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Introduction

In living organisms, each cell and their compartments are surrounded by a lipid bilayer,
which is virtually impermeable for water-soluble substances. These materials require
special "gates" to get through the membrane by active or passive transport. These
"gates" are formed by transmembrane proteins, which play a role in transport, signal
transduction and different power generation processes (e.g. in the membrane of chloroplast
or mitochondria). As a consequence the origin of many diseases can be connected to these
type of proteins and their pharmaceutical targeting can also assist in the delivery of
drugs and metabolites. More than half of the commercially available drugs interact with
transmembrane proteins, particularly with G-protein coupled receptors to achieve the
desired effect.

For planning new and effective drugs, the examination of the mechanisms of action,
and so the understanding of the structure of transmembrane proteins is indispensable.
Although it would be highly important from a biological and medical point of view to
determine the structure of these proteins, the use of current experimental techniques
(e.g. X-ray diffraction, nuclear magnetic resonance) on transmembrane proteins is not so
straightforward, and in some cases it is impossible. These difficulties arises from the size
and amphipathic nature of these proteins.

In large scale bioinformatics analysis it was shown, that about one quarter of each
eukaryotic genome encodes for transmembrane proteins. In the case of the human
genome this means approximately 5-6 thousand structures. Today less than 100 human
transmembrane protein structures are known, which only means about 10 distinct
structures. Only the 2% of the largest and widespread protein structure database, PDB
(Protein Data Bank), represents transmembrane proteins. The main reasons for this
underrepresentation are the aforementioned experimental difficulties. This explains why
the research of transmembrane protein structures are in its infancy compared to the study
of globular proteins; although the understanding of their structure would be crucial for
revealing their function and to design drugs.
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Scientific aims

Despite the theoretical and therapeutic needs mentioned in the previous section there
still does not exist a general procedure to precisely determine or predict the structure
of transmembrane proteins, which would open a realistic perspective for drug design.
Although theoretical approaches developed for globular proteins, can be applied with
limited success for transmembrane proteins, there is a huge room for improvements.
Most previously developed methods are heavily limited by the huge computational need
or the insufficient amount of available data. Some common methods, developed for
globular proteins are used to circumvent the problem, however, these algorithms are not
benchmarked for transmembrane proteins. Based on these considerations, I’ve set the
following aims for the structure prediction of α-helical transmembrane proteins:

1. Since transmembrane protein structures are the cornerstone of the current research,
it is essential to create a reliable database which provides the necessary data for
the analysis. Therefore, my first goal was to upgrade the reliable and popular
PDBTM transmembrane protein structure database. It was outdated by certain
aspects from the structural classification point of view. It was needed to upgrade
the previous algorithm in order to automatically detect new structural elements of
transmembrane proteins.

2. To reduce the conformational space for modeling structures, the usage of amino acid
contact prediction methods was planned. To easily test the applicability of contact
prediction methods, an integrated system was planned.

3. To provide a method based on known structures, which predicts the membrane
embedded structure parts of transmembrane proteins and to characterize the
prediction reliability with a suitable measure.

4. Setting up a web server to make the developed structure prediction method widely
accessible and to provide an easy to use interface.
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Data and methods

The data used and methods applied in the present work are freely accessible and
opensource, as usual in the scientific field of bioinformatics.

Data processing and analysis was carried out with different self-made scripts and
programs. For the calculation-intensive tasks C/C++ programs were written, for
processing text data mostly Python and Perl, while for the web development - in addition
to the Java programs - JavaScript, PHP scripts were used.

Databases

CATH – http://www.cathdb.info
PDB (Protein Data Bank) – http://www.rcsb.org/pdb
Pfam – http://pfam.xfam.org
TOPDB – http://topdb.enzim.hu
UniRef – http://www.ebi.ac.uk/uniprot/database/download.html

Bioinformatics methods

BLAST, PSI-BLAST – http://blast.ncbi.nlm.nih.gov
CCTOP (Consensus Constrained TOPology) – http://cctop.enzim.ttk.mta.hu
CD-HIT – http://weizhongli-lab.org/cd-hit
HHalign, HHsearch – http://toolkit.tuebingen.mpg.de/hhblits
Jackhmmer – http://hmmer.janelia.org
OpenAstexViewer – http://openastexviewer.net/web
pGenTHREADER – http://bioinf.cs.ucl.ac.uk/psipred
RaptorX – http://raptorx.uchicago.edu
TM-align – http://zhanglab.ccmb.med.umich.edu/TM-align
TMDET – http://tmdet.enzim.hu
Wt web toolkit – http://www.webtoolkit.eu
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Results and discussion

The upgraded PDBTM transmembrane protein database

During the upgrade of the widely used and popular PDBTM transmembrane protein
structure database (http://pdbtm.enzim.hu), the TMDET algorithm, which detects the
different structural elements in the transmembrane protein structures, was extended to
enable the underlying method to detecting interfacial helices and re-entrant regions. In
addition, the new version helps to detect and correct erroneous oligomer structures, a
feature that can be applied on β-barrel transmembrane proteins as well.

The user interface of the database has been redesigned as well. The former PHP program
engine has been replaced with a newly written complex C++ system utilizing Wt web
toolkit. According to the new setup in the database, users can perform more accurate
searches, which can be formulated in various ways, both on the web user interface or in
the URL address.

During the development of the website, beside the reliable and robust functions, a crucial
aspect was the usability of the site on any mobile device. To achieve this, a WebGL-based
JavaScript library was used to display protein structures, in the development of which I
contributed. [T1]

CMWeb - online protein contact analysis server

The contact map is the planar representation of 3D protein structures, which describes the
spatial proximity of amino acid positions. Highly accurate maps can be used to reconstruct
the structure of a protein. This map can be prediczed without the structure from multiple
sequence alignments of proteins by using various statistical methods. The CMWeb web
server utilizes five contact prediction algorithms the performance of which can be checked
easily.

The integrated system includes a comprehensive and a detailed contact a map, a
structure viewer, panel for multiple sequence alignment and statistical analysis for the
evaluation of the prediction methods (different distributions and common metrics in
binary classification). The listed elements are connected via signals, e.g. clicking on a
contact point of the map it highlights the corresponding amino acids in the structural
viewer and in the sequence alignment as well. [T2]
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TMFoldRec transmembrane protein fold recognition algorithm

I developed TMFoldRec, a fold recognition method, which estimates the structure of
membrane embedded parts of transmembrane proteins. The only input parameter needed
is an amino acid sequence. At first, the topology is predicted, then using a dedicated
statistical potential the method selects the most probable, lowest energy structure from
a previously collected structural library. Beside its outstanding accuracy compared to
other methods, a further significant advantage of the algorithm is that the estimation
takes into account the oligomer structure of transmembrane proteins as well. The applied
grammatical filtering (the similarity of region changes along the sequence) increases the
confidence of the predictions.

Since only the one fifth of transmembrane protein folds is known, we have to decide if the
obtained lowest energy model is a native structure or only a consequence of incomplete
knowledge on the structure space of transmembrane proteins. Accordingly, apart from the
obtained energy value we have to choose a fitting measure which describes the probability
of the nativeness for the predicted model. [T3]

TMFoldWeb web server

To propagate and to provide an easy way for using the developed algorithm, I
have created a web server, called TMFoldWeb (http://tmfoldweb.enzim.ttk.mta.hu)
utilizing TMFoldRec. The site engine was written in PHP and Python, while on the
client-side JavaScript functions make the user interface function rich. Protein structures
are visualized in a WebGL-based viewer, thus making the web server full-featured on any
device, even on mobile phones.

To submit a sequence the knowledge of the topology is not required, since the integrated
CCTOP web server (http://cctop.enzim.ttk.mta.hu) automatically predicts it with
an outstanding reliability. The current state of the prediction and calculations, together
with finished processes can be monitored with the progress bar displays appearing after
submission.

The results are summarized in an intuitive and easily understandable layout. The energy
histogram of the template structures are displayed, the results list is colored according to
the reliability values to help the user correctly interpret the results. [T4]
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The objectives and their implementation allow large scale genomic analysis of various
organisms, and help to select protein targets for structure determination as well in order
to speed up the mapping of the structure space and so to understand their properties at
a deeper level.
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