This was the hardest project in our research so far. Not just because the pandemic but the constant
fluctuation and lack of the appropriate researchers. During the period of this project five members of our
group left the lab. Three of them went to non-academic area for higher salaries and two members went to
abroad for better research opportunities (one to EMBL, EBI in Heidelberg (Germany), the other to
Hebrew University, in Jerusalem (Israel). In the beginning of the project we strictly follow the research
plan, but since it is a basic research the results of experiments reveal new ways for researchers that cannot
be seen before.

In the beginning of the project, we investigated the various factors needed for crystallization of native and
alternatively spliced transmembrane proteins, which is not just an interesting question in the era of
structural genomics, but help to save many by choosing the appropriate protein form and parameters for
structure determination of transmembrane proteins. We developed a method, called TMCrys in order to
predict propensity of success for transmembrane proteins crystallization based on the data formerly
deposited in TragetTrack, PDB and PDBTM databases. The new prediction method reaches the highest
accuracy among the similar state of the art prediction methods and is unique in the field of supporting
transmembrane protein crystallization projects. Later we developed a new server for the TMCrys method,
in order to allowing scientist to predict the expected success rate of crystallization of a transmembrane
protein. We published these work in the Bioinformatics [1-2].

By investigation of hundreds of NGS data required to reveal the alternative transcript products of
transmembrane proteins, it also enabled us the identification of a large number of genetic variations in the
human population. The phenotypic effects of these mutations range from neutral polymorphisms to severe
somatic mutations. Disease causing germline mutations represent a special and largely understudied class
with relatively weak phenotypes. In this analysis a large amount of disease-causing mutations were
analyzed and contrasted to polymorphisms from a structural point of view. Our results delineate the
characteristic features of disease causing mutations starting at the global level of partitioning proteins into
globular, disordered and transmembrane classes, moving towards smaller structural units describing
secondary structure elements and molecular surfaces, reaching down to the smallest structural entity, post-
translational modifications. This work has been accepted in J Mol Biol [3].

While the alternative transcript products of various eukaryote genes were investigated, we found the
footprints of various fruit viruses’ RNAs. Fruit trees, such as apricot trees, are constantly exposed to the
attack of viruses. As they are propagated in a vegetative way, this risk is present not only in the field,
where they remain for decades, but also during their propagation. Metagenomic diagnostic methods,
based on next generation sequencing (NGS), offer unique possibilities to reveal all the present pathogens
in the investigated sample. Using NGS of small RNAs, a special field of these techniques, we tested leaf
samples of different varieties of apricot originating from an isolator house or open field stock nursery. As
a result, we identified Cherry virus A (CVA) and little cherry virus 1 (LChV-1) for the first time in
Hungary. We presented this work in Viruses [4].

While we work on the problem of transmembrane protein crystallization prediction, we recognized
besides protein crystallization and structure determination by using x-ray diffraction method, a new
technique, called Cryo-EM developed rapidly, and is used more frequently for transmembrane proteins. It
is important from the view point of experimental data on the boundaries of membrane-embedded regions
because these type of data is sparse. However, this information is present in cryo-electron microscopy
density maps and it has not been utilized yet for determining membrane regions. We developed a
computational pipeline, where the inputs of a cryo-EM map, the corresponding atomic structure, and the
potential bilayer orientation determined by TMDET algorithm of a given protein result in an output
defining the residues assigned to the bulk water phase, lipid interface, and the lipid hydrophobic core.
Based on this method, we built a database involving published cryo-EM protein structures and a server to
be able to compute this data for newly obtained structures. We published this work in the Bioinformatics
and Methods of Molecular Biolology [5,6].

Regarding alternative splicing of transmembrane proteins, the main problem is the detection of the
viability of the product of alternative spliced transmembrane protein. While a plethora of NGS data are
available for alternative splice products, there are little evidence that all these mRNA result in stable



folded transmembrane proteins. Therefore, we developed a new experimental setup, where we can detect
not just the existence of a transmembrane protein in a living cell, but the topology of the transmembrane
proteins too, by a special chemical modification of extra-cellular available carboxyl groups of these
proteins. We presented the results of the primary laboratory technique in the Scientific Reports [7].

For further analysis of alternatively spliced cell surface transmembrane proteins, we developed an
alternative method for their detection. In order to generate more topology information for these proteins, a
new step, a partial proteolysis of the cell surface has been introduced. This step results in new primary
amino groups in the proteins that can be biotinylated with a membrane-impermeable agent while the cells
still remain intact. Pre-digestion also promotes the emergence of modified peptides that are more suitable
for MS/MS analysis. The modified sites can be utilized as extracellular constraints in topology predictions
and may contribute to the refined topology of these proteins. The developed new technique was published
in Scientific Reports too [8].

Besides developing high throughput techniques for detecting the various forms of transmembrane
proteins on the cell surface, we were involved in two other projects to investigate special transmembrane
proteins. First, the OATP3A1 proteins that has several alternative spliced product in human cells were
characterized and we showed the presence of at least two cooperative substrate binding sites in
OATP3AL. Besides providing the first sensitive probe for testing OATP3A1 substrate/inhibitor
interactions, our results also help to understand substrate recognition and transport mechanism of the
poorly characterized OATP3A1. We published this work in Biochemical Pharmacology [9]. Second, we
were able to create a monoclonal antibody recognizing an extracellular epitope of human ABCC6. The
monoclonal antibody recognized human ABCC6 in the liver of hABCC6 transgenic mice, verifying both
specificity and extracellular binding to intact hepatocytes. This work was published in FEBS Letters [10].
Investigation of hABCC6 is important from the view point of tissue calcification as well. Calcification of
various tissues is a significant health issue associated with aging, cancer and autoimmune diseases.
Pseudoxanthoma elasticum is a rare genetic disease, a prototype for calcification disorders, resulting from
the dysfunction of ABCC6. It is identified by excess calcification in a variety of tissues (e.g., eyes, skin,
arteries) and currently it has no cure, known treatments target the symptoms only. We presented a new
zebrafish (Danio rerio) model for Pseudoxanthoma elasticum. We showed that there are two functional
and one non-functional paralogs for ABCC6 in zebrafish (abccb6a, abec6b.1, and abee6b.2, respectively).
We created single and double mutants for the functional paralogs and characterized their calcification
defects with a combination of techniques. Zebrafish deficient in abcc6a show defects in their vertebral
calcification and also display ectopic calcification foci in their soft tissues. Our results also suggest that
the impairment of abcc6b.1 does not affect this biological process. This results also show that the various
version of a transmembrane protein presented either by paralog genes or alternative splicing may
functional different ways. We published this work in Frontiers of Cell and Developmental Biology [11].
Genetic modification of transmembrane proteins is an important tool to investigate their structure-
function relations as well as the effect of alternative splicing. We were involved in developing a combined
theoretical and experimental technique for predicting the target selectivity of various Cas9 enzymes, used
in Crispr technique for genome engineering. By the developed method the cleavage activity of various
Cas9 enzymes can be predicted with high accuracy, paving the way for genetic modification of
transmembrane proteins in genomes. This work was accepted in Nucleic Acids Research [12].

Alternative splicing was reported to alter the localization of transmembrane proteins in polarized cells.
Therefore, we investigated the distribution of transmembrane proteins in epithel cells. First, we prepared a
database containing experimentally verified mammalian transmembrane proteins with splicing
information as well that display polarized sorting, focusing on epithelial polarity. In addition to the source
cells or tissues, homology-based inferences and transmembrane topology (if applicable) were also
calculated. The database, called PolarProtDb also offers a detailed interface displaying all information
that may be relevant for trafficking and or splicing: including post-translational modifications
(glycosylations and phosphorylations), known or predicted short linear motifs conserved across orthologs,
as well as potential interaction partners. Data on polarized sorting has so far been scattered across myriads
of publications, hence difficult to access. This information can help researchers in several areas, such as



scanning for potential entry points of viral agents like COVID-19. PolarProtDb shall be a useful resource
to design future experiments as well as for comparative analyses. The database is available at
http://polarprotdb.ttk.hu, and were published in Journal of Molecular Biology [13]. A prediction method,
that can predict the effect of alternative splicing for the routing of transmembrane proteins was also
developed and we make it publicly available at http://polarprotpred.ttk.hu. This method was published in
Bioinformatics [14]. Since disordered regions have important role in maintaining protein-protein
interactions and hence in routing of transmembrane proteins, an other prediction method was also
developed, called MemDis. MemDis utilizes convolutional neural network and long short-term memory
networks for predicting disordered regions in transmembrane proteins. In addition to attributes commonly
used in intrinsically disordered regions (IDR) predictors, we defined several transmembrane protein
specific features to enhance the accuracy of our method further. MemDis achieved the highest prediction
accuracy on TMP-specific dataset among other popular IDR prediction methods. The method is available
at http://memdis.ttk.hu and was published in International Journal of Molecular Sciences [15].
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