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1 Introduction – The ABC of phytohormone translocation 
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transport, Elucidation of the structure of a strigolactone transporter and Conclusions 

and Outlook. 
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2 Aim of the thesis 

As outlined above, ABC transporters play manifold roles in plants. Thus, the aim of 

this thesis was to establish a protein model of the PDR1 strigolactone transporter in 

Petunia hybrida by comparative modelling. After thorough validation, the model 

should be used to identify the locations of possible binding sites for strigolactone type 

substrates. 

3 Methods 

3.1 Transmembrane domain (TMD) prediction 

As PhPDR1 belongs to the Pleiotropic Drug Resistance subfamily (within the ABCG 

family), it shares the common topology of these proteins. They are comprised of 2 

nucleotide binding domains (NBDs) and two TMDs containing 6 transmembrane 

helices (TMHs) each (Fig. 1). 

 

Fig. 1: The reverse topology of PDR and ABCG transporters (schematic illustration). 

 

Due to the lack of information about the localisation of the transmembrane helices 

(TMHs) for the protein of interest, we used 10 prediction tools to discriminate TMHs 

from other structural elements in the protein and compared the results.  

Prediction tools: The TMHs show different properties than other structural elements 

of a protein. For example, as they are spanning through the cell membrane, they are 

surrounded by a very lipophilic environment. Accordingly, the attributes of the amino 

acids in this area will be rather hydrophobic. The helices themselves are longer than 

just the membrane; they can extend into the intra- or extracellular compartments. 

Therefore, it is very important to use tools which do not only predict the secondary 
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structure of the protein but are also able to determine the amino acids (AA) in the 

membrane. The structural differences and much more acquired knowledge about 

proteins are exploited by the prediction tools in all possible ways (table 1).  

All of the tools were used with their default options. 

 

Prediction tool website Basis of the method 

TopPred [1] http://mobyle.pasteur.fr/ 
charge of residues, compositional 

distance method [2] 

DAS [3] http://www.sbc.su.se/ 
dot plots (query sequence against a 

database of membrane proteins) 

TMPred [4] http://www.ch.embnet.org/ 
statistical analysis of a database 

containing known proteins 

SOSUI [5] 
http://harrier.nagahama-i-

bio.ac.jp/sosui/ 

hydropathy index [6], amphiphilicity 

index, index of AA charges 

PRED-TMR [7] 
http://athina.biol.uoa.gr/PR

ED-TMR/ 
hydrophobicity analysis 

SPLIT-SERVER [8] http://split.pmfst.hr/split/4/ 
basic charge motifs and positive 

residues 

TMHMM [9] http://www.cbs.dtu.dk/ hidden Markov Model 

SACS MEMSAT [10] 
http://www.sacs.ucsf.edu/c

gi-bin/memsat.py 

statistical tables (log likelihoods) of 

membrane protein data 

MEMSAT-SVM [11] 
http://bioinf.cs.ucl.ac.uk/ps

ipred/?memsatsvm=1 
support vector machine classifier 

PredictProtein [12] 
https://www.predictprotein.

org/ 
neural network systems 

table 1: list of the used programs, web presence and basis of functionality. 

 

3.2 Sequence Alignments 

Sequence alignments answer the purpose to analyze the similarity of strings of all 

kinds (here: protein sequences). A pairwise alignment compares two sequences by 

stringing them under each other and arranging them in a way to match as many 

identical amino acids as possible. The multiple sequence alignment (MSA) operates 

on the same basis, but compares 3 or more sequences with each other. 

http://mobyle.pasteur.fr/
http://www.sbc.su.se/
http://www.ch.embnet.org/
http://harrier.nagahama-i-bio.ac.jp/sosui/
http://harrier.nagahama-i-bio.ac.jp/sosui/
http://athina.biol.uoa.gr/PRED-TMR/
http://athina.biol.uoa.gr/PRED-TMR/
http://split.pmfst.hr/split/4/
http://www.cbs.dtu.dk/
http://www.sacs.ucsf.edu/cgi-bin/memsat.py
http://www.sacs.ucsf.edu/cgi-bin/memsat.py
http://bioinf.cs.ucl.ac.uk/psipred/?memsatsvm=1
http://bioinf.cs.ucl.ac.uk/psipred/?memsatsvm=1
https://www.predictprotein.org/
https://www.predictprotein.org/
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There are countless tools providing these kinds of algorithms. We tried a lot of them 

for experimental reasons; the ones which were relevant for our results are described 

below. 

 

3.2.1 BLAST (Basic Local Alignment Search Tool) 

We used the sequence of PhPDR1 as an input for a BLAST (Basic Local Alignment 

search tool) [13] search via Uniprot [14]. BLAST compares the input sequence with 

parts of the sequences in an existing database (here: UniProtKB) in form of a 

pairwise alignment. As an output, it delivers the most similar sequences according to 

the identity percentage.  

 

BLAST is available via http://www.uniprot.org/blast/ and was used with its default 

options. 

 

3.2.2 MOE (Molecular Operating Environment) 

MOE [15] is a software for chemical computations and molecular modelling providing 

a huge set of different applications. The one for protein sequence alignments is 

called "Protein Align". The input format is fasta. The input sequences can be cut, 

changed in their order, renamed, labelled and colored. For the alignments, there are 

several settings to choose which enable possibilities for individual solutions. The 

most important one of these for our investigations were the gap penalties, which 

define the penalties for creating/extending a gap in the alignment. We increased the 

gap start penalty several times (for details, see chapter 4 Results and discussion). 

The software was used to cut several input sequences to the needed sections and to 

create pairwise alignments and multiple sequence alignments as well. 

 

3.2.3 MAFFT  

MAFFT [16,17] is a multiple alignment program for amino acid or nucleotide 

sequences based on fast Fourier transform (FFT). The AA sequence is translated 

into a string comprising the polarity and volume values of every AA. 

http://www.uniprot.org/blast/
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MAFFT is available via http://mafft.cbrc.jp/alignment/server/ 

The input is a plain text file; it can be pasted or uploaded. The result is displayed on 

the website (Fig. 2) but is also available in fasta format. 

 

 

Fig. 2: cutout of a MAFFT output of a query to align PhPDR1 and ScPDR5 (PDR5 in Saccharomyces 
cerevisiae). The sequences are stringed under each other. "-" in the sequence means a gap. Under the 
sequence alignment, the matches are characterized with "*" for identical AA and ":" for AA with similar 
properties.  

 

Here again, several options can be chosen to match with individual problems. The 

parameter of particular importance was the gap opening penalty as well, which we 

adapted to our case (4 Results and discussion). 

 

 

 

 

 

 

 

http://mafft.cbrc.jp/alignment/server/
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3.2.4 Jalview 

Jalview [18] is a sequence alignment viewer. The alignments can be depicted in 

various colors and also manually edited, which is a great help for the analyses.  

 

Fig. 3: cutout of the depiction of an MOE alignment in Jalview. In this color scheme, the AA are colored 
according to their properties (e.g. aromatic AA in yellow). Under the alignment, the conservation of the 
residues and the quality of the alignment are shown, as well as a consensus suggestion. 

 

For this project, the software was used to analyze the different sequence alignments, 

to edit them and to improve the results according to the current issue. 

 

3.3 Homology modelling - modeller software 

The Modeller software [19] is used to create 3D models. As an input two files are 

needed: the alignment of template and target in ali format and the pdb file of the 

template. Finally, a python file containing the appropriate commands is necessary 

(Fig. 4).  

 

Fig. 4: Input python file  for Modeller.  
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We used Modeller version 9.12 in the default options. As an output we set 10 models 

(pdb files) including 3 assessment scores (already implemented in Modeller): molpdf, 

DOPE score and GA341. 

Molpdf is an objective function and is automatically calculated. The “best” model has 

the lowest value.  The GA341 score [20] is based on the sequence identity of the two 

proteins. It ranges from 0.0 to 1.0, the higher the value, the better; all in all it is the 

least recommended out of these three to choose the model. The DOPE score 

(Discrete Optimized Protein Energy [21]) is using a statistical potential which is 

optimized for model evaluation. It is the most reliable one of these three scores; the 

more negative the score, the better. 

 

Modeller is available at https://salilab.org/modeller/about_modeller.html, information 

about documentation, tutorials, the manuals and a lot of further information can be 

found there. 

 

3.4 Validation of the model 

3.4.1 Ramachandran plots 

The Ramachandran plot [22] is a crucial method to judge the quality of a protein 3D 

structure. The backbone of a protein is characterized by two dihedral angles (φ and 

ψ); the Ramachandran plot represents the distribution of their combinations in the 

protein backbone. 

We used this method via an online service named PDBsum [23] provided by EMBL-

EBI (The European Bioinformatics Institute, http://www.ebi.ac.uk/). PDBsum is 

available at http://www.ebi.ac.uk/thornton-srv/databases/pdbsum/Generate.html. On 

this page, a PDB-file can be uploaded and the Ramachandran plot, together with the 

related G-factors will be sent per email. 

The Ramachandran plot statistics provided are divided into residues in most 

favoured, additional allowed, generously allowed and disallowed regions. According 

to the percentage distribution in these areas, the quality of the structure can be 

judged. A high quality model obtains more than 90% in the most favoured regions. 

https://salilab.org/modeller/about_modeller.html
http://www.ebi.ac.uk/
http://www.ebi.ac.uk/thornton-srv/databases/pdbsum/Generate.html
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The G-factors measure the quality of given stereochemical properties; in this case 

certain properties of the dihedral angles. The values should be above -0,5. 

In our approach, we used the Ramachandran plots at first to select the best model 

from the modeller output and later to control the validation steps to improve the 

model according these certain aspects (see 4.5 Validation of the model). 

 

3.4.2 Protein Preparation Wizard 

The Protein Preparation Wizard in the Schrödinger software [24] is a tool to improve 

the overall structure of a protein. It takes care of the H-bond assignment and 

performs a restrained energy minimization of the structure. We used the Protein 

Preparation Wizard to improve the overall structure of the chosen homology model 

and as an in-process control after the implementation of each new rotamer to the 

protein (see chapter 3.4.4.1 Rotamers).  

The success of the method can be evaluated by Ramachandran plots, which 

provides a section with reported “bad contacts” between residues that are located too 

close to each other. 

 

3.4.3 Proline and glycine residues 

Prolines and glycines have to be treated with a particular attention in homology 

modelling as they are able to cause kinks or even breaks in helices. That means, if 

there is a proline or glycine in the transmembrane helix of the model but not of the 

template, the affected helix of the model will be probably buckled whereas the helix of 

the template is not and vice versa. 

Therefore, we superposed the template and the model in the software PyMOL [25] 

and checked each single glycine and proline in the transmembrane domains to see 

how they match (for further details see 4.5.1 Proline and glycine residues). 

 

3.4.4 Charged and polar residues 

As a membrane protein is framed by a very lipophilic environment, it is quite obvious 

that charged residues will rather point to the pore of the protein. Therefore, checking 



27 
 
 

their orientations is a good method to validate the model. We describe this approach 

in depth in our paper (see 1 Introduction – The ABC of phytohormone translocation, 

section "Elucidation of the structure of a strigolactone transporter"). The same 

approach was done later for the polar residues as well.  

 

3.4.4.1 Rotamers 

For charged or polar residues that pointed directly into the membrane, various 

rotamers were calculated in Schrödinger Maestro [26]. The residue of interest has to 

be selected and by using the menu option "Rotamers" the programme delivers its 

suggestions of possible rotamers. In the default options (as it was used), 25 rotamers 

maximum are provided. Each rotamer was analyzed manually to determine which 

one fits best in every single case. The final chosen rotamer was examined in MOE 

[15] for possible clashes or H-bonds (for further details see 4.5.2 Charged and polar 

residues). 

 

3.4.5 Electrostatic potentials 

The aim of electrostatic potentials is to depict how the charges of the residues are 

spread over the protein and thereby to reflect negatively charged, neutral and 

positively charged areas throughout the structure. The derived information is very 

useful to characterize the translocation chamber of transporters because it enables 

the possibility to draw conclusions about the transported compounds.  

In this study, the electrostatic potentials were calculated using the  PyMOL [25] plugin 

APBS (Adaptive Poisson-Boltzmann Solver) [27]. Before the calculation, the structure 

has to be prepared with PDB2PQR [28,29] to add missing atoms, optimize the 

structure for favourable hydrogen bonding and more. The APBS itself calculates the 

solvation energies and electrostatic properties for visualization afterwards.  

Both plugins were used in their default options. 
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3.5 Docking study 

After completion of the homology model and the validation process, we wanted to 

take a first look on PhPDR1s binding mechanisms. Therefore, a rudimentary docking 

study was conducted with orobanchol, a plant hormone in the class of the 

strigolactones (see 1 Introduction – The ABC of phytohormone translocation, section 

"Strigolactone transport") which is transported by PhPDR1 [30]. 

The study was performed with Schrödinger Glide software [31,32], the details are 

explained below.  

3.5.1 Ligand Preparation 

The structure of orobanchol was prepared in Schrödinger LigPrep [33], which 

generates possible ionization states at a target pH of 7,0 ± 2,0, generates tautomers, 

stereoisomers and a low energy ring conformation. The SMILES code of the structure 

was extracted from chemspider [34] (www.chemspider.com) with specified chiral 

centers (see 2 Aim of the thesis, section "Strigolactone transport").  

LigPrep was used in its default options. 

3.5.2 Receptor grids 

Before the docking approach, a grid for the calculation areas has to be set. In this 

case, the whole transmembrane region should be considered, as there is no 

information about any binding sites yet. According to the size restriction of the 

receptor grid, 2 boxes were placed to cover the whole section of interest. This was 

done by marking the involved amino acids in MOE [15] and inserting the extracted 

information to Glide’s "Receptor Grid Generation" where the box residues can be 

specified. 

 

 

 

file:///C:/Users/Eva/AppData/Local/Temp/www.chemspider.com
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3.5.3 Orobanchol docking poses  

Orobanchol was docked into both receptor grids in two separated runs. The default 

options were used, except that the number of poses per ligand to include was set up 

to 100. 

3.5.3.1 Clustering of the poses 

The clustering of the poses was performed with the support of two in-house scripts. 

At first, an in-house implementation of a MOE [15] script was used to calculate the 

RMSD (root-mean-square deviation) matrix of the poses, according to which they 

were clustered afterwards at a defined niveau (n = 3) which corresponds to the 

maximal distance within a cluster in angstrom with the help of another in-house 

implementation of a script executed in the R software [35]. The underlying algorithm 

is a hierarchical cluster analysis on a set of dissimilarities and methods to analyze it. 

3.5.3.2 involved amino acids 

The poses in the considered clusters were analyzed one by one manually in MOE 

[15] to detect any interactions between ligand and protein. 

4 Results and discussion 

4.1 TMD definition 

One main characterization of PDR proteins is their topology: they contain two 

nucleotide binding domains (NBDs) and 2 transmembrane domains (TMDs) (Fig. 1). 

If a homology model is created, it is very important that these structural elements are 

put in the right place - the NBDs into the intracellular side of the membrane and the 

TMDs spanning through the membrane. Therefore, the TMDs have to be clearly 

defined and their locations determined to be aligned in a favourable way. And as 

there is no information yet provided about PhPDR1s transmembrane domains, we 

used several prediction tools to identify TMDs. These tools are able to differentiate a 

TMD from other structural elements based on various algorithms (see 3.1, 

Transmembrane domain (TMD) prediction).  

In Fig. 5, the results of the 10 prediction tools used for the protein topology 

determination are depicted. For the helices 1, 2, 3, 5 and 7 in TMD1, the results are 
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very consistent. This is not the case for helix 4, where only 5 out of 10 prediction 

tools identify a transmembrane region and similarly for helix 6, where only 4 tools 

define a transmembrane region. Apart from these findings, an odd number of helices 

is not likely for ABC transporters in plants. According to the current knowledge, their 

N- and C-termini as well as their nucleotide binding domains (NBDs) are located in 

the cytosol [36].  

For TMD2, the predicted helices are even more compliant (Fig. 5). But again, we face 

the same problem as for TMD1: the prediction tools (except TMPred) define 7 

helices, a number that is ruled out by the common ABC transporter topology.  

For the whole sequence, the number of predicted TMHs varies from 11 to 14. 

 

Fig. 5: results of the prediction tools: each box represents a predicted transmembrane region. The rows 
show the results of the single prediction tools. The columns present the different results for every certain 
transmembrane region (1-7 for TMD1, 8-14 for TMD2). If a box is missing in the scheme, there was no 
transmembrane region predicted by the corresponding software. 
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To summarize, the results of the 10 prediction tools deliver a first idea to find 

potential helix locations for PhPDR1.  

 

Multiple Sequence Alignment (MSA) to solve the locations of the TMDs in 

PhPDR1 

At first, we had to decide which proteins should be part of the MSA. Therefore, we 

analyzed the result of our BLAST query (see 3.2.1, BLAST (Basic Local Alignment 

Search Tool) and Fig. 6). The BLAST analysis delivered the 250 most similar proteins 

to PhPDR1, according to sequence identity. Unfortunately, some problems occurred: 

1. 175 out of 250 entries were uncharacterized or putative proteins or both. 

2. Many entries describe the same protein with minor differences mainly due to 

automated annotations [37] (remaining only 29 different proteins). 

3. For most PDR proteins there is no information provided about their topology 

(remaining 6 entries with topology information in Uniprot). 

 

 

Fig. 6: Twenty top ranked hits of the BLAST query; 14 entries are uncharacterized proteins. 
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Amongst these 6 remaining proteins were 4 PDR1 proteins, which were chosen for 

the MSA (table 2); for our first investigations we wanted to have look only at the 

PDR1 proteins out of this BLAST result. Furthermore, we included PDR1 in Petunia 

axillaris although there is no topology information but 99% sequence identity, which 

improves the alignment (table 2).  

The other 6 included proteins are listed in table 2 as well, with a short explanation 

why they were chosen. 

 

Protein Organism Reasoning 

PaPDR1 Petunia axillaris 

BLAST result 99% sequence identity 

Improvement of the alignment;  

the TM regions are not known 

NtPDR1 Nicotiana tabacum 
BLAST result 73% sequence identity 

TMDs provided by Uniprot 

NpPDR1 Nicotiana plumbaginifolia 
BLAST result 69% sequence identity 

TMDs provided by Uniprot 

OsPDR1 Oryza sativa ssp. japonica 
BLAST result 68% sequence identity 

TMDs provided by Uniprot 

AtPDR1 Arabidopsis thaliana 

MOE alignment 59% sequence identity 

model organism for plant experiments 

TMDs provided by Uniprot 

SpPDR1 Schizosaccharomyces pombe 

MOE alignment 20% sequence identity 

representing PDR1 for fungi 

TMDs provided by Uniprot 

ScPDR5 Saccharomyces cerevisiae 

MOE alignment 25% sequence identity 

existing 3D-model of a PDR-transporter 

TMDs provided by Rutledge et al. [38] 

CaCDR1 Candida albicans 

MOE alignment 29% sequence identity 

existing 3D-model using ScPDR5  

as a template 

TMDs provided by Rawal et al. [39] 

hBCRP Homo sapiens 

MOE alignment TMD1 20%, TMD2 21% 

representing ABCG topology for humans 

TMDs provided by Wang et al. [40] 

MmAbcb1a Mus musculus MOE alignment 18% sequence identity 

TMDs extracted from crystal structure (4M1M) 

table 2: Proteins used for the MSA to solve the locations of the TMDs in PhPDR1. 
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The  main aim of this approach was the analysis of the transmembrane parts of other 

proteins to be able to draw conclusions regarding PhPDR1. Multiple sequence 

alignments (MSAs) of PhPDR1 with 10 carefully selected proteins were performed 

separately for TMD1 and TMD2 and the helices were colored for visualization Fig. 7.  

 

The alignment for TMD1 was created in MOE with the default options (Fig. 7). The 

result is very consistent, as most of the helices are aligned very well and in a 

reasonable manner. For TMD2, we used MOE (gap start: 23) and MAFFT (gap start: 

3). The gap start parameters had to be increased to these high values because the 

alignments contained a lot of gaps in the beginning. To avoid the introduction of 

gaps, e.g. in the middle of a transmembrane helix, the gap start penalty can be 

raised. This approach improved the alignment in MOE for TMD2 (Fig. 7). We used 2 

different alignments for TMD2 because the MOE alignment gave a satisfying result, 

but not for the very last TMH. The very same helix was aligned properly in MAFFT, 

although the rest of the alignment is not as good as the result of MOE. This 

observation was used in the decision process for PhPDR1s TMHs. 
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Final conclusions for the locations of the TMDs in PhPDR1 
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On the one hand, we had collected the results of the prediction tools (Fig. 5) and the 

information extracted from the multiple sequence alignments on the other (Fig. 7).  

According to these investigations, we were facing the problem that the prediction 

tools provided various (among them mostly odd) numbers of transmembrane areas 

and that Uniprot [14] also reports odd numbers of helices for some of the  proteins we 

chose (Fig. 8). Uniprot annotates predicted transmembrane regions in these cases; 

they use TMHMM, Memsat, Phobius and the hydrophobic moment plot method of 

Eisenberg and co-workers [41]. Apart from our finding that the results of prediction 

tools are sometimes inconsistent, it is worth to mention that we found a 6 + 6 

topology in literature for NtPDR1 [42] and NpPDR1 [43]. 

At the same time, the TMDs of the ABC transporters extracted from the literature and 

a crystal structure (MmAbcb1a, 4M1M), provided exclusively even numbers, actually 

the exact number of 6 helices per region (Fig. 8).  

 

Fig. 8: The various numbers of TMDs. Left: results of the prediction tools. Upper right: The TMDs of the 
proteins used for the multiple sequence alignment provided by Uniprot. Lower right : The TMDs of the 
proteins used for the multiple sequence alignment provided by literature and the PDB [44] (for 
MmAbcb1a). 
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As already mentioned in the beginning of this chapter, an odd number of helices is 

not likely for ABC transporters in plants. According to the current knowledge, their N- 

and C-termini as well as their nucleotide binding domains (NBDs) are located in the 

cytosol [36].  

Finally, aggregating all the gathered information the following conclusions may be 

drawn: 

For TMD1, the situation was quite obvious. The prediction tools did not provide a 

consistent result for helix 6 (Fig. 5) and also the alignment showed the highest level 

of inconsistency in this area (alignment 1 in Fig. 7 and appendix 1). Therefore, we 

decided to leave out helix 6, which lead to the result of 6 transmembrane segments in 

a reasonable topology (also according to the longer loop between the last 2 helices). 

For TMD2, we extracted the information of 2 alignments (the MAFFT [16] alignment 

only for the last helix). In the MOE [15] alignment and in the results of the prediction 

tools, the proposals for the transmembrane segments 8 to 12 were so far consistent. 

Both alignments showed the highest level of inconsistency in the area of helix 13. 

Even though all of the prediction tools suggest a transmembrane segment in this 

area, we decided to leave it out. The weight of the arguments supporting a proper 

overall topology, the agreement with literature information including experimental 

results (crystal structure 4M1M) and the result of our multiple sequence alignment 

counted more to take this decision. 

The precise start and end of the transmembrane helices was determined manually 

based on the results of the prediction tools and the alignments as well. 

The final result is depicted in Fig. 9. 
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Fig. 9: Proposal of the topology of PhPDR1. The numbers define the start and end of the respective 
transmembrane helices. For further information, see appendix 4. 

 

4.2 Choice of the template 

To create a homology model, a 3D structure of a protein is needed as a template. 

It was a challenging task to find a proper one in this case. The PDB [44] provides no 

structures sharing the reverse topology of PDR proteins (Fig. 1, Fig. 9), but some 

ABC transporters with the regular topology of these proteins (TMD1-NBD1-TMD2-

NBD2). 

Rutledge et al. built a homology model of PDR5 in Saccharomyces cerevisiae 

(ScPDR5) [38] (see 1 Introduction – The ABC of phytohormone translocation, section 

"Elucidation of the structure of a strigolactone transporter"). They solved this problem 

by cutting the structural elements apart and reassembling them in the correct order. 

We decided to follow their approach and collected all the provided crystal structures 

of ABC transporters from the PDB. Furthermore, we included the sequence of 

ScPDR5 (Fig. 10) because we found another interesting approach by Rawal et al. 

[39]. They used the homology model of ScPDR5 as a template in their analysis of 

CDR1 in Candida albicans. 

 

The alignment was done with the MAFFT [16] software (gap penalty = 3). 
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Fig. 10: Identity percentage matrix derived from the multiple sequence alignment of TMD2 of the possible 
templates with PhPDR1 [45]. PDR5 has the highest identity percentage.  
For the PDB codes see appendix 5. 
 

As can be seen in Fig. 10, ScPDR5 shows the highest sequence identity percentage 

and was thus chosen as a template for further comparative modelling steps. 

 

The aim of this study is to provide first ideas about the 3D structure of PhPDR1. We 

are aware of the fact that homology modelling based on such little information on the 

one hand and the use of another model as a template on the other bears a high 

degree of hypotheses. Therefore, it is very important to understand that we want to 

provide an educated guess here, a kind of pioneer project in a vastly uncharted 

territory. 

The final choice of the template was based on a multiple sequence alignment with 

the potential templates, including crystallized ABC transporters reported in the PDB 

and the high-quality, reliably validated homology model of ScPdr5. We assume that 

using ScPDR5 as a template will make more sense than choosing one of the 

crystallized structures. First, ScPDR5 belongs to the same family and shares 

therefore the same topology as PhPDR1. Second, the identity percentage of the 

sequences is distinctly higher than for all of the other proteins. Third, the homology 
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model of ScPDR5 is based on the crystal structures, so the influence of them will 

support our model throughout this approach. 

 

As already mentioned, Rawal et al. [39] had also used this model as a template to 

create a 3D structure of CDR1 in Candida albicans. As their analysis leads to 

promising results and their procedure was validated in a suitable way, this approach 

was a solid support for our own plans. 

 

4.3 Alignment of PhPDR1 and ScPDR5 

Once the template was chosen, the next step was to align the two proteins pairwise. 

To improve the result, the four structural elements were aligned separately and 

merged again afterwards (table 3). This approach was chosen because the main 

focus lies on the very exact alignment of the transmembrane segments. Between 

them, there are loops that are not well conserved; extrapolated to the whole 

sequence they would influence the alignment in a way that would remove the 

emphasis from the transmembrane segments. 

Protein NBD1 TMD1 NBD2 TMD2 

PhPDR1 1-499 500-780 781-1198 1199-1452 

ScPDR5 1-499 500-795 796-1199 1200-1505 

table 3: Amino acid indices of the four structural elements in which the proteins were distinguished for a 
more precise alignment. 

Both NBD1 and NBD2 were aligned in MOE with the default options, the identity of 

NBD1 was 22,2% and NBD2 35%; therefore, we decided to use them as-is.  

The TMDs took a bit more effort. They were aligned in MOE with default options as 

well (appendix 6 and appendix 7), but they had to be edited manually afterwards to 

achieve a satisfying result (appendix 8). Our main focuses in this matter were 

(numbered by priority): 

1. to avoid gaps in the transmembrane helices. They need to be a continuous 

sequence as required for the helical geometry. 
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2. to align the transmembrane helices of the two proteins as connected in parallel as 

possible. The better they match; the better is the overall topology of the model. 

3. to keep the maximum identity percentage. We tried best to take the identical 

residues which were aligned at the same position into account. 

4. to avoid gaps in the rest of the sequence as well in balance with a reasonable 

sequence identity; this intention worked quite well as we reached an overall 

identity percentage of 24,5% for our alignment in the very end (see appendix 8). 

4.4 Choice of the final model 

As already mentioned, we had calculated 10 models with the modeller software [19], 

inclusive the validation scores molpdf, DOPE and GA341 (Fig. 11). 

 

Fig. 11: List of the calculated models with the related assessment scores molpdf, DOPE and GA341. The 
top three values and the corresponding models are marked with a grey box. 

 

At first, we chose the four best ranked models according to the scores (model 1, 3, 6 

and 9) for further validation (Fig. 11). Then we checked their Ramachandran plots 

and G-factors via PDBsum [23]. For the complete models, the plots are not very 

informative, as they are all very similar and moreover, the values are rather low (table 

4). As we were focusing on the transmembrane domains, we cut the sequences of 

the models again into TMD1 and TMD2 and used their PDB-files as input. The 

results, which are significantly higher, are depicted in table 4. 
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Model, part of the sequence Residues in most favoured regions 

model 1, complete 83,3% 

model 1, TMD1 89,9% 

model 1, TMD2 88,4% 

model 3, complete 83,5% 

model 3, TMD1 91,2% 

model 3, TMD2 88,9% 

model 6, complete 83,5% 

model 6, TMD1 91,6% 

model 6, TMD2 86,0% 

model 9, complete 83,8% 

model 9, TMD1 90,3% 

model 9, TMD2 87,4% 

 
table 4: Percentage of the residues in the most favoured region according to the Ramachandran plots for 
each TMD1 and TMD2 of model 1, 3, 6 and 9.  

 

According to these results (table 4), we decided to choose model 3 for our further 

investigations. As a good model should have over 90% of the residues in the most 

favoured region, we excluded model 1 first (both TMD1 and TMD2 under 90%). Then 

we excluded model 9 because the value for TMD1 is only 90,3% and the two models 

left have values over 91%. Finally, we excluded model 6 although it has the very best 

value for TMD1 of all the models but TMD2 has only 86,0% of the residues in the 

most favoured region, whereas the TMD2 of model 3 has 88,9%; and as this is closer 

to the intended 90%, we took model 3. 
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Fig. 12: The Ramachandran plots for model 3. Left: TMD1 (91,2% of the residues in the most favoured 
regions), right: TMD2 (88,9% of the residues in the most favoured regions). 

 

4.5 Validation of the model 

After the final selection of the model, the Protein Preparation Wizard [24] was 

applied. Before this procedure the model had a number of 91 bad contacts, 9 of 

these in TMD1 and 7 in TMD2. After this step, the number was reduced to 10 bad 

contacts in total; 8 of those are located in the NBDs. 

However, in the course of this proceeding, the Ramachandran plots decreased from 

originally 83,5% (TMD1 91,2%. TMD2 88,9%) to 81,5% (TMD1 89,2%, TMD2 85,5%) 

of residues in the most favoured region, which is probably a matter of weighing the 

involved parameters. Furthermore, the percentage in the additional and generously 

allowed region increased, in the disallowed region decreased; this finding also 

relativises the result.  

Due to the significant reduction of the bad contacts within the structure, we decided 

to deal with the loss and kept the minimized model for further validation.  

 

4.5.1 Proline and glycine residues 

In ScPDR5 there are 8, in PhPDR1 5 prolines in the transmembrane domains. In 

helix 3, there is 1 proline in the template and 1 in the model (ScPDR5: residue 609, 

PhPDR1: residue 610) which are well aligned and fit into the helical shape. The same 
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counts for helix 8 and 11. In helix 5, 8 and twice in helix 9, there is a proline only in 

ScPDR5 but not in PhPDR1; still the helical geometry is not influenced at all. In helix 

10, there is only a proline in PhPDR1 but not in ScPDR5 but also here, the helix is 

well shaped without any irregular kink (Fig. 13).  

 

Fig. 13: Depiction of the prolines in the transmembrane domains. PhPDR1 = grey, ScPDR5 = pink 

 

Of the glycines, there are 21 in PhPDR1, in ScPDR5 there are 18. As the approach 

was completely the same as for the prolines and neither here did occur any 

problems, we won't report the analysis of every single glycine residue but pick out a 

two examples (Fig. 14): in helix 1, there are 3 glycines in the template but not in the 

model; however, helix 1 is straight in both structures. In helix 7, we have a glycine in 

the model but not in the template and it is causing a kink here. Even though the 

template doesn't have a glycine in this position, the helix is bowed in the template as 

well, so the helix is shaped suitably in both cases. 
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Fig. 14: Examples for the glycines in the transmembrane domains. PhPDR1 = grey, ScPDR5 = green 

 

4.5.2 Charged and polar residues  

The investigation of the charged and polar residues in the transmembrane domains 

led to the conclusion that lysine 638 and aspartate 1219 of the charged, as well as 

glutamine 1253 and tyrosine 1326 of the polar residues needed further improvement 

as they pointed directly towards the cell membrane. Therefore, different rotamers 

were calculated for the 4 mentioned amino acids and the most favourable of them 

was selected through a manual analysis. The first residue analyzed was lysine 638. 

From the 25 suggested rotamers, three (9, 23 and 24) were selected for a more 

detailed investigation. They were mapped in MOE [15] to see the precise position of 

each rotamer in context with the others (Fig. 15). This led to the conclusion, that 

rotamer 24 is closest to and most alongside the helix, therefore pointing much less 

towards the membrane. To make sure that there are no steric hindrances with the 

other residues in the near surroundings, a search for potential clashes was 

performed in MOE. As there were no problems found, we decided finally to keep 

rotamer 24 (Fig. 15).  
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Fig. 15: The analysis of lysine 638. Top left: the original position of the residue pointing directly towards 
the membrane. Bottom: The final rotamer running alongside the helix. Top right: the original residue with 
the 3 final rotamer candidates (9 = cyan, 23 = pink and 24 = yellow) for the conclusive selection. 

 

Exactly the same approach was used for aspartate 1219, glutamine 1253 and 

tyrosine 1326; the residues before and after the correction are depicted in Fig. 16. 

 

Fig. 16: The selected residues and their adjusted rotamers. In each A, B and C are on the left side the 
original residues and on the right side the final rotamers.  A: aspartate 1219, B: glutamine 1253 and C: 
tyrosine 1326. 
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Finally, the Preparation Wizard was applied once again to accommodate the overall 

structure after the changes. The bad contacts were completely removed after this 

step. 

After each adjusted rotamer, the residues in the most favoured regions of 

Ramachandran plots decreased again; ending up with a model having 78,3% of the 

residues in the most favoured regions.  

We are convinced that the model with the corrected rotamers should be used for 

further investigation because: 

 if the residues point towards the membrane, as they did in the beginning, the 

model would have obvious weak points, because this just won’t be the case in 

nature. Therefore, the model is more realistic concerning this matter. 

 when the bad contacts were decreased within the Preparation Wizard, which 

improved the protein structure, the residues in the most favoured region of the 

Ramachandran plots decreased as well. As mentioned before, this is probably 

due to differences in weighing involved parameters. Finally, the model has no bad 

contacts at all anymore after these proceedings. 

 the residues in the disallowed regions stayed the same. 

 most of the residues shifted from most favoured to additional region which sheds 

a different light on the results in this context. 

 The template itself, which is a reliable, very valuably validated model, has “only” 

84% of its residues in the most favoured region of the Ramachandran plot. 

 

4.5.3 Electrostatic potentials 

The electrostatic surface of PhPDR1 created in PyMOL [25] was compared with 

those of the template ScPDR5 and ABCB1 in Arabidopsis thaliana (AtABCB1). 

AtABCB1was chosen because it is an auxin transporter on the one hand and is 

part of an exhaustive analysis of electrostatic potentials by Bailly et al. [46], which 

was used as basis for these investigations on the other hand. The results are 

already explained in our paper (see 1 Introduction – The ABC of phytohormone 

translocation, section "Elucidation of a strigolactone transporter").  
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The main outcomes of this approach show that the translocation chambers of 

these 3 proteins display different properties, which could be due to their respective 

substrate specificities.  

 

Fig. 17:  The translocation chambers of AtABCB1 (A), PhPDR1 (B) and ScPDR5 (C) from the intracellular 
side [45]. The transmembrane helices are numbered 1-12; colour codes for the electrostatic potentials: 
red = negative, white = neutral, blue = positive. 

 

4.6 Docking study 

For the first time, a 3D model of the transporter PhPDR1 was generated. Now that 

there is a first idea about the shape and topology of the protein, we wanted to gain a 

very first glimpse on its transport mechanism. In general, ABC transporters eliminate 

substances from the cell - so they discharge compounds through the cell membrane. 

Based on this knowledge the receptor grids for this docking study were placed in a 

way that covers the whole transmembrane region of the protein. According to the size 

of this area, 2 different boxes were needed (Fig. 18).   
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Fig. 18: The two receptor grids generated in Maestro [26] to cover the whole transmembrane region for 
the docking study with orobanchol. 

 

To define these grids precisely, the relevant residues were extracted from the 3D 

structures in MOE [15] (see table 5). For the first one the helices 1, 2, 3, 10, 11 and 

12 were used as an input; for the second one 4, 5, 6, 7, 8 and 9. 

 

table 5: The residues extracted from the 3D structure to define the receptor grids. 

 

Finally, orobanchol (Fig. 19) was docked into the 3D structure of PhPDR1 prepared 

with the respective grids. For each run, the ligand poses were set to 100; 98 and 94 

poses were reported respectively for the first and second box. 
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Fig. 19: The 2D structure of orobanchol. The D-ring seems to play an important role for the interaction 
between ligand and protein. 

 

To analyze the results, the two separate docking outputs were merged and the poses 

were clustered to draw further conclusions. The clustering approach lead to 60 

clusters containing various poses. We decided to consider each cluster containing at 

least seven poses because the more poses are clustered in a certain area, the higher 

are the chances that this could be a binding site. However, the exact number of 

seven poses was arbitrarily chosen. 

Therefore, we extracted six different clusters (2, 4, 39, 41, 45, 55) from the original 

result  (Fig. 20). 
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Fig. 20: The six considered clusters of the obtained orobanchol docking poses. The helices are numbered 
from 1-12. Colour coding of the depicted clusters: petrol = cluster 2, salmon = cluster 4 (both on the left 
side); orange = cluster 39, cyan = cluster 41, pink = cluster 45, green = cluster 55 (all on the right side).  

 

Short description of the selected clusters and the reported interactions of 

orobanchol (Fig. 19) with PhPDR1: 

 

At first, we analyzed the interactions between the poses and the protein (table 6). 

There are 4 amino acids involved in H-bonds to the ligand. These interactions take 

place with the hydroxyl group in pos. 4 and the carboxyl-O of the D-ring of the 

orobanchol molecule (Fig. 19). 
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Cluster No. of poses Ile568 Trp605 Asn1248 Arg1224 
Avg. docking 

score 

2 7 6  2 / / -5,31161 

4 7 1  1 / / -4,62302 

39 14 / / 
1 

2 
/ -4,0895 

41 11 / / 1 / -3,74562 

45 12 / / 1 / -3,40481 

55 8 / / / 4 -2,98437 

table 6: Analysis of the 6 chosen docking clusters. Orobanchol is connected to Ile 568, Trp 605, Arg 1224 
and Asn 1248 by H-bond interactions. In the columns, the number of interacting poses with the respective 
amino acid is reported. Underlined numbers represent an H-bond with the hydroxyl group in pos. 4 of the 
orobanchol molecule; the others with the carboxyl-O of the D-ring. 

 

Furthermore, the average docking scores of the clusters were analyzed (table 6). 

Cluster 2 and cluster 4 have remarkable average scores and apart from that they are 

both on the same side of the protein (between helix 1, 2, 3, 10, 11 and 12; see Fig. 

20); the four other clusters have lower scores and are all located on the other side. 

This result could be an interesting finding for further investigations - maybe this is the 

first indication to a preferential binding site. 

 

Finally, the 6 clusters were analyzed according to their environment within the protein 

(Fig. 21). This was done by selecting the top scored pose of each cluster and 

calculating the molecular surface colored by lipophilicity for them in MOE [15]. On the 

one hand, this approach enables to draw conclusions on the steric fitting of the ligand 

in its certain surroundings; and allows an impression how protein and ligand match 

with respect to hydrophilic, neutral and lipophilic properties on the other. 

As the figure shows (Fig. 21), the poses fit perfectly into their environment without 

any steric clashes. The colored surfaces emphasise the facility of the hypothetical 

poses due to the hydrophilic, neutral and lipophilic properties. 
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Fig. 21: the top orobanchol pose of each cluster depicted with the molecular surface of the closest 
surroundings within PhPDR1. Color codes for the molecular surfaces: pink = hydrophilic, white = neutral, 
green = lipophilic. The H-bonds (cluster 2, 39, 41 and 55) are depicted in cyan. 

 

It is important to mention, that this docking study is a very first attempt to collect 

primary ideas of PhPDR1s binding mechanisms. Our approach lead to two main 

areas (Fig. 20) where the considered clusters accumulate. Furthermore, the amino 
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acids interacting with the docked orobanchol poses found in this areas could easily 

make sense when imagining a compound being discharged from inside to outside the 

cell. Our first investigations show a promising strategy as there were no 

inconsistencies detected through the first validation steps. However, further 

investigations will be needed to refine the binding hypothesis. 

 

5 Conclusions and Outlook 

As mentioned in the very beginning, the information about plant ABC transporters is 

scant. According to the breaking news from Kretzschmar et al. [30] about PhPDR1’s 

strigolactone transport we picked up the topic with great interest and started a 

thorough investigation. 

We did comprehensive literature search and put a lot of effort on defining the 

transmembrane domains to create the most optimal homology model as possible with 

the available resources. The sequence alignments were carefully considered through 

extensive experiments including various approaches and software packages. Finally, 

the performance of an intense validation process with many different tools and 

methods pointing out a lot of aspects and background information behind our 

operations as well, round off this diligently conducted study. 

All in all, a lot of aspects and capabilities were explored and investigated to gain a 

first idea of the 3D structure of a PDR plant hormone transporter including an 

extensive validation process of our approach. 

Of course, the whole story is rather an educated guess - but where would the 

humanity be without creating and expand exciting ideas? We built our hypotheses on 

reliable literature and carefully conducted and validated experiments, so the chances 

are quite high that these theoretical assumptions will be proven real facts one day. 

The model and the first ideas about the docking poses could serve as a solid basis 

for further investigations in this direction; the next interesting task could be to conduct 

a docking study with the other strigolactone mimics. 
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7 Appendix 

7.1 Supplemental material 

 

appendix 1: alignment of TMD1 in MOE with default options. PhPDR1 is depicted in pink on the very top of 
the alignment; the TMDs are the result of the prediction tool TopPred, only  to show a relation to the other 
proteins. The TMDs are colored green and yellow in turn to enable a clearer depiction of their locations. 
There is no information provided about PaPDR1s TMDs, it was included to improve the alignment.  
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appendix 2: alignment of TMD2 in MOE, gap start penalty =23. PhPDR1 is depicted in pink on the very top 
of the alignment; the TMDs are the result of the prediction tool TopPred, only to show a relation to the 
other proteins. The TMDs are colored green and yellow in turn to enable a clearer depiction of their 
locations. There is no information provided about PaPDR1s TMDs, it was included to improve the 
alignment. 
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appendix 3: alignment of TMD2 in MAFFT, gap start penalty = 3. PhPDR1 is depicted in pink on the very 
top of the alignment; the TMDs are the result of the prediction tool TopPred, only to show a relation to the 
other proteins. The TMDs are colored green and yellow in turn to enable a clearer depiction of their 
locations. There is no information provided about PaPDR1s TMDs, it was included to improve the 
alignment. 
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Feature Sequence Residues 

N-terminus, NBD1 1-520 520 

TMH1 521-542 22 

ECD1 553-552 10 

TMH2 553-573 21 

ICD1 574-608 35 

TMH3 609-628 20 

ECD2 629-639 11 

TMH4 640-660 21 

ICD2 661-664 4 

TMH5 665-684 20 

ECD3 685-752 68 

TMH6 753-776 24 

NBD2 777-1211 435 

TMH7 1212-1231 20 

ECD4 1232-1245 14 

TMH8 1246-1266 21 

ICD3 1267-1297 31 

TMH9 1298-1318 21 

ECD5 1319-1325 7 

TMH10 1326-1345 20 

ICD4 1346-1354 9 

TMH11 1355-1375 21 

ECD6 1376-1420 44 

TMH12 1421-1441 21 

C-terminus 1442-1452 11 

appendix 4: Arrangement of PhPDR1s topology. NBD = nucleotide binding domain, TMH = 
transmembrane helix, ECD = extracellular domain, ICD = intracellular domain. 
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Protein PDB code 

Caenorhabditis elegans, ABCB1 4F4C 

Mus musculus,  ABCB1a 4M1M 

Homo sapiens, ABCB10 4AYX 

Thermotoga maritima, TM_0288 3QF4 

Staphylococcus aureus, SAV1866 2HYD 

Salmonella typhimurium, msbA 3B60 

Novosphingobium aromaticivorans, atm1 4MRN 

Escherichia coli, metN 3TUI 

appendix 5: PDB codes of the proteins that were used in the multiple sequence alignment to find a 
template for the homology model. 

 

 

appendix 6: Alignment of TMD1 of ScPDR5 and PhPDR1. The transmembrane helices are colored in green 
and yellow in turn to enable a clearer depiction of their locations. The alignment was created in MOE with 
the default options. 

 

 

appendix 7: Alignment of TMD1 of ScPDR5 and PhPDR1. The transmembrane helices are colored in green 
and yellow in turn to enable a clearer depiction of their locations. The alignment was created in MOE with 
the default options. 
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appendix 8: The final alignment of ScPDR5 and PhPDR1. The transmembrane helices are colored in green 
and yellow in turn to enable a clearer depiction of their locations. The framed areas distinguish between 
the TMDs and the NBDs, the sequences were precisely at these positions cut for the respective alignment 
(the alignments of TMD1 and TMD2 are shown in appendix 6 and appendix 7). This alignment was used as 
an input for the modeller software to create the homology model.  
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7.2 Abstract 

The knowledge about phytohormones and their transport is growing steadily and 

there is a need for an understanding of the molecular basis of substrate and inhibitor 

interaction. The class of strigolactones is one of the current centers of attention. They 

have several roles as stimulation and recognition signals in plants, but the knowledge 

about their regulating function in shoot branching is quite new. In 2012, the ABC 

transporter PDR1 in Petunia hybrida (PhPDR1) was identified as a strigolactone 

transporter. The PDR proteins belong to the ABCG family, which exhibits a reverse 

topology to the other ABC members.  

 

The scientific aim of this project is to elucidate the molecular 3D structure of 

PhPDR1. At first, we performed a comprehensive investigation to define the 

transmembrane domains, their containing helices and their locations, which was a 

challenging task according to the little information yet known. We combined the 

results extracted from prediction tools, multiple sequence alignments and information 

from literature to draw the determining conclusions. 

The final choice of the template was based on a multiple sequence alignment with 

the potential templates, including crystallized ABC transporters reported in the PDB 

and the high-quality, reliably validated homology model of PDR5 in Saccharomyces 

cerevisiae. The latter was already used as a template to model the 3D structure of 

Cdr1 in Candida albicans. PDR5 shows the highest sequence identity percentage 

and thus was chosen as template for further comparative modelling steps. 

We created the homology models with the modeller software and took the decision 

for a final model based on the assessment methods (molpdf, DOPE, GA341) and by 

careful analysis of Ramachandran plots and G-factors provided by PDBsum. 

In the validation process, we examined the polar residues of the transmembrane 

helices and the electrostatic potentials of the model to characterize the translocation 

chamber. 

Finally, we conducted a small docking study, where we docked the strigolactone 

orobanchol (which is evidently transported by PhPDR1) into our model and clustered 

the results into several groups. This led to first ideas of binding poses and amino 

acids which could be involved in the binding mode. 
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7.3 Zusammenfassung 

Das Wissen über Phytohormone und deren Transport wächst permanent an, woraus 

sich die Notwendigkeit eines Verständnisses der molekularen Basis von Substrat und 

Inhibitor Interaktionen ergibt. Die Klasse der Strigolactone ist derzeit eines der 

Zentren der Aufmerksamkeit in diesem Zusammenhang. Die Strigolactone spielen 

eine Rolle als Stimulations- und Erkennungssignale in Pflanzen; die Bekanntheit über 

ihre regulierende Funktion in der Sprossverzweigung ist hingegen relativ neu. Im 

Jahr 2012 wurde der ABC-Transporter PDR1 in Petunia hybrida (PhPDR1) als 

Strigolactontransporter identifiziert. Die PDR Proteine gehören zur ABCG Familie, 

welche eine umgekehrte Topologie im Vergleich zu den anderen ABC Mitgliedern 

aufweist. 

  

Das wissenschaftliche Ziel dieses Projektes ist die Beleuchtung der 3D Struktur von 

PhPDR1. Zuerst wurde eine umfangreiche, aufgrund der mangelnden Informationen 

sehr herausfordernde, Untersuchung durchgeführt, um die transmembranären 

Domänen mit den enthaltenen Helices bzw. deren Lokalisationen zu definieren. Dazu 

wurden die Ergebnisse von Vorhersagetools, von multiplen Sequenzalignments und 

die Kenntnisse aus der Literatur kombiniert um die notwendigen Schlüsse zu ziehen. 

Die endgültige Wahl des Templates basierte auf einem multiplen Sequenzalignment 

mit den vorhandenen Kristallstrukturen der  ABC-Transporter in der PDB und dem 

hochqualitativen, sorgfältig validierten Homologiemodell von PDR5 in 

Saccharomyces cerevisiae, welches auch schon als Template für ein 

Homologiemodell von Cdr1 in Candida albicans gedient hatte. 

PDR5 weist die höchste Sequenzidentität auf und wurde deshalb für die weiteren 

Modellingschritte ausgewählt. 

Die 3D Modelle wurden in der Modeller Software erstellt, die endgültige Wahl erfolgte 

mit Hilfe der implementierten Assessmentmethoden (molpdf, DOPE, GA341) und 

durch eingehende Analyse der Ramachandranplots. 

Im Validierungsprozess wurden die polaren Aminosäurereste der transmembranären 

Helices und die elektrostatischen Potenziale untersucht. 

Zum Schluss wurde eine kleine Dockingstudie durchgeführt, in welcher das von 

PhPDR1 transportierte Strigolacton Orobanchol in das finale 3D Modell gedockt 
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wurde. Die daraus resultierenden Posen wurden in Gruppen geclustert, was zu 

ersten Ideen über Bindungsposen und in den Bindungsmechanismus involvierte 

Aminosäuren führte. 
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Education and Qualifications 

Jan-Jun 2015 participation in "Naturtalente", a high potential program for 
extraordinary science students, organized by the University of 
Vienna and UNIPORT career service 

Jan 2012 Diploma of "Tutoring and Mentoring" for first year students  

since 2007 Diploma study Pharmacy at the University of Vienna 

2004-2006 extra occupational University Course for Elementary Music 
Education at the University of Music and Performing Arts Vienna 
Graduation with Distinction 2006-03-09 

1998-2003   school for kindergarten teachers (BAKIP) "Maria Regina" 
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Graduation with Distinction 2003-06-16 

 

 

Practical experience in the pharmaceutical field 

since Sep 2012 research internship in the Pharmacoinformatics Research 
Group,  
Univ.-Prof. Dr. Gerhard Ecker, Department of Pharmaceutical 
Chemistry, University of Vienna 
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