IQ motif, a short coiled-coil region and an SH2
domain.

Five of the new myosin classes (class-XXIII to class-XXVII) have solely members of Apicomplexan
myosins. The domain organisations of these myosins have been described elsewhere (54) but classes
have not been assigned yet. Another six new myosin classes were attributed to stramenopiles myosins
(class-XXIX to clags-XXXIV). Class-XXIX shows the highest taxonomic sampling consisting of mem-
bers of all stramenopiles species. Class-XXIX myosins have very long tail domains consisting of three
1Q motifs, short coiled-coil regions, up to 18 CBS domains, a PB1 domain, and a C-terminal trans-
membrane domain. The myosin classes XXX to XXXIV contain only members of Phytophthora
species and the closely related Hyaloperonospora parasitica. Although the taxonomic sampling is
quite low, these classes have distinct motor domains and unique tail domain organisations. Myosins
of clags-XXX are composed of an N-terminal SH3-like domain, two IQ motifs, a coiled-coil region
and a PX domain. Class-XXXI myosins have a very long neck region consisting of 17 1Q motifs
and two tandem Ankyrin repeats separated by a PH domain. Class-XXXII myosins do not contain
any 1Q motifs but a tandem MyTH4 and FERM domain. The myosins of clags-XXXIII have long
N-terminal regions with an N-terminal PH domain. Class-XXXIV myosins are composed of one 1Q

motif, a short coiled-coil region, five tandem Ankyrin repeats, and a C-terminal FYVE domain.
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Figure 4.2: Phylogenetic tree of the myosin motor domains

The phylogenetic tree was built from the multiple sequence alignment of 1984 myosin motor domains. The
complete tree with bootstrap values and sequence descriptors is available as additional data file 2. The
expanded view shows the myosin sequences of class-VI and their distribution in taxa. Every other myosin
class has been analysed in a similar way. Labels at branches are bootstrap values (1000 total boostraps).
The scale bar corresponds to estimated amino acid substitutions per site.
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Figure 4.3: Schematic diagram of the domain structures of representative members of the
35 myosin classes.

The sequence name of the representative member is given in the motor domain of the respective myosin.
A colour key to the domain names and symbols is given on the right except for the myosin domain
that is coloured in blue. The abbreviations for the domains are: C1, Protein kinase C conserved region
1; CBS, cystathionine-beta-synthase; Cyt-b5, Cytochrome b5-like Heme/Steroid binding domain; DIL,
dilute; FERM, band 4.1, ezrin, radixin, and moesin; FYVE, zinc finger in Fabl, YOTB/ZK632.12, Vacl,
and EEA1; IQ motif, isoleucine-glutamine motif; MyTH1, myosin tail homology 1; MyTH4, myosin
tail homology 4; PB1, Phox and Bemlp domain; PDZ, PDZ domain; PH, pleckstrin homology; Pkinase,
Protein kinase domain; PX, phox domain; RA, Ras association (RalGDS/AF-6) domain; RCC1, Regulator
of chromosome condensation; RhoGAP, Rho GTPase-activating protein; SH2, src homology 2; SH3, src
homology 3; UBA, ubiquitin associated domain; WD40, WD (tryptophan-aspartate) or beta-transducin
repeats.
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4.3.6 Orphan myosins

Fungi/Metazoa lineage: The domain organisations of the orphan myosins of the Fungi/Metazoa lin-
eage are shown in Figure 4.4. The Microsporida have two myosins, one class-II myosins and an orphan
myosin containing a DIL domain that is also shared by class-V and class-XI myosins. In contrast to
these classes, the Microsporida orphan myosins do not have any IQ motifs thus lacking the possibility
to bind calmodulin-like light chains. The wasp Nasonia vitripennis has an orphan myosin that has
a similar domain organisation to the class-V and class-XI myosins although it has less IQ motifs
and its coiled-coil region is considerably shorter. This myosin is unique to all Arthropoda species
sequenced so far. A myosin very similar in domain organisation to the fungal class-XVII myosins
has been found in the mollusc Atrina rigida. It has twelve transmembrane domains separated by a
chitin synthetase domain. The choanoflagellate Monosiga brevicollis has sixteen orphan myosins of
different domain organisations. Due to missing genome sequence data of closely related species all
these gene predictions are preliminary (especially the tail regions) and might change in the future.
Some of the predicted orphan myosins contain domains unique to all myosins analysed so far, like
the SAM and the Vicilin-N domains. Seven sequences contain SH2 domains as have been found in
the class-XXVIII myosins.

Alveolata lineage: Several of the Alveolata myosins could not be classified (Figure 4.5). All Tetrahy-
mena thermophila and Paramecium tetraurelia myosins remain ungrouped. The tails of the Parame-
cium tetraurelia myosins only contain IQ motifs, coiled-coil regions, and RCC1 domains, while some
of the Tetrahymena thermophila myosins also contain FERM or MyTH4 domains. However, the
FERM and MyTH4 domains never appear in tandem like in class-VII, class-X, or class-XXII myosins.

Orphan myosins from stramenopiles: Although they only share the class-I myosins the stramenopiles
species show a similar myosin diversity as the metazoan species (Figure 4.6). So far, three Phytoph-
thora species and the closely related Hyaloperonospora parasitica have been sequenced. All share the
same set of myosins. The orphan myosins of this group have not been classified because it is not
clear from the phylogenetic tree where to draw class boundaries. However, it is obvious that the
Myo-A to Myo-H and the Myo-Q to Myo-U orphans form distinct groups. The domain organisations
of the myosins within these groups are also very different. To resolve their classification further data
from more distantly related species is needed. The genome sequences of two diatoms, Phaeodacty-
lum tricornutum and Thalassiosira pseudonana have also been finished. Both species share several
sequences, but Thalassiosira pseudonana has a higher myosin diversity having myosins with HEAT

or Misl4 domains that do not exist in any other myosin.

Orphan myosins from other taxa (Figure 4.7): The Dictyostelium discoideum orphan myosins have
been discussed elsewhere (62). The amoeba-flagellate Naegleria gruberi has three orphan myosins
having only coiled-coil regions in the tail. The unicellular red alga Galdieria sulphuraria contains

one myosin with a unique domain organisation consisting of at least nine I1Q) motifs followed by an
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AAA domain and a DnaJ domain. Both alleles of Trypanosoma cruzi have been assembled indepen-
dently providing two slightly different versions for each myosin gene. The seven orphan myosins of

Trypanosoma cruzi contain N-terminal SH3-like domains, IQ motifs, or coiled-coil regions.
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Figure 4.4: Schematic diagram of the domain structures of the orphan myosins of the
Fungi/Metazoa lineage.

The sequence names of the ophan myosins are given in the motor domain of the respective myosins.
Colour keys to the domain names and symbols are given on the right except for the myosin domain that is
coloured in blue. Myosin names next to domain representations list orthologs from closely related species
or orthologs from the same species. These sequences have a similar domain organisation. Sequences that
are not ortholog and have not resulted from recent gene duplications are shown separately although their
domain organisations might be very similar. The myosin domains without names on the bottom symbolize
that only head fragments are available for the sequences listed on the right. The exclamation mark on
the left site of some sequences signifies that the corresponding sequences (especially the tail regions) have
not completely been validated because of missing comparative genome sequences. Those sequences and
corresponding tail domain predictions might change with upcoming genome sequences of related species.
Abbreviations for the domains are: SAM, Sterile alpha motif; Vicilin-N, Vicilin N terminal region; WW,
tryptophan-tryptophan motif domain; Y phosphatase, Protein tyrosine phosphatase, catalytic domain.
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Figure 4.5: Schematic diagram of the domain structures of the orphan myosins from the
Alveolata lineage.

The sequence names of the ophan myosins are given in the motor domain of the respective myosins.
Colour keys to the domain names and symbols are given on the right except for the myosin domain that is
coloured in blue. Myosin names next to domain representations list orthologs from closely related species
or orthologs from the same species. These sequences have a similar domain organisation. Sequences that
are not ortholog and have not resulted from recent gene duplications are shown separately although their
domain organisations might be very similar. The myosin domains without names on the bottom symbolize
that only head fragments are available for the sequences listed on the right. The exclamation mark on
the left site of some sequences signifies that the corresponding sequences (especially the tail regions) have
not completely been validated because of missing comparative genome sequences. Those sequences and
corresponding tail domain predictions might change with upcoming genome sequences of related species.
Abbreviations for the domains are: HDAC interact, Histone deacetylase (HDAC) interacting.
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Figure 4.6: Schematic diagram of the domain structures of the orphan myosins from stra-
menopiles.

The sequence names of the ophan myosins are given in the motor domain of the respective myosins.
Colour keys to the domain names and symbols are given on the right except for the myosin domain that is
coloured in blue. Myosin names next to domain representations list orthologs from closely related species
or orthologs from the same species. These sequences have a similar domain organisation. Sequences that
are not ortholog and have not resulted from recent gene duplications are shown separately although their
domain organisations might be very similar. Abbreviations for the domains are: CH, Calponin homology
domain; GAF, domain present in phytochromes and ¢cGMP-specific phosphodiesterases; HEAT repeat,
named after the proteins huntingtin, elongation factor 3 (EF3), the 65 Kd alpha regulatory subunit of
protein phosphatase 2A (PP2A) and the yeast PI3-kinase TOR1; Mis14, Kinetochore protein Mis14 like.
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Figure 4.7: Schematic diagram of the domain structures of the orphan myosins of species
not belonging to one of the other taxa.

Both alleles of Trypanosoma cruzi have been assembled independly providing two slightly different copies
of each myosin gene. None of the Myo-F versions is complete and the presented domain organisation of
Myo-F is the result of a merged version of both myosins. The sequence names of the ophan myosins are
given in the motor domain of the respective myosins. Colour keys to the domain names and symbols
are given on the right except for the myosin domain that is coloured in blue. Myosin names next to
domain representations list orthologs from closely related species or orthologs from the same species.
These sequences have a similar domain organisation. Sequences that are not ortholog and have not
resulted from recent gene duplications are shown separately although their domain organisations might
be very similar. Abbreviations for the domains are: AAA, ATPase family associated with various cellular
activities; DnaJ domain, named after the prokaryotic heat shock protein DnaJ; RhoGEF, Rho GDP/GTP
exchange factor.

4.3.7 Species that do not contain myosins

There are three species whose genome sequences are available and that do not contain any myosin:
the unicellular red alga Cyanidioschyzon merolae, the flagellated protozoan parasite Giardia lamblia,

and the protozoan parasite Trichomonas vaginalis.

4.4 Discussion

All myosin protein sequences have been derived by manually inspecting the corresponding DNA,
either the published cDNA or genomic DNA, or the genomic DNA provided by the sequencing cen-
tres. Published sequences contained errors in many cases, either from sequencing or from manual

annotation, while automatic annotations provided by the sequencing centers resulted in mispredicted
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exons in almost all transcripts. For many sequences, the prediction of the correct exons was only
possible with the help of the analysis of the homologs of related species. Thus, not only the quantity
of myosin data increased as more and more genomes have been analyzed but also the quality as
all ambiguous regions could be resolved for those sequences for which data from a closely related
organism is available. Therefore, mispredicted exons may be limited to a few orphan myosins.

For the phylogenetic analysis of the myosin motor domains we created a structure-guided manual
sequence alignment whose quality is far beyond any computer-generated alignment. It is obvious that
all secondary structure elements of the class-II myosin motor domain structure remain conserved in
all myosins, even in the most divergent homologs. Sequence motifs, that would have not been aligned
at first glance, were placed based on the analysis of their supposed 3-dimensional counterparts that
always maintained the structural integrity of the respective region. Thus, strong sequence variation
and sequence insertions were limited to loop regions. Based on the phylogenetic tree constructed
from 1984 myosin motor domains, 35 classes have been assigned (Figure 4.2, Figure 4.3; additional
data files 2 and 3). 149 myosins still remain unclassified due to our conservative view on designating
classes but it is anticipated that sequencing of further genomes will result in their classification and
will substantially increase the existing number of classes. For generating the tree it does not matter
whether long loop regions (e.g. the 300 aa loop-1 of the Arthropoda MyolC proteins) are included in
the alignment or not (data not shown). So far, almost all orphan myosins belong to taxa that have
not undergone large-scale comparative sequencing efforts. Only short sequence fragments have been
found for 277 myosins. These sequences were excluded from the phylogenetic analysis but have been
classified based on their similarity in the multiple sequence alignment. Nevertheless, these data are
important to define the myosin diversity in as many organisms as possible.

The highest number of myosins in a single organism has been found in Brachydanio rerio (61 myosins
grouped into 13 classes) while the broadest class distribution is expected for the Phytophthora species
(25 myosins grouped into at least 15 classes). The high numbers of vertebrate myosin genes in general
are due to several whole genome duplications that happened after the separation from the Craniata
and Urochordata (63).

Our survey of the myosin gene family now allows the reconstruction of the tree of 328 eukaryotes
(Figure 4.8). The organisms of the major clades Fungi/Metazoa, Euglenozoa, Stramenopiles and
Alveolata have distinct sets of myosin classes (except class I) showing that horizontal gene transfer
of myosins has not happened in later stages of eukaryotic evolution. However, we cannot exclude
yet that horizontal gene transfer of myosins has not happened at the origin of eukaryotic evolution.
Hence, only paralogs and orthologs have to be resolved. Figure 4.8 represents a schematic reconstruc-
tion of both the phylogenetic relationships of major taxa reconstructed from class-specific trees as
well as the information of myosin class evolution and distribution. For example, Tetrahymena ther-
mophila, Perkinsus marinus, Toxoplasma gondii, Plasmodium falciparum, and Babesia bovis have all
been classified as Alveolata. However, the relation between Ciliophora ( Tetrahymena thermophila),
Perkinsea (Perkinsus marinus), and Apicomplexa (Tozoplasma gondii, Plasmodium falciparum, and

Babesia bovis) has not been resolved yet. Tetrahymena thermophila does not share any myosin with
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the other Alveolata and should have therefore been diverged before the other species. Perkinsus
marinus shares two myosin classes with the Apicomplexa. Thus, they must have had a common an-
cestor. The Apicomplexa developed three further common classes of which single classes have been
lost by different species. The myosin class specific trees show that the Coccidia, the Haemosporida,
and the Piroplasmida form distinct lineages. However, their relation cannot be resolved further. This
principle for reconstructing the tree has been applied to all species.

The class-I myosins show the widest taxonomic distribution, are devoid of the amino-terminal SH3-
like domain and thus suggested to be the first myosins evolved (see below). Only two major lineages,
the Viridiplantae and the Alveolata, do not contain class-I myosins (Figure 4.8). The Alveolata have
either lost the class-1 myosin, or their class-I myosin diverged so far that a common ancestor could not
be reconstructed. The Apicomplexa developed several specific classes, while the Ciliophora myosins
cannot be classified yet. The evolutionary history of the Euglenozoa and Stramenopiles cannot be
further resolved because both do not share any further myosin classes with other species, and their
taxonomic sampling is not high enough for a more precise grouping.

The second myosin class developed during the evolution of the Fungi and Metazoa kingdoms was
class-V. The plants have developed two kingdom-specific classes. However, the domain organization
of the plant-specific class-XI is similar to that of class-V, suggesting that both had a common ances-
tor. In contrast to the class-I myosins, the class-V and class-XI myosins have diverged so far that
a common ancestry is not visible beyond their general domain organisation. After separation of the
plant lineage, the class-II myosins arose. The protists Entamoeba sp., Acanthamoeba castellanii, Nae-
gleria gruberi, and Dictyostelium discotdeum have closely related myosins suggesting that they share a
common ancestor that diverged shortly before the Fungi and Metazoa split. While the Entamoebidae
have lost their class-V myosin retaining only a class-I and a class-II myosin, the Acanthamoebidae,
Dictyosteliida, and Heterolobosea have developed several additional specific myosins with unique do-
main organizations, in addition to the increase in the number of myosins genes through single gene or
whole genome duplications. The Acanthamoebidae and Dictyosteliida already contain the combina-
tion of the myosin motor domain and the MyTH4 domain that is also widely found in the metazoan
lineage. However, the lack of more genomic data prevents the designation of a common myosin motor
domain-MyTH4 containing ancestor. The fungi developed the class-XVII myosin that consists of a
functionally restricted myosin motor domain fused with a highly conserved chitin synthetase (64).
While the Ascomycetes, Basidiomycetes, and Chytridiomycota have retained one member of each
of the four myosin classes, the Zygomycotes Rhizopus arrhizus and Phycomyces blakesleeanus have
undergone several single gene or whole genome duplications. The Saccharomycetes, Schizosaccha-
romycetes, and Microsporidia have lost their class-XVII myosin.

Two different models can be proposed for the further evolution of the Metazoa (Figure 4.8 and Figure
4.9). In both models a considerable boost of myosin diversity happened at the early evolution of
Metazoa. The most reasonable model based on the myosin class distribution suggests an increase
of the myosin diversity in three steps. After separation of the Fungi, the Metazoa developed four

new classes, class-VI, class-VII, class-I1X, and class-XVIII. These classes are shared by species of all
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Metazoa taxa sequenced so far, except the choanoflagellate Monosiga brevicollis that does not con-
tain class-I1X and class-XVIII myosins. However, single species of the other taxa have also lost their
members of these four classes, like the nematode Trichinella spiralis only contains a class-VII myosin,
the Caenorhabditis species have lost their class-X VIII myosins, and the Drosophila species have lost
their class-IX myosin. Our model places the choanoflagellates to the Coelomata that invented the
related class-X, class-XV, and class-XXII myosins. After separation of the choanoflagellates, the
Bilateria gained another three classes, class-III, class-XIX, and class-XX. The Deuterostomia, to
which we placed the Cnidaria, have invented the class-XXVIII myosins and lost class-XXII. Later
in evolution, the Chordata have lost the class-XX. This model proposes the continuous invention
of new myosin classes over a relatively long time and the subsequent loss of single myosin classes
by certain species and lineages. The placement of the Cnidaria to the Deuterostomia surprises as
the Cnidaria are commonly considered to be a sister group of the Bilateria. However, the analysis
of the Nematostella vectensis genome showed that, from a genomic perspective, Nematostella more
closely resembles modern vertebrates than the fruit fly or nematodes (65) which is consistent with
our analysis. But as long as genome sequences of further Cnidaria species are not available this place-
ment could also be the result of long branch attraction effects in the phylogenetic tree. Sequencing
of further species of the lineages Choanoflagellida, Cnidaria, and Echinodermata, which are only
represented by single species yet, will provide better pictures of these taxa, as have been obtained
for the nematodes, Arthropoda, and vertebrates that show a wide distribution of the myosin content
between the member species. For example, during the evolution of the Arthropoda the Insecta lost
the class-XIX myosin. Later in evolution the ancestor of all Drosophila species lost the class-I1I and
class-IX myosins, and finally most Drosophila species lost the class-XXII myosin. Most of the lineages
like the Nematoda, Arthropoda and Vertebrata have developed further branch-specific myosins. We
propose, that sequencing of related organisms to Strongylocentrotus purpuratus and Monosiga brevi-
collis will result in the classification of their orphan myosins and thus also in branch-specific myosins
for these lineages.

In contrast, the metazoan tree based on classical taxa and nodes shows the invention of ten myosin
classes in a very short time scale (Figure 4.9). The evolution of the Metazoa would thus mainly
be characterized by gene losses. While the Anthozoa Nematostella vectensis shares all its twelve
myosin classes with vertebrates, the nematodes must have lost six of the thirteen common Metazoa
myosin classes. The nematode Trichinella spiralis has lost another three of the remaining classes
sharing only four classes with the other Metazoa. The Arthropoda must also have lost at least two
of the common Metazoa myosin classes. This scenario, the invention of ten myosin classes during
the evolution of only two taxa nodes and the subsequent major losses of myosin classes until the
final speciation, seems very unlikely compared to the other model that proposes the invention of new
myosin classes over a long period with the subsequent loss of single classes.

In both models, the tree of myosin diversity gives clear support for the classical Coelomata hypothesis
that groups Arthropoda with Deuterostomia in a monophyletic class. The Nematoda sequenced so far

lack four classes that the Arthropoda share with the vertebrates. It is very unlikely that the Nema-
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toda have lost just these four classes and not one or more of the others. The class specific phylogenetic
trees show that the Nematoda myosins always separate before the Arthropoda-Deuterostomia split,
except for the class-IX myosins where the Nematoda and Arthropoda homologs group separately
from the Deuterostomia homologs. These findings illustrate the advantage of analyzing the diversity
of a large protein family in contrast to looking at single-gene phylogenies that have supported the
monophyletic grouping of Nematoda and Arthropoda in some cases (66).

The comparative analysis of the phylogenetic relationship of the species in single myosin classes
showed several incongruities. We hypothesized that the myosin genes of the corresponding organ-
isms might have evolved asynchronously as has been observed for a number of yeast genes (67). From
the phylogenetic tree we therefore determined the distances between pairs of sequences. To compen-
sate for differences in general diversity within each class, all distances were normalized. Asynchronous
evolution is visualized by the comparison of the deviation from the mean distances. As examples we
analysed the myosins of completely sequenced mammalian (Figure 4.10) and fungal genomes (Figure
4.11). As expected, all Primates are very closely related, with the chimpanzee generally closer to
Homo sapiens than to macaca. The myosin proteins from dog and cow are closer related to those
of the primates than to those from rodents. The opossum Monodelphis domestica is in general the
most divergent mammalian, although in the case of MyolE and Myol6 it is closer related to the dog
and the Primates than to the rodents. The myosin proteins from cow show the most asynchronous
phylogenetic relationship of the analysed mammalian genomes. They either diverge before the split
of the rodents and primates/dog, after this split, or form a monophyletic class with the correspond-
ing dog orthologs. Hence, it is either not possible to resolve the phylogenetic grouping of the cow
in general, or not by using the myosin proteins, or sequences from additional mammals have to be
added for better resolving the tree.

The fungal myosins show several distinct groups that are related to the established taxa. However,
the analysis resolves some so far unrecognised relationships. The Saccharomycotina do not group to
the Ascomycota in all myosin classes, but have evolved asynchronously. Based on our analysis of the
myosins the Saccharomycotina should be considered as an independent clade that evolved from Fungi,
in parallel to the Ascomycota, the Basidiomycota, the Zygomyocota, and the Schizosaccharomycetes.
These clades developed very asynchronously so that their phylogeny cannot be resolved. In addi-
tion, the species in these clades have undergone considerable asynchronous development. Yarrowia
lipolytica that has been considered a yeast species is closer related to the Ascomycota than to the
Saccharomycotina, both based on the phylogenetic relation of the respective myosin homologs and
based on its myosin content containing a class-XVII myosin that all Saccharomycotina have lost.
How did the very first myosin look like? In the beginning of eukaryotic evolution, the myosin motor
domain had been developed (Figure 4.12). During subsequent early evolution an extensive process
of domain fusions started, during which the carboxy-terminal IQ motif was added first. After du-
plication of this gene, the amino-terminal SH3-like domain was fused to the motor domain. These
two domain organizations are shared by myosins of all species. The class-I myosins show the widest

taxonomic distribution, are devoid of the amino-terminal SH3-like domain and thus suggested to be
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the first distinct myosin-class evolved. We propose that the most ancient myosin motor domain had

a sequence very close to that of the class-I myosins.
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Figure 4.8: Schematic drawing of the evolution of myosin diversity.

The tree has been constructed based on the combination of the phylogenetic information obtained from
the analysis of single myosin classes as well as the analysis of the class distribution of major taxa (see
Materials and Methods). Thus, branch lengths do not correspond to any scale. Nodes that have already
been suggested are symbolized by filled circles. Nodes that we propose base on the analysis of the myosins
are represented by open circles. The exact myosin contents of several representative organisms are given.

The myosin inventory of all 328 organisms is available from additional data file 3.
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Figure 4.9: Schematic drawing of the evolution of myosin diversity in the Fungi/Metazoa

lineage based on the ’accepted’ taxonomy.

The inventions and losses of the myosin classes have been plotted onto the ’accepted’ phylogeny of the
Eukaryotes that is available at NCBI. Branch lengths do not correspond to any scale.
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Figure 4.10: Asynchronous evolution of mammalian myosin proteins.

The matrix illustrates the normalized distances between corresponding sequences. Asynchronous evolution
is observed if the pattern of the deviation from the mean is different. For example, the pattern from
rat to the other mammalian species is very similar illustrating their synchronous evolution in general.
However, there are differences in the patterns of some class-I myosins between rat and mouse and opossum
indicating their asynchronous evolution. In contrast the sequence comparison patterns of cow and the
other mammalians are very different, indicating the asynchronous evolution of all cow myosin genes.
The abbreviations for the organisms are: Rn = Rattus norvegicus, Mm = Mus musculus, Pat = Pan
troglodytes, Hs = Homo sapiens, Mam = Macaca mulatta, Caf = Canis familiaris, Bt = Bos taurus, Md
= Monodelphis domestica.
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Figure 4.11: Asynchronous evolution of fungi myosin proteins.

The matrix is shown in a similar way as in Figure 4.10. The consensus tree from the analysis of the single
myosin class trees is shown. The obtained polytomic tree is the result of the asynchronous evolution of
the different species. The abbreviations for the organisms are listed in (10)
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Figure 4.12: Evolution of the first myosins.

The first myosin is expected to consist only of the myosin motor domain and called urmyosin. By domain
fusion it either accomplished the IQ motif directly carboxy-terminal to the motor domain (2), or after a
gene duplication event (1). After a further gene duplication event, this myosin developed to the class-I
myosins as well as the ancestor of most of the other myosin classes after the fusion with an SH3 domain
(that developed to the N-terminal SH3-like domain).

4.5 Conclusions

Here, we presented the phylogenetic analysis of 2269 manually annotated myosin proteins. The previ-
ously assigned 19 myosin classes were confirmed and 16 new classes with unique domain organisations
defined. A phylogenetic tree has been constructed including information about the class distribu-
tion and evolution in certain taxa as well as the phylogenetic information contained in class-specific
subtrees. The analysis showed the Choanoflagellida as part of the Metazoa lineage and the cnidaria
(Nematostella vectensis) to diverge after the separation of Deuterostomia and Protostomia. The
myosin data shows, that several taxa have evolved asynchronously, for example the Mammalia and
the Fungi.

The presented tree will increase in resolution as more organisms get sequenced. To increase the fine
resolution more sequences of intermediate taxa, e.g. in the metazoan lineage, are needed. For some
major taxa a significant amount of species has to be sequenced to get the resolution already obtained
for the fungi and metazoan. For example, only eight species of the Viridiplantae have completely
been sequenced so far. Especially sequencing of further underrepresented taxa will increase myosin
diversity. The myosin data presented here will allow the correct annotation and classification of all
upcoming homologs. We hope that the CyMoBase (37), that stores and presents all related infor-
mation, will be an invaluable tool in all areas of myosin and motor protein research, and in classical

taxonomy.
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4.6 Materials and Methods

4.6.1 Identification of myosin family proteins

Myosin genes have been identified in iterated TBLASTN searches of the completed genomes of 181
organisms starting with the protein sequence of DdMhcA. All hits were manually analysed at the ge-
nomic DNA level. The correct coding sequences were identified with the help of the multiple sequence
alignment of the myosins. As the amount of myosin sequences increased (especially the number of
sequences in classes with few representatives), many of the initially predicted sequences were reanal-
ysed to correctly identify all exon borders. Where possible, EST data has been analysed to help
in the annotation process. Now, all designated myosin classes contain enough members to correctly
predict any additional member sequence in the future. However, some of the orphan myosins (e.g.
from Tetrahymena thermophila and Paramecium tetraurelia) might still contain wrongly predicted
exons in the tail regions, because sufficient comparative genomic data is not yet available. For some
organisms only EST data is available to date, and myosin sequences identified in these databases
have been included in the analysis as long as the sequences contain at least 100 residues. These
short sequences cannot be and have not been used in the phylogenetic analysis but are important to
define the myosin inventory of as many organisms as possible. In addition to the analysis of these
large-scale sequencing projects, all myosin sequences in the nr database at NCBI have been collected
and reanalysed. Many of these sequences contain sequencing errors, mispredicted exons, and wrongly
predicted gene borders.

Some of the genes contain alternative splice forms for the motor domain. The different splice forms
were not considered independently in the analysis but in all cases the same splice forms were taken
for homologous myosins. All sequence related data (names, corresponding species, GenBank ID’s,
alternative names, corresponding publications, domain predictions, and sequences) and references
to genome sequencing centers are available through CyMoBase (37). The annotated sequences and
the alignment of the motor domain sequences are available as AdditionalFile5 and AdditionalFile6,

respectively.

4.6.2 Building trees

The phylogenetic tree was built based on a manually constructed and maintained structure-guided
multiple sequence alignment. The phylogenetic tree is unrooted and was generated using neighbour
joining and the Bootstrap (1,000 replicates) method as implemented in ClustalW (standard settings)
(68). The phylogenetic tree presented in additional data file 2 was visualized using TreeDyn (69).
The schematic tree was constructed using the following criteria. The myosins are separated in 35
classes. Thus, we assigned a class inventory to every organism. The myosin classes are not only well-
separated based on their motor domains but also due to the unique composition of their tail domains.
Thus, we conclude that species having myosins of the same class must have had a common ancestor.
It is extremely if not completely unlikely that myosins with these distinct features have been invented

independently. The other criterion is the analysis of the different trees of the myosin classes. Looking

o7



4 Drawing the tree of eukaryotic life based on myosins

at the tree of a single class, e.g. the class VI myosins, it is obvious that certain taxa always separated
earlier than others, e.g. the Arthropoda myosins always separated before the mammalian myosins.
In the next step we ordered all species according to their class inventory minimizing the number of
myosin class inventions and losses. If taxa have the same class inventory we used the data from the
single class trees to resolve their phylogenetic relationship. If the phylogenetic relationships of taxa
in single classes contradicted each other we hypothesized asynchronous evolution and did not resolve

the relationship between these taxa.

4.6.3 Distance Maps

The distances between two sequences of one class/variant where obtained from the distance matrix
produced by ClustalW using default substitution matrix BLOSUMG62 (70). We collected the distances
between all sequences of each class/variant. The distances within each class/variant were normalized
by dividing by the mean distance of the class/variant. This set the mean distance of each class/variant
to 1. In the distance maps the normalized distances were visualized in blocks, each block representing
the distances of all sequences from two species. Asynchronous phylogenetic relationships are visible

as colour fluctuations within a block.

4.6.4 Domain and motif predictions

Protein domains were predicted using the SMART ( (71,72)) and Pfam ( (73,33)) web server. The
prediction of coiled-coils is based on the coils program. The IQ motifs and N-terminal domains were
predicted manually based on the homology to similar domains of the other myosins. The recognition
motifs included in the SMART and Pfam databases are too restrictive, as the motifs have been
created based on the small datasets available some years ago. The domain profiles of the other

domains have not been revised yet.
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5.1 Abstract

5.1.1 Background

Alternative splicing of mutually exclusive exons is an important mechanism for increasing protein
diversity in eukaryotes. The insect Mhc (myosin heavy chain) gene produces all different muscle
myosins as a result of alternative splicing in contrast to most other organisms of the Metazoa lineage,
that have a family of muscle genes with each gene coding for a protein specialized for a functional

niche.

5.1.2 Results

The muscle myosin heavy chain genes of 22 Arthropoda species ranging from the waterflea to wasp
and Drosophila have been annotated. The analysis of the gene structures allowed the reconstruction
of an ancient muscle myosin heavy chain gene and showed that during Arthropoda evolution introns

have been lost in these genes. Surprisingly, the genome of Aedes aegypti contains another and that
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of Culex pipiens quinquefasciatus two further muscle myosin heavy chain genes, called Mhc3 and
Mhe4, that contain only one variant of the corresponding alternative exons of the Mhcl gene. Mhc3
transcription in Aedes aegypti is documented by EST data. Mhc3 and Mhc4 inserted in the Aedes
and Clulexr genomes either by gene duplication followed by the loss of all but one variant of the
alternative exons, or by incorporation of a transcript of which all other variants have been spliced
out retaining the exon-intron structure. The second and more likely possibility represents a new type

of a partially processed pseudogene.

5.1.3 Conclusions

Based on the comparative genomic analysis of the alternatively spliced arthropod muscle myosin
heavy chain genes we propose a splicing process. This process consists of the splicing of the mutu-
ally exclusive exons until one exon out of the cluster remains while retaining surrounding intronic
sequence. In a second step splicing of introns takes place. A related mechanism could be responsible

for the splicing of other genes containing mutually exclusive exons.

5.2 Background

Alternative splicing is an important and widespread mechanism that is used by higher organisms
to express molecularly distinct mRNAs in response to developmental and cellular contexts (74, 75).
Mutually exclusive splicing, in which only one exon is chosen out of a cluster of alternative exons
arranged in a tandem array, is the most frequent event on a genome-wide level (76,77). Several
mechanisms have been proposed that explain why only one of the two or more variants is included
in the mature mRNA (78,79,80). Mostly, Metazoa contain mutually exclusive exons only in pairs.
Extreme cases for mutually exclusive splicing are the insects Dscam genes that have arrays of up to
52 variants as observed in the Drosophila Dscam gene (81). A less dramatic example is the mutu-
ally exclusive spliced Drosophila muscle myosin heavy chain gene that can potentially produce 480
different mRNAs (82).

Myosins comprise a large superfamily of actin-based motors that fulfill a variety of cellular func-
tions from cell division, cellular locomotion, and vesicle transport to muscle contraction (21,50). 35
classes of myosins have been identified to date with each class being responsible for a different func-
tion (83,56,84). The first myosin was identified in skeletal muscle tissue over hundred years ago (for
a review about the history of muscle myosin see (85)) and, since different myosins turned up, it has
been referred to as conventional myosin or class-II myosin. Class-II myosins comprise the largest and
most extensively studied class not only because the metazoan species are the most studied organisms
but also because this class contains the most isoforms per organism.

Drosophila melanogaster contains two class-II myosin genes, one encoding the muscle isoforms (Mhc)
and one the nonmuscle isoform (zipper) (86). The Mhc gene produces all different muscle myosins as
a result of alternative RNA splicing (82). This is in contrast to the organisms of most other taxa of

the Metazoa lineage, that have a family of muscle myosin heavy chain genes with each gene coding
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for a protein specialized for a functional niche. For example, the nematode Caenorhabditis elegans
expresses six muscle myosins (56), while the ascidian Ciona intestinalis genome contains five muscle
myosin heavy chain genes (87) and vertebrate genomes encode up to 22 muscle myosin heavy chain
isoforms (83).

The Drosophila Mhc gene consists of 30 exons including five clusters of alternatively spliced exons
and one differentially included penultimate exon. Thus, 480 combinations of alternative exons are
possible. The four alternative exons in the motor domain part of the gene code for 120 different
variations of the motor domain. In contrast to the muscle myosins of the other metazoa species,
changes modulating myosin function are thus limited to four regions in the head domain. These
discrete regions of sequence variation have been shown to produce physiological differences among
the various muscle types (88). Although many variations are possible and all alternative exons get
expressed at some point in Drosophila’s life, only a limited number of combinations seem to be em-
ployed. For example, during Drosophila embryogenesis only seven Mhc transcripts have been found
to be expressed (88).

The genome of Drosophila melanogaster was the third eukaryotic genome to be completely se-
quenced (89). Since then, the number of sequenced organisms has increased rapidly. Of the Arthro-
poda phylum, the genomes of the mosquitos Anopheles gambiae (90) and Aedes aegypti (91) and the
silkworm Bombyz mori (92) have been published, and 17 further insect genomes have been finished
of which eleven belong to the Drosophila species group (93).

Originally, pseudogenes have been defined as DNA sequences that are derived from functional genes,
but acquired such degenerative features as premature stop codons and frameshift mutations, which
make them unable to produce functional proteins (94,95,96). Non-processed pseudogenes are thought
to result from tandem duplications of genes with subsequent accumulation of disabling mutations.
Processed pseudogenes lack introns and presumably arise by retrotransposition of a mature mes-
senger RNA (mRNA). While non-processed pseudogenes are commonly found near the functional
original gene, processed pseudogenes are randomly inserted into the genome. Also, partially pro-
cessed pseudogenes have been reported that sometimes contain the complete coding region (97,98).
Recent studies have shown, that pseudogenes are not just ’Junk’ DNA but often exhibit functional
roles (for a review see (95)).

Here, we report the comparative genomic analysis of the muscle myosin heavy chain genes of all
Arthropoda species that have completely been sequenced so far. On this basis we propose a model
for the process of alternative splicing that involves the splicing of all unwanted alternative versions

of an exon while retaining intronic sequence around the remaining variant.

5.3 Results

5.3.1 Identification and annotation of the muscle myosin heavy chains

The arthropod muscle myosin heavy chain genes were identified by TBLASTN searches against the

corresponding genome data of the different species using the Drosophila melanogaster protein as
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query (Figure 5.1). The species analysed were the mosquitos Aedes aegypti, Culex pipiens quinque-
fasciatus and Anopheles gambiae, the silkworm Bombyz mori, the honeybee Apis mellifera, the jewel
wasp Nasonia vitripennis, the waterflea Daphnia pulex, the rust-red flour beetle Tribolium castaneum,
the body louse Pediculus humanus corporis, and thirteen Drosophila species (Table 5.1). According
to the general nomenclature for myosin sequences (83) the alternatively spliced muscle myosin heavy
chain genes are named Mhcl, and the non-muscle myosin heavy chain genes are denoted Mhc2. The
sequences were assigned by manual inspection of the genomic DNA sequences. Exons have been
confirmed by the identification of flanking consensus intron-exon splice junction donor and acceptor
sequences (Figure 5.1) (99). Because of the five to nine mutually exclusive exons and the included
or excluded penultimate exon, automatic identification of all exons failed. The genomic sequences of
Apis mellifera and Bombyx mori contain several gaps that at least in one case must have contained
missing exons. The cellular expression of the myosin genes including the transcription of some of the
mutually exclusive exons has been confirmed by analysis of corresponding EST data.

The untranslated first exons of the genes have been assigned by analysing EST data, if possible.
Because untranslated 5’ exons were found for all those species for which EST data covering the
amino-termini of the genes is available, it is expected that the other arthropod myosin genes also
contain untranslated first exons. Accordingly, the unambiguously identified exons have been num-
bered starting with exon two. Duplicated exons were named in alphabetical order according to the
direction of transcription, the exception being the alternatively spliced exon 11 of the Drosophila
Mhecl of which the first of the mutually exclusive exons was named 11le for historical reasons (82).
The differentially included penultimate exons of the Drosophila species have been predicted based
on their similarity at the DNA level. Although this exon mainly consists of untranslated bases and
its identity between the Drosophila species is almost as low as that found in intron regions, the exon
borders are conserved enough to be recognised. The carboxy-terminal exons of the other arthropod
Mhcl genes have been confirmed by analysing EST data, if possible. For TicMhcl and DapMhcl only
one carboxy-terminal exon could be confirmed by EST data. However, given the exon conservation
between all arthropod Mhcl genes it is expected that both genes contain another carboxy-terminal
exon. For Nasonia, EST data is not available. The carboxy-terminal exon of the NavMhcl gene was
identified based on its homology to the other Mhcl exons. An exon corresponding to the penultimate
exon of the other genes could not be identified. The Drosophila sp. Mhcl genes, the AeaMhcl and the
CpgMhcl gene contain consensus polyadenylation signals AATAAA, while the Mhcl genes of Ang,
Am, Dap, Nav, Pdc, and Tic contain polyadenylation signals of type AAAAAA. For the DmMhcl
gene it has been shown that the use of either polyadenylation site is not regulated (100,101) and the

same might be true for the two or multiple polyadenylation sites of the other arthropod genes.

63



5 Partially processed pseudogenes and alternative splicing in arthropod myosins

3a 3b % 9 13a 13b 16a 16b 19 25 33 34

! II “I"I I“I I I II” "IIIIII I.IIIII ! Pediculus humanus corporis

3a 3b 6a 6b 102 10b 10c 1od 11a 11b 142 14b 14c 17a 17b 18a18b 20a 20b 20c 20d 27a 27b 30

Daphnia pulex

3a 3b 8a 8b 8c 8d 11a 11b 11c 11d 14a 14b 17a17b17¢ 23a 23b 2829

Nasonia vitripennis
3a3b 8a 8b 8¢ 8d Ta b 11c 1d e 1f 142 14b 14c 19a19b 22

3a3b 6a 6b6c  6d 8a 8 8 8d 10a 10b 10c 10d 13a 13b 16 17

Anopheles gambiae

3a3b 6a 6b 6c  6d 8a 8b 8c 8d 10a 10b 10¢ 10d 13 13b 16 17
W Aedes gy Mic
26337 bp

‘3b' ‘6d" ‘8a" 102" ‘13’
Aedes aegyptii Mhc3

>20095 bp 22086 bp
3a3b 6a 6b 6c 6d 8 8 8 8d 10a 10b 10c 10d 132 13b 16 17

b
‘3b" ‘6d’ 108" “13a°
l:!mlll.ﬂ.!_é—_l Culex pipiens quinquefasciatus Mhc3

3b '6d’ 108" 132’

I:!Imm_!:l Culex pipiens quinquefasciatus Mhc4

@ 1000 bp A ATG b TAA > Transcription start & Polyadenylation sites // Gap // Gap with missing exon

Figure 5.1: Diagram of the arthropod Mhcl genes with exon-intron structure

The gene structures of the arthropod muscle myosins genes are shown using the following color code: light-
gray: intron sequences; dark-gray: common exons; colored: alternatively spliced exons. The Drosophila
melanogaster Mhcl gene is shown as representative for all Drosophila sp. Mhcl genes, because their gene
structures only differ in the length of the introns. The transcriptional and translational start sites, the
stop codons and polyadenylation sites are shown if they have been determined. Some genes are spread on
several contigs. The corresponding gap positions are shown in black, if further exons are not expected,
and in red, if exons are definitively missing. The genes are drawn to scale except for the Aedes aegypti
genes where the extremely long introns have been shortened. Gaps have been filled with 100 bp although
their exact length is unknown.

5.3.2 Identification of further muscle myosin heavy chain genes in Aedes aegypti and
Culex pipiens quinquefasciatus

Surprisingly, a second muscle myosin heavy chain gene has been identified in Aedes aegypti (Figure
5.1) and named Mhc3. The Mhc3 gene contains the same exon organisation as Mhcl except that
it does not have any alternatively spliced exons and misses the two carboxy-terminal exons (Figure

5.1). Many EST clones provide supporting evidence for the deduced carboxy-terminus, the amino-
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terminal untranslated exonl, and other parts of the gene. The exons related to the alternatively
spliced exons of Mhcl are either identical (”exon3b”) or very similar to one of the Mhcl exons. The
protein sequence of Mhc3 has an overall sequence identity of 91.4 % to Mhcl. Besides the different
carboxy-termini, the largest differences are in loop-1, which is three residues shorter in Mhc3, and in
loop-2, which has only six instead of ten glycines and might therefore be structurally more restricted.
The Culex pipiens quinquefasciatus genome decodes another two muscle myosin heavy chain genes
that are very similar to each other and have been named Mhc3 and Mhc4 (Figure 5.1). Both have
the same exon organisation as the CpgMhcl gene except that they do not have any alternatively
spliced exons and miss the two carboxy-terminal exons. Another difference is that alternative exons
8 fused to the following constitutive exons in the Mhc3 and Mhed genes. The protein sequence
identity between CpqMhc3 and CpgqMhc4 is 92.0 %, the identity to CpgMhecl is 84.4 % and 90.4
%, respectively. Surprisingly, AeaMhc3, CpgMhc3 and CpgMhc4 retained the same variants of the

alternatively spliced exons of the corresponding Mhcl genes.

5.3.3 The BmMhcl, TicMhcl, PdcMhcl and DapMhcl genes contain further
alternatively spliced exons

The analysis of the BmMhcl, TicMhcl, PdcMhel, and DapMhcl genes revealed further alternatively
spliced exons compared to the DmMhcl gene. All further alternative exons encode for sequence that is
part of the motor domain. The additional alternative exon of Bm, Pdc and Tic is conserved between
these three organisms, and also shared with Dap. It is located between the alternatively spliced
exons 11 and 17 (Bm), alternative exon 13 and constitutive exon 19 (Pdc), and alternative exons
12 and 16 (Tic), respectively, and separated from the neighbouring alternatively spliced exons by
constitutively expressed exons (Figure 5.1). In contrast to the other alternatively spliced exons, these
alternatively spliced exons are different in length and amino acid conservation. The first part of the
exon encodes part of loop-2 (see below), that is a very flexible loop involved in actin-binding. In the
arthropod genes it mainly consists of glycines, arginines, and lysines. Thus, the alternatively spliced
exons of Bm, Tic, Pdc, and Dap encode different numbers and compositions of these residues. The
second part of the alternatively spliced exon is part of the following alpha-helix and hence completely
conserved in length and strongly conserved in composition. In addition to this alternatively spliced
exon, the DapMhcl gene contains three further alternatively spliced exons extending its number of
alternatively spliced exons to nine (compared to five in Drosophila). Alternative exon 6 encodes
an alternative P-loop to loop-1 sequence, alternative exon 11 directly follows the alternative exon
encoding a structural part near the ATP-binding site, and alternative exon 18 encodes an alternative

version of the sequence after loop-2 (Figure 5.1).

5.3.4 The PdcMhcl gene encodes a strongly reduced set of possible transcripts

The Pediculus humanus corporis Mhcl gene contains the most reduced set of alternative exons
(Figure 5.1). It has four sets of alternative exons each comprising two variants. However, the

sequence encoding part of the converter domain, which is encoded by sets of three to five alternative
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exons in the other arthropod genes, has been fused to the following exon forming one constitutive
exon in the PdcMhel gene (exon 19, Figure 5.1). Also, the part in the tail domain encoded by a set
of two alternative exons in all other arthropod genes is represented by only one exon in the PdcMhcl
gene (exon 25). Altogether, the alternative exons decode for 16 different versions of the motor domain
and 32 different mRNAs of the PdcMhcl gene, compared to 120 different combinations of alternative

exons for only the motor domain of the Drosophila Mhcl gene.

5.3.5 Conservation of alternatively spliced exons

The number of variants differs between the Arthropoda species for many of the alternatively spliced
exons (Figures 5.1 and 5.2). For the first alternatively spliced exon two variants have been found in
all Mhcl genes. Both differ by two absolutely conserved residues, namely the amino acids alanine
and aspartate at positions 25 and 26 in the 'a’ variants of the exon that are substituted by serine and
asparagine in the ’b’ variants (Figure 5.3). A slightly less conserved marker for the 'b’ variants is a
cysteine at position 21. Variant 3a of the DapMhcl is an exception as it has an additional residue
at the N-terminus compared to the other Mhcl variant 'a’ exons. The DapMhcl gene encodes three
alternatively spliced exons not found in the other arthropod Mhcl genes. For all three exons variant
b’ is more homologous to the corresponding amino acid sequences of the other Mhcl proteins than
variant 'a’ (see Figures 5.2 and 5.4). The alternatively spliced exons of BmMhcl, DapMhcl, PdcMhcl
and TicMhcl covering loop-2 are different in length and starting position. However, the ’a’ variants
are more similar to each other than to the 'b’ variants and the corresponding amino acid sequences
of the other Mhcl proteins. Thus, the common ancestor of Bm, Dap, and Tic has in all probability
already contained an ’a’ and a ’b’ variant. Completely conserved residues characterizing the ’a’
variant are a serine at the end of loop-2, a glutamate at position 3 and a leucine at position 8 of
the following helix (s|G/K/R 8-9]S[G/AJF[Q/M]|TVS[S/A]LYR). Except for PdcMhcl, all arthropod
Mhecl genes have two variants of the mutually exclusively spliced exon in the tail (Figure 5.2). The
most conserved differences between the two variants are an aspartate at position 14 in variant ’b’
(either an asparagine or a glutamine in variant ’a’) and an asparagine at position 24 (an arginine in
variant ’'a’). In addition, at position 15 the 'b’ variants have a large hydrophobic residue (leucine,
methionine, or phenylalanine) while the ’a’ variants have a small polar residue (serine or threonine).
In contrast to the other Mhcl genes, the ’a’ variant of DapMhcl is closer related to the b’ variants
than to the other ’a’ variants.

The situation is more complex for the remaining mutually exclusive exons that contain three to
six variants. The exon encoding a loop-helix motif adjacent to the ATP-binding site (blue color in
Figure 5.1 and Figure 5.6) is not as conserved as the other alternatively spliced exons (Figure 5.2).
Therefore, it is difficult to identify characteristic residues/motifs for the respective variants. Except
for the PdcMhcl and TicMhcl genes all genes contain four variants. The variant with the most
characteristic residues is variant 'c’. It is characterized by a positively charged residue at position 8
(arginine or histidine), a conserved arginine at position 21, and a conserved asparagine at position 26.

None of these residues appear in any of the other variants at the respective positions. The TicMhcl,
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PdcMhcl, and DapMhcl genes have lost this variant. The only strong characteristic of variant 'd’ is
a conserved isoleucine or valine at position 20 that is found in all Mhcl genes. Variants ’a’ and ’b’
do not contain any distinguishing residues. The alternatively spliced exon spanning the relay helix
and the relay loop is the longest and most conserved of the mutually exclusive exons. The variability
ranges from two variants in the Pediculus Mhcl gene to six variants in the Nasonia gene (Figures
5.1 and 5.2). The least conserved part of the exon is the relay loop that is not embedded in the
motor domain. In this region, characteristic residues for certain variants are found. Variant ’c’ is
characterized by a conserved glutamine at position 49 and either a glutamine or an asparagine at
position 50. A copy of this variant is present in all Mhcl genes except that of Tic. Another conserved
variant is variant ’d’ characterized by a glutamine at position 49 followed by a proline at position 50.
This variant appears in the Mhcl genes of Aea, Ang, Cpq, Tic, and Bm. Similar to the situation for
the alternatively spliced exon at the ATP-binding site, the other variants are not conserved enough
to define characteristic residues. It is thus not clear which were present in the ancient arthropod
gene and which arose through exon duplication in the individual genes. Again, the DapMhcl is the
exception because its first two variants, characterized by two conserved methionines at positions 42
and 55, differ from all other variants.

The variants of the alternative exon encoding part of the converter domain also show a high degree

’ is the most

of variability (Figure 5.2). Two of the variants have characteristic features. Variant ’a
conserved of the variants at the protein level having a conserved methionine at position 9 and a
conserved cysteine at position 26. These residues do not appear in any of the other variants. Variant
‘a’ is conserved in the Mhcl genes of all species and therefore must have been present in their
common ancestor. The last of the variants has a characteristic feature at the DNA level. While all
other variants of this exon have a GC 5’ splice site at the following intron, the intron following the
last variant always has a GT 5’ splice site. At the amino acid level this variant is characterized by a
lysine at position 2, a cysteine at position 5 and a glutamate at position 20.

Wherever EST and/or cDNA data was available a differentially excluded penultimate exon could be
identified. These exons are very short (one to thirteen residues) and not conserved, and therefore
similar exons have not been predicted for the species for which EST data is not available. For Ang
three carboxy-termini have been identified. Based on EST data the AngMhcl transcript may also
end with a short extension to the antepenultimate exon. This C-terminus is similar to that found
for AeaMhc3 and CpgMhc4 and might be used in a similar combination of the other alternatively

spliced exons.
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Figure 5.2: Relationships between alternatively spliced exon

Sections of the Mhcl genes of Figure 5.1 have been aligned showing the relationship between the exon-
intron structures of the regions containing alternatively spliced exons. Continuous lines connect variants
that are almost identical and thus expected to be derived from a common ancestor. Bold lines connecting
alternative exons in regions containing multiple variants per Mhcl gene highlight particularly conserved
exons in these sets. Dotted lines represent putative connections between certain variants although their

identity is not very strong on the protein level.
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Figure 5.3: Sequence conservation in the first set of the alternatively spliced exons

On top, the protein sequence alignment of the alternative exons is shown. The upper sequences, termed
Mhcl, Mhe3, and Mhcd, respectively, represent the variant a exons. Below, the comparison of the sequence
identity between each exon and variant 'a’ and ’b’ of every other Mhcl protein is shown. The graphic has
to be read in columns. The higher identity between an exon listed on top and variant 'a’ or 'b’ of a certain
Mhcl protein listed on the left side has been set to 1 (red color) while the difference of the lower identity
to the value of the higher identity is plotted for the other combination of exons. Thus, in every column
the higher identity of the named exon to one of the variants of the other Mhcl proteins is visualized.
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5.3.6 Phylogenetic analysis of the arthropod muscle myosin heavy chain genes

A phylogenetic tree of all arthropod Mhcl protein sequences, always incorporating the first of the
alternatively spliced exons and excluding the differentially included penultimate exon, has been gener-
ated (Figure 5.4). In general, the tree reflects the phylogenetic relationship between the species. The
AeaMhc3 sequence is most closely related to the CpgqMhe3 and the CpgMhc4 sequence implicating
that the last common ancestor of Aedes and Culex already had one of these genes. The phylogeny of
the Drosophila species slightly differs compared to other analyses (93). Thus, the DaMhcl sequence
would have been expected to separate after the divergence of the DpMhcl sequence. Similarly, the
DseMhcl gene would have been expected to be the closest relative of the DssMhcl sequence. Overall,
the sequence identity is very high. Between DapMhcl and the other sequences the identity is 70.6 -
77.9 %, while it is between 77.0 % and 99.7 % between the other species.
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Figure 5.4: Phylogenetic tree of the arthropod muscle myosin heavy chain proteins

The amino acid sequences of the full-length proteins were aligned manually. Because of their incom-
pleteness the sequences of Drosophila persimilis and Drosophila yakuba have been omitted from the tree
calculation. Support values for each internal branch were obtained by 1,000 bootstrap steps. The scale
bar corresponds to 0.1 estimated amino acid substitutions per site.
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5.3.7 Predicting the gene structure of an ancient Mhcl gene

Whenever intron positions are shared between the genes, the corresponding type of splice site is con-
served, with the exception of the shared exon 9 (AmMhcl), exon 10 (TicMhcl), exon 9 (BmMhecl),
and the alternatively spliced exon 11 of DapMhcl (Figure 5.5). All introns have consensus dinu-
cleotide borders except those downstream of the last alternative exons encoding part of the motor
domain (exon 11 in DmMhecl), which have a GC dinucleotide at the 5’ donor site instead of the
consensus GT. The 3’ exons of these alternatively spliced exons again have a consensus GT site. As
exon ’10a’ of AeaMhc3 is almost identical to exon 10a of AeaMhcl the following intron also has a
GC dinucleotide at the 5" donor site. In contrast to the introns following the exons 9 of AmMhcl,
NavMhcl, and BmMhcl, and the intron following exon 10 of PdcMhcl that have a consensus GT
site, exon 10 of TicMhcl has a GC 5’ donor site. The intron following exon 11a of DapMhcl starts
with a consensus GT site, while the intron following exon 11b starts with the absolutely rare GA
dinucleotide. Also, all split codons are shared between the genes.

In the part encoding the motor and the neck domain, all intron positions are shared by at least two
genes (Figure 5.5). In the coiled-coil tail domain, all genes have lost several introns so that the exons
are considerably longer and the intron positions in many cases are not identical. Assuming, that
introns have in most cases been lost and were not gained during evolution (102), an ancient arthro-
pod Mhcl gene can be reconstructed (Figure 5.5). The ancient Mhcl gene is expected to contain all
intron positions that appear in at least one of the analysed Mhcl genes. In the motor domain, the
proposed ancient Mhcl gene structure completely resembles the DapMhcl gene. The exon lengths
are between 30 and 210 bp. The exons in the tail domain are considerably longer (up to 480 bp).
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Figure 5.5: Diagram of the arthropod Mhcl proteins
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The exon-intron structure of the Mhcl genes is shown based on the protein sequence. Exons are shown
as boxes while introns are represented by spaces. The same colour scheme has been used as in Figure
5.1. Numbers on alternative exons denote the number of variants. The exons are drawn that the intron
positions align between the different Mhel genes. Thus, the exon lengths are not drawn to scale (e.g. the
exons encoding the variable loop-2 are different in lengths). On the right side, the protein sequence of
Drosophila melanogaster Mhcl is shown as reference. Dotted lines connect amino acids that are derived
from split codons.
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5.3.8 Structural implications of the alternatively spliced exons

The locations of the alternatively spliced exons of DmMhcl in the motor domain have been discussed
in detail elsewhere (103). The position of the additional alternatively spliced exons of the BmMhcl,
TicMhcl, PdcMhcl, and DapMhcl genes in the structure of the motor domain are shown in Figure
5.6. The alternative exons of DapMhcl encoding the structural part from the P-loop to loop-1 have
identical P-loop sequences. The loop-1 sequences are identical in length but differ significantly in
composition. Studies have shown that the flexibility of this loop affects the rate of ADP and phosphate
release, with greater flexibility leading to an enhancement in the rate of product release (104).
Although the amino acid composition is different between the alternative variants, both contain
two glycines and a similar overall charge. Potential ATPase modulating properties must therefore
rely on a different mechanism. The alternative exons of DapMhcl including loop-4 are similar
in length and composition. This region of the motor domain has not been investigated so far and
therefore functional consequences of differences in the two variants cannot be drawn. Loop-4 has been
postulated to be important for the proper localization of class-I myosins that contain elongated loops
that sterically interact with actin-binding proteins (105) but the loop-4 sequences are almost identical
between the two DapMhcl variants and the two variants must therefore modulate a different property
of the motor domain. The loop-2 sequence is modulated by alternative exons in the BmMbhecl,
DapMhcl, PdcMhcl, and TicMhcl genes. By studies of Dictyostelium myosin with its loop-2 replaced
with the analogous loop from four other myosins with different enzymatic activities, loop-2 was shown
to be involved in the weak and the strong binding interactions with actin (106). It also plays an
important role in the rate-limiting step of Pi release (107,108). The exon variants of all three Mhcl
genes have identical numbers of lysine and arginine residues. The ’a’ variants are always one residue
shorter and have only four instead of five glycines. These differences are, however, very subtle and
their influence on actin binding is expected to be very small. The variants of the alternative exon
in DapMhcl following loop-2 are very similar. This part of the motor domain has also not been

investigated so far.
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Figure 5.6: Structure of the myosin motor domain

The structure of the motor domain of the class-II myosin of Dictyostelium discoideum has been used to
highlight the regions encoded by alternatively spliced exons in arthropod Mhcl genes. The color-coding
is the same as in Figure 5.1 allowing the identification of corresponding regions.

5.4 Discussion

25 muscle myosin heavy chain genes have been identified in 22 Arthropoda species. All sequences
share strong homology to the alternatively spliced Mhcl gene that has first been described in
Drosophila melanogaster (82). The genes contain five to nine mutually exclusive exons and an
penultimate exon that might either be included or excluded in the mRNA, and were assigned by
manual inspection of the genomic DNA sequences (Figure 5.1). Because of the many alternatively
spliced exons automatic identification of all exons failed. This is probably also the main reason for
the wrong prediction of the exon organisation of the Anopheles Mhcl gene (supplementary material
of (90)).

Altogether, the transcription of the Mhcl genes may result in several hundred differently spliced
mRNAs (Table 5.1). The Pediculus Mhcl gene has the least alternatives for its alternatively spliced
exons resulting in a maximum of 32 different mRNAs, while the water flea gene might result in at
least 3072 different mRNAs. Thus, except for Pediculus, Nasonia, and Apis mellifera all arthro-
pod Mhcl genes, for which all exons could be identified, outscore the 480 mRNA possibilities of

Drosophila melanogaster. Although the number of variations seems vast compared to the number
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of different muscle myosin heavy chain genes in other metazoa species, the regions for changes are
limited to five to nine. In Drosophila melanogaster, all alternative exons are expressed depending
on the developmental stage, but only a limited number of combinations seem to be employed (88).
Whether all alternative exons are expressed in the other Arthropoda species and which combinations
are used has to be determined.

The phylogenetic analysis of the Mhcl protein sequences agrees with the expected phylogenetic rela-
tionship between the species. There are two notable exceptions in the Drosophila species section of
the tree. The DseMhcl sequence would have been expected to be the closest relative of the DssMhcl
sequence, and the DaMhcl sequence would have been expected to separate after the split of the
DpMhcl and DrpMhcl sequences. There are two possible ways to explain this observation. Either,
the Mhcl genes have evolved asynchronously as has been found for many yeast genes (67) or the
genes might have incorporated back-mutations. The sequence identities of 96.1 to 99.7 % are very
high, and thus only a few mutations would lead to a different phylogenetic classification.

The Tribolium castaneum, Pediculus humanus corporis, and Bombyx mori Mhcl genes contain one
additional and the Daphnia pulexr Mhcl gene contains four additional alternatively spliced exons
compared to the Drosophila melanogaster gene (Figure 5.1, Figure 5.2). All additional alternatively
spliced exons are mutually exclusive and encode parts of the motor domain. The additional exons
of the Tic, Pdc, and Bm Mhcl genes encode alternative versions of the loop-2 sequence while the
additional exons of the Dap Mhcl gene are spread over the entire motor domain. In each case, the
3 variant is more homologous to the corresponding sequences in the other Mhcl genes than the 5
variant (Figure 5.2).

A similar conservation is found for alternative exons with multiple variants (Figure 5.2). In almost
all cases, the most 3’ variant is the most conserved one. For the alternative exon encoding part of
the motor domain near the ATP-binding site (exon 7 in DmMhcl), the last of the variants is the only
variant that is conserved in all species. The other variants are either missing in certain species, or are
very similar to each other as well as to those of other species, so that it is not clear whether they have
been derived from independent variant duplications or whether they have been present in a common
ancestor. Thus, all variants except for the most 3’ variant have been evolved after the separation of
Daphnia from the other species. The variants encoding the relay-helix and the relay-loop are highly
conserved. Therefore, conserved differences confine to only one or two residues. The second-last of
the variants seems to be the most conserved, although mutation of one residue might change this.
The exon encoding part of the converter domain has two highly conserved variants, the most 5’ and
the most 3’ variants. The most 3’ variant distinguishes from all other variants at the DNA level
because the following intron starts with a GT donor site. The most 5" exon is the most important,
though not the only, determinant for flight capabilities (109, 110).

Based on the exon-intron patterns of the 21 Mhcl genes the gene structure of the ancient arthropod
Mhecl gene can be predicted. In the first half of the genes encoding the motor and the neck domain,
all except one intron position are shared by at least two genes (Figure 5.5). The exons encoding the

coiled-coil tail domain starting at amino acid 850 are considerably longer and the intron positions in
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almost all genes are not identical. This is due to the fact that all genes have lost different introns. It
is highly probable that further sequencing of arthropod Mhcl genes will reveal different exon-intron
patterns in the tail region while intron positions with one or more of the already analysed genes will
be shared. The reconstructed ancient arthropod Mhcl gene supports the idea that introns have been
lost in most cases and not gained during evolution (102). It is very unlikely that the different species,
distributed over a broad taxonomic range, invented introns at the same positions independently from
each other. Thus, the ancient Mhcl gene is expected to contain all intron positions that appear
in at least one of the analysed Mhcl genes. Analysis of Mhcl genes of further species might add
additional intron positions especially in the tail region. The exon lengths of the ancient Mhcl gene
are between 30 and 210 bp in the motor domain and up to 480 bp in the tail region. These short
exons (compared to e.g. the Drosophila Mhcl gene) resemble exon lengths in vertebrates and further
comparative analysis with vertebrate muscle myosin heavy chain genes will reveal the gene structure
of the ancient Metazoa gene.

In addition to the Mhcl gene, Aedes aegypti encodes a further muscle myosin heavy chain gene,
named Mhe3, that encodes only one variant of each of the alternatively spliced exons of the Mhcl
gene. The presence of this gene is not an artefact from sequencing or the assembly process. Although
the translated exons show high identities, both genes are very different at the DNA level, and both
are confirmed by several EST clones. That also means, that the Mhc3 gene, that does not encode
any alternatively spliced exons, is expressed during the life cycle of Aedes aegypti. Note that the
combination of alternatively spliced exons does not correspond to any of the tissue-specific combi-
nations found in Drosophila (summarized in (88)). Culexr pipiens quinquefasciatus contain another
two muscle myosin heavy chain genes in addition to the Mhcl gene, named Mhc3 and Mhc4, that,
similarly to AeaMhc3, encode only one variant of most of the alternatively spliced exons of the Mhcl
gene. In one case, the intron between the presumed variant of the alternatively spliced exons and the
following constitutive exon disappeared. Unfortunately, there is not enough EST data available for
Culex pipiens quinquefasciatus to support any of the myosin heavy chain genes. AeaMhc3, CpqMhe3,
and CpgMhc4 retained the same variants of the alternative exons of the corresponding Mhcl genes.
The presence of these further muscle myosin heavy chain genes is very surprising because the num-
ber of alternatively spliced exons in the Mhcl genes already allows for the transcription of several
hundred different muscle myosin isoforms. How could it happen that the genomes of Aedes aegypti
and Culex pipiens quinquefasciatus encode such genes? According to the phylogenetic tree of the
myosin heavy chain genes, the Mhc3 and Mhc4 genes obviously appeared in the common ancester
of Aedes and Culex after the divergence from Anopheles gambiae. In addition, there is no evidence
for a (partial) second muscle myosin heavy chain gene in the Anopheles gambiae genome. Also, the
carboxy-terminal ends of AeaMhc3 and CpgMhc4, that are 3 elongations of the last constitutive exon,
do not exist in the AeaMhcl and CpgMhcl genes but have identical counterparts in the AngMhcl
gene that is also supported by several EST clones. It is unlikely that these three organisms have
developed such a carboxy-terminal end of the myosin gene independently from each other. Instead,

it is more probable that the ancient AeaMhcl and CpgMhcl genes have lost this specific carboxy-
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terminus after incorporation of the Mhc3 and Mhc4 genes into the genome. This would mean that
this carboxy-terminus is only used in the specific combination of alternatively spliced exons as found
in the AeaMhc3 and CpgMhc4 genes. Whether this is also true for the AngMhcl gene has to be
verified. Based on their identity in sequence and gene structure it is most probable that CpgqMhc3
and CpgqMhc4 have been derived by duplication of one of the other.

There are two possibilities how the Mhc3 and Mhc4 genes could have appeared in the common an-
cestor of Aedes and Culex. The genes have either been derived from a duplication of the Mhcl gene
as part of a single gene or chromosomal region duplication event. Or, a partially spliced transcript
of Mhel has been reincorporated into the genome (Figure 5.7). If the Mhc3 and Mhe4 genes had
been derived from duplication, then all variants except one of the alternative exons of only one of
the (then) two Mhc genes had to be lost in addition to the loss of both terminal exons in Mhe3.
Given the amount of possible transcripts of the Mhcl gene and the possibility to duplicate alternative
exons, it is very unlikely that there would be a need for a second gene with the same set of alternative
exons. If it were advantageous to keep two almost identical genes, it would be very unlikely that only
one of the genes has lost all except one of its alternative exons. In addition, there must have been
a very strong evolutionary pressure to keep exactly this special combination of alternative exons.
The second possibility would mean that in the first step during the splicing process all alternatively
spliced exons, which are not needed, are removed leaving introns between the remaining alternatively
spliced and constitutive exons (Figure 5.7). In the second step, all introns are spliced to yield the
mRNA for translation. In the case of the Mhc3 and Mhc4 genes, the transcript containing one com-
bination of alternative exons but all introns would have been integrated into the genome, probably
after retrotranscription. How should these type of genes be called? At least the AeaMhc3 gene is
completely transcribed, and also CpqMhc3 and CpgMhc4 do not contain any premature stop codons
or frameshift mutations. However, compared to the corresponding Mhcl genes they retained only
one variant exon of each of the alternative exons. Thus, they do not belong to the non-processed

pseudogenes. We would rather regard them as a new type of partially processed pseudogenes.
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Figure 5.7: Model for the process of alternative splicing

The model describes the three different origins of pseudogenes. Non-processed pseudogenes are often
found adjacent to their paralogous functional gene and retain the same exon-intron structure. Processed
pseudogenes are marked by the absence of both 5’ promotor sequence and introns, the presence of flanking
direct repeats, and are randomly integrated into the genome. In the case of the arthropod Mhc genes,
these get in the first step transcribed. In a second step, the alternative exons get spliced resulting in a
certain combination of alternative exons and retaining the exon-intron structure. In the case of AeaMhc3,
CpgMhe3, and CpgqMhe4, these transcripts have been integrated into the genome. Normally in a third
step, the introns get spliced revealing the final mRNA ready for translation. Dark grey bars represent
constitutive and coloured bars alternatively spliced exons. Light grey bars represent non-coding sequence.

5.5 Conclusions

25 arthropod muscle myosin heavy chain genes have been identified and analysed. Compared to
the well-studied gene of Drosophila melanogaster other arthropod genes might contain up to four
additional alternatively spliced exons encoding part of the motor domain. This considerably extends
the possibilities of other Arthropoda species to fine-tune myosin and thus muscle characteristics. An
ancient arthropod muscle myosin heavy chain gene could be reconstructed whose gene structure can
only be explained if introns are lost and not gained during evolution of this gene. Aedes aegypti and

Culex pipiens quinquefasciatus even encode further muscle myosin heavy chain genes that, however,
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Species Species Abbr. | Nucleotide IDs Gen- | Motor Full-
Bank: domain | length
protein
Daphnia pulex Dap 1536 > 3072
Bombyz mori str. Dazao Bm AADKO01001734, 192 768
BAABO01137479,
BAAB01017092,
AV404226,
AADKO01040535,
AADKO01049792
Tribolium castaneum str. Georgia GA2 Tic AAJJ01000118 192 > 384
Nasonia vitripennis str. SymAX Nav AAZX01008059, 144 > 288
AAZX01007288
Apis mellifera str. DH/, Am AADGO05005753, 96 384
AADGO05005754,
AADGO05005757
Drosophila ananassae TSC#14024-0371.13 Da AAPP01015693 120 480
Drosophila erecta TSC#14021-0224.01 Der AAPQO01007075 120 480
Drosophila grimshawi TSC#15287-2541.00 Dg AAPTO01021775 120 480
Drosophila hydei Dh X77570 120 480
Drosophila melanogaster Dm NM_165190 120 480
Drosophila mojavensis TSC#15081-1352.22 | Dmo AAPU01010481 120 480
Drosophila persimilis MSH-3 Drp AAIZ01000908, 120 480
AAIZ01000907,
A ATZ01000906,
AAIZ01000905,
AAIZ01000904,
AAIZ01024863,
AATZ01000903
Drosophila pseudoobscura MV2-25 Dp AAFS01000199 120 480
Drosophila sechellia Rob3c Dse AAKO01001629 120 480
Drosophila simulans str. white501 Dss 120 480
Drosophila virilis TSC#15010-1051.87 Dv AANI01016210, 120 480
AANIO1016211
Drosophila yakuba Tail8E2 Dy AAEU01002444, 120 480
AAEU01002445,
AAEU01002446
Drosophila willistoni TSC#14030-0811.24 Dw AAQB01006734 120 480
Anopheles gambiae str. PEST Ang AAAB01008980 128 768
Aedes aegypti str. Liverpool Mhcl Aea AAGE02009209 128 512
Aedes aegypti str. Liverpool Mhc3 Aea AAGE02009019, 1 1
AAGE02009018
Pediculus humanus corporis str. USDA Pdc AAZO01001178 16 32
Culex pipiens quinquefasciatus JHB Mhcl Cpq AAWU01000999 128 512
Culez pipiens quinquefasciatus JHB Mhc3 Cpq AAWU01000999 1 1
Culex pipiens quinquefasciatus JHB Mhc4 Cpq AAWU01000999 1 1

Table 5.1: Nucleotide ID’s and number of combinations of alternative exons for the motor

domains and the full-length proteins.
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have lost all except one variant of the alternatively spliced exons. These genes most probably entered
the genome by reincorporating a certain processed transcript and not via a gene or genomic region
duplication event. If the gene has been derived from a processed transcript then splicing of alternative
exons must involve a first step, in which all other variants are spliced out leaving intronic sequence

around the variant of choice. In a second step, all introns are spliced.

5.6 Methods

5.6.1 Identification and annotation of the arthropod muscle myosin heavy chains

The genes for Aea, Ang, Am, Bm, Cpq, Dm, Drp, Dp, Dse, Dss, Dy, Dw, Pdc, and Tic Mhcl
and Mhce3 have been obtained by TBLASTN searches against the insects section of the NCBI wgs
database (Table 5.1) (111). The genes for the Da, Der, Dg, Dmo, and Dv Mhcl have been obtained
using the BLAT alignment tool (112) against the UCSC Genome Browser database (113,114). The
DhMhcl sequence was derived from the NCBI nonredundant database. The DapMhcl sequence
has been obtained by a TBLASTN search against the 9x assembly of the Daphnia pulex genome
provided by the DOE Joint Genome Institute (115) and the Daphnia Genomics Consortium (116).
The NavMhcl gene was derived from version 1.0 of the Nasonia vitripennis assembly provided by
the Human Genome Sequencing Center at Baylor College of Medicine (117). The exons of the genes
were predicted by manual inspection of the nucleotide sequences. For the correct prediction of the
transcriptional start and the 3’ terminal exons, the analysis of cDNA and EST data, that has been
obtained from the EST section of NCBI’s nucleotide database, was necessary. In particular, the
following data has been obtained: For TicMhcl, only a small amount of EST data is available,
confirming the prediction of exon2. There is not enough data to exclude a further untranslated 5’
exon, as well as further C-terminal exons. For AngMhcl, several EST and ¢cDNA clones support
exonl and the different C-termini. The C-termini of AeaMhcl are also supported by several EST
clones (e.g. GenBank ID DV384821). Exonl of AeaMhc3 is supported by EST data. Exonl of
AeaMhc3 has been used for the identification of exonl of AeaMhcl, as there is no direct evidence by
EST data. Surprisingly, it is found 26,432 bp before the translation start codon ATG. For AmMhcl,
the N-terminus is not supported by EST or ¢cDNA data. Therefore it is not clear whether there
might be an additional 5’ untranslated exon. The C-termini are supported by several EST and
cDNA clones (e.g. GenBank ID CK629939). The C-terminus of DapMhcl is supported by EST
data (e.g. GenBank ID BJ927473), while there is no EST data for the N-terminus. For BmMhcl,
exon2 is supported by EST data. However, the corresponding EST clones are not long enough to
exclude a further 5’ untranslated exon. Both C-termini of BmMhcl are supported by EST clones
(e.g. GenBank ID BP179837). The genomic DNA of the BmMhcl gene contains a gap in the coiled-
coil tail region. The missing amino acid sequence has been derived from EST data. However, the

exon/intron structure in the corresponding region remains unresolved.
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5.6.2 Analysis of the relationship of the alternatively spliced exons

All alternatively spliced exons have been aligned manually. Some kind of relationship is already
obvious from these sequence alignments. To get a more quantitative description, sequence identity
matrices have been calculated for each set of aligned exons. Subsequently, sets of homologous exons
from all Mhcl genes have been clustered by sequence similarity. We have visualized the results in
graphs that have to be read in columns. The highest identity between an exon listed on top and
any variant of a certain Mhcl protein listed on the left side has been set to 1 (red colour) while the
differences between the values of the lower identity exons and the value of the highest identity have
been plotted for the other combinations of exons. Thus, in every column the highest identity of the

named exon to one of the variants of the other Mhcl proteins is visualized.

5.6.3 Building trees

The phylogenetic tree was generated using neighbour joining and the Bootstrap (1,000 replicates)
method as implemented in ClustalW (standard settings) (68) and drawn by using TreeView (118).
The sequence of DapMhcl has been used as outgroup.
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6.1 Abstract

6.1.1 Background

For many types of analyses, data about gene structure and non-coding regions of genes are required.
Although a vast amount of genomic sequence data is available, precise annotation of genes is lacking
behind. Finding the corresponding gene of a given protein sequence by means of conventional tools

is time consuming and error prone, and requires considerable experience.

6.1.2 Results

Scipio is a tool to determine the precise gene structure given a protein sequence and a genome.
It identifies intron-exon borders and splice sites and is able to cope with sequencing errors and
genes spanning several contigs in genomes that have not yet been assembled to supercontigs or
chromosomes. Instead of producing a set of hits with varying confidence, Scipio gives the user a
coherent summary of locations on the genome that code for the query protein. The output contains
information about discrepancies resulting from sequencing errors. Scipio has also successfully been
used to find homologous genes in closely related species. Scipio was tested with 979 protein queries
against 16 arthropoda genomes (intra species search). For cross-species annotation, Scipio was used

to annotate 40 genes from Homo sapiens in Pongo pygmaeus abelii and Callithriz jacchus.
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6 Scipio: Determination of precise exon/intron structures

6.1.3 Conclusions

Scipio is able to precisely map a protein query onto a genome. Even under less than ideal circum-
stances like sequencing errors and incomplete genome assemblies, it most often provides the user with
correct determination of intron-exon borders and splice-sites. Apart from being able to find genes
in the genome that encode the query protein, Scipio can also be used to annotate genes in closely

related species.

6.2 Background

In the post-genome era, sequence data is the entry point for many studies. Often, it is essential to
obtain the correct genomic DNA sequences of eukaryotic genes because of the information contained
in non-coding regions. For example, the intron regions contain important sites for the regulation of
gene transcription like enhancers, repressors, and silencers (119). Transcription initiator sequences
are located upstream from the target gene (120). The determination of the exon/intron structures of
genes is also important in comparative genomic analyses like the identification of ancient exons (121).
Today, over 300 eukaryotic genome sequencing projects have resulted in genome assemblies (49). For
most of the eukaryotic genomes genome sequences of genes are only available for ab-initio derived gene
predictions, if at all. However, it has been shown that computer derived sequences are often wrong
because of sequencing and assembly errors, and mispredictions (83). Correct protein sequences have
in many cases been derived from manual annotation of the genes of interest or from full-length cDNAs.
But experimentally obtained cDNA sequences often do not completely correspond to annotated genes
because so far undescribed alternatively spliced forms have been isolated. In many cases, it might
also be interesting to look at the genes of evolutionary closely related species. If these species have
not been annotated yet, it is, however, very time-consuming to identify and manually annotate the
corresponding homologous genes.

Currently, two programs are available for the retrieval of non-coding sequence. The Java application
Retrieval of Regulative Regions (RRE) parses annotation and homology data from NCBI (122).
RRE requires local installation and a local copy of the desired genomes and annotation files. The
web application of RRE only hosts a small number of eukaryotic genomes and only annotation data
from NCBI. Recently, the non-coding sequences retrieval system (NCSRS) has been published (123)
that has 16 genomes and annotation data from both NCBI and Ensembl. In summary, both tools rely
on annotation files provided by NCBI and Ensembl, with all possible errors, for only a few organisms.
Furthermore, programs have been published that use a cDNA query to perform a spliced alignment
for the determination of exact splice site locations; examples are Splign (124) and SPA (125).

We have developed Scipio for the retrieval of the genome sequence corresponding to a protein query.
The tool does not require any annotation data, and is able to correctly identify the gene even if it
spans several genome contigs and contains mismatches and frameshifts. Because of these capabilities,
Scipio is not only able to correctly identify the gene in the genome corresponding to the protein query

but also to correctly identify the homologous genes in the genomes of closely related organisms.
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6 Scipio: Determination of precise exon/intron structures

6.3 Implementation

The task of determining the gene structure of a query protein within a DNA target sequence can in
most instances be accomplished with the search for a spliced alignment. Since a large number of tools
performing this task has already been available for a long time (the tblastn variant of BLAST (126),
PROCRUSTES (127), and BLAT (112)), writing another one would mean reinventing the wheel.
However, in the example of BLAT, when performing a search for the protein in the translated DNA,
the output does not coincide with the exon structure of a single gene. Usually, multiple hits are found
for each query, varying in accuracy, and exon boundaries are given only on amino acid level, missing
those codons that are split by introns. Hence, manual processing was still needed in the majority
of cases to determine the exact location of the query. In cases where the genomic sequence is in an
early stage of the assembly process, several parts of one particular gene are often found on different

target sequences (contigs), making this task very tedious and time consuming.

85



6 Scipio: Determination of precise exon/intron structures

Scipio | Input

Query: Protein Sequence
BLAT g
|—
l Target: DNA Sequence |

Hit Processing

Hit Extension o0
l ' (Manual Editing) Usage
Gap Closing * + f Any Programming Language )
Output
Deserialization

! YAML file

J

-

\
J

N
J

\
J

Intron Border Refinement

Native Data Structure

Hit Assembly

Scipio Converter

Further Processing

_1 Genome Software '

Significance Filtering

l Sorting l

Intron Border Refinement

Output

GFF File

Log File Manual Inspection

Figure 6.1: The Scipio Workflow

This diagram depicts the data flow of a Scipio run. Scipio needs two FASTA files as input, one containing
the protein query and one with the genome sequence. Scipio starts BLAT and processes the results in a
series of steps, successively refining and assembling the hits. Scipio’s output is a YAML file which can
further be converted into a GFF file or a log file. YAML files can also be manually edited and read by a
parser of which many exist for all modern programming languages. The resulting data structure can then
be further processed.

6.3.1 The Scipio script

We designed the perl script Scipio to automate this process and output the results in both human-
and machine-readable output formats. The summary of the process is depicted in the diagram in Fig.
1. We chose to run BLAT to provide us with the spliced alignments because it is specialized for the
case of high sequence identity, which is obviously the case when locating genes of the same species
(where mismatches are mainly due to sequencing errors), but it turned out to be very applicable also

for the case of closely related species.
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6 Scipio: Determination of precise exon/intron structures

Stage one: hit refinement

After running BLAT, Scipio processes the query protein and target DNA sequences, and the file
containing the BLAT hits. In the first stage, each hit is then “refined” by a number of steps. A
BLAT hit is a collection of consecutive matchings of the protein sequence aligned to the translated
DNA. We do not want to include hits with low quality, so everything with an accuracy below a given

threshold is discarded at this stage. The refinement consists of the following steps:

e Unaligned parts of the target sequence between the matchings that form a BLAT hit are
analysed. In a significant hit, they consist of at most one residue of the query corresponding to
a longer piece of DNA, so they will be considered introns. Scipio tries to determine the exact
location of the splice site by looking for a splice site pattern (GT-AG, GC-AG, and other
candidates). This way, codons that are split by an intron, and are only joined after splicing,
can be revealed. In cases where all residues are aligned by BLAT but a splice site pattern is
missing, Scipio tries to improve the prediction by shifting the splice sites in single nucleotide
steps. If an exact location can not be found, a heuristic is used to determine a trade-off between

the number of additional mismatches and the presence of the splice site pattern.

e In addition, two more types of unaligned target sequence are distinguished: First, actual gaps
with significant parts of the query sequence unaligned (mostly due to low coverage of sequencing
resulting in gaps between contigs represented by contiguous N’s in supercontigs/chromosomes).
Second, short gaps resulting from sequencing and assembly errors leading to additional or
missing bases or codons, with or without a frameshift. Additional DNA in this case is not

interpreted as intron an but as a sequence shift of the query against the target.

e Scipio tries to locate very short exons where the BLAT hit misses parts of the query sequence.
This is done by simple pattern matching. Thus only pieces with full identity are added. Ter-

minal exons are added only when an intact splice site is found.

The filtering during the first stage ensures that nothing will be shown that cannot be regarded as
a good match. If no hit is left after filtering, Scipio simply considers the gene non-existent in the

target sequence, and no further processing is done.

Stage two: hit filtering and assembly

All BLAT hits that survive the first stage are subsequently filtered in the second stage to determine
those that form the gene corresponding to the protein query. If only complete chromosomes were
considered, one could expect a single optimal BLAT hit coinciding with that gene; however, in cases
without a complete assembly, partial hits on different targets need to be taken into account.

First, all hits are sorted by a score proportional to the number of matches, with a penalty subtracted
for each mismatch. Second, all incompatible hits are discarded in the order just determined. Hits are
incompatible if their queries overlap but their targets do not. (An exception is the complete identity

on DNA level at the ends of two contigs. This could result from an incomplete assembly, and the
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possibility of an overlap is taken into account.) At the end of this step, we come out with a small
number (usually just one) of non-overlapping hits forming the best gene candidate.

The final part of stage two is another refinement step: by assembling multiple hits, sequence parts
may have been identified as parts of an intron that is split on different targets, the first half at the
end of one target, the second at the beginning of the next. After the assembly Scipio uses the same

method as in stage one to determine the exact splice site locations.

6.3.2 Output

The output contains target names, and location coordinates (genomic and protein) of all features:
introns, exons, and gaps; exons can have sub-features: sequence shifts, mismatches, or undetermined
positions. In addition, it contains the genomic DNA for all regions (including up- and downstream

of the hit) and the translation of the coding sequence.

For the output format we defined two essential requirements: Human readability and machine read-
ability. We chose YAML as it is a format that is complex enough to express our data structures and
at the same time simple enough to be human readable and editable. YAML can easily be parsed
and there are numerous bindings for any modern programming language. The resulting native data

structures can be used to further process the data generated by Scipio.

Conversion tools

Scipio provides two tools to convert YAML files:

e yaml2log: Converts YAML files into an easily readable log file with summary information about

the results and clearly arranged sequence alignments.

e yaml2gff: Converts YAML files into GFF Format which can be read by a wide range of genome-

related software packages.
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1: mismatch

gDNA AAA ttt GGG
translation K F G

| x|
query K A G
2: undetermined query 3: undetermined target
gDNA AAA ttt GGG gDNA AAA nnn GGG
translation K F G translation K X G

| | I I
query K X G query K A G
4: additional codon in target 5: unmatched query
gDNA AAA ttt GGG gDNA AAA --- GGG
translation K F G translation K - G

| | I I
query K - G query K A G
6: frameshift (+1) target only 7: frameshift (+1) target/query
gDNA AAMA t-- GGG gDNA AMA t-- GGG
translation K X G translation K X G

| | I
query K - G query X - G
8: frameshift (+2) target only 9: frameshift (+2) target/query
gDNA AAA tt- GGG gDNA AAA tt- GGG
translation K X G translation K X G

| | I
query K - G query X - G
10: frameshift (-2) target only 11: frameshift (-2) target/query
gDNA AAMA t-- GGG gDNA AMA t-- GGG
translation K X G translation K X G

| | I I
query K A G query K X G
12: frameshift (-1) target only 13: frameshift (-1) target/query
gDNA AAA tt- GGG gDNA AAA tt- GGG
translation K X G translation K X G

| | I I
query K A G query K X G
14: stopcodon target/query 15: stopcodon, target only
gDNA AAA tag GGG gDNA AMA tag GGG
translation K * G translation K * G

b x|
query K * G query K D G
16: stopcodon, undetermined query 17: additional stopcodon
gDNA AAA tag GGG gDNA AMA tag GGG
translation K * G translation K * G

| | I I
query K X G query K - G

Figure 6.2: Types of discrepancies
This chart lists all types of discrepancies between protein query and target translation/DNA that are
known to Scipio. The identifiers as written into the log files are given.
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6.4 Results and discussion

In many biological studies, protein sequences have been obtained by isolating mRNAs and trans-
lating them into the corresponding cDNAs. Also, large-scale cDNA sequencing projects resulted in
thousands of supposed-to-be full-length ¢cDNA sequences for some eukaryotes (128), (129). Protein
sequences might have also been obtained by manual annotation. Sets of genomic DNA sequences
of genes exist for some annotation projects. However, for many eukaryotic sequencing projects, the
annotation process is lacking years behind the sequencing and assembly. In addition, experimentally
obtained cDNA sequences often differ from annotated sequences because new alternatively spliced
forms have been isolated. Therefore, for subsequent studies it might be useful or crucial to obtain
the genomic DNA and the gene structure corresponding to the protein of interest.

Scipio has been designed for this task, and based on its differentiated processing capabilities it is able
to cope with genes spanning multiple contigs as well as various kinds of sequencing and assembly
errors. Scipio has been developed for the correct identification of eukaryotic genes. It can also be
used for bacterial and archaeal genes although these genes are easily identified manually based on
their simple single-exon structure. Depending on the similarity of the protein sequences, Scipio is also
often able to correctly identify homologous genes in closely related organisms. We have implemented

the following features:

A. If the query is distributed on several targets, the target contigs will be assembled according
to the query. Untranslated regions from the last exon on a contig to the contig end and from
the beginning of the next contig to the next exon are regarded as intronic. Scipio is also able
to resolve overlapping contig ends if they consist of coding sequence, hence contributing to an

improvement of the assembly.

B. The yaml2log script identifies cases from a list of alignment discrepancies and mismatches
between query and target sequence that can result from sequencing/assembly errors (Figure
2). The simplest case is that amino acids differ (cases 1 to 3), or that they are missing in either
the target or the query (cases 4 and 5). Sequencing/assembly errors may lead to additional
or missing bases. These frameshifts are represented by an X in the translation corresponding
to one or two nucleotides. The query sequence might have either been obtained from cDNA
sources thus leading to a mismatch between query and translated target (cases 6, 8, 10, and 12),
or the sequencing errors might have already been interpreted represented by an X in the query
(cases 7, 9, 11, and 13). The target sequence might also contain in-frame stop codons (cases
14 to 17). These can be the result of sequencing errors or real stop codons as they appear in

pseudogenes. In all these cases, the stop codon is shown as an asterisk (‘*’) in the translation.

C. Scipio interprets splice site patterns to determine intron locations. Exons borders are chosen
so that the splice sites belong to one of the following classes, in decreasing priority: GT-AG,
GC-AG, AT-AC, GA-AG, GG-AG. In cases where the translation of the adjacent intronic

sequence was identical to the query, it was necessary to shift the intron location predicted by
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BLAT by several codons to determine the splice site location.

D. Scipio searches for stop codons at the end of genes. This helps evaluating the completeness of

the query sequence.

E. Scipio tries to locate very short exons that are not recognized by BLAT. These short exons
might either appear in-between longer exons or at the ends of the gene. For example, very
often genes start with an N-terminal methionine that is the only translated codon in the first

exon. Scipio locates N-terminal methionines only if matching splice sites are found.

6.4.1 Insect genomes

To develop and test Scipio we used a test set of 16 arthropod species encoding 979 proteins (Figure
3). The genome sequences (the newest collections of contigs as submitted to NCBI) differ in quality
and completeness and are thus representative for straight-forward and difficult identifications of the
genes. Drosophila melanogaster is an example of a perfect genome sequence with all reads assembled
to chromosomes and almost all gaps closed. Bombyx mori p50T was used as example for a very
preliminary assembly with many short contigs. The other genome sequences represent all stages
in-between these extreme cases. For example, the genomes of Drosophila persimilis and Drosophila
sechellia are quite complete which is visible from their number of contigs, but they have a low
sequence coverage and/or contain many sequencing errors leading to high numbers of mismatches
and frameshifts in the identified genes (Figure 3). In total, almost all query sequences have been
identified correctly by Scipio (90.9 %), although many are spread on several target contigs (e.g. see
Aedes aegypti and Culex pipiens). 4.7 % of the genes have correctly been identified but the target
DNA sequence contains sequencing or assembly errors. Another 1.7 % has not completely been found
with the standard BLAT settings (BLAT tilesize of 5) because these genes contain very short exons.
After changing the BLAT tilesize to 3 or 4 these genes have also completely been identified. Further
1.7 % of the genes could not be identified correctly, because the query sequence has been derived
from manual annotation thus having incorporated EST data, data from other genome assemblies
(e.g. newer data from the sequencing centers), or errors in the manual annotation process. E.g., the
Bombyz mori p50T genome data is very incomplete but a lot of EST data is available. Thus, the
query protein sequences have been built to a large part on these EST data. EST data has also been
used to close gaps in the Apis mellifera and Drosophila virilis genomes. But these errors are not due
to problems in the implementation of Scipio. 2 sequences (0.2 %) could not be identified correctly,
because the genome sequences are that bad, that several frame shifts happened next to each other.
The query protein sequences have correctly been identified based on EST data, but the corresponding
genome regions contain successions of sequencing errors, so Scipio could not resolve the mismatches
and frameshifts. The remaining 7 sequences (0.7 %) contain very long overlapping regions due to
problems in the genome assemblies. Currently, Scipio handles overlapping hits by choosing the one
with the higher overall score, in some cases discarding the one with fewer missmatches in the overlap

region. The other cases that Scipio did not resolve are those, where a frame shift exists very close to
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an intron border. BLAT does not include the stretches past the frame shifts since they are smaller
than the tile size used for searching. Scipio was not able to place the missing residues between the

exons.
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Species Contigs Queries Complete Complete(mm/fs)  Incomplete
Aedes aegypti 36206 59 55/93.2% 0/0% 4/6.8%
= =
[1[2[3[=TsTe[7] [T2[T4Ts]el7] [12[a[aTsTe]7]
Apis mellifera 18943 58 53/91.4% 0/0% 5/8.6%
=
===}
1[2]3]4]5]6]7 2[a]a]s]e]7 i [2[s]a]5]6]7]
Anopheles gambiae 69724 58 54/93.2% 2/3.4% 2/3.4%
=i =]
[1[2[s]aTsTe[7] [T2[eT=TsTe]7) [1[2[a]45T6[7]
Bombyx mori p50T 213289 12 5/41.7% 1/8.3% 6/50.0%
Hco o = B o
[12[z[4]5]e]7] [[2[3[4]5]e]7] [[2[z]4]5]6[7]
Culex pipiens quinquefasciatus 48671 59 48/81.4% 7/11.9% 4/6.8%
= B =
1]2]3]4]5[6]7 1]2]3]4]5]6]7 1[2]3[4]5]6]7
Drosophila ananassae 20550 56 54/ 96.4% 1/1.8% 1/1.8%
i:. = =
1]2[3[4]5[6]7 T[2[a]a]s]e]7 1[2[a[a[5[6]7
Daphnia pulex 9080 56 54/96.4% 0/0.0% 2170.36%
==
[ [2[3[4I5]e]7] [(2[3[4]5]e]7] [(2[[4I5617]
Drosophila erecta 7621 67 65/97.0% 1/1.5% 1/1.5%
|| = =
1[2[3]a]s]e]7 T[2[a]4]5]6]7 1[2[3[a]5[6]7
Drosophila grimshawi 24168 67 62/92.6% 3/4.5% 2/29.9%
g =
[2[3[4]5]e]7] [12[3[4]5]e]7] [(2][4I5617]
Drosophila melanogaster 6 111 110/99.1% 0/0% 1/0.9%
I =
1]2[3[4]5]6]7 12]3[4]5]6]7 1[2]3[a5]6]7
Drosophila mojavensis 11884 62 59/95.2% 2/3.2% 1/1.6%
=] =
1]2[a]a]s]e]7 T[2[a]4]5]6]7 T[2[3[a]5[6]7
Drosophila persimilis 26813 65 52/80.0% 9/13.8% 4/6.2%
= = =B
[12[3[4]5]e]7] [2[3[4]5]e]7] “[2[3[4]5]6]7
Drosophila sechellia 21425 66 51/77.3% 13/19.7% 2/3.0%
fom} =
1]2]3]4]5]6]7 1]2]3[4]5]6]7 1[2]3[4]5]6]7
Drostophila virilis 18402 64 58/90.6% 1/1.6% 5/7.8%
= . B
1[2[3]4]5]6]7 T[2[3]4]56]7 [2[s]4]5[6]7
Drosophila yakuba 13496 64 63/98.4% 0/0% 1/1.6%
=] =
1[2[a]a]s]e]7 T[2[a]2]s]e]7 1[2[a[al5[6]7
Pediculus humanus corporis 8555 55 47 / 85.5% 6/10.9% 2/3.6%
= -
1]2]3[#]5]6]7 ]2]3[4]5]6]7 1[2]3[4]5]6]7
total 695359 979 890/90.9% 46 /4.7% 43/4.4%
=17 /1.7%
=17/1.7%
m 2/0.2%
= 7/0.7%

Figure 6.3: Performance
This chart shows Scipio’s performance. The charts shown are histograms depicting how many sequences
where found on a particular number of contigs in the genome. Black rectangles represent ten, grey ones
five and white ones single sequences. Complete means the queries where found without discrepancies.
Complete(mm/fs) means Scipio found the complete gene without gaps but with discrepancies like mis-
matches or framshifts. Incomplete means Scipio could not determine the complete gene structure with
standard parameters. All searches where carried out with a BLAT-tilesize of 5.
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6.4.2 Cross species search

To test the ability of Scipio to correctly predict orthologous genes in closely related organisms we
have annotated the myosins in the recently assembled primates Pongo pygmaecus abelii and Callithriz
jacchus (130). As a query, we used the 40 manually annotated myosins from Homo sapiens (83),
which can be found in CyMoBase (www.cymobase.org, (37)). Although the genome assembly is
not complete and most of the sequencing/assembly errors as described above have been seen, Scipio
correctly predicted and identified all orthologs of the human myosins in the two primates. Scipio
located all parts of the genes if they were distributed on several target contigs, and it correctly
identified a rare splice site (GG-AG) that is specific for vertebrate sequences in a certain myosin
class. Only in the tails of the class-15 and class-35 myosins very small and divergent gaps had to be

filled manually.

6.4.3 Future developments

Eukaryotic genes contain far more information than is encoded in the sequence of one expressed
protein. Most of this information is contained in the untranslated regions. Therefore, our future
developments will focus on analyzing the untranslated regions to provide the user with additional
gene-related information. Thus, Scipio will be developed to identify mutually exclusive exons, to
determine other alternatively spliced exons, and to identify untranslated exons.

We will also implement a web interface for Scipio to address a wider audience and to make Scipio

more user-friendly.

6.5 Conclusions

Scipio is a tool for the determination of gene structure and annotation of genes for a given protein
sequence. Based on the widely used program BLAT, it performs exhaustive processing to ensure
the best possible mapping of the protein onto the genome. Thereby Scipio goes beyond the scope of
present spliced alignment tools and presents the user with a coherent set of matches that are often
accurate to the level of single bases. Having a certain level of tolerance, Scipio can handle mismatches
and frameshifts that often result from sequencing errors in genomes and cDNA. The same tolerance
can be used to track down homologous genes in closely related species, allowing for cross-species

annotation.

6.6 Availability and requirements

Project name: Scipio

Project home page: http://wuww.webscipio.org
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Operating system: Platform independent

Programming language: Perl

Software requirements: Installation of BLAT and BioPerl.

Hardware requirements: BLAT may demand several times the genome size in RAM.

License: Scipio may be obtained upon request and used under a Creative Commons License.

Any restrictions to use by non-academics: Using Scipio by non-academics requires permission.
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7.1 Abstract

7.1.1 Background

Obtaining the gene structure for a given protein is an important step in many analyses. A software
suited for this task should be readily accessible, easy to handle and should provide the user with a
coherent representation of the most probable gene structure. It should be rigorous enough to optimise
features on the level of single bases and at the same time flexible enough to allow for cross-species

searches.

7.1.2 Results

WebScipio, a software program based on Scipio (131), allows to obtains the corresponding gene
structure of any query protein sequence that belongs to one of the already assembled eukaryotic
genomes. The resulting gene structure is presented in various human readable formats like a schematic
representation, and a detailed alignment of the query and the target sequence highlighting any
discrepancies. WebScipio can also be used to identify and characterise the gene structures of homologs

in related organisms. In addition, it offers a web service for integration with other programs.
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7.1.3 Conclusions

WebScipio is a tool that allows users to get a high-quality gene structure prediction from a protein
query. It offers a more than 250 eukaryotic genomes that can be searched and produces predictions
that are close to what can be achieved by manual annotation, for in-species and cross-species searches

alike.

7.2 Background

Cross-species DNA sequence comparisons are increasingly being used to identify both coding regions
and functional DNA elements that often lie in the untranslated regions of the genes (132,133). These
functional elements might be promotor sequences, transcription factor binding sites, termination
signals or other regulatory elements. Comparisons of sequences of multiple species have either been
performed at a genomic level (e.g. (134) (135)) or at the single gene and gene family scale (e.g. (136)).
One important aim of most of the large-scale comparative studies has been to improve the annota-
tion of the genomes, like the identification of new genes (137) or new constitutive and alternative
exons (138). These studies have also resulted in the prediction of regulatory regions (139). However,
only a limited number of the conserved noncoding sequences that have been identified by these stud-

ies have been characterised functionally.

Cross-species DNA sequence alignments of entire genomes are available for several eukaryotes (140,
141). These genomes, however, cover only a small part of the about 330 eukaryotic genomes for which
genome assemblies are available (wwww.diark.org, as of Dec. 2007 (49)). Thus, a comparison of the
genomic DNA sequences of a specific gene or gene family of a certain set of species would require a lot
of time consuming manual steps. These involve obtaining the desired eukaryotic genome assemblies,

identifying all homologous genes, and predicting their gene structures.

Here, we have developed WebScipio, a web interface to the Scipio software ( (131), submitted).
WebScipio provides access to a continuously updated list of almost all eukaryotic genome assemblies
that are available worldwide (for a comprehensive list see www.diark.org). Additionally , the user
can obtain all relevant data in human readable format in a very convenient way. For the integration

with other programs, WebScipio provides a webservice.

7.3 Implementation

The web application is implemented in the Ruby programming language. As a framework we used
Ruby on Rails (25). Ruby on Rails generates the pages for the website and handles the requests for
the web service. After entering a protein query and selecting a genome, WebScipio starts Scipio on
the server and searches the genome file for matches. Scipio produces a YAML file, which is parsed

by WebScipio. WebScipio then presents the hits on the web interface in clear schemes and tables.
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For visualisation, we create SVG drawings, which can also be downloaded to produce high-quality
figures (142). WebScipio determines the optimal ratio for the scaling of exons and introns so that
large intron sequences do not render the visualisation useless. It can also convert SVG to PNG if the
browser does not support SVG viewing.

The species search function is enriched by additional metadata about the species. This information is
retrieved from an index file which is synchronized with our sequencing projects database diArk (49).
The genomes that are provided for searching have been collected from various sequencing centres

and consortiums.

7.4 Results and discussion

7.4.1 Web interface

WebScipio offers a clean and simple web interface that can easily be used by inexperienced users. At
the same time expert users have enough options to adjust the underlying algorithm to get the best

possible results, even in difficult cases.

Species selection

Species are selected using an auto completion field. The user starts typing and a selection of species
matching the search term is shown. Apart from searching for the scientific name of a species, many
different types of information can be searched for: Alternative scientific names, common names,
anamorph names (for fungi), and taxonomy (Figure 1). Users can also search for abbreviations of

sequencing centers (e.g. 'JGI’ for Joint Genome Institute) or type of genome files (e.g. ’chromosome’).

Genomes

WebScipio offers 820 genome files from 249 eukaryotes (as of Dec. 2007) for searching, which amounts
to more than 360 GB of sequence data. Genome data is kept up to date, but at the same time older
versions are offered since newer assemblies sometimes lack some parts of the sequence. Many different
types of genome data can be searched: Chromosomes, supercontigs, contigs, unplaced reads/contigs
as well as genomes from mitochondria, chloroplasts and apicoplasts.

Protein query

The query for the search is one or several protein sequences, plain or in in FASTA format.

Search options

The search options define how tolerant the algorithm is regarding contigs and exons (Figure 2).

"Best Size’ defines the minimum fraction of the query that has to be found on one single contig. "Min
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Identity’ defines the minimal identity within a stretch of DNA in order to be taken into account
by WebScipio. If, for example, the genome sequence is in an early stage of assembly and highly
fragmented, the largest part that is found on one contig might only be 20% of the query. "Max Mis-
match’ defines the maximum number of mismatches on a contig in order to be included in the results.
The Value ”0” allows an unlimited number of mismatches. The values for these parameters largely
depend on the quality of the genome. 'Region Size’ defines the length of the up- and downstream
regions that can be retrieved. 'BLAT Tilesize’ determines the width of the search window used to
scan the genome. Decreasing this value makes it more likely that small exons are found but also

slows the search process.

Visualization

A characteristic of conventional spliced alignment tools is that they produce lists of hits, maybe
alongside with basic graphics, but most of the time the user does not see at a glance what the gene
structure might be. WebScipio generates a graphical representation of the gene that clearly indicates
the length and position of exons and introns and shows where discrepancies are located. It also shows
the identifiers of the target sequences (Figure 3). In order not make small exons vanish when very
large intronic stretches are found, the scaling of introns end exons in automatically balanced to make

the picture visually meaningful. Tooltips show additional information.

Alignments, DNA and target translation

For detailed inspection of the hits, WebScipio generates an easy to read alignment of the query and
the genome. It is grouped by exons, and mismatches and frame shifts are highlighted. Different
stretches of DNA can be viewed: Up- and downstream DNA, genomic DNA from the first to the last
exon including introns, or the coding DNA. The translation of the coding DNA as determined by the

algorithm can also be viewed.

File download

Five types of files can be downloaded: A FASTA file containing all types of DNA sequences as
described above, a FASTA file containing the protein translation, a log file with alignments, a GFF
file for use with genome software, and a YAML file which contains all information generated by
WebScipio.

File upload

WebScipio can also be used as a viewer for Scipio result files. When a YAML file of a previous search
is uploaded, all result views are available. This way, users can store the results of their searches
locally and can look at them any time, instead of repeating extensive searches. WebScipio can thus

also be used as a viewer for results obtained from Scipio, the commandline version of the program.
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7.4.2 Web service

All functions of WebScipio can also be used remotely as a web service. This allows for seamless
integration with existing programs. Many modern programming languages offer built-in support
for the required protocols. This frees programmers from the need to locally install software and to
download and store large genome files. By using this service, it is easy to augment existing data with
information produced by WebScipio. In-house, we use WebScipio’s web service to determine the gene
structure of thousands of motor proteins stored in CyMoBase (37). Storing the YAML data produced
by WebScipio in a database and parsing it on demand is a powerful way of using this information.

Ruby classes for conveniently handling the data structures can be obtained upon request.

7.4.3 Cross-species analysis of myosins in Human, Pongo, Callithrix, and Mouse
myosins.

To test the capability of WebScipio when searching in species other than the origin of the query, we
performed searches in four species, Human, as a reference, and Pongo pygmaeus, Callithriz jacchus,
and Mouse (ordered by increasing phylogenetic distance to Human). As queries we used a set of 40
manually annotated myosin protein sequences as described in (83). For each species two searches
were performed, one with the myosins from the species itself and one with the myosins from Human,
giving a total of 280 searches.

We are confident that the manually annotated sequences we used as queries contain the least possible
number of errors, since we compared them to EST data and dozens of homologue sequences from
other species. Thus, most discrepancies with their source genomes are due to sequencing errors and
low coverage. For each search we provide two percentages: The first and most significant number is
the percentage of protein stretches that could be mapped onto the genome, allowing for mismatches
that naturally occur when doing cross-species searches. The second number is the percentage of
individual amino acids that could be aligned with codons on the genome, counting all discrepancies.
As expected the agreement is very high when searching with queries from the target genome itself.
But also when queries from humans are used to search genomes from other species, WebScipio is able
to map most of the genes correctly. For Pongo and Callithriz, on average, more than 94% percent of
the Human query sequence were successfully found in the genomes. Even in Mouse, which is much
more diverged, the difference between searching with a native query and searching with a query from
Human is below 10%, meaning than in most cases, the structure of genes can be predicted with only
minor gaps and inaccuracies.

Figures 7.4, 7.5, 7.6 shows typical examples of in-species searches and cross-species searches for
Myosin Class I proteins. The searches against the source genome are all almost perfect matches.
Only in the Pongo and mouse genomes, three genes could only be mapped with gaps (PpMyolB,
MmMyolA, MmMyolF). Cross-species searches are, apart from the expected mismatches, almost as
complete as the in-species searches.

For Pongo, three cross-species searches resulted in a reduction of the matching rate of less than five
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Species | vs self vs Human difference

Human 99.815 % / 99.808 % | n.a. n.a.

Pongo 97.975 % / 97.945 % | 94.660 % / 94.125 % | 3.315 % / 3.82 %
Callithriz | 98.780 % / 98.685 % | 96.558 % / 95.530 % | 3.250 % / 3.155 %
Mouse 96.862 % / 96.692 % | 87.825 % / 85.850 % | 9.037 % / 10.842 %

Table 7.1: Average matching percentages for 40 myosin protein sequences from Human. Percentages
are (percentage of protein, not subtracting mismatches ) / (percentage of amino acids found, subtracting
mismatches).

percent (MyoA, MyoB, MyoE), three stayed the same (MyoC, MyoD, MyoH), one got considerable
worse, which can be attributed to the poor genome sequence in this region which contains stretches
of Ns. HsMyolG was found with better agreement since in this case WebScipio found a perfect 27bp
match on another contig, which was not present in the search results for PpMyolG.

In Callithriz, six out of the eight Human sequences where found with the same percentage as the
Callithriz sequences (MyoA, MyoB, MyoD, MyoE, MyoF, MyoH) and two with minor losses (MyoC,
MyoG).

In the Mouse genome, three sequences where found with the same (MyoB, MyoC, MyoD) or very
similar (MyoE, MyoG) agreement. For MyolH, the percentage decreased considerable. MyolF was
not found, instead, it was matched with the gene of MyolE, a close homologue. The reason for this
probably is the high degree of fragmentation or the occurrence of large gaps in the region of the
MyolF gene. The observation that Human MyolA can be slightly better mapped then the ones from

Mouse can be attributed to noise, since both hits have a low percentage of agreement (less than 40

%).
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" Tupaia belangeri
p o~

10 out of 26 species shown

Figure 7.1: Species selection

The screenshot shows the species selection auto completion field. As the user types, species matching his
query appear. Different types of information are taken into account when searching. In the example the
user types ‘'mamm’ and all Mammalia are listed.
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Figure 7.2: Input interface
The screenshot shows the input interface of WebScipio. First the user choses a species, then a genome,
enters the query sequence and then specifies optional search parameters.
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Figure 7.3: Result view

The screenshots shows the result view for a query. Basic statistics are provided along with an visualisation
of the gene structure showing introns, exons, mismatches and frameshifts. It also shows which part of the
gene was found on which contig. Tooltips provide further detail. Below, the alignment view is shown,
clearly highlighting sites of disagreement.
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Figure 7.4: Gene structures of MyolA and MyolB as determined by WebScipio.

Columns are the the different variants of Myosin 1. Rows are either in-species or cross-species searches.
Hs: Homo sapiens, Ppy: Pongo pygmaeus, Caj: Callithriz jacchus, Mm: Mus musculus. Numbers are:
top: percentage of protein that could be mapped, middle: percentage of amino acids that could be
mapped, buttom: number of contigs the predicted gene structure has been found on. Dark grey bars are
introns, red bars are mismatches or frame shifts, light grey bars are introns with correctly determined
splice sites, blue bars are introns without correctly determined splice sites, black bars are regions where
amino acids could not be mapped onto the genome although there are nucleotides between the matching
regions, central lines are amino acids that have no corresponding nucleotides. Thin lines beneath the gene
structure depict the contigs on which the nuleotides have been found. For clarity, intron sequences have
been scaled by a factor of 15.

105



7 WebScipio: Online determination of gene structures using protein sequences

Myo1C Myo1D
I
99.4% 100.0%
HsvsHs  99.3% 100.0%
1 1
I
1000% 1000 l
Ppy vs Ppy ‘ ; 100.0% ||
1
I
Contig6269 (14406bp)
100.0% 100.0% |
Hsvs Ppy 9979 99.9%
2 1
I
_ ~100.0% 100.0%
Cajvs Caj 100.0% 100.0%
2 4
R
. 884% 100.0%
HsvsCaj g873% 99.6%
2 4
comym s sses sy e BB s e g vy s ooy
100.0% 100.0% I
Mm vs Mm  100.0% 100.0%
1 1
I
100.0% 100.0% I
Hsvs Mm  99.0% 99.3% ||
1 1
i
WMWMW”U&‘ZW! >_000077 4INC

Figure 7.5: Gene structures of MyolC and MyolD as determined by WebScipio.

Columns are the the different variants of Myosin 1. Rows are either in-species or cross-species searches.
Hs: Homo sapiens, Ppy: Pongo pygmaeus, Caj: Callithriz jacchus, Mm: Mus musculus. Numbers are:
top: percentage of protein that could be mapped, middle: percentage of amino acids that could be
mapped, buttom: number of contigs the predicted gene structure has been found on. Dark grey bars are
introns, red bars are mismatches or frame shifts, light grey bars are introns with correctly determined
splice sites, blue bars are introns without correctly determined splice sites, black bars are regions where
amino acids could not be mapped onto the genome although there are nucleotides between the matching
regions, central lines are amino acids that have no corresponding nucleotides. Thin lines beneath the gene
structure depict the contigs on which the nuleotides have been found. For clarity, intron sequences have
been scaled by a factor of 15.
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Figure 7.6: Gene structures of MyolE, MyoF, MyoG and MyolH as determined by Web-
Scipio.

Columns are the the different variants of Myosin 1. Rows are either in-species or cross-species searches.
Hs: Homo sapiens, Ppy: Pongo pygmaeus, Caj: Callithriz jacchus, Mm: Mus musculus. Numbers are:
top: percentage of protein that could be mapped, middle: percentage of amino acids that could be
mapped, buttom: number of contigs the predicted gene structure has been found on. Dark grey bars are
introns, red bars are mismatches or frame shifts, light grey bars are introns with correctly determined
splice sites, blue bars are introns without correctly determined splice sites, black bars are regions where
amino acids could not be mapped onto the genome although there are nucleotides between the matching
regions, central lines are amino acids that have no corresponding nucleotides. Thin lines beneath the gene
structure depict the contigs on which the nuleotides have been found. For clarity, intron sequences have
been scaled by a factor of 15.
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7.4.4 Future developments

For many applications it is useful to have information about the structures of genes in closely related
species. Therefore, we plan on implementing a feature to select species based on a taxonomic tree.

When working with gene families, one might be interested not only in the orthologs in a related
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species but also in the paralogs. This could be achieved by displaying not only the best set of hits
but also the second and third best.

7.5 Conclusions

WebScipio is a service that maps protein queries onto a genome. All functionality and data resides
on the server, so it is not required that the user installs software or downloads large files. WebSci-
pio can be used through its webinterface or as a webservice, allowing for automated querying from
within other software programs. The result of a search is a coherent prediction of the gene structure,
consisting of a plausible combination of DNA stretches. Since WebScipio combines hits on different
contigs, searches in genomes that are in an early stage of assembly are possible. The success rate
of in-species searches is very high and the quality approaches the one of manual annotation. For
cross-species searches, the tolerance of WebScipio makes it possible to find gene structures even in
species with considerable phylogenetic distance to the source organism of the protein sequence.

We think that WebScipio can in many cases provide even non-specialists with gene structure predic-

tions that are plausible and precise, therefore leading to more meaningful analyses.
7.6 Availability and requirements

Project name: WebScipio

Project home page: http://wuw.webscipio.org

Operating system: Platform independent

Programming language: Ruby
Software requirements: WebScipio has been tested with IE6, IE7, Firefox (;2.0), and Safari.

License: WebScipio may be obtained upon request and used under a Creative Commons License.
Any restrictions to use by non-academics: Using WebScipio by non-academics requires permission.
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8.1 Abstract

8.1.1 Background

Motor proteins have extensively been studied in the past and consist of large superfamilies. They
are involved in diverse processes like cell division, cellular transport, neuronal transport processes,
or muscle contraction, to name a few. E.g. vertebrates contain up to 60 myosins and about the same

number of kinesins that are spread over more that a dozen distinct classes.

8.1.2 Results

Here, we present the comparative genomic analysis of the motor protein repertoire of 21 completely
sequenced arthropod species using the owl limpet Lottia gigantea as outgroup. Arthropoda contain
up to 17 myosins each, grouped into 13 classes. The myosins are in almost all cases clear paralogs,
and thus the evolution of the arthropod myosin inventory is mainly determined by gene losses.
Arthropod species contain up to 29 kinesins each, spread over 13 classes. In contrast to the myosins,
the evolution of the arthropod kinesin inventory is not only determined by gene losses but also by
many taxon- and species-specific gene duplications. All arthropods contain each of the subunits of
the cytoplasmic dynein/dynactin complex. Except for the dynein light chains and the p150 dynactin
subunit they contain single gene copies of the other subunits. Especially the roadblock light chain

repertoire is very species specific.
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8.1.3 Conclusions

Every of the 21 completely sequenced arthropods, including the twelve sequenced Drosophila species,
contains a species-specific set of motor proteins. The phylogenetic analysis of all genes as well
as the protein repertoire placed Daphnia pulex closest to the root of the Arthropoda. The louse
Pediculus humanus corporis groups to the honeybee Apis mellifera and the jewel wasp Nasonia
vitripennis. After this group the rust-red flour beetle Tribolium castaneum and the silkworm Bombyx

mori diverged very closely from the lineage leading to the Drosophila species.

8.2 Background

Nearly each single cell in eukaryotes hosts particular proteins which are responsible for intracellular
transport. These molecular motor molecules are highly conserved among the different species of
eukaryotes and evolved slowly over time (143). This property grant them the role of an appropriate
candidate to carry out evolutionary studies. The three superfamilies of transporting motor proteins
are the myosins, kinesins and dyneins. Attached to the cytoskeletal networks (microtubules and
actin) they transport all kinds of organelles and vesicles, remodel the cytoskeleton and organize
developmental processes in eukaryotes (144). Energy for their unidirectional cargo transport on
one of the filamentous cytoskeletal tracks is derived from ATP hydrolysis (145). Out of the three
superfamilies only the members of the kinesin superfamily are found in all eukaryotes, whereas not all
members of the dynein (146) and myosin (145) superfamilies has been found in particular eukaryotic
lineages.

The members of the actin-based myosin family have their origin early in eukaryotic evolution. Based
on the latest analysis, the myosins are grouped into 35 classes (83). Their domain structures consist
of three regions, the motor (or head) domain, a neck domain, and the tail, which comprises all C-
terminal domains as well as domains N-terminal to the motor domain. The motor domain is highly
conserved and contains both the ATP and actin binding site where the force generation resides. This
energy-transducing motor domain is coupled to a regulatory neck region (helical region) which is
able to bind calmodulin or calmodulin-like light chains. Linked to the neck region most myosins have
tail domains. Contrary to the head domains the tail domains show high variability in sequence and
length, thus reflecting their functional diversity. This diversity ranges from eukaryotic cytokinesis,
organellar and intracellular transport, cell polarization to signal transduction. Some of the myosin
classes also contain large domains at the N-terminus of the motor domains.

The second molecular motor protein family is kinesin (members also known as KRPs, KLPs, or
KIFs) (147,148). The members of this superfamily are microtubule-based and provide movement in
both directions (either plus or minus end-directed) (149). For their movement along the microtubules
they utilize ATP similarly to the other motor proteins. The classical kinesin forms a tetramer with
two kinesin heavy chains (KHCs) and two kinesin light chains (KLCs). The structural parts of
kinesins comprise the motor domain, the neck, and the stalk. Like in myosins the head domain

is well conserved and responsible for the movement by hydrolysis of ATP, whereas the stalk and
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tail domains play fundamental roles in the interaction with other subunits of the holoenzyme or
with cargo molecules such as proteins, lipids or nucleic acids. The tail region between the head and
the stalk varies most which is due to family-specific features e.g. direction of motility as well as
regulation of activity. Kinesin binds a variety of cargoes and perform force-generating tasks such as
transport of vesicles and organelles, spindle formation and elongation, chromosome segregation, and
MT organization (149) (150).

The members of the dynein superfamily are minus end-directed motor proteins (151). Thus, they
are responsible for the retrograde transport of cargos along microtubules toward the centrosome.
They are involved in many processes like spindle formation as well as chromosome segregation, and
the transport of a variety of cargoes like viruses, RNA, signaling molecules, and organelles (152).
Dyneins are multi-subunit protein complexes with two or three heavy chains (DHCs), light chains,
light intermediate, and intermediate chains (153). Supported by an activator protein called dynactin
which consists of 11 subunits dynein is able to move and bind to membranes or further cargos (154).
The genome of Drosophila melanogaster was the third eukaryotic genome to be completely sequenced
(90). Since then, the number of sequenced organisms has increased rapidly. Of the Arthropoda
phylum, the genomes of the mosquitos Anopheles gambiae (90) and Aedes aegypti (91) and the
silkworm Bombyx mori (155) have been published, and 17 further insect genomes have been finished
of which eleven belong to the Drosophila species group (93,156).

Here, we present the analysis of the phylogenetic relationship of 21 completely sequenced arthropods

based on their motor protein inventory.

8.3 Results

8.3.1 Identification and annotation of the motor proteins

The arthropod motor protein genes were identified by TBLASTN searches against the corresponding
genome data of the different species. Species, that missed certain orthologs in the first instance,
were searched again with supposed-to-be orthologs of the other species. In this iterative process
all motor proteins have been identified or their loss in certain species was confirmed. The species
analyzed were the mosquitos Aedes aegypti, Culex pipiens quinquefasciatus and Anopheles gambiae,
the silkworm Bombyx mori, the honeybee Apis mellifera, the jewel wasp Nasonia vitripennis, the
waterflea Daphnia pulex, the rust-red flour beetle Tribolium castaneum, the body louse Pediculus
humanus corporis, twelve Drosophila species, and the mollusc Lottia gigantea which we used as
outgroup. The sequences were assigned by manual inspection of the genomic DNA sequences. Exons
have been confirmed by the identification of flanking consensus intron-exon splice junction donor and
acceptor sequences (99). The genomic sequences of Drosophila virilis, Apis mellifera, and especially

Bombyz mori contain several gaps. Many of the gaps have been filled by analyzing EST data.
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8.3.2 Analysis of the arthropod myosins

All myosins have been classified based on the phylogenetic analysis of their motor domains together
with the motor domains of the already grouped myosins (83). All myosins belong to previously
defined classes except one myosin of Nasonia that has a very similar domain organization to the
class-V myosins but a considerably different motor domain (Figure 8.2). During their evolution the
Arthropoda decreased their myosin diversity. Daphnia which is closest to the origin of the Arthropoda
has the larges repertoire still containing a class-XIX myosins, that all other analyzed arthropods
have lost, and four class-I myosins. Class-XIX myosins have else been found in Deuterostomia and
Cnidaria. Also, all other arthropods have lost at least one of the class-I1 myosins. However, the
retained variants between the analyzed species are different which means, that they lost the class-1
variants after separating from the next closest species. For example, Apis and Nasonia both have lost
the class-I myosin variant C, that the closest relative Pediculus still has, but in addition specifically
lost the variant D and variant B, respectively. All arthropods contain a non-muscle as well as a
muscle myosin heavy chain gene (class-IT myosins). The alternatively spliced muscle myosin heavy
chain genes have been described elsewhere (Odronitz and Kollmar, submitted). The Drosophila
species and Tribolium have lost the class-3 myosin. The Drosophila melanogaster NinaC protein has
previously been classified as a class-III myosin. Based on the analysis of the more than 2000 myosin
the NinaC protein does not group to the vertebrate class-III myosins and all arthropod homologs
of NinaC have been grouped into a new class, the class-XXI (83). Surprisingly, Nasonia does not
contain a class-VI myosin, that all other Metazoa, that have been analyzed so far, contain. The lack
of the class-VI myosin might be a specific characteristic of Nasonia vitripennis, or due to sequencing
and assembly problems which are, however, unlikely given the high coverage of the Nasonia genome
sequencing. Finishing of the genomes of the other two Nasonia species, whose genome sequences are
in progress at the Baylor College of Medicine, will either confirm the lineage specific loss of the class-
VI myosin or reveal sequencing problems of the Nasonia vitripennis genome. Daphnia, Pediculus, and
Apis have lost the variant B of the class-VII myosin. The class-VII myosin which they contain is a
clear homolog of the class-VII variant A myosins of the other arthropods. The Drosophila lineage has
also completely lost the class-IX myosin. All arthropod genomes contain a class-XV, a class-XVIII,
a class-XX, and a class-XXI myosin. The class-XXII myosin has independently been lost by several
sub-lineages of the Drosophila species. The Drosophila species, that have been marked as having
their class-XXII myosin lost all still contain some of the exons of the ancient class-XXII myosin but
spread over several hundred thousands of base pairs so that it is almost impossible that these pieces
might belong to still functional genes.

The domain organizations of the arthropod myosins are identical to those found for other members of
the respective classes (83). Figure 8.2 shows diagrams of the Daphnia myosins that have the largest
diversity of the arthropod myosins. The class-XXI myosins have an identical domain organization as
the class-ITI myosin, although the phylogenetic analysis of their motor domain reveals two distinct
classes. It is highly probable, that the class-XXI myosins are the result of an arthropod specific

gene duplication of the ancient class-III myosin followed by the divergence and specialization of the
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new duplicate. The class-XXII myosins have a similar domain organization as the class-VII myosin.
In contrast to the class-VII myosins they lack the N-terminal SH3-like domain, they contain three
instead of five IQ-motifs for the binding of calmodulin-like light chains, they have a longer coiled-
coil regions containing domain till the first MyTH4 domain, and they lack the SH3 domain of the

C-terminal tail.
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Figure 8.1: Protein Inventory: Myosins

This chart shows the protein inventory of myosins for all species in the analysis. To the left is a schematic
phylogenetic tree, roughly depicting the relationships (no scale). The identifiers in the boxes indicate
protein classes/variants. ”O” means orphan class. Colored boxes mean the class/variant exists in this
species. Grey boxes mean the class/variant is not found. Columns marked with stars were included in
the phylogenomics analysis.
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Figure 8.2: Domain organisation of the Daphnia pulex myosins

The sequence name is given in the motor domain of the respective myosin. A colour key to the domain
names and symbols is given on the right except for the myosin domain that is coloured in blue. The
abbreviations for the domains are: C1, Protein kinase C conserved region 1; DIL, dilute; FERM, band
4.1, ezrin, radixin, and moesin; IQ motif, isoleucine-glutamine motif; MyTH1, myosin tail homology 1;
MyTH4, myosin tail homology 4; PDZ, PDZ domain; Pkinase, Protein kinase domain; RA, Ras association
(RalGDS/AF-6) domain; RhoGAP, Rho GTPase-activating protein; SH3, src homology 3.

8.3.3 Analysis of the arthropod kinesins

For their classification, the kinesin motor domains have been used in a phylogenetic analysis together
with the motor domains of the human kinesins (157,158). The sequences have been named accord-
ing to the standardized kinesin nomenclature (146) leaving some kinesins unclassified (Figure 8.3).
Orphan kinesins, that are clear homologs, got the same variant designation to allow for a better
comparison. In general, all analyzed species contain species-specific sets of kinesins. FExcept for
Drosophila pseudoobscura and Drosophila persimilis, that have the same set of kinesins, even closest
related species have different kinesin inventories. Thus, the evolution of the kinesin inventories of the
arthropods is strongly determined by species specific gene duplications and gene losses. It is impos-

sible to identify lineage-specific duplication and loss events. Some gene duplications and gene losses

115



8 Arthropod phylogeny based on motor proteins

are especially interesting. In this respect, we will not consider the kinesin inventory of Bombyx mori
because the genome has not been sequenced with high coverage and is strongly fragmented. Thus,
further Bombyx mori kinesins will certainly be identified. Drosophila ananassae does not contain a
kinesin-2C that all other arthropods have. Drosophila willistoni does not contain a kinesin-4A, but
two class-VI kinesins and two species-specific kinesins that have not been classified yet, kinesin-D
and kinesin-E. While most arthropods contain only one kinesin-5, Tribolium contains a set of four
class-V kinesins. The Pediculus genome does not encode a class-VII kinesin, but encodes a kinesin-9,
that is otherwise only found in Apis. None of the analyzed arthropods contains a kinesin-10. Nasonia
does not contain a kinesin-12, that all other arthropods have. The set of class-XIII kinesins in the
arthropods ranges from one to four homologs. Tribolium, Apis, Nasonia, Pediculus, and Daphnia
contain one or two further kinesins that could not be grouped to any of the known classes. The
Daphnia kinesins mainly consist of the kinesin motor domain and long coiled-coil regions in the tail
(Figure 8.4). Only the class-III kinesins contain further domains that have been characterised and
named. A characteristic of almost all class-III kinesins is an FHA domain following C-terminal to the
motor domain. The class-III variant A kinesins also contain a CAP-Gly domain at the C-terminus,

while the variant B kinesins contain a PH domain.
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Figure 8.3: Protein Inventory: Kinesins

This chart shows the protein inventory of kinesins for all species in the analysis. To the left is a schematic
phylogenetic tree, roughly depicting the relationships (no scale). The identifiers in the boxes indicate
protein classes/variants. ”O” means orphan class. Colored boxes mean the class/variant exists in this
species. Grey boxes mean the class/variant is not found. Columns marked with stars were included in
the phylogenomics analysis.
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Figure 8.4: Domain organisation of the Daphnia pulex kinesins

The sequence name is given next to the respective kinesin. A colour key to the domain names and symbols
is given on the right except for the kinesin domains that are coloured in dark-green. The abbreviations
for the domains are: CAP-Gly, Cytoskeleton-associated protein-Gly; FHA, forkhead homology associated;
PH, pleckstrin homology.
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Figure 8.5: Protein Inventory: Dyneins

This chart shows the protein inventory of dyneins for all species in the analysis. To the left is a schematic
phylogenetic tree, roughly depicting the relationships (no scale). The identifiers in the boxes indicate
protein classes/variants. ”O” means orphan class. Colored boxes mean the class/variant exists in this
species. Grey boxes mean the class/variant is not found. Columns marked with stars were included in
the phylogenomics analysis.
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Figure 8.6: Protein Inventory: Actin related proteins and dynactins

This chart shows the protein inventory of actin related proteins and dynactins for all species in the
analysis. To the left is a schematic phylogenetic tree, roughly depicting the relationships (no scale). The
identifiers in the boxes indicate protein classes/variants. ”O” means orphan class. Colored boxes mean
the class/variant exists in this species. Grey boxes mean the class/variant is not found. Columns marked
with stars were included in the phylogenomics analysis.

8.3.4 Arthropod phylogeny

When analysing the phylogeny of several homologs in a set of species, each homolog might results in
a different phylogeny. This is a result of the different rates of evolutionary change for different genes.
In order to compensate for this asynchronous evolution, a phylogenomics approach was used to infer
the phylogeny. For each protein, the variants/classes for which a homolog exists in every species were

concatenated resulting in sequences that are more representative. For the dynein, dynactin and ARP
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proteins, only one homolog was found in all species, whereas for myosin and kinesin eight and ten
were found, respectively (marked with stars in Figures 8.1, 8.3, 8.5 and 8.6). When inspecting the
trees from all proteins, it can be stated that three clades and their internal topologies are constant:
The Drosophila clade, a clade of Apis mellifera and Nasonia vitripennis and the clade of Aedes
aegypti, Culex pipiens quinquefasciatus and Anopheles gambiae. Only in the tree of LC8, the clade
of Anopheles, Aedes and Culex is placed within the Drosophila clade. All other species were placed
at different branches, where the discrepancy among dynein, dynactin and ARP was higher when
compared to myosin and kinesin. The trees calculated from myosin and kinesin only disagree in the
position of Bombyx mori, Tribolium castaneum and Pediculus humanus corporis. In order to obtain
trees with greater fidelity, all common homologues from each species where concatenated. For each of
the 22 species, 31 homologs were used, amounting to 682 motor protein sequences. The resulting trees
are shown in Figure 8.7. Except for Tribolium, all four phylogenomics trees show identical phylogeny.
All branches are supported with very high bootstrap values and are therefore reliable within the limits
of the method. The difference in placement of Pediculus depends on which method is used. In the
trees generated with neighbour joining, Pediculus forms a clade with Nasonia and Apis, whereas with
maximum likelihood, only Nasonia and Apis are monophyletic and Pediculus is more closely related
to Daphnia. The phylogenetic tree inferred from the occurrence of classes/variants has a limited
resolution and agrees only in some respects with the maximum likelihood tree: Drosophila form
a clade, Drosophila pseudoobscura and Drosophila persimilis are monophyletic, Drosophila virilis,
Drosophila mojavensis and Drosophila grimshawi are monophyletic and Culex, Aedes and Anopheles

are monophyletic. In all trees Lottia gigantea is the most divergent species.
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Phylogenomics ML Gaps

Class Occurrence BI Phylogenomics ML No Gaps

Phylogenomics NJ Gaps Phylogenomics NJ No Gaps

Figure 8.7: Phylogenomics and Class Occupation

The trees illustrate the phylogenetic relationship between the arthropod species. The phylogenomics trees
are based on a total of 660 cancatenated protein sequences. Methods as indicated. The class occupation
tree was constructed using Bayesian inference based on the presence or absence of protein classes/variants
as indicated in the inventory.
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8.4 Discussion

Most of the myosins that we discuss here have been identified and annotated in the course of the an-
notation of over 2000 myosins from more than 300 organisms (83). Since then, the genome sequences
of the arthropod species Culex pipiens quinquefasciatus and Pediculus humanus corporis have been
finished as well as that of the mollusc Lottia gigantea which we used as outgroup.

It has been observed, given heterogeneous evolutionary rates, that the results of the maximum like-
lihood method are statistically more robust than the ones produced by neighbour joining (159).
Therefore we conclude that Apis, Nasonia, and Pediculus are not monophyletic, but that Pediculus
is more closely related to Daphnia.

The class occurrence tree shows that the classification system we used for the protein families does
not contradict the finding of the sequence-based phylogenetic inference.

The phylogeny of Drosophila is in exact agreement with what has been found in an analysis based
on the complete genome sequences of the twelve species (160). In our analysis, this clade is the one
with the most closely related species, and therefore the one that is the hardest to resolve. Therefore
it can be regarded as a benchmark of the quality of the whole tree.

Our study suggests the following phylogeny: The Drosophila clade is composed of the Drosophila
simulans/ Drosophila sechella clade which forms a clade with Drosophila melanogaster. This clade to-
gether with the Drosophila yakuba/Drosophila erecta clade forms the melanogaster subgroup. This
subgroup together with Drosophila ananassae forms the melanogaster group. The melanogaster
group is most closely related to the obscura group, a clade that consists of Drosophila pseudoobscura
and Drosophila persimilis. The closest relative to the obscura group is Drosophila willistone. All
of the before mentioned species form the subgenus Sophophora. Its sister subgenus is Drosophila,
consisting of the clade of Drosophila virilis/ Drosophila mojavensis and Drosophila grimshawi (tax-
onomy as in (160)).

The closest relatives to the Drosophila clade are Aedes aegypti and Culex pipiens, forming one clade
and Anopheles gambiae. The next closest relatives are Bombyx mori, Tribolium castaneum, followed

by the clade Nasonia vitripennis/Apis mellifera, Daphnia pulex and Lottia gigantea.

8.5 Conclusions

In this analysis, we were able to resolve the phylogenetic relationship of 21 completely sequenced
arthropod species based in their motor proteins. A large number of sequences that have been checked
manually were used. We were able to systematically analyse the protein inventory of all species as
well as the domain composition of all memebers of the four protein families in Daphnia puler. When
inferring phylogenetic trees from the sequence data, variations in evolutionary speed were accounted
for by using a phylogenomics approach. This analysis produces a phylogenetic tree that is highly
resolved and that has statistically well supported branching. Our findings are in accordance which
results from studies based on whole genome sequences. We can conclude that from all arthropods

analysed, Daphnia pulex is the most basal one. Pediculis humanus and corpiris form one group, as
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8 Arthropod phylogeny based on motor proteins

well as Apis mellifera and nasonia vitripennis. Next, the group of Tribolium castaneum and Bambyx

mori deverged, followed by the Drosophila clade.

8.6 Materials and Methods

8.6.1 Identification and annotation of the arthropod myosin, kinesins, and
dynein/dynactin subunits

The genes for Aea, Ang, Am, Bm, Cpq, Da, Der, Dg, Dm, Dmo, Drp, Dp, Dse, Dss, Dv, Dy, Dw,
Nav, Pdc, and Tic have been obtained by TBLASTN searches against the insects section of the
NCBI wgs database. The Dap sequences have been obtained by TBLASTN searches against the
9x assembly of the Daphnia pulex genome provided by the DOE Joint Genome Institute and the
Daphnia Genomics Consortium. All hits were manually analysed at the genomic DNA level. The
correct coding sequences were identified with the help of the multiple sequence alignments of the
corresponding proteins. In this process, the sequence alignments of all proteins contained in our in-
house version of CyMoBase have been used. As the amount of protein sequences increased (especially
the number of sequences in classes 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 analysed to help in the annotation process. All sequence related data
(names, corresponding species, GenBank ID’s, alternative names, corresponding publications, domain
predictions, and sequences) and references to genome sequencing centers are available through the
CyMoBase (37).

8.6.2 Building trees

The phylogenetic trees based on protein sequence where generated using two different methods: 1.
Neighbour joining using the GONNET substitution matrix with bootstrapping (1,000 replicates)
using ClustalW 2.0 (161). 2. Maximum likelihood (ML) (162) using a JTT model with estimated
proportion of invariable sites and bootstrapping (1,000 replicates) using PHYML (163).

The sequence data that was used for the analyses were multiple sequence alignments consisting either
of single homologous sequences from each species or multiple concatenated homologous sequences
from each species (phylogenomis approach). For comparison, multiple sequence alignments were
used including columns with gaps or with columns containing gaps removed.

The class occurrence tree was generated using Bayesian inference with a binary model using MrBayes
3.1.2 (164). For each species the existence/non-existence of a protein class/variant was used as a
binary character as depicted in Figures 8.1, 8.3, 8.5 and 8.6. Using this encoding, each species
is represented by a series of binary characters, one for each protein class/variant. Constant rates
were used whereas gamma-distributed rates gave very similar results. The tree was generated using

1.000.000 generations and standard settings.
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8.6.3 Domain and motif prediction

Protein domains were predicted using the SMART (165) and Pfam (33) web server. The prediction of
protein motifs (coiled coils, leucine zipper, etc.) is mainly based on the results of the predict-protein
server (166). The IQ-motifs and N-terminal domains of the myosins were predicted manually based
on the homology to similar domains of other myosins included in the multiple sequence alignment of
the myosins. The recognition motifs included in the SMART and Pfam databases are too restrictive,

as the motifs have been created based on the small datasets available some years ago.
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0.1 Abstract

When analyzing spectra of proteins in solid state NMR, the assignment of resonances to atoms and the
derivation of constraints for 3D structure calculations are challenging and time-consuming processes.
Predicted spectra that have been calculated based on assumptions about the physical couplings
between atoms during measurement can be of considerable help. Existing solutions are very limited
in the type of experiment they can consider and can not be easily adapted to different settings. Here
we present a software program that is able to predict solid state NMR spectra of proteins. It can take
into account all types of correlations between atoms usually relevant for assignment and structure
elucidation and is able to produce lists and visualizations that can be useful when analyzing measured
spectra. Compared to other solutions it is fast, versatile and user friendly. Peakr is available through

a web site and a web service.

9.2 Background

In recent years, solid-state NMR has made significant progress in structural and functional studies of
biomolecules such as membrane proteins and protein fibrils. However, especially in larger proteins,
assignment of resonances to atoms and derivation of constraints for 3D structure calculations is still
a difficult and time-consuming process due to limited resolution, resonance overlap and chemical
shift ambiguity. This especially applies to through-space correlations that can not be traced along

bonds. For these tasks, it has proven very helpful to have predictions for spectra based on amino acid
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sequences, known or modelled 3D structures, chemical shift assignments or predictions from tools
such as ShiftX (167), and the type of correlation probed in the respective experiment. This way, one
can make suggestions for crosspeak assignments and, for example, investigate whether a measured
spectrum can be explained by one of several alternative structural models. Spectral predictions can
also be used in an iterative process of obtaining shift assignments and refining molecular structure
at the same time (168).

Existing commercial software packages for the prediction of NMR spectra are usually tailored to
calculating 1D spectra of small molecules in solution (169). At present, prediction of solid-state NMR,
2D spectra of proteins is usually carried out using general purpose tools like spreadsheet software or
custom-made programs limited in flexibility and usability. It would be desirable to be able to predict
a wide range of solid-state NMR experiments commonly used for signal assignment and structure
elucidation with a single software tool that is flexible enough to swiftly handle changes in input
data such as shift values, structural models or labeling patterns. We implemented Peakr, a software
package that fulfills those requirements. Spectra for 2D N-C and C-C intra- and inter-residue as well
as through-space correlations can be computed quickly and are easily adapted to specific needs. Using
the calculated spectra, visual and computational comparisons between predicted and measured data

are possible. Peakr is available for installation on a local system, as a website and as a webservice.

9.3 Implementation

Peakr is implemented using a twofold approach. The higher abstracted parts are implemented in the
object oriented programming language Ruby. The more data intensive parts and the complex book
keeping is done using a PostgreSQL database. Ruby on Rails is used for the web application which

drives the web site as well as the web service.

9.4 Concept

In Peakr different concepts are represented as different classes of objects. When using Peakr, the

user creates and combines these objects in order to arrive at a virtual experimental setup 9.1.
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Figure 9.1: The Peakr Workflow
The diagram depicts the data flow of a Peakr run (red) and shows used input data (red) and generated
output files (blue).

9.4.1 Proteins

Proteins represent the amino acid sequence, the molecular topology and the chemical shifts of atoms.
Each atom can have multiple shifts to account for possible cases of conformational polymorphism
sometimes seen in solid-state preparations of proteins.

Protein objects can be created either from a protein sequence or a PDB (170) file (Figure 9.2 A).
Chemical shifts are added to the atoms by providing a list of shifts. Formats that can be read are
Sparky (171) and ShiftX (167). Also, average chemical shifts as provided by the Biological Magnetic
Resonance Database (BMRB) (172) can be assigned to atoms by Peakr. When a protein object is
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created from a PDB file, ShiftX is used to predict chemical shifts
It is possible to assign priorities to the different ways of shift determination, for example: ”given in
user-provided list” > ”predicted by ShiftX” > ”provided by BMRB”.

9.4.2 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 can be represented. Conformations are
created from PDB files.

9.4.3 Couplings

Couplings represent the type of experiment conducted to obtain specific inter-atom correlations.
They are applied to a set of residues, i.e. a protein sequence, to yield a list of crosspeaks. There are

5 types of Couplings:

Intra-residual C-C couplings

C-C couplings within residues can be defined by specifying the maximum number of bonds the
carbons can be away from the backbone and the maximum number of bonds that may be between
two carbon atoms that the coupling encompasses. 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, e.g., increased sidechain mobility or short mixing time.

Inter-residual couplings

C-C couplings between residues can be defined by specifying the maximum number of bonds the
carbons can be away from the backbone and the maximum range of neighbouring residues that are

taken into account (Figure 9.2 B).

N-C couplings

N-C couplings 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 sidechain carbon atom). The maximum number of bonds
the carbons can be away from the backbone can be specified (yielding, e.g., only N(i)-CA(i) or also
N(i)-CA(i)-CB(i) etc. correlations).

Double quantum couplings

C-C double quantum couplings represent correlations seen in 2D double quantum-single quantum
correlation spectra where the shift of a crosspeak in the indirect dimension corresponds to the sum
of the chemical shifts of the two interacting atoms. Double quantum couplings are created the same

way as intra-residual couplings.
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Through space couplings

Through space couplings are created by specifying a set of residues, a set of conformations with atom
coordinates and a pairwise distance threshold up to which correlations should be taken into account.
This type of coupling can act in different modes, allowing either the direct distances between het-
eroatoms to be considered (yielding C-C or N-C through-space correlations) or the distances between
protons directly attached to heteroatoms (yielding N-H-H-C and C-H-H-C correlations).

In the solid state, crystal packing interactions can lead to crosspeaks arising from intermolecular cor-
relations. In order to distinguish between those and intramolecular crosspeaks, Peakr can selectively

predict both types of correlation.

9.4.4 Spectra

Spectra represent a set of crosspeaks that are generated by applying a coupling object to a protein
(Figure 9.2 C).

9.4.5 Experiment

Experiments are containers for any number of spectra which can be combined for visual comparison.
Or, for example, to yield a C-C spectrum containing intra- and inter-residue correlations that are
defined as separate couplings in Peakr but may appear together in an experimentally measured

spectrum. An example of spectrum creation is given in Figure 9.2 D.

9.4.6 Measured spectra

Measured spectra can be used to produce overlays with predicted spectra (Figure 9.2 E). Currently,

Peakr can read spectra in Bruker format (Figure 9.2 F).
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Figure 9.2: Peakr Web Interface

Forms in Peakr’s web interface. A: Protein creation. B: Coupling creation. C: Spectrum creation. D:
Experiment creation. E: Comparison setup, F: Upload of measured data.

9.4.7 Web Service

Peakr’s functionality can be used remotely by other software programs through its web service.
Since the protocols (XML-RPC and SOAP) are supported by any modern programming language, the
service can be seamlessly integrated. Since the objects that are handled by Peakr can be considerably
large, they are not sent over the network. Instead, a checksum is passed to the client program,

identifying the object on the server. The only data that is actually sent from the server are results

like crosspeak lists or pictures of spectra.
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9.4.8 Data Persistence

Every object that is generated through the web interface or the web service is stored on the server and
can be referenced by a small checksum string. Using this approach, the user can download a file from
the website, containing references to all objects s/he created. This session file can be uploaded later
by the same person or can be passed by email or other means. When a session file is uploaded, Peakr
re-instantiates all objects and the user can pick up where s/he left off. Since no login is necessary

and the checksums can hardly be guessed, the service can be used privately and anonymously.

9.5 Output

9.5.1 Lists

The crosspeak lists that are stored in a spectrum object can be retrieved as tab-delimited files.
When comparing with measured data, the intensity of the measured spectrum at the positions of the

predicted crosspeaks can be included.

9.5.2 Graphics

Peakr can generate plots with crosspeaks as SVG or PNG. Crosspeaks from different spectra can be
combined in one plot and can be distinguished by color. Labels can be plotted into the picture or
can be shown as tooltips in SVGs. When plotting crosspeaks from several proteins with identical
sequence but different sets of chemical shifts in one plot (arising, e.g., from different conformations),
crosspeaks that originate from the same correlation can be connected so the effect of the changed

shifts becomes apparent.

9.6 Case study

As an example for using Peakr, we demonstrate the prediction of an intra-residue C-C correlation
spectrum of solid ubiquitin and compare it with an experimental spectrum measured on a 700 MHz
magnet using the DARR (dipolar assisted rotational resonance) (173) pulse sequence using 7.8 ms
mixing time. This measured spectrum should display chiefly intra-residue correlations. Chemical
shifts for ubiquitin in the solid state were obtained from (174). We generated predictions for intra-
residue C-C correlations with varying numbers of bonds allowed between correlated carbon atoms in
order to evaluate the extent to which different correlations (with different numbers of bonds between
the carbon atoms) contribute to the experimental spectrum.

Visual inspection (Figure 9.3) shows that almost all experimental peaks are accounted for by the
Peakr prediction, confirming the assumption that the measured spectrum displays mostly intra-
residue correlations. Some differences between prediction and experimental data are apparent, usually
in the form of predicted peaks which are close to measured peaks, but outside of spectral regions

above the selected intensity threshold. Such differences can come about if the assigments used for the
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prediction were made on a protein sample whose solid-phase preparation method was different from
that used for the measured protein (174). For this reason, the percentage of predicted crosspeaks that
correspond to a region with measured intensity above the selected threshold is rather low. However,
this can be explained by the strict intensity cutoff we have used here and by the fact that we did not
allow for chemical shift tolerance. For one-bond correlations, we find 46% of the predicted peaks in
regions of intensity above threshold, while two- and three-bond predictions fit with the experimental
spectrum in 28% and 18% of all cases, respectively. This is to be expected since the physical couplings
between atoms spaced further apart are weaker, leading to the attenuation of signals arising from
these correlations.

Based on this comparison, one could, for example, investigate which residues are less well represented
in the measured spectrum compared with the prediction, or which residues only exhibit short-range
correlations in experimental data. This way, one can identify regions of the protein sequence where
elevated molecular mobility might occur (which would attenuate signals from the affected residues

in a spectrum based on dipolar transfer such as DARR).
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Figure 9.3: Comparison of Predicted and Measured Cross Peaks

This screen shot shows the comparison of a measured spectrum from Ubiquitin with three sets of predicted
crosspeaks.

ir_1 : Intra-residual correlation between directly bonded carbons.

ir_2_exclusive: Intra-residual correlation between carbons with a two-bond distance.

ir_3_exclusive_ubq: Intra-residual correlation between carbons with a three-bond distance.
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9.7 Discussion and Conclusions

The software program Peakr presented here can be of considerable help when analyzing measured
solid state NMR spectra of proteins. It is able to predict spectra for all common experimental
setups. The predicted spectra can be helpful when assigning resonances to atoms and when deriving
constraints for 3D structure calculations. As demonstrated in the case study, basic assumptions
about a measured spectrum can be made in a matter of minutes. In contrast to existing solutions,
Peakr is very flexible and uses criteria like residue numbers and amino acid types to define spectra.
This is especially valuable when reverse labeling (175) is used or when only a portion of the protein,
e.g. the N-terminus, is of interest. The same applies to handling several conformations. With
existing solutions, this is either time-consuming and error-prone or impossible. With Peakr, it can
be achieved fast and efficiently.

The ability to compare predicted spectra with measured spectra allows to estimate the degree of
agreement between the prediction and the measurement. The percentage of predicted crosspeaks
with a measured intensity above a given threshold can be seen as a simple figure of merit and can be
used to optimize the shifts and/or structure that is used in the prediction. Through the output of
tab delimited lists and the availability as a web service, Peakr can easily be integrated into complex

analysis pipelines.
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10 Conclusions

With a solid foundation of manually curated data and a growing suite of software tools, we were able
to make significant contributions to the field of phylogenetic research. The myosin study reveals a
fascinating perspective on how the evolution of organisms is accompanied by a fanning out of a rich
molecular diversity and how the succession of evolution can be traced back by looking at the protein
repertoire and the sequences. The result is a closely sampled tree of eukaryotic life. Furthermore we
were able to greatly extend the existing categorization system of the myosin protein family and are
confident that members discovered in the future can be integrated.

While analyzing the gene structure of myosins it became apparent that the Arthropods have used
differential splicing as a strategy to greatly increase the diversity of their gene products. Furthermore,
the structure of one of three of the genes hints at a peculiar origin, being the reincorporation of a
partially processed mRNA into the genome. This sheds new light on the order of steps involved in
the process of splicing.

After learning from our daily work when manually annotating and handling protein sequences and
related data, we created CyMoBase. Been implemented in this bottom-up fashion, it has been a very
helpful tool for our projects but soon grew to a level where it became apparent that it would be useful
for the motor protein community as a whole. Since our database also includes information about
sequenced genomes that are of interest to a larger audience, we adapted the technological base to
create diArk. This web application acts as a source of information about species, finished sequencing
projects and related literature, something that surprisingly did not exist before. Both CyMoBase
and diArk apply current technologies in unconventional ways in order to provide the user with an
intuitive way of searching the diverse content of the database.

The motivation for Scipio was similar to the one for CyMoBase since it grew from the observations
how manual annotation was best carried out. This experience was then used to write a software
program that is able to do a large part of this tedious work. The result is a tool that answers the
simple question which part of the genome encodes for a given protein. Instead of returning a long
list of hits, Scipio gives the user one coherent gene structure which is optimized on the level of single
base pairs. This kind of response is what we feel most users want.

Having collected a large number of genome files for our own annotation efforts, it was a logical step to
make them searchable by others using Scipio. With WebScipio, we offer a web application with which
one can search for the gene of a given protein in hundreds of genomes. Combined with the flexible
visualization of gene structures, the possibility to download the result files and the accessibility by
other software programs, WebScipio is a unique service.

With the experience from the myosin project, a grown number of annotated sequences and some new
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approaches to phylogenetic inference, we turned to analyze the phylum Arthropoda. We were able
to resolve the phylogeny of 21 species with high confidence and in great detail, providing insights
into relations of organisms such as Daphnia, Anopheles, Bombyx and Drosophila. Our findings are
in accordance with the results of a high-profile study of the Drosophila genus.

Been thematically unrelated, the Peakr project is an in-house cooperation with another PhD student.
We realized that the technology that drives CyMoBase and diArk can be employed to solve common
problems in data analysis as carried out in solid state NMR. The result is a software program that
can predict spectra of proteins. It removes a bottleneck in the structure elucidating process and is

much more user-friendly and flexible than existing solutions.
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B Abbreviations

Abbr. Meaning

Abbr. Abbreviation

ADP Adenosine diphosphate

ATP Adenosine triphosphate

BLAST Basic local alignment search tool
BLASTP Protein-protein BLAST

BLAT BLAST like alignment tool

BLOSUM Blocks of amino acid substitution matrix
BMBF Bundesministerium fr Bildung und Forschung
BMRB Biological magnetic resonance bank
CBS Cystathionine beta-synthase

cDNA copy DNA

cGMP Cyclic guanosine monophosphate
DARR Dipolar assisted rotational resonance
DGC Daphnia Genomics Consortium

DNA Deoxyribonucleic acid

EST Expressed sequence tag

GFF General feature format

GTP Guanosine triphosphate

ID Identification Number

ISC International Sequencing Consortium
JGI Joint Genome Institute

KHC Kinesin heavy chain

KIF Kinesin family member

KLC Kinesin light chains

KLP Kinesin-like protein

KRP Kinesin-related protein

Mhec Myosin heavy chain

NCBI National Center for Biotechnology Information
NCSRS Non-Coding Sequence Retrieval System
NMR Nuclear magnetic resonance

PDB Protein Data Bank

PNG Portable network graphics

RAM Random access memory

RNA Ribonucleic acid

RPC Remote procedure call

RRE Retrieval of Regulative Regions

SOAP Simple object access protocol

SQL Structured english query language
SVG Scalable vector graphics

TBLASTN | Protein-nucleotide BLAST

UCSC University of California, Santa Cruz
URL Uniform resource locator

WGS Whole-genome shotgun

WSDL Web services description language
XHTML Extensible hyper text markup language
XML Extensible markup language
XML-RPC | XML remote procedure call

YAML YAML ain’t markup language
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B Abbreviations

Species Abbr. | Species

Aea Aedes aegypti str. Liverpool

Am Apis mellifera str. DHJ,

Ang Anopheles gambiae str. PEST

As Anemonia sulcata

Bos Botryllus schlosseri

Bt Bos taurus

Caf Canis lupus familiaris str. bozer

Cpq Culex pipiens quinquefasciatus str. JHB
Da Drosophila ananassae TSC#14024-0371.13
Dap Daphnia pulex

Der Drosophila erecta TSC#14021-0224.01
Dg Drosophila grimshawi TSC#15287-2541.00
Dh Drosophila hydei

Dm Drosophila melanogaster

Dmo Drosophila mojavensis TSC#15081-1352.22
Dp Drosophila pseudoobscura MV2-25

Drm Drosophila mimetica

Drp Drosophila persimilis MSH-3
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