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Abstract
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Alpha-helical transmembrane proteins are important components of many essential cell
processes including signal transduction, transport of molecules across membranes, protein and
membrane trafficking, and structural and adhesion activities, amongst others. Their involvement
in critical networks makes them the focus of interest in investigating disease pathways, as
candidate drug targets, and in evolutionary analyses to identify homologous protein families
and possible functional activities. Transmembrane (TM) proteins can be categorized into major
groups based the same gross structure, i.e., the number of transmembrane helices, which are
often correlated with specific functional activities, for example as receptors or transporters.
The focus of this thesis was to analyze the evolution of the membrane proteome from the last
holozoan common ancestor (LHCA) through metazoans to garner insight into the fundamental
functional clusters that underlie metazoan diversity and innovation. Twenty-four eukaryotic
proteomes were analyzed, with results showing more than 70% of metazoan transmembrane
protein families have a pre-metazoan origin. In concert with that, we characterized the
previously unstudied groups of human proteins with three, four, and five membrane-spanning
regions (3TM, 4TM, and 5TM) and analyzed their functional activities, involvement in disease
pathways, and unique characteristics. Combined, we manually curated and classified nearly
11% of the human transmembrane proteome with these three studies. The 3TM data set included
152 proteins, with nearly 45% that localize specifically to the endoplasmic reticulum (ER),
and are involved in membrane biosynthesis and lipid biogenesis, proteins trafficking, catabolic
processes, and signal transduction due to the large ionotropic glutamate receptor family. The
373 proteins identified in the 4TM data set are predominantly involved in transport activities,
as well as cell communication and adhesion, and function as structural elements. The compact
5TM data set includes 58 proteins that engage in localization and transport activities, such as
protein targeting, membrane trafficking, and vesicle transport. Notably, ~60% are identified
as cancer prognostic markers that are associated with clinical outcomes of different tumour
types. This thesis investigates the evolutionary origins of the human transmembrane proteome,
characterizes formerly dark areas of the membrane proteome, and extends the fundamental
knowledge of transmembrane proteins.
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Introduction 

Membrane proteins function in many essential cell processes and engage in a 
variety of important activities such as functioning as receptors and in signal 
transduction, acting as recognition molecules of the immune system, 
providing structural components, and transporting ions and molecules across 
impermeable lipid membranes [1]. Membrane proteins are also theorized to 
be instrumental in the development of multicellularity. Furthermore, they are 
key factors in the evolution of metazoans and the development of many 
functions that are unique to complex organisms including cell-cell adhesion, 
signalling, immune defence, and developmental processes [2]. 

Membrane-embedded protein structure 
Transmembrane proteins (TM) are comprised of two secondary structural 
elements: either beta-barrels or alpha-helices, which is the focus of this thesis. 
Transmembrane alpha-helical segments contain largely hydrophobic residues 
such as leucine, isoleucine, alanine, and methionine and typically extend ~20 
amino acids, approximately the width of the phospholipid bilayer. The 
aromatic residues tryptophan and tyrosine are frequently enriched at the 
membrane-aqueous interface, which serves to anchor and stabilize the 
transmembrane orientation [3]. The alpha-helical structure is also stabilized 
through specific interactions between side chains, hydrogen bonding, isolation 
of hydrophobic residues, aromatic residue stacking, as well as helix-helix 
interactions [1]. Polytopic membrane proteins, i.e. those that span the 
membrane multiple times, contain loops between the  transmembrane 
segments and positively charged residues are found at higher frequencies in 
the cytoplasmic loops, noted as the ‘positive-inside rule’ [4]. Transmembrane 
helices can be short, long, kinked, cross the membrane at oblique angles, or 
form re-entrant loops where they enter the membrane part-way and then return 
to the same side [5]. These varying forms of transmembrane structure can 
make it difficult for transmembrane prediction algorithms to correctly 
evaluate and predict transmembrane regions. Hence, for this thesis, we attempt 
to focus on transmembrane helices that completely span the membrane.  
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Transmembrane topology 
In addition to the cytosolic regions that contain more hydrophilic amino acids 
which interact with the aqueous environment, transmembrane proteins also 
contain an exoplasmic region if located in the plasma membrane or 
luminal/non-cytoplasmic region if spanning an organelle membrane. The 
terminal ends of the protein contain an N-terminal, a positively charged amine 
group (NH2) which indicates the ‘start’ of the polypeptide, and a C-terminal, 
composed of the negatively charged carboxyl group (COOH). The orientation 
of the N- and C- terminals in relation to the membrane can be determined by 
the protein assembly and the manner in which the polypeptide chain is inserted 
into the membrane [5]. The terminal ends of a transmembrane protein can be 
engaged in a variety of functions, for example an N-terminal of a receptor that 
is located in the extra-cellular environment can be involved in stabilizing the 
first transmembrane helix which subsequently can ensure correct receptor 
structure and facilitate ligand binding and signal transduction [6]. An 
intracellular C-terminal can, for instance, be involved in the assembly and 
regulation of channel subunits, as in the case of voltage-gated ion-channels, 
and further be engaged in electrical signalling [7]. The topology of a 
membrane protein includes the number of transmembrane segments as well as 
the orientation of the N- and C-terminals [5] (Figure 1). 

 
Figure 1. Example of transmembrane protein topology with three alpha-helical seg-
ments spanning the phospholipid bilayer. 

The membrane environment 
The biogenesis, folding, final three-dimensional structure, as well as targeting 
and transport of alpha-helical membrane proteins are important components 
in understanding membrane proteins. Transmembrane proteins are assembled 
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and guided into the membrane and achieve their final three-dimensional struc-
ture through the Sec61 translocon complex as well as additional ancillary pro-
teins that aid in assembling and insertion [8,9]. The ‘sequential-insertion’ 
scheme where hydrophobic segments are guided into the membrane as they 
emerge from the ribosome is one hypothesis [10], although newer studies with 
marginally hydrophobic transmembrane regions indicate that a more dynamic 
relationship driven by thermodynamically controlled interactions may influ-
ence translocon-guided transmembrane protein insertion into the membrane 
[8,10,11]. 

Membrane composition 
Transmembrane proteins are embedded in different biological membranes in-
cluding the plasma membrane as well as organelles such as the nucleus, vac-
uoles, vesicles, mitochondria, the endoplasmic reticulum (ER), and the Golgi 
apparatus. Most cell membranes are composed of glycerophospholipids, 
which are molecules made of glycerol, a phosphate group, and two fatty acid 
chains, and hence the phospholipid bilayer is hydrophobic in nature [12]. This 
impermeable barrier separates the interior and exterior environments, for ex-
ample the plasma membrane separates the cell cytosol from the extra cellular 
environment or intracellular membranes keep the lumen of an organelle seg-
regated from the cytoplasmic region. However, organelles differ both in quan-
tity and variety of lipid content, that is they contain varied distributions of 
different types of lipids [13]. Furthermore, the amount and types of transmem-
brane proteins within a membrane vary depending on different factors, for ex-
ample the cell type and subcellular location. Accordingly, while membranes 
are comprised of a combination of lipids and proteins, the membrane compo-
sition of different organelles is dependent on the distribution of the different 
types of lipids and proteins [13]. In fact, the variable distribution of lipids and 
proteins as well as the trafficking and exchange of them between membranes 
contribute to the dynamic quality of membranes. And importantly, the distri-
bution of different kinds of membrane proteins engender specific functions 
respective to the that membrane (Figure 2). 
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Figure 2. Functions associated with different organelles with emphasis on activities 
identified in the three, four, and five transmembrane protein datasets.  

Membrane and protein trafficking 
The development of organelles and formation of subcellular compartments 
has been facilitated through the evolutionary retargeting of membrane pro-
teins, where the subcellular localization of a protein is altered to shared or 
different locations in the course of evolution [14]. Indeed, the development of 
organelles and protein sorting mechanisms most likely co-evolved [15]. Pro-
teins are found to localize to multiple locations, with the Human Protein Atlas 
concluding that more than half of the genes in their database encode multilo-
calizing proteins [16,17]. Protein targeting and trafficking can be separated 
into two primary groups: direct co-translational transport across or into a 
membrane (as described above) or post-translational transport of premade pro-
teins, where in the latter proteins are either guided by escorting proteins to the 
organellar surface and are subsequently integrated or translocated across a 
membrane, or the proteins are moved through vesicle-mediated transport 
[15,18]. The ability of proteins to switch locations confers several advantages, 
including quick cellular responses upon a changing environment. Further-
more, multilocalizing proteins can also engage in multifunctional activities 
that may correlate with different locations [16].  

Protein localization 
In order for the important functional tasks of membrane proteins to be carried 
out, they need to be directed or transported to their appropriate destinations. 
Targeting signals, also called signal peptides or targeting peptides, can help 



 15

direct proteins and enable cellular transport machinery to correctly deliver the 
protein. One type of protein targeting system uses the signal peptide, which 
can be found at the N-terminal region and is composed of hydrophobic amino 
acids, to direct proteins for insertion into the endoplasmic reticulum (ER) or 
embedding into the ER membrane [19]. Another common signalling method 
lies within the structure of the protein itself, often the first transmembrane 
domain or other intra-membrane components, and sometimes includes 
additional residues in the N- or C-terminal [20,21]. Different determinants 
within transmembrane domains such as the exact length and amino acid 
composition have been found to be strongly correlated with the intracellular 
localization of the protein. For example, the transmembrane region of proteins 
that localize predominantly to the ER were found to be shorter than those of 
plasma membrane proteins, which were found to have an asymmetric 
distribution of residues along the alpha-helix [20]. Furthermore, post-
translational modifications such as glycosylation and acetylation can also 
affect subcellular targeting as well as topological orientations of the terminals 
[22,23]. 

Evolution of membrane proteins 
Investigating the patterns of conservation, expansion, and reduction of 
membrane protein families throughout metazoans can help elucidate 
mechanisms which have contributed to developing organismal complexity. 
Moreover, comparisons of membrane proteomes can provide insight into how 
different biological systems evolved and how environment and life style can 
influence the evolution of species. The proteins that are conserved throughout 
lineages can indicate their functional importance and help in identifying the 
minimum protein set needed by organisms. The expansion of protein families 
through the creation of new genes is predominantly achieved through the 
duplication of present genes followed by divergence of the paralogs [24,25]. 
This may result in neo- or sub-functionalization, which can facilitate further 
adaptive qualities or specialized functions, although it often leads to forming 
non-functional pseudo-genes [26]. Genome reduction has been observed in 
lineages adapted to specialized environments, where population sizes, 
mutation rates and recombination rates, amongst other factors, appear to affect  
genetic reductions [27,28]. Studying the patterns of gene addition or reduction 
in species can give insights in how novel adaptations developed and evolved. 

Comparison of metazoan genomes 
Comparisons of important membrane protein families in metazoan species has 
previously revealed that many crucial families are unique to metazoans, 
although a substantial portion also has a pre-metazoan origin. For example, 
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tyrosine kinases  originated pre-opisthokont and show multiple radiations in 
pre-metazoans, although cytoplasmic and receptor tyrosine kinases (RTK) 
show a difference in divergence patterns with RTKs significantly expanding 
in metazoan lineages [29,30]. G protein-coupled receptors (GPCRs), the 
largest human receptor superfamily with 800+ members, show a minimal 
number of representatives in unicellular holozoans [31,32] although it has 
dramatically expanded in specific metazoan lineages, as we show in paper I. 
Extensive comparisons of membrane proteomes across species to include pre-
metazoan lineages gives insight into the origins of multicellularity and cell 
differentiation, which are poorly understood [33]. 

Involvement in disease pathology 
Given the pivotal functional roles that membrane proteins are engaged in, they 
are often involved in disease pathology and subsequently common targets for 
pharmaceutical agents. Indeed, it has been estimated that 60% of drug targets 
are located at the cell surface [34], and GPCRs alone compose ~35% of all 
drugs approved by the FDA [35]. Transmembrane proteins such as receptors 
and ion channels have always been primary drug targets, however with 
increased understanding of disease pathways as well as with continued 
advancements in biopharmaceutical engineering, other classes of polytopic 
proteins are being explored. For example, tetraspanins in general, and CD37 
in particular, have been explored as therapeutic targets in haematological 
malignancies [36]. Furthermore, studies are being developed involving 
receptor mediated transcytosis (RMT) where the membrane bound transferrin 
receptor or insulin receptor is used to transport drugs into previously 
inaccessible areas, for example across the blood brain barrier [37]. New 
bioengineering developments include therapeutic agents such as antibodies, 
nanobody-photosensitizer conjugates [38] and antibody-drug conjugates to 
target membrane proteins for treatment of cancers [39]. Hence, polytopic 
membrane proteins are expected to be of increasing interest as therapeutic 
antibody targets [40].  

Association between structure and function 
Of the ~20,000 protein-coding genes in the human genome, approximately 25-
30% (~5500) are predicted to be alpha-helical transmembrane proteins 
[17,41]. Membrane-spanning proteins function in many crucial cell activities 
where they catalyse interactions, engage in numerous signalling pathways, 
facilitate the transport of molecules throughout the cell, and regulate many 
processes at specific times and locations, amongst other activities. For 
example, GPCRs function as receptors to extracellular stimuli that bind at 
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specific active sites and then signals are transduced along distinct pathways.  
Regulation of activities and coordination of actions are particularly important 
in transmembrane proteins, for instance through ubiquitination the timing and 
specificity of downregulating proteins can be controlled, which affects 
activities such as cell fate specification and neurotransmission [42].   

Studies point towards a strong correlation between membrane structure and 
function, as noted by Sällman Almén and colleagues in their detailed 
classification of the human membrane proteome that analysed groups of 
transmembrane proteins based on their number of membrane-spanning 
regions [43]. They identified that some membrane topologies are more 
common with certain functional classes, i.e. receptors, transporters and 
enzymes. Proteins that function as receptors often contain one or seven TM 
helices while proteins that have a high number of TMs can be an indicator of 
transport activity, such as the solute carrier families that have 10 – 14 TM 
regions [44]. Approximately 60% of membrane bound enzymes and nearly 
30% of non-GPCR receptors are single transmembrane proteins [41].  

Our previous investigation of the membrane proteome suggested that there 
were several categories of proteins that contained the same gross structure, in 
particular proteins with fewer numbers of transmembrane regions, that have 
not been functionally characterized or analysed. In addition, these groups 
contain many proteins that have unknown functions. Hence the impetus for 
this thesis was to identify and functionally characterize proteins that contain 
three-, four-, and five-transmembrane regions and analyse these datasets along 
with cellular localizations, tissue enrichment patterns, protein-protein 
interactions, and involvement in disease to produce comprehensive analyses 
about these proteins. Further, we wanted to examine membrane proteins in an 
evolutionary context to investigate the innovations, expansions, and 
reductions of functional protein groups.   
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Aims 

The aim of this thesis was to analyse the evolution of the membrane proteome 
and characterize membrane proteins. Further, we wanted to investigate 
previously unstudied groups of transmembrane proteins that contain similar 
tertiary structures and characterize the predominant functional activities, 
associations with disease, and identify possible pharmaceutical targets. The 
specific aims for each paper are listed below. 
 
Paper I 
The aim for paper I was to investigate what transmembrane proteins were 
present at the origin of metazoans and give a comparative analysis of the evo-
lution of membrane proteomes in holozoans. 
 
Paper II 
The focus of Paper II was to investigate the previously unstudied group of 
proteins that contain three alpha-helical transmembrane regions (3TM or 
trispanin) The aim was to classify the dataset and then hypothesize on the 
functions of uncharacterized trispanins that are potentially involved in 
important pathways or are associated with disease 
 
Paper III 
The aim for Paper III was to investigate proteins that contain four 
transmembrane regions (4TM) and provide qualitative functional 
classifications of this relatively large group of proteins. We wanted to research 
the role of the topological orientation of the N- and C-terminals with the 
primary functional activities of 4TMs. 
 
Paper IV 
In paper IV, the aim was to characterize proteins that contain five alpha-helical 
transmembrane (5TM) regions and investigate with greater detail the tweety, 
sidoreflexin, and YIP1 domain families. Studying the role of 5TMs in disease 
was also a focus of this project.   
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Materials and Methods 

The analyses in the four papers followed similar methodology involving 
retrieval of proteomes, data processing, in silico transmembrane predication 
followed by manual curation and classification of human transmembrane 
sequences (Figure 3). Paper I had additional steps including pairwise sequence 
alignments using BLASTp and clustering proteins by homology and 
functional descriptions.  

 
Figure 3. Overview of methods and analyses used in the four papers. The processing 
of the sequences and creation of the datasets are in blue while the analyses performed 
are in orange. 

Proteome retrieval 
The most current assemblies of the human reference genome GRCh38 were 
downloaded from the National Center for Biotechnology Information (NCBI). 
The GenCode gene annotations, which were used for paper I, initially includes 
more transcripts as it contains pseudogenes, long non-coding RNAs and small 
non-coding RNAs which can be useful in projects investigating different gene 
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features. The Consensus Coding Sequence (CCDS) annotations, which were 
used in papers II, III and IV, have more extensive manual curation and is more 
conservative, leading to high quality, very stable protein-coding annotations. 
In the evolutionary analysis study, other species proteomes were obtained with 
consideration to the best available resources, including the Genome Reference 
Consortium as well as other collaborations with high quality assemblies and 
gene prediction pipelines. In papers I and III, the sequences were assessed and 
if a gene produced multiple protein isoforms, the longest sequence for each 
gene was used. In papers II and IV the canonical sequence as identified in 
UniProt was retained, which is determined as the most prevalent isoform, the 
most similar to orthologous sequences, the composition of the residues in the 
sequence, or typically the longest sequence. 

Alpha-helical transmembrane region prediction 
Computational membrane prediction methods are often used in studies 
involving membrane proteins due to the difficulty in obtaining experimentally 
determined transmembrane protein structures. As alpha-helices are 
hydrophobic in nature, there can be issues in attempting to unfold and then 
refold them in vivo. Additionally, extracting membrane-embedded proteins 
often requires a high concentration of detergent which can denature the 
proteins or impede crystallization, and furthermore membrane proteins are 
generally present in low concentrations in the cell so they must be over-
expressed to obtain enough to work with [45]. The Protein Data Bank (PDB) 
[46] is the repository for experimentally determined proteins structures, 
totalling 161,273 structures in the database as of March, 2020; however, the 
number of alpha-helical transmembrane proteins totals between only 1896 
according to the Orientations of Proteins in Membranes (OPM) database [47] 
and 4387 in the Protein Data Bank of Transmembrane Proteins (PDBTM) 
[48]. 

Before using alpha-helical transmembrane prediction methods, the 
sequences need to be assessed for signal peptides because prediction methods 
can have difficulty differentiating between N-terminal signal peptides and 
transmembrane segments. SignalP v4.1 [49] was used with default settings in 
papers I, II, and III, while SignalP v5 [50], which was released in early 2019, 
was used in papers II and IV. 

There are many different algorithms that have been developed to predict 
the number of transmembrane helices and the orientation of the N- and C- 
terminals of the protein in the membrane. Two general approaches are used: 
one uses sequence statistics that are based on the topologies of known 
transmembrane proteins while the other uses the position-specific amino acid 
contributions to the free-energy of the membrane insertion of the protein, also 
called the sequential-insertion scheme, to predict membrane topology. 
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Prediction methods use machine learning techniques with different algorithms 
including hidden Markov models (HMM), neural networks, and support 
vector machines. As each method uses a different algorithm, there can be 
considerable discrepancy in the number of alpha-helices predicted between 
the methods and hence using a consensus method that consists of several 
underlying predictors has been suggested [51]. The consensus prediction 
method TOPCONS-single, which is appropriate to use for whole full 
proteome scans, was used in all four studies to discern alpha-helical 
transmembrane regions [52]. The default parameters for TOPCONS-single 
uses four different prediction methods: S-TMHMM [53], HMMTOP [54], 
MEMSAT [55], and SCAMPI-single [56]. An additional step was added in 
papers II and IV in which sequences were re-evaluated with TOPCONS2 [57], 
which is a more recent iteration of the TOPCONS series and can more 
successfully predict transmembrane regions due to the integration of 
information from scans of homology-based resources such as Pfam [58] and 
the Conserved Domain Database (CDD) [59]. 

Characterization of the dataset 
Primary classification of proteins 
The primary functional classification categories of proteins in each of the 
papers were transporters, enzymes, receptors, and other varied activities. The 
UniProt resource was used to obtain annotations including gene symbols, 
sequence status, functional descriptions, protein family information, and also 
cross-references resources to obtain the Transporter Classification Database 
(TCDB) number, Enzyme Commission (EC) number, and Gene Ontology 
(GO) terms [60]. The TCDB system incorporates both functional and 
phylogenetic information into an International Union of Biochemistry and 
Molecular Biology (IUBMB) approved classification system for membrane 
proteins [61]. The EC nomenclature scheme, which also has IUBMB 
approval, is based on the chemical reactions the enzymes catalyse.  The 
International Union of Basic and Clinical Pharmacology (IUPHAR)/British 
Pharmacological Society (BPS) Guide to Pharmacology [62], which is a 
curated resource of ligand-target relationships, was used to determine 
receptors. Proteins that were not classified in one of these three groups were 
manually categorized using similar Pfam families, functional descriptions, 
and GO terms. 

Gene-disease associations 
Several different resources were used in each of the papers to identify proteins 
and genes that are associated with diseases. The Online Mendelian Inheritance 
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in Man (OMIM) database [63], which contains a catalogue of genetic traits 
and disorders with all known Mendelian disorders, was cross-referenced 
through UniProt and annotations for the proteins in the 4TM dataset were 
identified. The Jensen Diseases database was used with the 3TM and 4TM 
studies, which incorporates disease-gene associations from automatic text 
mining, literature, cancer mutation data, and genome-wide association studies 
with evidence confidence scores for each association [64]. The DisGeNET 
gene encyclopaedia [65], which integrates data from expert curated resources 
to produce homogeneously annotated ontologies of genotype-phenotype rela-
tionships, was used in both the 3TM and 5TM analyses. DisGeNET uses evi-
dence metrics to identify relevant associations. The Pathology Atlas [66], 
which contains protein expression data from different types of human tu-
mours, was used to identify candidate prognostic genes that are associated 
with the clinical outcome of different tumour types in the 5TM study. 

Potential drug targets 
Two sources were used in the 3TM, 4TM, and 5TM studies to identify 
possible transmembrane proteins that are targeted by pharmaceutical agents. 
The DrugBank database was cross-referenced through UniProt and contains 
information on proteins that are targeted drugs that have been approved by the 
US Food and Drug Administration (FDA) as well as investigative agents in 
clinical trials [67]. Additionally, drug-target information was obtained 
through the manually curated and updated dataset on clinically established as 
well as novel drug targets from Rask-Andersen and colleagues [68,69]. 

Enrichment analyses 
Gene overrepresentation 
More nuanced insights into the predominant functional activities and regions 
in the cell where proteins were localized were achieved through enrichment 
analyses. The PANTHER Classification System, which uses GO annotations 
to identify functional descriptions and classifications of gene products, was 
used with the Statistical Overrepresentation Test in the 3TM and 5TM studies 
to analyse if or how the functional activities of these proteins were 
overrepresented in these datasets in comparison to the entire human membrane 
proteome [70]. In the Statistical Overrepresentation Test, the parameters 
Fischer’s Exact test was chosen as it assumes a hypergeometric distribution 
that is more accurate for smaller gene lists and the Benjamini-Hochberg False 
Discovery Rate (FDR) correction (p<0.05) was used to control the false 
positive rate in the statistical test results [70]. The FDR adjusted p-value 
results in fewer false positives as it implies that 5% of the significant results 
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will be false positives. The annotation sets used in the tests included GO 
molecular functions and biological processes, which aided in determining 
group functional activities, and also cellular components, which used GO 
terms to identify cell locales the proteins were found to be overrepresented in 
comparison to all human transmembrane proteins.  The reference list for the 
homo sapiens membrane proteome was obtained from [71]. 

Tissue enrichment 
The recently released resource TissueEnrich: Tool for tissue-specific gene 
enrichment in human and mouse was utilized to analyse tissue-specific gene 
enrichment in the 3TM and 5TM datasets in comparison to the human 
membrane proteome. TissueEnrich uses RNA-Seq data to describe tissue-
specific genes [72]. The Human Protein Atlas dataset, which consists of RNA-
Seq data from 35 human tissues, was the dataset chosen in the studies. 
TissueEnrich uses the hypergeometric test to calculate the enrichment of 
tissue-specific genes in the 3TM and 5TM dataset and the Benjamini-
Hochberg correction to correct for multiple hypothesis [72]. 

Creating functional clusters  
In paper I, a two-step classification process was implemented to identify 
groups of proteins with similar functional activities in the 24 eukaryotic 
proteomes (Figure 4). The first level of clustering was based on sequence 
similarities using the BLAST+ package where all-versus-all pairwise 
alignments of all transmembrane sequences from the eukaryotic proteomes 
were generated. A homology network was constructed from the BLAST 
results, which were processed as an undirected network with the edges 
weighted by the BLAST e-values using the Markov Clustering (MCL) 
algorithm.  

The MCL algorithm establishes clusters by a mathematical bootstrapping 
procedure and is based on simulation of stochastic flow in graphs [73]. The 
MCL algorithm uses Markov matrices and iteratively performs two operations 
called expansion and inflation. The expansion step corresponds to computing 
random walks of higher length, where it associates new probabilities with all 
pairs of nodes. And since higher length paths are more common within 
clusters than between different clusters, intra-cluster node pairs will generally 
have higher probabilities as there are many ways of going from one node to 
the other [73]. The inflation step changes the probabilities associated with the 
collection of random walks departing from one particular node through 
favouring more probable walks over less probable ones and hence boosting 
the probabilities of the intra-cluster walks. The expansion and inflation steps 
are iterated until there is no longer any significant changes and the algorithm 
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converges, resulting in the final set of clusters. This algorithm is hailed as one 
of the more successful approaches to clustering proteins based on sequence 
similarities [74].  

The second level of clustering grouped the first level BLAST clusters based 
on annotations from the Pfam families or other functional activity 
descriptions. The membrane proteins of all twenty-four species in this dataset 
were evaluated against the Pfam database using a local instalment and the 
associated Pfam families for each protein were obtained. In the second MCL 
clustering, two clusters that contained proteins of the same Pfam family were 
connected in the network with an edge weighted by the fraction of proteins 
that contained that Pfam family.  

The first level BLAST clusters were classified according to the 
characterization of the human membrane proteome (described previously) and 
a consensus first level description was built for each cluster. The second level 
clusters were then manually assessed to control for conflicting classifications 
between the first level descriptions and Pfam annotations to reach an 
appropriate annotation for each second level cluster. There did exist some 
clusters that were annotated as ambiguous as consensus classification failed. 

 
Figure 4. Pipeline for preparing functional clusters. The human membrane proteins 
were annotated with functional descriptions and all pre-processed sequences from the 
24 eukaryotic membrane proteomes were annotated with Pfam descriptions. Two-step 
Markov clustering was performed on first the BLAST results and then on those 
clusters using Pfam annotation. The first and second level clusters were manually 
annotated for consistency and function using Pfam and functional descriptions. 
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Phylogenetic analysis 
Phylogenetic reconstruction was used in paper IV to evaluate the evolutionary 
relationships of the genes in the sidoreflexin family. The first step was to 
create a multiple sequence alignment (MSA) in which the variation of residues 
at each position of the alignment could be determined. The MSA was created 
in MAFFT using the E-INS-i iterative refinement method, which aligns 
sequences that have several conserved regions embedded with unalignable 
regions [75]. The MSA was then manually curated in Jalview [76]. Two 
different methods were used for phylogenetic tree reconstruction to ensure 
reliability over the tree topology: Bayesian inference was used to estimate the 
posterior probabilities of the trees and Maximum Likelihood (ML) to verify 
the topology with bootstrap analysis. Both Bayesian inference and ML 
methods are character-based approaches that simultaneously compare all 
sequences in the alignment and consider one site in the alignment (or 
character) at a time to compute the tree score [77]. The ML method uses 
complex substitution models and has many adjustable parameters to estimate 
the most credible tree, however it involves heavy computation time. Bayesian 
analysis also has realistic substitution models and the parameters are 
considered random variables with statistical distributions, whereas in ML they 
are unknown fixed constants. Before Bayesian analysis, the parameters are 
assigned a prior distribution which is then combined with the data to produce 
the posterior distribution [77]. The sidoreflexin phylogenetic tree was 
constructed using MrBayes version 3.2.7a [78] to generate tree support using 
posterior probabilities and RAxML version 8.2.12 to cross verify with 
bootstrap analysis [79].  
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Results 

Paper I: Evolution of the membrane proteome 
Twenty-four eukaryotic proteomes were investigated that originally included 
nearly 500,000 sequences, with 123,014 transmembrane sequences predicted. 
More than 85% – 105,757 membrane proteins – were functionally 
characterized into 2181 groups after first and second level clustering (Figure 
5). The characterized proteins were classified into several main categories: 
receptors consist of the largest proportion of proteins (24%) in comparison 
with the other main functional classes including enzymes (17%) and 
transporters (21%). In all five vertebrate species the receptor class contained 
the most number of proteins within these three categories, ranging from 20% 
to 36%. In 60% of the invertebrate species, transporters were the largest 
functional class of these three, ranging from 16% to 21% of their classified 
proteins. In most of the investigated species, however, the group of proteins 
that have varied functional activities contained the most number of proteins, 
and comprised 33% of the characterized proteins. Furthermore, 3% of the 
characterized proteins contained a conserved, but unknown, Pfam domain.  

To determine the functional clusters that were present at the origin of 
metazoan evolution from the last holozoan common ancestor (LHCA), 
clusters were evaluated in which at least one protein was identified in either 
unicellular holozoan outgroup and also present in metazoan species. We 
identified 604 conserved functional clusters, which across all species totalled 
90,906 proteins. The possible LHCA membrane proteome was created by 
averaging together the number of proteins (rounding up) of the two unicellular 
eukaryotic outgroups M. brevicollis and C. owczarzaki in each of the 604 
clusters, which totalled 2283 proteins. Presumably, these are the possible 
proteins that comprise the functional core of the LHCA, although the proposed 
proteome does not include proteins that have been lost from LHCA and hence 
we identified proteins that are likely to be present buy may not cover all of 
them. 
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Figure 5. Overview of the number of sequences involved in this analysis.  

In comparison to the proposed membrane proteome of the LHCA, metazoan 
proteome sizes have increased – nearly doubling in size and even tripling in 
several species, with the exception of the simplified orthonectid I. linei. While 
many essential protein families were present before metazoan expansion and 
innovation, there are major differences in how the enzyme, transporter, and 
receptors classes evolved throughout metazoan species. The enzymes in the 
membrane proteome of the LHCA was the largest classified group with 517 
proteins (23%) divided into 36 functional clusters, while in metazoan species 
enzymes exhibit distinct increases in both vertebrates and lophotrochozoans.  
The transporter class in the LHCA included 370 proteins (16%) in 95 clusters, 
and has many pronounced expansions in the lophotrochozoans species as well 
as S. purpuratus, while in vertebrates this group does not appear to increase 
as significantly. The receptor class in the LHCA membrane proteome is the 
smallest with 309 proteins (14%) divided among 31 clusters, while many of 
the receptor families in metazoan lineages have doubled or expanded more 
than eight times in comparison.  

Paper II: Trispanins 
The 152 proteins identified with three transmembrane regions included 35 
proteins with an EC identifier and classified as enzymes; 26 proteins with a 
TCDB number and labelled transporters; 21 receptors including the 18 
members of the ionotropic glutamate receptor family; 43 proteins with varied 
functional activities; and 27 trispanins that are uncharacterized (Table 1). The 
orientation of the N- and C-terminals in relation to the membrane can indicate 
functional activities. However, the relationships between membrane topology 
and functional activities were difficult to assess with trispanins as 72 had the 
N-terminal oriented in the cytoplasmic region while 80 proteins had the N-
terminal in the non-cytoplasmic region. 
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Table 1. Summary of functional classes identified in the trispanins dataset. 

Functional classes Total Topology 
In      Out 

Disease 
associations 

Drug 
targets 

Enzymes 35 18 17 9 5 

Transporters 26 11 15 8 1 

Receptors 21 1 20 14 18 

Varied functional activities 43 25 18 10 2 

Uncharacterized 27 17 10 - - 

 

Trispanins function in several essential cell processes (Table 2). More than 
20% of trispanins engage in forming membrane complexes that localize pri-
marily to the plasma membrane, mitochondria, and the endomembrane system 
including the endoplasmic reticulum (ER) and Golgi apparatus. Trispanins are 
members of translocase complexes, the mitochondrial respiratory complex II, 
the mitochondrial respiratory electron transport chain, and ER-associated deg-
radation pathways. Transport and trafficking are also major functional activi-
ties with 40% of the proteins in the dataset engaged in transport with 20% 
involved in intracellular transport and protein targeting as well as membrane 
and vesicle trafficking. Nearly 20% of trispanins are involved in lipid biogen-
esis and metabolic processes while ~16% are engaged in catabolic processes 
that result in the breakdown of substances. The 18 members of the ionotropic 
glutamate receptor family are characterized as trispanins and are described 
with many different annotations, including signal transduction activity, cell 
communication, regulation of membrane potential, and neurotransmitter re-
ceptors. 

Using our bioinformatic protocols, we were able to analyse the 27 proteins 
in the dataset that are uncharacterized and identify those proteins that are 
potentially involved in significant activities or disease pathways. Many were 
identified that localize to the ER and mitochondria and several were predicted 
to interact with proteins engaged in functional activities already common in 
trispanins such as protein targeting, lipid metabolic processes, the ER-
associated degradation process and transport, amongst others. 

Nearly one-third of trispanins have disease-gene associations or are 
targeted by an agent approved by the US Federal Drug Administration (FDA) 
or an investigative drug in clinical trials. Disease-gene associations with 
neurological disorders are prevalent, including neurodegenerative diseases, 
intellectual disabilities, addiction disorders as well as other diseases such as 
diabetes, cancer, and viral infections.  
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Table 2. Trispanins are engaged in varied types of functional activities and 
multilocalize to different organelles in the cell. The activities in green involve 
different classes of proteins, although primarily those labelled with varied functional 
activities. The transport and trafficking activities in orange are chiefly transporters; 
the enzymatic functions in blue are principally enzymes; while descriptions in maroon 
include receptors as well as other classes of membrane proteins. 
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Membrane protein complex 34 20 21 5 7 10 2 

Cell junction 27 12 26 5 1 12 2 

Structural molecule 7 0 6 1 0 2 2 

ER-associated degradation 9 8 1 3 3 5 0 

Transport 61 32 37 13 8 24 11 

Intracellular transport 18 12 7 7 5 7 5 

Vesicle mediated transport 19 10 13 9 1 12 4 

Protein transport 21 12 3 5 6 6 4 

Membrane trafficking 9 8 4 6 1 4 2 

Lipid metabolic processes 31 25 12 5 3 3 3 

Catabolic processes 24 17 9 3 4 7 2 

Heme binding 9 6 2 0 3 0 0 

Cell communication 35 20 26 7 4 15 5 

Signalling receptor activity 26 15 20 3 0 9 3 

Regulation of membrane potential 24 11 24 3 0 9 2 

Neurotransmitter receptor complex 20 11 20 3 0 9 1 

Synaptic adhesion molecule 8 6 8 1 0 5 0 

Paper III: 4TMs 
The 373 transmembrane proteins identified as containing four alpha-helical 
membrane regions were classified into five main categories (Table 3). The 
enzyme category contains 45 proteins, with predominantly transferases (25 
proteins) and oxidoreductases (12 proteins). The 66 transporters are primarily 
alpha-type channels which include 26 proteins and auxiliary transport 
proteins with 18 proteins identified. The 46 neurotransmitter gated ion 
channel (NGIC) family of proteins engage in both receptor and transporter 
activities and are thus classified as a dual function group. One other 4TM is 
identified as dual function as it has both enzymatic and transport identifiers 
and activities. Only two receptors are classified in the dataset. Proteins that 
have varied functional activities (also called miscellaneous) contain 213 
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proteins that are subsequently classified into subgroups including receptor-
like activity, cell adhesion, and gap junctions, amongst others. The proteins 
with varied functional activities also contain 32 uncharacterized proteins, with 
24 having various conserved Pfam domains. 

Table 3. Summary of functional classes identified in the 4TM dataset. 

Functional classes Totals Topology 
In     Out 

Disease 
associations Cancer Drug 

targets 
Enzymes 45 40 5 26 8 1 

Transporters 66 65 1 41 17 2 

Dual function proteins 47 1 46 41 8 35 

Receptors 2 2 - 2 - 1 

Varied functional activities 181 177 4 99 39 2 

Uncharacterized proteins 32 31 1 5 - - 

 

Nearly 65% (237 proteins) of the 4TMs are found within eight major Pfam 
domain families or clans (Figure 6). Pfam clans consist of homologous domain 
families while domain families are formed through the collection of proteins 
with the same conserved Pfam domain, for example the NGIC family does not 
belong to any clan and does not have any homologous sister families. The 
largest clan is the transport superfamily clan with 78 proteins from six differ-
ent conserved families, including claudin and connexin domains, that function 
in cell adhesion, transporter activity, regulation, and cell communication via 
gap junctions. The tetraspanin-like clan contains 53 proteins from two differ-
ent families that function in protein scaffolding as well as cell regulation and 
differentiation activities. The NGIC family contains 46 members while the 
marvel-like clan includes 24 proteins. The zinc-beta ribbon clan is comprised 
of 18 enzymes that act as transferases while the reticulon family has seven 
proteins involved in transport and apoptotic pathways, although one member 
is completely uncharacterized. The last families include the six member L6-
membrane family that act in transport and regulation, although three members 
are uncharacterized, and the Got/Sft2-like family with five members that func-
tion in vesicle mediated transport. 
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Figure 6. Functional classification of major clans and families in the 4TM dataset. 

Almost 60% (215 genes) in the 4TM dataset are associated with disease con-
ditions with 72 recognized in different types of cancers. Cancers such as lung, 
colon, breast, and liver were the most common types identified in the dataset. 
Many proteins were associated with more than one type of disease. Neurolog-
ical disorders were common, with genes associated with schizophrenia, au-
tism, Alzheimer’s disease, and epilepsy as well as nicotine and alcohol de-
pendence. 

Paper IV: 5TMs 
The 5TMs are composed of a smaller group of proteins consisting of 58 
members. The dataset contains 17 enzymes with an EC number and 
transferases and hydrolases are the most common enzymatic activities with 
seven proteins in each class (Table 4). The transporters consist of 16 proteins 
including five electrochemical potential-driven transporters as well as seven 
proteins that are identified in incompletely characterized transport systems. 
Two proteins contain both EC and TCDB identifiers; however, both of them 
are labelled as enzymes to prevent redundancies. Additionally, one transporter 
has also been identified as having receptor functions, although its primary 
function appears to be involved in cholesterol transport. Proteins that have 
varied functional activities include 25 proteins.  
 
Table 4. Summary of functional classes identified in the 5TM dataset. 

Functional classes Totals Topology 
In       Out 

Disease 
associations 

Prognostic 
markers 

Enzymes 17 6 11 2 10 

Transporters 16 11 5 3 11 

Varied functional activities 25 13 12 2 14 
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More than half of the dataset belongs to twelve families (Table 5), with ten 
complete families that do not have any other homologous human proteins 
identified, while the other two families have homologues identified but with a 
different number of TM segments predicted. 

Table 5. The twelve families that contain the 5TM architecture in the dataset. The 
green colour indicates families classified as engaged in varied functional activities, 
the orange colour signifies families involved in transport activities with at least 
member having an TCDB number, and the blue hue indicates families acting in en-
zymatic activities where at least one member contains an EC identifier. 

Protein family Functional activity Localization 

Dual oxidase maturation 
factor family (2) 

Transport of DUOX1/2 
from ER to PM 

ER, PM 

Prominin family (2) Cholesterol binding 
PM, Vesicle,  
Nucleoplasm 

OXA1/ALB3/YidC family 
(2) 

Insertases: translocation of 
COX2 and integral mem-

brane proteins 
Mitochondria IM 

TspO/BZRP family (2) 
Transmembrane signalling 
Mitochondrial respiration 

Cholesterol transport 

ER,  
Vesicle, Vacuole 
Mitochondria OM 

Tweety family (3) 
Swelling-dependent vol-

ume-regulated anion chan-
nel in astrocytes 

PM 

Sidoreflexin family (5) Amino acid transport Mitochondria IM 

YIF1/YIP1 family (9) 
COPII-coated ER to Golgi 
transport vesicle-mediated 

transport 

Golgi apparatus, 
ER 

AB hydrolase superfamily 
(2)  

Hydrolase activity PM 

Emopamil-binding protein 
family (2) 

Cholesterol biosynthesis 
Lipoprotein internalization 

ER, PM, 
Vesicle, Vacuole 

Dual specificity  
phosphatase  

catalytic domain (2) 
Phosphatase activity 

Golgi apparatus, 
ER 

Metallophosphoesterase 
domain (2) 

Hydrolase activity 
Nucleoplasm, 
Mitochondria 

TLC domain (2) 
Possibly involved in lipid 
trafficking, metabolism, or 

sensing 
ER, Nucleus 

 

Three major families that contain more than two members and comprise 
nearly 30% of the dataset were identified: the tweety family, the sidoreflexin 
family, and the YIP1 domain family (YIPF). The tweety family contains three 
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members that localize to the plasma membrane and are subunits of the swell-
ing-dependent volume-regulated anion channel in astrocytes. The sidoreflexin 
family includes five members that localize specifically to the inner or outer 
mitochondrial membrane and function in amino acid transport. Our phyloge-
netic analysis of the sidoreflexin family includes members of holomycota 
(fungi) as well as previously not yet investigated species of archaeplastida, 
which appear to resolve between the SFXN1/SFXN3/SFXN2 and 
SFXN5/SFXN4 clades with the fungi species forming more distant phyloge-
netic groups. The YIPF family includes nine proteins that localize to the Golgi 
apparatus and ER and function in COPII-coated ER to Golgi transport. 

Approximately 60% of 5TMs are identified as cancer prognostic markers 
that are associated the clinical outcome of different tumour types. Renal, 
gynaecological, and liver cancers were the most common types of cancers 
associated with 5TMs. 
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Discussion and Conclusions 

Evolution of the membrane proteome 
In our extensive comparative analysis of the evolution of twenty-four 
eukaryotic membrane proteomes, 86% of the dataset – more than 105,000 
proteins – are functionally characterized. We identify 604 conserved 
functional clusters which contain 90,906 conserved membrane proteins that 
are found across all investigated species. Thus nearly 75% of the predicted 
membrane proteins are described in functional clusters that extend from the 
LHCA, indicating that a substantial proportion of the diversity within the 
eukaryotic membrane proteome was already present at the origin of 
holozoans. 

Distinct innovations, expansions as well as losses are found in membrane 
protein families that correlate with the development of specific biological 
systems. Proteins involved in neuronal and brain development are present in 
unicellular holozoans and undergo expansions as well as lineage-specific 
losses in the studied metazoan lineages. Enzymes that are involved in neuronal 
development and synaptic plasticity show increases in many metazoans and 
more than doubles in most vertebrate species. Voltage-gated ion channels, 
which are involved many activities in the nervous system, show both 
expansions and losses in different lineages. These developments are consistent 
with the fact that the nervous system was present early in animal evolution 
and has developed in complexity through the expansion and reduction of 
neuronal proteins. 

Protein expansions throughout metazoans are also associated with 
developing biological systems. Proteins involved with cell adhesion, which 
facilitates movement, multicellularity, protein-protein interactions, 
communication, and signalling were shown to have increased in metazoans. 
In particular, components of intra- and extra-cellular communication are noted 
to be critical in the development of complex systems, and expansions in 
signalling pathways are seen in vertebrates. Protein families involved in innate 
immunity are found throughout metazoans but with distinct lineage-specific 
expansions particularly in invertebrates, such as in lophotrochozoans and 
echinoderms. Unique expansions of adaptive immune response components 
that are involved in crucial immunological roles are shown in vertebrates. This 
is consistent with other studies that suggest expansion of immune system 
components occurred in vertebrates and that the adaptive immune systems 
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emerged at the origin of vertebrates in conjunction with coevolution of innate 
defences [80].    

This study highlights the patterns of protein family expansions, losses, and 
conservations across lineages. The potential effects of the environment and 
lifestyle of a species can be seen in the development of certain protein 
families, but also in reductions in the size of a species’ genome and 
subsequently the subset of membrane proteins. The reasons behind gene loss 
are not fully understood, although a study on insects determined that gene loss 
correlates with the species rates of molecular evolution and radiation times, 
indicating the gene loss was due to higher evolutionary rate [81]. Another 
study surmised that in environments where the function of the gene is not 
necessarily needed, the gene is expendable and subsequently lost [82]. 

In conclusion, this analysis identifies the functional protein clusters that 
were present at the origin of metazoan evolution and defines the possible 
membrane proteome of the LHCA. The development of proteins involved in 
complex biological pathways such as the nervous system, immune response, 
cell communication, and multicellularity were facilitated through the 
expansion of protein families. Further, environmental challenges and species 
lifestyle contribute to shaping the patterns of gene expansions and reductions. 

Trispanins functioning in transport mechanisms 
The 152 trispanins include many evolutionarily conserved proteins that are 
primarily involved in membrane synthesis and lipid genesis, protein 
trafficking, catabolic processes, and in particular signal transduction as a result 
of the large ionotropic glutamate receptor family. Their functional activities 
are supported by where the majority of them are found: they are predominantly 
localized to intracellular organelles such as the endomembrane system 
including the ER and mitochondria, where they are over-represented in 
comparison to the human membrane proteome. More specifically, nearly 45% 
are localized to the ER and almost 15% localize to the Golgi apparatus, which 
are major sites of membrane lipid biosynthesis and also centres for directing 
protein trafficking. 

Although ~15% of the identified trispanins are uncharacterized, we were 
able to reasonably speculate on the activities of these proteins using 
bioinformatic analyses and literature research. Surprisingly, several of these 
uncharacterized proteins interact with other trispanins in the dataset and some 
are even members of important membrane complexes. Our analysis shows 
many are localized to specific subcellular locations, including the ER and 
mitochondria. Moreover, many were expressed in specific tissues, including 
the cerebral cortex, testis, and spleen.  
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4TMs comprised of evolutionarily conserved groups 
The characterization of the 373 4TM proteins represents 7% of the human 
membrane proteome. In total, proteins that function as transporters or engage 
in transport activities comprise 37% of the dataset and are the largest class of 
4TMs; 17% contain an TCDB identifier, an additional 12% are in the dual 
function category, while 8% more of proteins with varied functional activities 
are included. Thus, the 4TM dataset contains more than double proportionally 
the amount of transporters as the human transmembrane proteome, which is 
~15%. Moreover, the 4TM receptor class (23%) and enzyme class (13%) are 
roughly comparable to the human membrane proteome with 25% and 10%, 
respectively. This might suggest that the 4TM architecture is more favourable 
for transport activities than other functions. 

An interesting aspect of the 4TM dataset resulting from the functional 
classification is that more than 60% of the dataset can be described by 8 large 
Pfam families and clans. Furthermore, up to 97% of the 4TM proteins contain 
homologous conserved regions that are found in other proteins, indicating 
very few unique singlet proteins in the dataset. 

5TMs engaging in protein targeting and trafficking 
Two of the primary functional activities of proteins identified with the 58 
proteins in the dataset are the establishment of localization and transport 
activity. More than half of the proteins in the 5TM dataset are described as 
establishing the locales of proteins through engaging in movement, tethering, 
or selective degradation processes. And one-third of the dataset is described 
through various annotation sources as involved in transport activities which 
includes proteins that participate in importing, exporting or trafficking within 
or between cells. In conjunction with these activities, proteins were found to 
localize to specific organelles to carry out these activities in disproportionate 
amounts compared to the entire Homo sapiens membrane proteome. For 
example, proteins localized to the inner and outer membranes of the 
mitochondria and involved in mitochondrial transport were over-represented. 
And nearly 30% of the dataset localize to vesicles, including an over-
representation of proteins that function in COPII-coated ER to Golgi transport 
vesicles. Furthermore, more than 40% localize to the nuclear outer membrane-
endoplasmic reticulum membrane network and are also over-represented in 
comparison to the human membrane proteome.  

It is interesting to note the types of transport activities the 5TM architecture 
facilitates, such as membrane trafficking, vesicle-mediated transport, and 
intracellular protein transport, for example. In contrast, it appears only two 
families form homo- or heteromeric subunits to create an actual channel or 
pore for solutes to cross membranes. Hence it appears the 5TM proteins 
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facilitate transport mechanisms, for example vesicle budding and trafficking, 
rather than forming oligomeric complexes that create a channel for the 
transport of molecules. 

Limitations 
One limitation that affects the studies in this thesis is the reliability of 
transmembrane prediction software. As mentioned previously, they can have 
difficulty discriminating different types of transmembrane regions. Also, as 
they are often trained on experimentally derived structures, and there is still a 
paucity of 3D membrane structures available, this can affect the reliability of 
the transmembrane predictions. 

In paper I, additional reservations may apply. The inclusion of different 
species into the evolutionary comparison may affect the different patterns of 
conservation, expansion, and reduction of membrane proteins. For example, 
species that develop in different aquatic environments such as brackish, salt 
water, or fresh water may evolve different manner of adaptations.  Another 
reservation may be in the choice of outgroups, which in turn could affect the 
extrapolation of the LHCA membrane proteome. There are large differences 
in genome sizes in unicellular eukaryotes, which would affect perhaps the 
number and types of conserved functional clusters as well as the estimation of 
the membrane proteome of the LHCA. 
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Perspectives 

Our comprehensive analysis of three, four, and five membrane-spanning 
proteins gives further perspective on the correlation of structure and function. 
Based on similar gross structure, each group of proteins do seem to share over-
representations in both functional activities and localization areas and can be 
briefly summarized in relation to other transmembrane groups in Figure 7. 

  
Figure 7. Common correlations between structure and function. The three, four, and 
five transmembrane proteins coloured in yellow are the focus in this thesis. NGIC: 
neurotransmitter gated ion channel, IGR: ionotropic glutamate receptors. 

Furthermore, in investigating the evolution of membrane proteins, we can see 
that these three groups of proteins contain many evolutionarily conserved 
functional activities that are proposed to already exist at the origin of metazoan 
development, for example lipid synthesis, protein targeting mechanisms, and 
membrane trafficking. Indeed, the main receptor families identified in 3TMs, 
the ionotropic glutamate receptors, and in 4TMs, the neurotransmitter gated 
ion channels, show complex developments with significant lineage-specific 
expansions. Additionally, our analyses highlight uncharacterized 
transmembrane proteins that might be involved in possibly novel and 
important functional activities that are species specific, with special emphasis 
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on Homo sapiens. Thus, our results presents opportunities for further research 
and development by characterizing previously unstudied transmembrane 
proteins that may be involved in important cell pathways or engage in disease 
pathology.  

In summary, this thesis examines membrane-bound proteins and presents 
comprehensive analyses of more than 10% of the human membrane proteome. 
We have identified and characterized the overarching functional activities, the 
primary localization areas, and the involvement in disease and possible drug 
targets of the previously unstudied three-, four-, and five-membrane spanning 
groups of proteins. Additionally, we have analysed the evolution of the 
membrane proteome from the LHCA throughout metazoan lineages to garner 
understanding of the conserved functional clusters that underlie metazoan 
innovation and diversity. In conclusion, we have investigated the origins and 
evolutionary patterns of development of human transmembrane proteins, 
characterized previously unstudied aspects of membrane proteins, and have 
extended the fundamental knowledge of transmembrane proteins.   
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