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ABSTRACT

Proteins can evolve over time in many different ways. An ancestral protein 
sequence inherited in different species will gradually undergo changes in primary 
sequence and sometimes in domain architecture. Some of these changes will affect 
its function, and evolutionary analyses can be used to predict function shift. A 
common paradigm is that orthologs, i.e. genes in different species that derive from 
the same gene in the last common ancestor, are functional counterparts. Orthology 
is a special case of the more general concept homology, which means any form of 
shared ancestry. This thesis investigates the functional conservation of orthologs 
compared to non-orthologs, and further explores gene and protein domain 
architectural changes during evolution.

A set of 17 proteins were selected between human and the nematode C. elegans 
such that they were predicted to be orthologous, membrane-spanning, and did not 
have a known function. By experimental studies in the nematode, functional clues 
were obtained for 12 of them that thus have high relevance for the human 
orthologs. Several of the genes were expressed in the nervous system. One of them 
was a presenilin-like protein, which was subjected to further bioinformatic 
analysis, including prediction of its transmembrane topology. Mutations in 
presenilin are known to cause Alzheimer's disease, the main type of dementia in 
humans. Resolving the molecular structure of presenilin has not been possible yet 
because it is a transmembrane protein. Instead, many attempts to elucidate the 
transmembrane topology biochemically have been made, but the results were often 
contradictory. We therefore approached the problem by reconciling the output from 
several transmembrane topology predictors and previously published experimental 
studies. This allowed us to propose a novel nine-transmembrane topology with the 
C-terminus located in the extracytosolic space, which has subsequently been 
verified by several other researchers.

To study the evolution of protein domain architecture we developed a new 
algorithm based on the maximum parsimony criterion to infer ancestral 
architectures. We analyzed 96 species across all kingdoms to find cases where a 
domain architecture had been created multiple times independently. In contrast to 
previous studies we found that such events are relatively frequent, up to 12.4%. 
Among the architectures displaying reinvention we could find no strong functional 
bias, implying that it is a widespread phenomenon.

In this thesis, the focus is on evolutionary analysis and applying it when 
investigating various aspects of protein function and architecture. Incorporating 
new discriminating features is important to further enhance the accuracy of 
phylogenetic inference. To this end, we investigated conservation of intron 
positions among orthologs versus non-orthologs that are equally similar in 
sequence. We found that ortholog-ortholog gene pairs on average have a 
significantly higher degree of intron position conservation compared to ortholog-
closest non-orthologs. This implies that shared intron positions could be used as an 
additional discriminating feature in evolutionary analysis.
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1 PREFACE

Evolution became a concept with the publication of Charles Darwin's “Origin of the 
Species” in 1859. His hypothesis of how species evolve revolutionized science. While 
the 19th and 20th century scientists studied evolution mostly through phenotypic 
observations, the 21st century has been characterized by genotypic analysis. With the 
accessibility of whole genomes from a multitude of organisms from all kingdoms and 
computing resources previously not available, evolutionary analysis and all of its 
aspects have stepped into the post genomic era. 
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2 HOMOLOGY, ORTHOLOGY, PARALOGY

Just as anyone can make an ancestral tree of their family going back in time, 
phylogenetic trees can be built for sequences of all kinds. Sequences can be DNA, 
RNA or protein. The concept of homology, orthology and paralogy was written down 
by Fitch in 1970 (Fitch 1970). Sequences are homologous if they have evolved from a 
common ancestor. To more specifically denote the type of evolutionary ancestry, 
orthology and paralogy were defined. Orthologs are sequences that arose from a last 
common ancestor due to a speciation split. In contrast to homology, orthology is not 
transitive; meaning that if gene A and B are orthologs, and gene B and C likewise, 
gene A and C are not necessarily orthologs. Paralogs are sequences that have been 
duplicated during evolution. Depending on when, in relation to a species split, the 
duplication occurred, paralogs can be divided into outparalogs and inparalogs 
(Sonnhammer and Koonin 2002). If the duplication predates the speciation split, the 
sequences are outparalogs and as such do not form orthologous relationships. 
However, if the duplication occurred after the speciation split, the sequences are 
inparalogs and form co-orthologous relationships with sequences in other species. 

The definitions of orthologs, inparalogs and outparalogs are illustrated in figure 2.1. 
From the phylogenetic tree depicted, the following conclusions can be drawn:

• The yeast gene is ortholog to all human and worm genes, while the human and 
worm genes are co-orthologs to the yeast gene.

• The human gene HB and worm gene WB are orthologs.

• The human genes HA* and worm genes WA* are co-orthologs.

• The human genes HA* are inparalogs when comparing human to worm.

• The worm genes WA* are inparalogs when comparing human to worm.

• The human genes HA* and HB are outparalogs when comparing human to 
worm, however, they are inparalogs when comparing animal with yeast.

• The worm genes WA* and WB are outparalogs when comparing human to 
worm, however, they are inparalogs when comparing animal with yeast.
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Figure 2.1: Phylogenetic tree illustrating the definition of orthologs, inparalogs and 
outparalogs.

Adapted from Sonnhammer and Koonin 2002.

Close orthologs in different species are likely to have retained the same biological 
role. Distant orthologs, on the other hand, are less likely to have the same function; 
however, they may still play the same role in corresponding pathways in the different 
species. In contrast, paralogs are likely to have diversified their function through neo- 
or sub-functionalization. The former implies that as genes duplicate, one of the copies 
is under positive selective pressure and therefore free to develop a new function, 
while the other retains the original function. In contrast, the latter means that both 
copies diverge in function, possibly dividing the original function between them. 
Analysis of inparalogs can be used to detect lineage-specific adaptations. 
Outparalogs, on the other hand, cannot be used to transfer functional assignments 
between species, since they do not form co-orthologous relationships.

2.1 INFERENCE OF PHYLOGENETIC RELATIONSHIPS

With the wealth of genomes that are now available it is impossible to experimentally 
deduce function for all proteins. Therefore, characterization in simple model 
organisms and subsequent functional transfer to orthologs in other species is 
becoming increasingly important. For this reason, correct and reasonably fast 
inference of evolutionary relationships between sequences is essential. There exists a 
multitude of approaches for assigning orthology (reviewed in Alexeyenko et al. 2006; 
Hulsen et al. 2006; Chen et al. 2007; Gabaldón 2008; Kuzniar et al. 2008; Altenhoff 
and Dessimoz 2009), however, they can be broadly classified into three different 
groups; the tree-based, the pairwise matching-based, and the hybrid methods.
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2.1.1 Tree-based methods

The reasoning behind the tree-based methods is that since orthology is a phylogenetic 
relationship, phylogeny, as opposed to pairwise sequence comparisons, should be 
used to analyze it. To infer evolutionary relationships a gene tree is built for a group 
of sequences and subsequently reconciled with a species tree. However, there are 
drawbacks with this approach; the major ones being that both the gene and species 
tree have to be correct. Also, it is time consuming and computationally resource 
intensive and therefore not suitable for analysis of complete genomes.

2.1.2 Pairwise matching-based methods

The pairwise matching-based approaches are the ones most extensively used to infer 
orthology and they are applicable for genome-wide analysis. There are several 
methods available and they are all based on some pairwise sequence similarity 
calculated between all sequences. The most simplistic approach is the bidirectional 
best-hits (BBH) (Overbeek et al. 1999) that can assign only one-to-one orthologs 
across two species. InParanoid (Remm et al. 2001; Ostlund et al. 2009 in press) also 
assigns orthology across two species, however, in addition to one-to-one orthologs, it 
can identity one-to-many and many-to-many ortholog relationships. Furthermore, 
InParanoid separates inparalogs from outparalogs, something that is particularly 
important when analyzing phylogenies involving eukaryotes. Other methods assign 
orthology across several species, e.g. OrthoMCL (Li et al. 2003), COGs (Tatusov et 
al. 2003), and OMA (Roth et al. 2008). They use different clustering techniques to 
extend from two species to several. Unfortunately, in the resulting orthologous 
groups, orthologs and paralogs can be grouped together, and there is also no 
separation between in- and outparalogs. However, OMA tries to avoid classifying 
paralogs as orthologs by using an outgroup.

2.1.3 Hybrid methods

Hybrid methods use both pairwise matching-based methods and phylogenetic trees to 
infer orthology, e.g. Ensembl Compara (Hubbard et al. 2007), Homologene (Wheeler 
et al. 2007), and TreeFam (Li et al. 2006; Ruan et al. 2008). These methods are 
suitable for whole genome analysis since they are much more scalable than the 
strictly tree-based approaches.

2.2 PERFORMANCE OF ORTHOLOGY ASSIGNMENTS METHODS

A problem when assessing the performance of various orthology assignment 
approaches is that there is no “gold standard”, i.e. a set of known orthologs and non-
orthologs across several species that could be used to test the outcome of each 
approach. Despite this, there have been several studies comparing the performance of 
different automatic orthology detection methods (Hulsen et al. 2006; Chen et al. 
2007; Altenhoff and Dessimoz 2009). Typically, tree-based methods exhibit high 
specificity and low sensitivity, whereas pairwise matching-based demonstrate high 
sensitivity and low specificity (Chen et al. 2007). Although these studies do not fully 
agree as to the ranking of ortholog detection methods, InParanoid (Remm et al. 2001; 
Ostlund et al. 2009 in press) was found to be one of the most accurate algorithms for 
pairwise orthology assignments, with both specificity and sensitivity being 
satisfactory high (>80%) (Chen et al. 2007). Also worth noting, is that the tree-based 
and hybrid methods generally performed worse than the pairwise matching-based.
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2.3 INPARANOID

InParanoid finds non-overlapping clusters of orthologs and inparalogs across two 
species. The algorithm finds the bi-directionally best blast hits between the two 
genomes; these are the so-called seed orthologs (see figure 2.2). Around these seed 
orthologs, inparalogs from each species are clustered separately. Sequences in the 
same species that are more similar to the seed ortholog than to any sequence in the 
other species will be classified as an inparalog and added to the cluster. A confidence 
score is calculated for each inparalog, reflecting its similarity to the seed ortholog. 
There is also an InParanoid database, where the current version (InParanoid7) 
contains eukaryotic ortholog clusters from 100 organisms. 

Figure 2.2: Graphical representation of an InParanoid ortholog cluster. The seed 
orthologs from the different species are denoted A1 and B1 and they are bi-
directional best Blast hits. Their similarity score (S) is shown. Inparalogs with score S 
or higher to the seed ortholog are inside the circle with diameter S and hence, added 
to the cluster. Inparalogs are added to the cluster independently for each species.

Adapted from Remm et al. 2001.
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3 MODEL ORGANISMS

Model organisms are organisms that have been extensively studied in science due to 
some tractable feature, such as ease of maintenance in the laboratory and rapid 
generation time. Common model organisms are yeast, roundworm, fruit fly, zebra 
fish, mouse and the plant Arabidopsis thaliana. Proteins can be experimentally 
characterized in these organisms and thereafter, through orthology, function can be 
transferred to other more complex organisms, such as humans.

3.1 CAENORHABDITIS ELEGANS

The roundworm Caenorhabditis elegans (see figure 3.1) has been used as a model 
organism since the 1960s when it was brought from the soil into the laboratory by 
Sidney Brenner. This 1.5 mm long, transparent animal that feeds on bacteria has 
proven to be very useful and has been extensively studied. The worm is easy and 
cheap to maintain in the laboratory. In addition, it can be frozen and subsequently 
thawed and still remain viable, allowing for long-term storage.

Figure 3.1: Caenorhabditis elegans adult hermaphrodite. (A) Schematic picture with 
labeled body parts. (B) Microscope picture.

Adapted from “Essentials of glycobiology”, (http://www.ncbi.nlm.nih.gov/bookshelf/br.fcgi?
book=glyco2).

C. elegans has two sexes; hermaphrodites and males (Riddle et al. 1997). The 
hermaphrodite is self-fertilizing and mainly produces hermaphrodite offspring. Males 
arise spontaneously due to X chromosome non-disjunction at meiosis with a 
frequency of 1/500 animals. Eggs are laid by the hermaphrodite and after hatching, 
they pass through four larval stages. The generation time is approximately three days. 
If conditions for growth and reproduction are unfavorable, e.g. nutrients are sparse, 
the larvae can enter an alternative third larval stage called dauer. This is an endurance 
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stage where the larvae have a unique morphology and are resistant to stress. They 
also have an altered energy metabolism, and are arrested in development and aging. 
The dauer larvae can live four to eight times longer compared to the normal three 
weeks lifespan of C. elegans. 

The adult hermaphrodite has 959 somatic nuclei, which represent most major 
differentiated tissue types (Riddle et al. 1997). The complete lineage of these cells has 
been mapped out. Despite being such a simple organism, C. elegans has quite an 
elaborate nervous system that comprises in total 302 neurons. The complete wiring of 
all neurons has been mapped out. In 1998 the first genome from a multi-cellular 
organism was published, and it was that of C. elegans (C. elegans Sequencing 
Consortium 1998). 
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4 PROTEIN DOMAINS AND ARCHITECTURE

Proteins are the products of genes and the building blocks of nature. There are three 
major classes of proteins i) globular, ii) fibrous, and iii) membrane proteins. Globular 
proteins are soluble and many of them are enzymes. The fibrous proteins are the ones 
that make up structure, e.g. keratin and collagen. Membrane proteins are often 
channels or receptors that enable passing or transport of molecules across the 
membrane. 

4.1 DOMAINS

A protein can contain one or several domains. A domain is defined as a functional 
element that can fold independently (Jaenicke 1987) and may combine with other 
domains to form a multi-domain protein (Rossmann et al. 1974). Domains can 
combine in different ways to form proteins with varying functions. Domains are 
sometimes viewed as Lego blocks that can be put together to build a protein. So-
called supra-domains have also been identified (Vogel et al. 2004). These are two or 
three domain combinations that reappear in various proteins with different partner 
domains. A majority of protein domains have been shown to only recombine with one 
or two other domain families, whereas others are highly promiscuous combining with 
several other families (Apic et al. 2001; Park et al. 2001). This pattern of domain 
usage is that of a power law. Hence, the graph of domain combinations is a scale-free 
network (Wuchty 2001), with the promiscuous domains acting as hubs. 

4.2 PROTEIN DOMAIN DATABASES

There are several databases where protein domains are collected using various 
classification schemes. 

The SCOP (Structural Classification of Proteins) database describes the structural and 
evolutionary relationships between all proteins whose structure is known (Murzin et 
al. 1995; Andreeva et al. 2008). There are six main levels of hierarchical clustering; 
species, protein, family, superfamily, fold and class (top of the hierarchy). Another 
protein domain database that also only entails proteins with known structure is CATH 
(Orengo et al. 1997; Cuff et al. 2009). Here the proteins are classified according to 
four major levels; class, architecture, topology, and homologous superfamily (top of 
the hierarchy), hence, the abbreviated name CATH. Both SCOP and CATH classify 
proteins using both automatic methods and manual procedures.

Other protein domain databases are based more extensively on automatic methods, 
namely SUPERFAMILY (Gough et al. 2001) and Pfam (Finn et al. 2008). The 
former is based on a collection of hidden Markov models (HMMs) that are derived 
from protein domains on the SCOP superfamily level. These HMMs are subsequently 
used to search for sequences which match the models and hence belong to the same 
domain family. 

The Pfam database is also based on HMMs; however, the starting point is manually 
curated multiple sequence alignments representing each domain family. From these 
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so-called seed alignments, an HMM is generated and subsequently used to find new 
members of the family, thus producing the full alignment of all the members of the 
domain family. This collection constitutes the Pfam-A part of the database. In 
addition, Pfam-A has a higher-level grouping of related families called clans. There is 
a fully automatic part of Pfam (Pfam-B) that is of lower quality. However, 
annotations in Pfam-B can be useful when no Pfam-A domains are found in a protein.

4.3 DOMAIN ARCHITECTURES

There are both single-domain and multi-domain proteins occurring in nature. While 
most domain families constitute single-domain proteins, a majority of domains are 
also found in multi-domain proteins. However, the number of existing domain 
combinations only comprise a small fraction of the possible number of combinations, 
implying that domain recombination is under strong selective pressure (Vogel et al. 
2005). In eukaryotes, a majority of proteins have multiple domains, whereas 
prokaryotes have fewer multi-domain proteins (Apic et al. 2001, Ekman et al. 2005, 
Wang and Caetano-Anollés 2006). A schematic representation of a multi-domain 
architecture is given in figure 4.1. 

Figure 4.1: Example of a multi-domain protein as depicted by the Pfam database. 
Shown is the human proto-oncogene vav (VAV_HUMAN, P15498). The yellow 
domain is C1_1, and the purple domain is SH3_1.

The order of domains in a protein can be referred to as the protein's domain 
architecture. Two domain families A and B can occur either in the sequential order 
AB or BA; however, the sequential order is always the same in different proteins in 
which they are found. Only for a minority of domain pairs (~2%) can both sequential 
orders be found (Apic et al. 2001; Bashton and Chothia 2002). During evolution, 
domains have combined in different ways, leading to loss of architectures or gain of 
new ones. Fusion and fission are two processes shaping the domain architecture 
repertoire. Fusion is the joining of domains creating multi-domain proteins. Fission, 
on the other hand, is the separation of domains possibly creating single-domain 
proteins. Studies have shown that fusion events are much more common than fission 
events in all kingdoms of life Kummerfeld and Teichmann 2005; Fong et al. 2007). 
Furthermore, domain losses and duplications have been shown to preferentially occur 
at either terminus (Björklund et al. 2005; Weiner et al. 2006). Proteins that have been 
circularly permuted, meaning that the domain order has been inverted, have also been 
identified (Weiner and Bornberg-Bauer 2006). Most architectures have been created 
once and through evolution it has spread across species (Dolittle 1995; Apic et al. 
2001; Gough 2005; Kummerfeld and Teichmann 2005). However, there are also 
examples of where the same domain architecture have arisen several times 
independently, a phenomenon called convergent evolution (see paper III).
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5 TRANSMEMBRANE TOPOLOGY

Membrane proteins are notoriously difficult to over express and crystallize making it 
extremely troublesome to determine their structure. However, elucidating the 
topology of transmembrane proteins is much more feasible. The transmembrane 
topology can be viewed as a description of which parts of the protein that lie within 
the membrane and which portions that are situated on the cytoplasmic or non-
cytoplasmic side of the membrane, respectively (see figure 5.1). 

Figure 5.1: Transmembrane topology describes which parts of the protein that lie 
within the membrane and which portions that are situated on the cytoplasmic or non-
cytoplasmic side of the membrane.

Adapted from Zhang et al. 1998.

There are two types of transmembrane proteins; α-helical and β-barrels. The former 
have segments of 18-35 amino acids long hydrophobic α-helices that traverse the 
membrane, while the latter have β-sheets. The first class is far more common, hence I 
will only refer to these when describing transmembrane proteins in this text. In 
eukaryotes, proteins with seven transmembrane regions are common and they have 
also been extensively studied mainly because a lot of them are drug targets. The 
numerous G-protein coupled receptors (GPCRs) belong to this group. Proteins with 
more than ten transmembrane regions usually form pores in the membrane. 
Depending on whether the protein has an even or odd number of transmembrane 
regions, it will either have the N- and C-terminal ends on the same side or on 
different sides of the membrane, respectively. 

Proteins can also have signal peptides, usually at their N-terminal end. The signal 
peptide is used to guide the protein to its final location. When the protein is in place, 
the signal peptide is normally cleaved off, and if the protein is soluble it is released 
from the membrane. However, membrane proteins can also have signal peptides. 
Determining transmembrane topology can be done by using experimental approaches 
or prediction methods, or preferably, a combination of the two.
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5.1 PREDICTION THROUGH EXPERIMENTAL METHODS

There are several strategies for experimental determination of transmembrane 
topology. The most widely used are biochemically based, such as reporter gene 
fusions, site tagging and antibodies.

5.1.1 Reporter gene fusions

A common experimental method for determining transmembrane topology is through 
reporter genes that are inactive on one side of the membrane but active on the other. 
Typically, several truncated forms of the membrane protein are made and each 
truncated form is fused with a reporter gene. The hybrid protein is expressed in 
bacteria or some other model organism such as C. elegans, and then activity of the 
reporter is screened for. Unfortunately, these types of studies do not always give 
clear-cut results, making it difficult to solely rely on them. This can be avoided to 
some extent by using two different reporter genes that are active on opposite sides of 
the membrane, freeing the researcher from relying on negative results. There is also 
the possibility that the reporter gene might alter the topology or that the truncated 
forms of the protein fold differently compared to the native protein.

5.1.2 Site-tagging

Instead of a reporter gene, site-tagging via N-glycosylation can be used to determine 
the topology of a protein. Glycosylation can only occur in the lumen of the 
endoplasmic reticulum (ER), which is equivalent to the extracellular space. If the 
protein is glycosylated it will be heavier compared to the native protein and, hence 
they can be separated on an SDS-PAGE gel. The N-glycosylation site consists of the 
amino acids N-X-S/T, where X can be any amino acid except proline (Hart et al. 
1979). As a result of being much smaller compared to reporter genes, N-glycosylation 
sites are less likely to alter the native topology of the protein.

5.1.3 Antibodies

Antibodies directed towards various epitopes of the protein, usually the loop regions, 
can be also be utilized to determine the transmembrane topology of the protein. If the 
epitope is hidden within the cell, it cannot be reached by the antibodies; however, if 
location is opposite, the antibody can bind to the epitope. As an additional control, the 
cells can be made permeable to allow for the antibodies to enter. The pitfalls of these 
types of experiments are mainly the specificity of the antibodies used.

5.2 IN SILICO TOPOLOGY PREDICTION

The first attempts to model protein membrane topology arose once it was shown that 
loops on the cytosolic side of the membrane tend to include more positively charged 
amino acids, the so-called positive inside rule (von Heijne 1986). Today there are 
several different programs for predicting transmembrane topology or signal peptides. 
Predicting transmembrane topology involves several different aspects. The α-helices 
that traverse the membrane have an approximate length of 18-35 hydrophobic amino 
acids simply due to the thickness of the membrane layer. The loops can be of variable 
length; however, they contain hydrophilic amino acids and also follow the positive 
inside rule. A complicating factor is that sometimes there can be regions of a 
membrane protein that graze the membrane, thereby giving a somewhat weaker 
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hydrophobic signal than the traversing regions. Most transmembrane topology 
predictors cannot distinguish between a signal peptide and an N-terminal 
transmembrane region. Determining the presence of a signal peptide is very attractive 
since if present, the N-terminus of the protein must be located on the non-cytoplasmic 
side of the membrane. As a result, the orientation of the protein in the membrane can 
be easily determined. Accordingly, a combination of transmembrane topology and 
signal peptide predictor is preferable. Phobius (Käll et al. 2004) is such a predictor 
that combines the two. It is a hidden Markov model (HMM)-based prediction 
method. Other predictors based on HMMs include TMHMM (Krogh et al. 2001) and 
HMMTOP (Tusnády and Simon 2001). There are also predictors based on neural 
networks, e.g. PHDhtm (Rost et al. 1996), or dynamic programming, e.g. Memsat 
(Jones et al. 1994).

Another advantage of Phobius, besides the combined prediction of transmembrane 
regions and signal peptides, is that it can also perform constrained predictions, 
meaning that the N- or C-terminus or an internal loop can be constrained to be either 
cytosolic or non-cytosolic. Phobius then predicts the most likely topology with the 
selected loop(s) constrained. This is useful when the localization of a certain portion 
of the protein has been determined through experimental methods.
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6 GENE STRUCTURE

It was long believed that a gene was an uninterrupted sequence of nucleotides coding 
for amino acids. This is indeed true for prokaryotes, although some self splicing 
introns have been found. However, in the 1970s it became clear that this is not the 
case for eukaryotic genomes (Gilbert 1978). A gene seemed to be split into several 
parts with some non protein coding sequence in between; introns had been 
discovered. There is a splicing machinery in eukaryotes (the spliceosome) that splices 
the pre mRNA so that the introns are removed and only the exons remain in the 
mature mRNA, for this reason these introns were called spliceosomal introns. From 
hereafter, I will only refer to these when describing introns in this text, unless 
explicitly stated. Alternative splicing was also discovered, i.e. that a pre mRNA 
transcript can be spliced in various fashions resulting in different forms of mature 
mRNA and consequently leading to alternate protein products. This discovery 
explained some of the mystery regarding how humans, although much more complex, 
only have roughly 5,000 more genes than the roundworm C. elegans. With extensive 
alternative splicing, the number of different proteins can greatly exceed the number of 
genes in the genome.

6.1 INTRON EVOLUTION

The evolution of the spliceosomal introns proved to be elusive. Two major opposing 
hypotheses soon became apparent, the introns-early and the introns-late theory (see 
figure 6.1). In the introns-early theory, it is believed that nearly all introns are ancient 
and inherited by eukaryotic genes from prokaryotic ancestors, and then subsequently 
they have been lost in the prokaryotes (Gilbert 1978; Doolittle 1978; Blake 1978; 
Gilbert 1987). This complete extinction of spliceosomal introns and also of the whole 
spliceosome complex in prokaryotes, have been explained by a need to maximize the 
replication rate to facilitate rapid growth (Gilbert 1987; Roy 2003). In line with the 
introns-early theory, the difference in gene structure among homologous eukaryotic 
genes that we see today is largely the result of differential intron loss. According to 
this theory, introns were the main driving force leading to the creation of early genes 
by shuffling of exons (“the exon theory of genes”) (Blake 1979; Gilbert 1987; 
Holland and Blake 1987). In contrast, the introns-late hypothesis states that 
spliceosomal introns are an eukaryotic invention and that they have never existed in 
prokaryotes (Cavalier-Smith 1985; Stoltzfus et al. 1994; Logsdon 1998), and that new 
introns have been emerging continuously since then. With increased knowledge about 
intron evolution the more drastic versions of the two scenarios, which view nearly all 
introns as either ancient or new, have given way to more nuanced hypotheses. The 
current introns-early theory is that only a minority of moderns introns were present in 
prokaryotes (de Souza et al. 1998; Roy 2003), whereas the introns-late states that 
introns evolved from bacterial group-II-like self-splicing introns in relatively early 
eukaryotes (Cavalier-Smith 1991; Stoltzfus 1999).
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Figure 6.1: Intron evolution as explained by the (A) introns-late, and (B) introns-
early hypothesis. In the trees to the left the green branches show lineages containing 
introns, the black branches indicate pre-intron stages and the red branches denote 
secondary loss of introns. LUCA is last universal common ancestor. 

Adapted from Jeffares et al. 2006.

The scientific evidence points to an intron-rich eukaryotic ancestor; however, this is 
still up for debate. Parsimonious approaches and maximum likelihood models, or a 
mix thereof, have been used to study intron evolution dating back to the last common 
ancestor of animals and plants. The results show somewhat different conclusions as to 
just how intron-rich the ancestor genome was, although the methods agree that it was 
relatively intron-rich (Rogozin et al 2003; Qiu et al 2004; Nguyen et al. 2005; Roy 
and Gilbert 2005). A complicating factor when analyzing intron evolution is that the 
underlying eukaryotic phylogenetic tree has not yet been resolved. Also, the methods 
have different drawbacks; parsimony tends to underestimate the number of ancestral 
introns, since multiple losses of introns is penalized, whereas maximum likelihood 
models have a lot of parameters that are difficult to optimize, leading to, in particular, 
overestimation of ancestral introns (Koonin 2006). Another complicating factor when 
elucidating intron evolution, is that different lineages exhibit very divergent rates and 
patterns of intron loss or gain (Rogozin et al. 2003; Roy and Gilbert 2005; Carmel, 
Wolf et al. 2007). It seems that intron loss is generally more prevalent than gain 
(Robertson 1998; Robertson 2000; Mourier and Jeffares 2003; Roy et al. 2003; Roy 
and Penny 2007), although there are studies showing the opposite (Babenko et al. 
2004). 

6.2 CONSERVATION OF INTRON POSITIONS

It has been shown that introns are preserved across distant species (Fedorov et al. 
2002; Rogozin et al. 2003). However, it is not the content or length of the introns that 
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is conserved, rather their positions within the gene. On the other hand, it was also 
shown that introns preferentially inserted into or are fixed at so-called protosplice 
sites (Dibb and Newman 1989; Dibb 1991; Sadusky et al. 2004; Sverdlov et al. 2004). 
As a consequence, another study proposed that the reason for finding introns in the 
same positions in different species was to a great extent due to parallel gain of introns 
into these protosplice sites (Qiu et al. 2004). These findings were later disputed and it 
was shown that protosplice sites are no more conserved during eukaryotic evolution 
than random sites (Sverdlov et al. 2005). In addition, simulation of intron insertion 
into protosplice sites with the observed protosplice sites frequencies and intron 
densities showed that parallel gain could account for only 5-10% of shared intron 
positions in distantly related species. Subsequently, this has been verified in another 
study, where on average ~8% of shared intron positions in distantly related species 
were found to be due to parallel gain (Carmel, Rogozin et al. 2007). However, across 
the eukaryotic lineages, the distribution of parallel gain was highly heterogeneous 
with evolutionary closer species showing virtually no shared introns due to parallel 
gain, whereas evolutionary more distant species, such as human and plants, exhibited 
up to 20% parallel gain. 
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7 PRESENT INVESTIGATION
7.1 PAPER I

A valid approach for assigning function in more complex organisms is through 
functional characterization of its ortholog in a model organism. Therefore, in this 
study we used Caenorhabditis elegans to functionally analyze worm-human 
orthologs of unknown function. These proteins had initially been identified in a study 
searching for worm-human orthologs of transmembrane proteins (Remm and 
Sonnhammer 2000). We analyzed the function of 17 of these orthologs through 
experimental studies in C. elegans as well as further bioinformatic analysis. 

RNA interference to downregulate the genes of interest was performed in both 
wildtype worms and an RNAi sensitive worm strain. For 2 of the 17 genes (~12%) we 
could detect an RNAi phenotype, which is comparable to other RNAi studies 
(Kamath et al. 2003; Simmer et al. 2003). Transgenic worm strains carrying 
transcriptional gfp fusions were established for 14 of the genes. Gene expression was 
detected in various tissues in the transgenic worm strains, with the most predominant 
tissues being hypodermis, nervous system, pharyngeal muscle and intestine. 
However, 2 of the transgenic strains established showed no expression. 

Bioinformatic analysis was also carried out to further investigate the evolutionary 
relationships and function of the proteins. A more in depth phylogenetic analysis 
revealed that the great majority of the genes were indeed true orthologs. Only in one 
case could we detect that the proposed ortholog was most likely an outparalog, hence, 
transfer of putative function between species was not valid. Protein domain 
assignments were made using Pfam; however, for 3 proteins, no Pfam-A domain 
could be detected. The transmembrane topology of the proteins was analyzed with 
nine different methods. In addition, the possible presence of signal peptides was 
investigated with two different approaches. Since all transmembrane topology and 
signal peptide predictors have some margin of error, a consensus result gives a better 
estimate of the true protein topology. The number of transmembrane regions varied 
between 6 and 10, with a majority of the proteins having 6 or 7 segments traversing 
the membrane. 

To summarize, we could assign a putative function to 12 of the 17 genes studied. 
More specifically, we also proposed a novel transmembrane topology for a 
presenilin-like protein; a 9-transmembrane topology with the C-terminus located in 
the cytoplasm (see figure 7.1 B).
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Figure 7.1: Transmembrane topology for the (A) presenilins, and (B) presenilin-like 
proteins. The active site aspartate residues are indicated with D. Due to their different 
topology orientation, presenilin and presenilin-like proteins cleave substrates of type I 
and type II, respectively.

7.2 PAPER II

Presenilins are transmembrane proteins that are part of γ-secretase, a multi subunit 
protease that also entails nicastrin, aph-1 and pen-2 (Kimberly and Wolfe 2003; 
Fraering et al. 2004). This complex is responsible for the intramembrane proteolysis 
of type I membrane proteins, such as amyloid-β precursor protein (APP) and Notch. 
The former protein is involved in Alzheimer's disease, which is the major cause of 
dementia in humans. The latter is a developmental protein responsible for critical 
signaling events. Elucidating the transmembrane topology of presenilin is important 
to fully understand its function, and several attempts had been made at experimentally 
determining the topology. Different approaches such as reporter gene fusions, 
antibodies, glycosylation studies, or a combination of these methods had been used 
(Doan et al. 1996; Li and Greenwald 1996; Dewji and Singer 1997; Lehmann et al. 
1997; Li and Greenwald 1998; Nakai et al. 1999; Dewji et al. 2004). Unfortunately, 
no consensus could be reached. 

In this study we investigated the presenilin topology by using several different 
prediction methods as well as incorporating published experimental results. We also 
used our previously published topology model for the homologous presenilin-like 
family of proteins (see paper I). Although the overall sequence similarity between the 
two protein families is fairly low, they share the conserved putative active site 
aspartate residues and the C-terminal “PAL” motif. We presented a novel 9-
transmembrane topology with the C-terminus located in the extracytosolic space for 
the presenilin family (see figure 7.1 A). This model was heavily supported by 
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published data on γ-secretase function and presenilin topology. In fact, our model was 
supported by 70% of the experimentally determined loop locations. 

7.3 PAPER III

It is believed that a great majority of protein domain architectures have arisen only 
once during evolution and the reason for finding them in different species today is 
due to speciation splits during the course of evolution (Doolittle 1995; Apic et al. 
2001; Gough 2005; Kummerfeld and Teichmann 2005). However, sometimes 
multiple independent creation events can generate the same domain architecture due 
to functional necessity or random chance. A previous study had shown that although 
convergent evolution could be found it was extremely rare (Gough 2005). This 
analysis was heavily biased towards prokaryotes and it also relied on a species tree. 
We decided to use a completely different approach based on phylogenetic trees and in 
addition include more species, specifically increasing the fraction of eukaryotes.

Our novel ancestral architecture inference algorithm is based on maximum parsimony 
and runs in two passes. In the first pass, the phylogenetic tree of a domain family is 
traversed from the leaves to the root. The existing domain architectures at the leaves 
are used to initialize the tree. Subsequently, at each inner node, the ancestral 
architecture with the lowest cost according to the maximum parsimony criterion is 
assigned. If several architectures have equal costs, they are all enumerated. In the 
second pass, we traverse the tree in the opposite direction starting from the root. At 
each inner node, the ancestral architecture resulting in the lowest cost over the whole 
tree is selected. If there are several architectures giving the same overall cost, an 
architecture is randomly chosen. We used bootstrapping to ensure the quality of the 
phylogenetic trees. Only architectures where the phylogenetic tree and all of its 
pseudoreplicate trees were available for at least two domains were scored. A majority 
of the phylogenetic trees for the individual domains had to support the evolutionary 
classification as “multiple” or “single”, otherwise the evolution of the architecture 
was scored as “ambiguous”. There also had to be agreement regarding the 
architecture origin. 

An inherent difficulty when analyzing domain architectures is that there are regions 
in the proteins that have no domains assigned to it. This is especially an issue when 
studying eukaryotes. To tackle this problem, we decided to investigate two different 
datasets, the no-limit and max50. In the no-limit, all proteins are included regardless 
of the length of unassigned regions. In the max50 dataset a maximum of 50 amino 
acids was allowed between neighboring domains, in addition, this maximum length 
was applied to both the N- and C-terminus. For the architectures where we could 
determine either a single or multiple origin, we found that 12.4% had a multiple 
origin in the no-limit data set (see Table 7.1). The equivalent figure in the max50 data 
set was 5.6%. 
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Table 7.1: Candidates for convergent protein architecture evolution found in the no-
limit and max50 data sets. 

Adapted from paper III.

Data Set Ntotal
1 Nambiguous

2 Nsingle
3 Nmultiple

4

no-limit 8367 1605 4613 650

max50 1798 301 1172 70
1 Total number of architectures included in the analysis.
2 Number of architectures where results from the individual domains were non-conclusive.
3 Number of single-origin architectures.
4 Number of multiple-origin architectures.

In a majority of cases, the architectures revealing convergent evolution have evolved 
through two independent creation events. We analyzed the kingdom distribution of 
domain architectures displaying multiple independent creation events further and 
found that a considerable amount was specific to eukaryotes. We also analyzed if 
there was some functional specificity among the reinvented architectures using GO 
terms. In the set of architectures classified as multiple there was a significant 
enrichment or underrepresentation of 22 GO terms compared to the architectures with 
a single origin. GO terms associated with signaling were found among the enriched 
set, but not represented in the depleted. For the architectures with single origin, GO 
terms associated with metabolic processes were overrepresented.

Our analysis indicated that convergent evolution of domain architectures could be 
more prevalent than previously thought. We found no strong functional bias among 
the domain architectures displaying multiple independent creation events, suggesting 
that convergent evolution is driven by chance rather than functional necessity. 

7.4 PAPER IV

The evolution of introns is an elusive topic, and there are are many contradicting 
views on how and why they emerged and subsequently evolved. Nonetheless, intron 
positions have been shown to be conserved across long evolutionary timescales 
(Fedorov et al. 2002; Rogozin et al. 2003). Therefore, there is a possibility that this 
feature could be used when inferring evolutionary relationships between genes. 
Indeed, previous studies of individual gene families had used information regarding 
shared intron positions to elucidate phylogenetic relationships (Robertson 1998; 
Ferrier et al. 2000; Robertson 2000; Franck et al. 2004); however, no global analysis 
had been carried out. In this study, we wanted to analyze if orthologs shared more 
introns positions compared to non-orthologous sequences that were equally similar in 
sequence. 

Clusters of orthologs between human and six other species were identified using the 
InParanoid algorithm (Remm et al. 2001; Ostlund et al. 2009 in press). The algorithm 
first finds the bi-directionally best Blast hits between the two genomes, the so-called 
seed orthologs. Around these seed orthologs, inparalogs from each species are 
clustered separately. Sequences in the same species that are more similar to the seed 
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ortholog than to any sequence in the other species will be classified as an inparalog 
and added to the cluster. The inparalogs are ranked by a confidence score that is 
calculated for each inparalog, reflecting its similarity to the seed ortholog. Subsequent 
to applying the InParanoid algorithm, the closest non-orthologs, meaning the 
sequences close in sequence space, yet falling just outside the ortholog clusters, were 
also added to the clusters (see figure 7.2). 

Figure 7.2: Graphical representation of an InParanoid ortholog cluster with the 
outparalogs outside the cluster indicated. The seed orthologs from the different 
species are denoted A1 and B1 and they are the bi-directional best Blast hits. Their 
similarity score (S) is shown. Inparalogs with score S or higher to the seed ortholog 
are inside the circle with diameter S and hence, belonging to the cluster. Inparalogs 
are added to the cluster independently for each species. The sequences with a lower 
score than S are outside the cluster and classified as outparalogs. For each inparalog 
in the cluster, the closest outparalog (non-ortholog or non-inparalog) from each 
species was added to the cluster.

Adapted from paper IV.

We developed a new score for intron position conservation (IPC) and applied it to the 
clusters. For all species comparisons, we found that ortholog-ortholog gene pairs on 
average have a significantly higher degree of IPC compared to ortholog-closest non-
ortholog pairs (see figure 7.3). This was also found to be true for inparalog pairs 
versus inparalog-closest non-inparalog pairs. Furthermore, we verified that these 
differences could not simply be attributed to the generally higher sequence identity of 
the ortholog-ortholog and the inparalog-inparalog pairs. 
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Figure 7.3: Mean intron position conservation score for the different pair types and 
species comparisons. (A) ortholog-ortholog (o-o) pairs versus ortholog-closest non-
ortholog (o-cno) pairs, and (B) inparalog-inparalog (i-i) pairs versus inparalog-closest 
non-inparalog (i-cni) pairs.

Adapted from paper IV.

If IPC could be used as a discriminating factor when assigning orthology, it has to 
agree, at least to some extent, with reliable existing orthology detection methods. 
Therefore, we analyzed the agreement between InParanoid's ranking of inparalogs in 
an ortholog cluster and their IPC score to the seed ortholog in the other species. We 
found that for a great majority of multi clusters, i.e. clusters with several inparalogs in 
at least one species, the IPC score supports the seed ortholog assignments made by 
InParanoid. There is thus a correlation between IPC score and InParanoid seed 
ortholog assignments, meaning that a high IPC score generally implies a highly 
confident orthology relationship.
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We concluded that orthologous genes tend to have more conserved intron positions 
compared to non-orthologous genes. As a consequence, our IPC score could be useful 
as an additional discriminating factor when assigning orthology.
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8 REMARKS AND FUTURE PERSPECTIVES

The most exciting phrase to hear in science, the one that heralds new discoveries, is 
not Eureka! (I found it!) but rather, "hmm.... that's funny...."

Isaac Asimov 

Mankind has always sought answers to how nature works. As technology has moved 
forwards at a rapid pace, the amount of biological data available has grown 
tremendously. How to interpret and understand this data is a challenging task. With 
this thesis, I have tried to make a small contribution by unraveling some of the 
aspects of protein evolution, function and architecture. Although, as is the nature of 
scientific studies; when answering one question, several new ones arise. 

A general comment about studies involving analysis of data present in various 
databases is that only one instance of the database is captured. As more data become 
available, results will become more robust and conclusions drawn will more 
truthfully reflect the true nature of biology. This also reflects on bioinformatics tools 
available since they have been benchmarked on these databases. Hence, with 
accumulating scientific knowledge the databases will improve, leading to even better 
bioinformatics tools and more accurate biological analysis. 

8.1 PAPER I

Unfortunately, since the publication of this paper there has not been a lot more 
learned about the function of the genes in the analysis. For a majority of the genes, 
their RNAi phenotypes and expression pattern have been confirmed by other studies 
(http://www.wormbase.org). 

Gene xbx-6 (F40F9.1) has been shown to be an Xbox-promoter element regulated 
gene (Efimenko et al. 2005). Such genes are involved in cilia formation; however, the 
precise function of this particular gene has not yet been elucidated. 

In our analysis, we found that Y6B3B.10 (lagr-1) was associated with longevity and 
that the human ortholog was LASS1 (P27544). Another name for LASS1 is CerS 
(ceramide synthase); a protein that regulates ceramide synthesis. Ceramide is 
essential for apoptosis (Gulbins and Li 2006), however, how it exerts its effect has 
not yet been established. Indeed, mutant worm strains of lagr-1 display apoptotic 
disturbances (Deng et al. 2008). More specifically, the mutant strains exhibited 
resistance to radiation-induced germ cell apoptosis. Conversely, if ceramide was 
injected into lagr-1 mutants there was an increase in germ cell apoptosis. Further 
studies are needed to elucidate how ceramide synthase is involved in apoptosis, and 
C. elegans can certainly aid in this endeavor.

Our proposed 9-transmembrane topology with the C-terminus located in the cytosol 
for the presenilin-like proteins has been verified in subsequent studies (Friedmann et 
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al. 2004; Nyborg et al. 2004). This topology model also aided in our quest for 
elucidating a novel transmembrane topology of the presenilins (see paper II). 

8.2 PAPER II

Our proposed 9-transmembrane topology with the C-terminus located in the 
extracytosolic space for presenilin has been verified by subsequent studies (Laudon et 
al. 2005; Oh and Turner 2005; Kornilova et al. 2006; Spasic et al. 2006). The 
elucidation of the presenilin topology has aided in understanding how the γ-secretase 
complex can perform intramembrane proteolysis of its substrates. As one of the 
substrates is amyloid-β precursor protein (APP), this could lead to a better 
understanding of the mechanisms behind Alzheimer's disease, and hopefully, 
ultimately, a prevention or cure for the disease. 

8.3 PAPER III

Naturally, with even more data in the Pfam database, the evolutionary reconstruction 
of domain architectures will improve. Therefore, employing our analysis on a newer 
version of the database is likely to give somewhat different results. How the outcome 
would be different though, is difficult to foresee. Since our publication there has been 
no other study analyzing how frequent convergent evolution is.

There are some modifications to our method that could potentially improve the 
analysis. We used bifurcating trees in our study, which are by far the most commonly 
used in phylogeny. However, allowing for unresolved tree nodes in cases where the 
resolution is too low to determine the correct branching order could give a more 
accurate reflection of biology. Another potential improvement could be to not only 
consider the topology of the tree but also include branch lengths. If the branch length 
was considered in relation to the number of gains/losses of domains along the branch, 
an estimate of the probability of the assigned evolutionary events actually occurring 
could be calculated. This would give a confidence score to the phylogenetic events 
inferred. Furthermore, we used an equal cost model for gain or loss of a domain. This 
is probably not a correct reflection of the nature of these processes; however, we 
believed that with the current understanding of how domains recombine it was not 
feasible to design a suitable differential cost model. With increasing understanding of 
domain recombination events, it could be possible to design such a model. 

8.4 PAPER IV

Predicting introns is not a trivial task and pinpointing their exact location is even 
more difficult. Therefore, with increased accuracy of genome annotations, the results 
of this analysis are most likely to improve and more accurately reflect the true nature 
of intron position conservation. 

Our analysis shows that there is a fraction of ortholog-ortholog and inparalog-
inparalog pairs that do not have any conserved intron positions. On the other hand, 
the sequences with highest levels of intron position conservation (IPC) are ortholog-
ortholog or inparalog-inparalog pairs. This implies that there are two different groups 
of orthologs; one with a very low and one with a very high IPC. Whether this 
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grouping reflects ancientness, function or some other feature of the sequences, or is 
simply random, would be interesting to investigate.

Although some consensus has been reached in the intron evolution field, such as 
acknowledgement that some introns indeed have conserved positions and that the 
eukaryotic ancestor had a relatively intron-rich genome, there is still a lively debate 
ongoing still, more than 30 years after the initial discovery of the introns.
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