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Introduction

1. Introduction

Transmembrane proteins play important roles in living cells, as they take part in energy

production and transport processes, establish cell-cell adhesions, and more. Due to the

diversity of their related functions, they are associated with many diseases and are frequent

targets for pharmaceuticals. Deepening our knowledge about their structure is crucial to

develop new and effective medicines.

Transmembrane proteins are embedded in the lipid bilayer extending out to both si-

des of the membrane (
”
inside” and

”
outside”). This disposition makes them able to take

part in material and information transport between the two sides of the bilayer. The

topology of a transmembrane protein is a structural representation, defining the membrane

spanning segments and their orientation relative to the membrane (from
”
cytosolic” to

”
extra-cytosolic”, or the inverse). Determination of topology is a good enough starting

point for laboratory experiments or for predicting their 3D structures.

Disordered protein regions do not have stable, well-defined structures, which are constant

in time, but rapidly fluctuate between many alternative conformational states. A number

of roles can be assigned to them due to their high flexibility: they take part in molecular re-

cognition, they establish flexible connections between domains or regulate post-translational

modifications through linear motifs. Previously they were only examined as structural

counterparts to globular proteins, however, their roles and properties in transmembrane

proteins is unknown.

Next Generation Sequencing resulted in both the determination of the human genome’s

nucleotide sequence, and the observation of naturally occurring nucleotide variations,

including disease causing mutations. By investigating missense mutations resulting in the

loss of function, structurally important elements can be recognized, which can help the

better understanding of development of related diseases and providing clues about possible

biomedical targeting approaches.
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2. Scientific aims

As proposed in the introduction, the function of transmembrane proteins in living cells are

manifold. Despite their abundance and importance, the number of solved transmembrane

protein structures is relatively low, compared to globular ones, due to the challenging

experimental conditions.

The main purpose of my PhD is to gain a deeper understanding of the structure and

function of transmembrane proteins through their sequences. Topology prediction is a fast

and reliable approach to gain insights into transmembrane proteins’ structure, knowing only

the amino acid sequence. Another common problem is that topology prediction methods

are usually incapable of considering already known information and hence often contradict

with them. To overcome this, I aimed to develop a prediction method capable of handling

previously available experimental data. The specific aims of my work are as following:

1. Topology information about a transmembrane protein can be gathered from

various resources: structure databases contain all atom structures of transmembrane

proteins; the literature contains experiments indicating a position of a segment; several

domains are only functional in certain subcellular localizations; topology prediction methods

provide information using machine learning algorithms (see 1.2). My goal was to develop

a consensus prediction method that incorporates all the above mention information. To

popularize the method, my goal was to make it available as a web-server, where users can

predict the topology of any putative transmembrane protein sequence.

2. To familiarize the prediction method with an even wider audience, I aimed to

establish a database, where topology for all human transmembrane proteins is available.

This collection is also served as a base for analyzing the human transmembrane proteome.

Once the topology of transmembrane proteins is predicted with high reliability, cyto-

solic and extra-cytosolic segments can be further examined for disordered regions. These

segments are related to several functions; however, their role in transmembrane proteins
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was not analyzed earlier.

3. Using the predicted topology information and X-ray crystallization data, properties of

disordered regions related to transmembrane proteins and their topology can be examined.

My aim was to investigate the occurrence of disordered regions in different subcellular

localizations and to evaluate the performance of different prediction methods on a membrane

protein specific subset.

Examination of structures is the key to understand protein function. NGS resulted

in the determination of the human genome’s nucleotide sequence, moreover the observation

of naturally occurring variations, including the disease causing mutations. By investigating

those changes that result in the alteration of function, structurally important elements can

be recognized. This is applicable to both the low resolution and the all atom structure

analysis of transmembrane, disordered and globular proteins.

4. My final aim was to compare structural data and sequence variations to reveal

functionally important regions of globular and transmembrane proteins.
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3. Methods

During my work I used the databases and methods listed below. Programs and scripts were

written in Python and C++. Webpages were built using C++ under the Wt webtoolkit

and XBuilder Application Programming Interface (API), direct interface is provided using

PHP. Data is stored in MySQL database.

Databases:

Pfam (http://pfam.xfam.org)

PDB (Protein Data Bank) (http://www.rcsb.org/pdb)

UniRef (http://www.ebi.ac.uk/uniprot/database/download.html)

UniProt (http://www.uniprot.org)

TOPDB (http://topdb.enzim.hu)

TOPDOM (http://topdom.enzim.hu)

Methods:

BLAST, PSI-BLAST (http://blast.ncbi.nlm.nih.gov)

CD-HIT (http://weizhongli-lab.org/cd-hit)

ClustalW (http://www.genome.jp/tools-bin/clustalw)

DSSP (http://swift.cmbi.ru.nl/gv/dssp/)

HMMTOP (http://enzim.hu/hmmtop)

MemBrain (http://www.csbio.sjtu.edu.cn/bioinf/MemBrain/)

Memsat (http://bioinf.cs.ucl.ac.uk/psipred/?memsatsvm=1)

Octopus, Pro, Prodiv, Scampi (http://topcons.cbr.su.se/)

Philius (www.yeastrc.org/philius/pages/philius/runPhilius.jsp)

Phobius (http://phobius.sbc.su.se/)

TMHMM (http://www.cbs.dtu.dk/services/TMHMM/)

Wt web toolkit (http://www.webtoolkit.eu)

http://pfam.xfam.org
http://www.rcsb.org/pdb
http://www.ebi.ac.uk/uniprot/database/download.html
http://www.uniprot.org
http://topdb.enzim.hu
http://topdom.enzim.hu
http://blast.ncbi.nlm.nih.gov
http://weizhongli-lab.org/cd-hit
http://www.genome.jp/tools-bin/clustalw
http://swift.cmbi.ru.nl/gv/dssp/
http://enzim.hu/hmmtop
http://www.csbio.sjtu.edu.cn/bioinf/MemBrain/
http://bioinf.cs.ucl.ac.uk/psipred/?memsatsvm=1
http://topcons.cbr.su.se/
www.yeastrc.org/philius/pages/philius/runPhilius.jsp
http://phobius.sbc.su.se/
http://www.cbs.dtu.dk/services/TMHMM/
http://www.webtoolkit.eu
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4. Results

4.1. The Consensus Constrained TOPology prediction algorithm

Our knowledge about transmembrane proteins (TMP) is very extensive, however fragmen-

ted: there are various topology prediction methods based on different biophysical principles,

exploiting many algorithms to produce topology prediction; high resolution structural in-

formation in PDB database; tons of experimental information scattered in the literature.

My goal was to unite all this information in order to determine transmembrane (TM) topo-

logy more accurately than ever before. I developed the Consensus Constrained TOPology

algorithm, a novel method for predicting TMP topology. Besides utilizing 10 state-of-the-

arts methods, structural, experimental and bioinformatics information is used. CCTOP was

benchmarked on newly compiled benchmark sets and was shown to have the highest acc-

uracy among currently available methods of the same scope. A unique feature of CCTOP is

the reliability value assigned to each prediction, which was shown to highly correlate with

the prediction accuracy.

The CCTOP algorithm is available to the public at http://cctop.enzim.ttk.mta.hu. Bes-

ides the raw prediction various visualization helps the user. The prediction can be further

optimized by adding user defined constraints. [T1]

4.2. A Human Transmembrane Proteome database

Using the CCTOP algorithm on the human proteome, I constructed the Human Trans-

membrane Proteome database (http://htp.enzim.hu), which contains all α-helical trans-

membrane proteins in the human proteome with determined topology. Almost 50% of the

predictions are enhanced with experimental evidences and around 60% of the predictions

have 98% accuracy. Moreover, based on to the reliability value defined by CCTOP, the user

can tell which predictions are more precise.

The CCTOP method and the HTP database is a great resource that can be used as starting

point for laboratory experiments or for modeling the structure of a TMP. It also enables

us to perform large-scale analyses, as I demonstrated by examining disordered regions and

http://cctop.enzim.ttk.mta.hu
http://htp.enzim.hu
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disease causing mutations in TMPs. [T2]

4.3. Disordered regions in transmembrane proteins

In order to gain deeper insights how TMPs performs their function, I examined the location

and possible functions of disordered regions in TMPs. From the interplay between various

structural elements, novel functions arising from the modular assembly of TMPs incorporat-

ing disordered segments can be understood.

According to this study, intrinsically disordered regions (IDR) tend to be in the N- or C-

terminal of TMPs. Although loop regions contain less IDRs, a strong correlation between

disordered residues and the positively charged amino acids was revealed by the analysis of

spatial distance from the membrane, suggesting a new function of disordered residues in

TMPs near to the inner boundary of the lipid bilayer. The observed structural disorder

in TM proteins represents a functional modality on its own that has co-evolved with the

accumulation of positive charges in the loop regions of polytopic TMPs, however with a

depletion of positive charges in extracellular regions and intracellular terminal sections of

TMPs. This indicates that positive charges plus disorder in inside might be two structural

features aiding the same function (membrane binding and stabilization) in certain cases,

but structural disorder and the lack of positive residues another function (mediating pro-

tein–protein interactions) in other cases.

Intrinsically disordered proteins (IDP) were shown to fulfill critical biological roles, however,

their presence in TMPs has yet to be addressed. Due to the lack of data (IDPs and TM

proteins are both exceptionally difficult to study), IDP prediction algorithms have served

important roles in unstructural biology. However, their efficacy in the specific context of

TMPs has not been assessed. I analyzed disordered prediction methods on TMPs with dis-

ordered regions: most prediction methods overpredict IDRs in TMPs, especially in the N-

and C-terminal regions and show big difference in spatial distributions in opposite to the

usual metrics used for evaluating these predictors. [T3]



Results

4.4. Structural principles governing disease causing mutations

Several studies investigated mutations causing cancer, however, by analyzing germline mu-

tations with weaker phenotypic properties the high rate of false positive data in cancer

databases can be avoided and smaller changes can be examined. I investigated the effect of

neutral and disease causing variatons in proteins. Although a number of methods are ava-

ilable to predict the effect of variations or to highlight vulnerable regions in proteins, most

of these are based on purely statistical approaches and do not bring us closer to the under-

standing of which structural elements have crucial importance for folding or establishing a

stable three-dimensional structure. Starting from the literature data, I analyzed whether

these individual cases show a strong trend.

I showed that buried and interface parts are enriched in disease causing mutations. These

observations on buried residues can be explained by the fact that the structural integrity of

the protein can be easily disrupted and these regions tolerate variations to a lesser extent

than residues on domain surfaces. The same observation can be true for interface residues

as well (they are buried when a complex is formed), moreover, variations occurring on inter-

faces can modulate the binding process by altering residues playing key roles in establishing

interactions.

TMPs were shown to have less disease causing mutations (DCM) in membrane regions when

they have only a single spanning membrane segment – the most likely explanation that it is

hard to break the integrity of a helix, in contrast when there are several membrane helices

their packing can be more easily disrupted. I also showed that membrane proximal residues

in TMPs have important roles, especially on the cytosolic side when a positively charged

residue is in proximity – confirming the important role of positively charged amino acids in

proper folding and transport activity. In contrast, DCMs in terminal segments often associ-

ated with signaling function, even if harmful mutations do not dominate these regions.

Disordered regions are depleted in DCMs since their flexibility is not highly dependent on

individual amino acid substitutions. I also showed two special cases when disordered seg-

ments are enriched in disease causing mutations: membrane proximal cytosolic segments

with positively charged residues and the binding of two disordered segments, resulting in an
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ordered structured complex.

These findings have a strong predictive power and exploiting these structural features, the

accuracy of current prediction methods could be raised to a new level. Understanding how

these variations modulate the structure and the function of proteins, prenatal diagnosis and

personalized medicine can be improved. [T4]
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