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Abstract
The ROP protein is a dimeric protein with an α-helix bundle conformation that

is found in bacteria. ROP protein is involved in the replication regulation mechanism

of the colicinogenic factor El) ColEl plasmid. The ROP protein restricts the copy

numbers of the aforementioned plasmid by interacting with a RNA kissing loop

structure created by the RNAI and RNAII molecules coded by the same plasmid [1,

2, 3]. The ROP protein by itself, has been studied very widely for its characteristic

conformation and the structural, thermodynamic and functional changes that various

mutations can provoke on the protein [21, 22, 23]. Although, there are numerous

experimental data for the ROP protein and its mutations available in the literature

and both the ROP protein and the RNA kissing loop 3D structures can be found in

the Protein Data Bank, the complex 3D structure between the ROP protein and the

RNAI-RNAII kissing loop is still to be determined. The literature only provides a small

number of suggestions regarding the complex conformation [23, 29]. This thesis

study, aims to model this molecular complex utilizing computational modeling tools.

The modeling is achieved through the docking method and the evaluation of the

complexes created is based on their comparison with the ROP protein mutants -

RNAI-RNAII kissing loop complexes created with the same methods within this

study. Finally, it proved that the complex models formed between the non-functional

(lacking RNA binding affinity) ROP mutants and the RNA kissing loop produce

low-quality docking decoys (models) compared to the models created from the wild

type ROP protein binding upon the RNAI-RNAII kissing loop. This study lastly

suggests one model complex structure that is more likely to resemble the naturally

occuring ROP protein - RNA kissing loop complex although a few more steps are

recommended for future docking studies of this complex, that can improve the

reliability of the modeling results.
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1.Introduction

1.1 ROP - RNAI-RNAII kissing loop complex in nature

ROP is a dimeric protein that plays a key participatory role in the underlying

mechanism that regulates the copy number of the (colicinogenic factor El) ColEl

plasmid. The plasmid is present in bacteria, with approximately 24 copies present

in E. coli. ROP acts so as to inhibit plasmid replication by stabilizing the kissing

complex of RNAI-RNAII molecules, increasing the affinity between them. The

RNAI, RNAII and the ROP protein are all encoded by the ColE1 plasmid genes.

The presence of the RNAII molecule is crucial for initiating plasmid replication; the

RNAII molecule hybridizes with the plasmid’s origin of replication, providing DNA

polymerase with a starting point to kickstart the polymerization process. The RNAII

molecule can act as the DNA polymerase starting point, however, only after it is

cleaved by RNase H. The RNAI molecule can be hybridized with the RNAII

molecule, driving the DNA-RNAII interaction to destabilization, by occupying the

DNA replication starting point. This is the main mechanism governing ColE1

plasmid replication regulation [1, 2, 3].

The ROP protein does not play a direct role on plasmid replication

regulation. Its main function is stabilizing the RNAI-RNAII interaction (the RNA

kissing loop), thus inhibiting the plasmid replication initiation, since the

DNA-RNAII interaction is now blocked. In concrete terms, the role of the ROP

protein is to reduce the equilibrium dissociation constant of the initial RNA

complex, rendering the possibility for DNA-RNAII association more unlikely. [3, 4,

5].
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1.2 ROP protein

The ROP protein structure was uncovered all the way back in 1986 through

the application of crystallography methods, while its soluble form was defined in

1990 using NMR [11, 12].

The protein is dimeric, with each monomer consisting of 63 amino acids that

shape 2 α-helices folding together in a coiled-coil structure, due to the hydrophobic

forces prevalent in the structure interior. A turn is formed close to the midpoint of

the monomer sequence, allowing for the folding and subsequent formation of the

coiled-coil. The two monomers are antiparallel and form a α-helix bundle, sitting at

a height of approximately 45 Å [11, 12].

Figure 1| PDB entry: 1RPR ROP protein
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While the exact workings of the interaction between the protein and the RNA

complex are yet to be elucidated, some key components are now known, with

examples being some (important for the protein-RNA complex interaction) ROP

amino acids including the Lys-3, Asn-10, Gin-18, and Lys-25, as well as Phe-14

being one of the most important for the protein - RNA loop interaction. Notably, the

way this interaction is governed appears to be dominated by the structure of the

complex, instead of its sequence, since the protein has been found linking to other

loop-loop complexes, such as the kissing complex present in HIV TAR [13,14, 15].
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1.3 RNA kissing complex

The RNA loop-loop interactions are involved in various biological processes

including the regulation of viral genetic material and plasmid DNA replication, the

initiation of the RNA tertiary structure formation and others [6]. Both the RNAI and

the RNAII genes are found on the upstream of the plasmid’s origin of replication.

The 5’-end coding region of the RNAII gene is antiparallel to the RNAI coding

region. The length of the mature RNAII molecule is 555 nucleotides long and the

RNAI length is 108 nucleotides.

The tertiary structure of the RNA molecules determines their ability to

interact with other molecules (DNA, RNA, proteins etc.). The mature RNAI forms 3

stem loops ending up to a free 5’-end that lacks a specific structure. For the RNAII

to be able to function as the DNA replication starting point for the ColE1 plasmid,

its 3’ -end is required to be enzymatically cut by RNase H. The RNAII molecule

forms stem loops just like RNAI. For the kissing complex to be formed, the

unhybridized nucleotides at the edge of the stem loops of the two RNA molecules

interact. These stem loop regions bind each other in a reversible way, forming

Watson and Crick bonds. The length of the binding region on each of the stem

loops is 6-8 nucleotides for the RNAI-RNAII kissing complex formation [7]. This is

the phase when the ROP protein can bind the RNAI-RNAII complex to stabilize

their connection. The RNAI molecule is linearized on the next step of the

RNAI-RNAII interaction, forming a full-length binding with the 5’-end of the RNAII

molecule [8, 9, 10]. The process is depicted below:
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Figure 2| RNAI - RNAII

kissing interaction

(Tomizawa, J. I. 1985)

Figure 3| PDB entry: 2BJ2

The solution structure of the RNAI

-RNAII loop–loop complex (Lee, A.

J., & Crothers, D. M. 1998)
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1.4 ROP - RNAI-RNAII complex modeling

Molecular docking is a modeling process that aims to predict the ways of

interaction between two or more molecules, as is needed for the ROP and the

kissing complex. Docking, specifically, is a method to generate the possible

orientations the two molecules forming a complex can have in relation to each

other, and then selecting the most preferred, according to the degree by which it

corroborates the other experimental data regarding the complex present. Docking

is computationally taxing when the linkage is formed between a protein and an

RNA molecule, both because the latter is flexible (especially when in single-strand

form) and because of the structural data in regards to RNA being severely lacking.

Nonetheless, a handful of various software to apply docking methods in

protein-RNA complexes have been developed, and are usually modified versions

of the corresponding software used for protein docking [18]. The fundamental

input needed for the docking algorithms is the structure files that can come with

other parameters such as the interacting regions and the number of protein

residues and ribonucleotides that form the contact regions [19, 20].

There are many attempts described in the related literature that are focused

on the ROP protein - RNAI-RNAII kissing loop interaction and the complex

formation study [23, 29, 39]. Although today the NMR structures of the ROP

protein and the one of the RNA kissing loop are available at the PDB, the complex

has not been crystallized [7, 9]. However, due to the high scientific interest that

ROP protein used to attract, mostly for structural studies due to its characteristic

α-helix bundle conformation, scientific data regarding its structural,

physicochemistry features and others are available. Consequently, there are

many homology structures available in the PDB for the ROP protein, making it

easier to perform a comparison analysis of the ROP protein and its mutants

binding upon the RNA kissing loop, and evaluate the docking results by referring

to the literature data about the functionality of the ROP and its mutants on binding

RNA. More specifically, after the complex modeling using the docking method, the

docking models (decoys) produced, will be compared. The ROP mutants that lack

their functionality are expected to create poor docking decoys (model) when

combined with the RNAI-RNAII kissing loop, contrasted to the decoys resulting
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from the wild type ROP protein, known for its binding upon the RNA kissing loop

[16, 17, 21, 22, 23].

This study is mostly based on research findings regarding the ROP protein

and not the RNAI-RNAII kissing loop since the bibliography related to the RNA

kissing loop and in general, to RNA structures is still nascent [35].
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2. Materials and Methods
In the following section the whole docking protocol is described step by step.

The first step of the process is selecting the ROP structure file to be studied, as well

as the mutants of the protein of considerable scientific interest in the context of

homology modeling. The mutants can be used as evidence for the evaluation of the

docking results, since the difference among the docking decoys originating from the

wild type ROP or from the mutants of the protein should reflect the mutants’

distinctiveness from the native ROP structure. For example, some of the mutants are

known for their characteristic, complete loss of function, which is expected to affect

the decoys' metrics when compared with the ones generated from the native

structure [21, 22, 23]. After selecting the structures of interest, the protocol continues

with the preparation of the receptors and ligands that will be used for the docking

trials. The preparation step is of high importance, since it is necessary to achieve

high quality docking decoys that do not contain any other molecules such as

solvents and water that may interfere with the docking process [24, 25, 26]. Finally,

the structures are ready to be introduced to the docking algorithm. The docking

software produces a list of results including various docking decoys (possible

docking solutions) [32, 33]. Most of the docking algorithms include an intrinsic

scoring function that can be used to evaluate the docking decoys and categorize

them according to their scoring values, selecting those with the higher values for

further analysis [25]. The last step of the process is the evaluation of the decoys

using other algorithms for interface structural analysis such as the PDBePISA [49].

However, it is important to further assess the docking results from the biological

aspect, taking into account all the relevant literature available.
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2.1 ROP protein models selection

At this point it is important to mention that, since the ROP protein structure

was uncovered through the NMR method, the ROP protein structure file provided by

the Protein Data Bank (PDB), with the (PDB ID: 1RPR) contains 10 structural models

in total. However, in the Validation Document for the ROP protein structure, it is

mentioned that the 8th model is the average model that resembles all the other 9

structure models most [7]. Thus, the model 8 of the 1RPR is the one that will be used

for all analyses throughout this thesis for both ROP and ROP - (57-63 [residue]) tail

protein models [27].

The ROP - (57-63 [residue]) tail, is a case that will be tested where the ROP

protein lacks its last 7 residues from each of its monomers. The investigation of this

case is required, in order to test the hypothesis that these peptide tails are

preventing the docking process. The peptide tails that lack a specific secondary

structure are flexible in nature, however the docking algorithm is not expected to

predict such important conformation changes and thus the ROP protein tails were

removed manually.

Figure 4| ROP protein 3D structure

with highlighted red 57-63 residue

tails (image created by PYMOL

[31]).
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The PDB ID of the protein and RNA structures will be used from now on when

referring to the according structures to avoid any misinterpretation between the data

presented in the study and the modified text files of PDB structures. Therefore, the

term ROP protein and 1RPR as well as the 2BJ2 and the RNAI-RNAII kissing loop

will be used alternatively throughout the present study.

To select the ROP mutants that will be used in the context of the homology

modeling of the complex, the PROTEIN BLAST server was utilized. The input protein

sequence was the one provided by the PDB FASTA file for the 1RPR NMR structure

model of the ROP protein. The BLAST search for homologs was restricted among

the homologs that exist as structure files in the Protein Data Bank, and the results

are the following [27, 50]:

INPUT PROTEIN SEQUENCE:

>1RPR_1|Chains A, B|ROP|Escherichia coli (562)

MTKQEKTALNMARFIRSQTLTLLEKLNELDADEQADICESLHDHADELYRSCLARFG

DDGENL

Figure 5| BLAST PROTEIN alignment for the ROP (1RPR) protein search in PDB [50]

Most of the BLAST run results are reliable, however only some of the proteins

should be picked to continue with the docking protocol. These proteins should be of

high scientific interest that in this case, is their inability to bind to the RNA kissing

loop due to the mutations they carry:
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1. 1F4N: It is a ROP protein mutant carrying the Ala2Ile2-6 mutation. This

mutation causes a conformational flip to the protein’s core that leads to

complete loss of the RNA binding ability [22].

Figure 6| On the left the 1F4N ROP mutant is shown and wild type ROP protein is placed on

the right. The Phe-14 residue is highlighted with red color in poth structures (image created

by PYMOL [22, 31]).

2. 1QX8 (RM6): It is a ROP mutant known as the loopless Rop. This

mutant presents a dramatic change of its structural conformation after

a deletion of the residues 30-34 and designed to restore the heptad

periodicity at the turn region. This mutant completely lacks the RNA

binding property [21].
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Figure 7| The 1QX8 ROP

mutant (image created by

PYMOL [21, 31])

3. 2IJH: It is a ROP protein mutant that contains only one residue

substitution in both of its monomers where the Phe-14 (phenylalanine)

is changed to Trp (tryptophan). This mutant also lacks the binding

affinity for the RNA kissing loop [23].

Figure 8| The 2IJH ROP

mutant (image created by

PYMOL [23, 31]).
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An RNA kissing loop is used as a negative marker for the docking trials. This

molecule is the well-characterized TAR-TAR kissing loop (PDB ID: 1KIS) that has

already been studied for each binding upon the ROP protein [28, 29]. However, the

naturally occurring protein-RNA complex is the one containing the ROP protein and

the RNAI-RNAII kissing complex and thus the results coming from these molecular

combinations are expected to be more reliable and consistent than those resulting

from the docking between the ROP protein and the TAR-TAR kissing loop. That is

also the case for the docking trials performed between the ROP mutants and the

RNAI-RNAII kissing loop. Poor quality results are expected from the docking trials

between the mutants and the RNA kissing loop in contrast with the docking decoys

from the native ROP protein and the RNAI-RNAII kissing loop.

Figure 9| PDB entry: 1KIS

TAR-TAR KISSING HAIRPIN

COMPLEX (Chang, K. Y., &

Tinoco Jr, I. 1997)
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2.2 Docking preparation

In order to prepare a structure properly before any docking simulations, a

series of actions are required, including removing solvent molecules and other

ligands, adding hydrogen molecules, replacing non-regular amino acids with their

regular forms — such as changing methylselenyl-dUMP into typical uracil —, fulfilling

incomplete side-chains or other parts of the structures if needed, etc [25, 30]. There

are many standardized protocols for docking preparation available with the one

provided from Chimera UCSF [53] being among the most widely used. However, it is

worth mentioning that the NMR structures such as the ROP structure 1RPR and the

ligand structure 2BJ2 (RNA kissing complex) as well as the TAR-TAR RNA complex

(1KIS), do not contain additional ligands or solvents in their structure files. The

aforementioned structure files do not lack hydrogen atoms, a problem that is mostly

present is X-ray crystallography-determined structures [54] and, moreover, these

two structure files are complete and thus both the polypeptide chains and the

ribonucleic acid chains are continuous. Lastly, no rare amino acids are found in the

ROP structure, meaning the docking preparation protocol does not need to be

applied on these structure files.

On the other hand, the structure files for the ROP mutants used in this study

should be edited using the Chimera docking protocol [53]. These structures are the

following:

1. 1F4N

2. 1QX8

3. 2IJH
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Figure 10| 1F4N ROP mutant before its

modification through the Chimera Docking

Preparation Protocol (the picture was

obtained through

the PYMOL program [22, 31])

Figure 11| 1F4N ROP mutant after its

modification through the Chimera Docking

Preparation Protocol (the picture was

obtained through

the PYMOL program [22, 31, 53])

Not all the modifications caused by the

Docking Preparation Protocol are obvious

from this picture (only the water, and ligand

molecular are shown to be missing).
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2.3 Docking principles

Docking is one of the most useful methods used for molecular modeling with

strong applications in the field of drug discovery and development. As it is already

briefly mentioned in the first chapter, molecular docking is a procedure that

generates all the possible orientations that a molecule can obtain over (an)other

molecule(s). This method is commonly applied in the field of drug development when

a computational approximation of the binding site is required before the research

protocol moves to the experimental measurements. These computational methods

can help the scientific community to save both time and money during the

performance of large drug discovery protocols [32, 33, 55, 56]. Regarding the protein

to RNA molecular docking, the methods can be divided into two distinct categories

according to the relative literature: rigid body and flexible docking. The rigid body

methods can generate a preliminary picture of the complex under investigation and

are prefered when limited information is available for the structure to be defined.

Additionally, the rigid body docking category is mostly utilized in cases where no

major conformational changes are expected from the complex formation process. On

the other hand, the flexible docking algorithms are constructed so as to conduct

more detailed docking analysis and thus require more strict input parameters for the

docking process [25, 56].

The most popular docking algorithms are provided below together with the

indication of their docking type (rigid/flexible).
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Figure 12| Docking software for protein - RNA complexes modeling [25].
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2.4 Docking Methodology

The first docking trials were performed using various docking algorithms from

those mentioned in the table above, both in the online server or the standalone form.

Some of the docking algorithms were more user friendly, providing plenty of relevant

documentation on how to use them and were easy to use even for non-experienced

users, others were more demanding, requiring various input parameters regarding

the independent molecule to be introduced to the docking program and the expected

results etc. Some of them require a tool package of considerably large size to be

installed in order to use them and some others are slow, with one docking trial lasting

for about one day with a typical personal computer setup. Some of them were

created only for protein-protein docking and are now modified in order to be able to

receive both proteins and DNA as input structure (e.g. pyDOCKDNA) [25, 32, 33, 34,

35]. After numerous docking attempts, the docking program selected for the ROP -

RNAI-RNAII kissing loop complex studies is the HDOCK program, created by the

Huang Lab [35].

2.4.1 HDOCK program

The docking algorithm that has been selected for the docking runs is the

HDOCK program. HDOCK is based on a hybrid docking algorithm, working both with

free docking and template based docking. The HDOCK program provides an intrinsic

scoring method and it is also able to accept proteins and nucleic acids as input

structure files. During the docking process, the algorithm places the receptor

molecule in a fixed orientation and the ligand molecule performs rotation by an

interval of 15° Euler angles in the rotational space, within a grid spacing of 1.2 Å

implemented for molecular shape complementarity research. This procedure is

executed with the Fast Fourier Transformation grid-based algorithm. The specialized,

scoring function used from the HDOCK program for protein-nucleic acid decoys

evaluation is the ITScore-PR function. ITScore-PR is characterized as a statistical

mechanics-based and knowledge-based scoring method, achieving high success

rates and allowing for RMSD measurements of the ligand molecule, a feature of high

importance regarding the flexibility of the RNA complex used as the ligand for the

present study [33, 35, 36, 37, 38].
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The HDOCK server was selected for the docking studies due to the following

advantages that it provides to the user:

1. Easy handling for inexperienced users

2. No prerequisites for binding restrains or pre-oriented structure file of the

receptor and the ligand

3. Docking Calculations of high speed

4. Intrinsic scoring method

5. RMSD calculations for the receptor molecule/accounting for RNA’s

characteristic flexibility

6. Compatible output data/easy to introduce them for other

calculations/evaluation

The picture below outlines the workflow of the HDOCK algorithm:

Figure 13| The workflow of the HDOCK server [35].
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Figure 14| HDOCK home page [35].
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After the docking preparation step, the molecules for docking were introduced

to the HDOCK server. The docking attempts and the crossovers among the

independent molecules are shown in the table below. All the results obtained were

saved, however only the first 10, best rated docking decoys, will be used for further

studies. All the output pdb formated files contain information about the docking

energy (mentioned as docking score) and the RMSD score of the ligand. In the case

that there are decoys with the same RMSD values, the one with the lower docking

energy is considered as the higher-confidence prediction achieved. The following

picture is an example of the results page of the HDOCK web server [33, 35]:

24



Figure 15| HDOCK docking results page [35].
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RNA ID Restraints

Protein ID 2BJ2 1KIS

1RPR ✔ -

1RPR ✔ -

1RPR - (57-63 tail) ✔ -

1RPR - (57-63 tail)
✔

ligand res: A[9]:U[12], U[10]:A[11], G[11]:C[10],
G[12]:C[9]

1F4N ✔ -

1QX8 ✔ -

2IJH ✔ -

Table 1| All the docking crossovers that will be used for docking purposes.

2.4.2 Scoring methods
Some of the docking programs/web-servers that are available, provide an

intrinsic scoring algorithm - as it is already noticed regarding the HDOCK program.

These algorithms are implementing a different kind of scoring method, based on

various structure or bio-physical features to evaluate how close to the native

protein-RNA complex are the decoys produced during the docking algorithm run.

Among the most widely known scoring methods the DARS-RNP [41] and the

ITScore-PR [37] are included with both of them regarded as knowledge based

algorithms. The ITScore-PR, is the scoring algorithm that the HDOCK program

utilizes for the docking decoys assessment. Nevertheless, the known RNA 3D

structures are still limited and thus the scoring algorithms that aim specifically to the

protein-RNA complexes' evaluation are prone to errors, especially when they are

based on a knowledge based method [35]. Consequently, a second round of docking

decoys evaluation is needed, to further filter the results and strengthen the reliability

of the docking decoys that may include the docking solution. There are a variety of
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independent scoring programs and servers that can be used to assess the results’

validity by performing complex interface analyses. For the present study both

independent evaluation algorithms as well as docking-intrinsic scoring methods will

be used and the results will be compared when possible [42, 43, 49]

2.4.3 Additional Test Cases

In every case of the resulting docking decoys for wild type ROP - RNAI-RNAII

kissing loop complex, the ROP protein was placed close to the inner side of the

kissing loop as suggested from this publication see the pictures below [23]:

Figure 16| On the left the suggested location for ROP interaction upon the RNAI-RNAII

kissing loop is depicted. On the right side the first rated docking decoy between 1RPR (NMR

file of the ROP) and 2BJ2 (RNAI-RNAII kissing complex) is shown [23].

However, the literature is inconclusive regarding the relative orientation

between the ROP protein and the RNA kissing complex, with the Comolli, L. R.,

Pelton, J. G., & Tinoco Jr, I. (1998) [29] study focused on the interaction between the
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ROP protein and the Tar-Tar kissing complex claiming that the most possible relative

orientation between the ROP protein and interaction RNA kissing loop being the one

with the ROP placed on the outer side of the kissing loop as shown below [23, 29].

Figure 17| The suggested complex of ROP protein and Tar-Tar kissing loop [29].

Consequently, additional docking trials were required, aiming to test the

hypothesis of the ROP protein being placed at the outer side of the RNA kissing loop

as it is suggested from the publication above. For this purpose, the first step was to

investigate the docking crossover between the ROP protein and the TAR-TAR RNA

kissing loop 1KIS, which was used for the studies of [29]. Even in this case, the

ROP-TAR RNA complex took the same orientation as the ROP-RNAI - RNAII kissing

complex. More details are discussed later in the present thesis study.
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Figure 18| ROP

protein -

TAR-TAR kissing

loop complex

decoy [35].

In any case, the need for introducing docking restraints for the docking studies

on the ROP protein and RNA kissing loop of interest complex is obvious - as the

second step to study the hypothesis of the ROP protein being placed on the outer

side of the RNA loop [29]. Thus, some more docking trials should be performed.

However, there is a lack of relevant data regarding the exact number and identity of

the RNA bases that are responsible for the interaction between the ROP protein and

the RNAI-RNAII kissing complex. In this context, it is worth mentioning that the

binding of ROP protein upon the RNA-kissing complexes is known as a

structural-dependent event [39]. Using the MultiSETTER server [40] for multiple

structure alignment, it gets obvious that there is an important structural similarity with

an RMSD = 1.706 between the RNAI-RNAII kissing complex (PDB ID: 2BJ2) and the

TAR-TAR kissing complex (PDB ID: 1KIS).
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Figure 19| Structure alignment between the RNAI-RNAII kissing complex (PDB ID: 2BJ2) in

red color and the TAR-TAR kissing complex (PDB ID: 1KIS) in blue color [40].

According to the publication suggesting that the ROP protein binds to the

outer side of the RNA kissing loop, the main ribonucleotides that are involved in this

interaction are the following: U(uracil):7 and G(guanine):8-10 [29]. From the

alignment prepared from the SETTER server aiming to assess the structural

similarity between the RNAI-RNA kissing complex and the TAR-TAR kissing

complex, the region including the aforementioned RNA bases of the TAR-TAR

complex, corresponds to the nucleotides of the RNAI-RNAII complex below:

I.A(adenine):9, I.U(uracil):10, I.G(guanine):11-12

Thus, one more round of docking trials between the ROP protein and the

RNAI-RNAII kissing complex was performed, this time adding the restrains of the

residues in contact with the protein:
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Docking attempt case: I.A[9]:II.U[12], I.U[10]:II.A[11], I.G[11]:II.C[9], I.G[12]:II.C[10]

The nucleotide residue restraints can be easily introduced to the HDOCK

server. Using the Advanced Options section, the restrains can be inserted for the

receptor or the ligand molecule and the molecular distance parameters can be

added as well. In this case, the restraints are mentioned above, concerning only the

ligand molecule.
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2.5 Docking results evaluation

After gathering a huge amount of docking decoys coming from various

docking cases, the results can be further evaluated using tools for structural analysis

of pre-calculated docking results. Some of the most used servers for relevant

purposes are the PDBePISA [49] and the COCOMAPS [43] servers. These

programs get the docking decoys as an input and prepare an interaction analysis of

the surface of interest. However, not all of the programs allow the user to choose a

specific interface surface of interest but they automatically recognize the molecular

surfaces to analyze. That is exactly the problem of the PDBePISA, since the server

considers each of the polypeptide or nucleic acid chains as independent molecule

and thus it measures the interface characteristic between each of the chains of the

input files, not allowing the user to select the surface that is shaped from molecules

including more than one polypeptide or nucleic acid chain. To figure out this problem

the .pdb files of the structures to be analyzed, were modified using a simple text

editor, as each of the chains is continuous for the ROP protein and the RNA kissing

loop. This means that in the input files of the ROP protein someone can notice that

the protein does not include two separate polypeptide chains of 63 residues, but

instead the modified protein now consists of one polypeptide chain of (63*2) 126

residues. The same is true for the RNA kissing complex as well. The RNA-RNAII

kissing loop structure files that were modified accordingly, do not contain two

ribonucleic acid chains of 21 and 19 nucleotides, now the RNA kissing loop seems

like a uniform RNA molecule composed of(21+19) 40 nucleotides.

The evaluation results coming from the analysis carried out by COCOMAPS

server and from the PDBePISA comparison are presented in the Results section of

the present thesis study.
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3. Results
The scoring results of the docking decoys analysis are mostly focused on the

Accessible Solvent Area (ASA), Buried Area upon the molecular complex formation

(BSA), Interface Area of the touching molecules and the ΔiG value which is actually

the measurement of the solvation free energy gain resulting from the formation of the

interface measured in kcal/M. This value is calculated as the difference in total

solvation energies of isolated and interfacing structures. This means that the lower

(negative values) the ΔiG value is the higher is the complex stability (however, bonds

free energy contributions that are formed upon the complex formation are not

included in this measurement). Moreover, complex evaluation can be conducted

specifically for each of the interacting residues of the molecules that form the

complex. The same values as these mentioned above can be measured for each of

the interfacing residues. Both PDBePISA and COCOMAPS servers measure the

BSA, ASA, and Interfacing Area for the molecular interfaces, and the PDBePISA

additionally calculates the ΔiG value for each of the docking decoys [42, 43, 49].

Each docking trial using HDOCK, produces 100 complex models (decoys)

that are categorized according to their scoring values. The top 10 scored decoys will

be used for further analysis as it is suggested from the HDOCK server [33, 35]. The

decoy models are sorted in a decreasing manner, meaning that the first docking

model shows a higher docking score than the following one and thus, the possibility

of a binding event between its independent docking structures is higher. However,

the scoring value does not imply the binding affinity of each of the models. Another

scoring value that labels each of the resulting docking decoys is the Confidence

Score. This value is empirically defined by the HDOCK program, it is based on the

Docking Score value and it is used as an indicator of the binding probability, resulting

in complex formation. The Confidence Score is calculated according to the following

equation:

[1] [ Confidence_score = 1.0/[1.0+e0.02*(Docking_Score+150)] ]
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The HDOCK creators are referring to the empirical value of the Confidence

Score of 0.7 and more for the complexes that are very likely to be formed. However,

this threshold is empirical and further investigation is suggested from the HDOCK

team [35, 63].

The figures below, show the Confidence Score for the first 10 best scored

docking decoys, for each of the test cases that were used throughout the present

study. The data labels present the Docking Score for each of the Decoy models:

Figure 20| HDOCK docking decoy confidence scoring | [Crossover: ROP - RNAI-RNAII

kissing loop] (the data labels are depicting the intrinsic HDOCK scoring values) [35].
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Figure 21| HDOCK docking decoy confidence scoring | [Crossover: 1F4N mutant -

RNAI-RNAII kissing loop] (the data labels are depicting the intrinsic HDOCK scoring values)

[35].

Figure 22| HDOCK docking decoy confidence scoring | [Crossover: 2IJH mutant -

RNAI-RNAII kissing loop] (the data labels are depicting the intrinsic HDOCK scoring values)

[35].
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Figure 23| HDOCK docking decoy confidence scoring | [Crossover: 1QX8 mutant -

RNAI-RNAII kissing loop] (the data labels are depicting the intrinsic HDOCK scoring values)

[35].

Figure 24| HDOCK docking decoy confidence scoring | [Crossover: ROP - (57-63

[residue]) tail - RNAI-RNAII kissing loop] (the data labels are depicting the intrinsic HDOCK

scoring values) [35].
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Figure 25| HDOCK docking decoy confidence scoring | [Crossover: ROP - (57-63

[residue]) tail (+restraints) - RNAI-RNAII kissing loop] (the data labels are depicting the

intrinsic HDOCK scoring values) [35].

Figure 26| HDOCK docking decoy confidence scoring | [Crossover: ROP - TAR-TAR

kissing loop] (the data labels are depicting the intrinsic HDOCK scoring values) [35].

37



3.1 Metrics

3.1.1 Δ iG P-value

ΔiG P-value is a metric for the decoy complex quality. This value provides an

indication of the probability (P-value) that the ΔiG calculated for the according

docking decoy could not present a lower value in the case that the interface atoms

are picked randomly from the molecular surface. It also works as a metric for

complex specificity. As the P-value calculated is getting higher (P>=0.5), the

probability of the complex formation being a result of an artifact is increasing.

However, when the complex decoys present a ΔiG P-value lower than 0.5 (P<0.5),

there is a strong indication of the structure’s uniqueness and reliability. Thus, the ΔiG

P-value was used as a rough filter, to remove the low-quality decoys from the

docking complex decoys pool of most likely for being the solution of the

ROP-RNAI-RNA II kissing loop complex [42, 49].

In the graph shown below, all the docking decoys coming from the native ROP

protein and the mutants docking on the RNAI - RNAII kissing complex are plotted.

On the x axis the number of the model is indicated (starting from the model 1 to the

model 10 according to the scoring of the docking protocol) and on the y axis the ΔiG

P-value for each of the decoys is shown. ΔiG P-value is a metric that can only take

values from 0 to 1.
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Figure 27| ΔiG P-value for the first 10 decoys produced from the crossovers between the

wild type ROP (1RPR) and its mutants with the RNAI-RNAII kissing loop.
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Figure 28| ΔiG P-value for the first 10 decoys produced from the crossovers between the

RNAI-RNAII kissing loop (2BJ2) and the TAR-TAR kissing loop (1KIS) with the wild type

ROP (1RPR).

Figure 29| ΔiG P-value for the first 10 decoys produced from the crossovers between the

wild type ROP (1RPR) and the ROP - (57-63) tail with the RNAI-RNAII kissing loop (1 trial

including additional residue parameters).

It is now obvious that some of the ROP mutants present a range of low quality

decoys that can barely reach the ΔiG P-value of 0.5. This result was expected for

the mutants since, for example, the 1QX8 mutant of the ROP protein lacks the

ROP’s native activity and consequently the docking decoys’ poor quality (due to

inefficient protein-RNA binding) was expected [21, 23]. Moreover the docking results

from the crossover between the ROP protein (1RPR) and the RNAI-RNAII kissing

loop (2BJ2) present higher quality (5 models out of 10 have an accepted P-value)

than those resulting from the crossover between the ROP protein and the TAR-TAR

kissing loop (1KIS) (3 models out of 10 present accepted P-value). Finally from the
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last P-value plot, it is shown that ROP structures missing the 57-63 tail gave higher

quality docking structures than the unmodified ROP protein.

The fact that, the docking results coming from the docking attempts between

the 1QX8 and the RNAI-RNAII kissing loop, as well as the decoys from the docking

trial between the ROP protein and the TAR-TAR kissing loop are characterized from

their low quality, is a good indicator of the evaluation program reliability. The 1QX8

ROP mutant is known for its complete loss of function and thus no binding upon the

RNA kissing loop is expected. For the almost same reason, neither the ROP -

TAR-TAR kissing loop is expected to present high quality docking decoys, since the

nature-occurring ROP - RNA kissing loop complex is the ROP - RNAI-RNAII kissing

loop for the ColEl plasmid replication regulation. Therefore, the docking models from

the crossovers of the 1QX8 ROP mutant and those from the TAR-TAR kissing loop

docking are suitable for negative controls of docking solution structure selection.

3.1.2 Solvation free energy
Solvation free energy gain is indicated by the symbol ΔiG and measured in

kcal/M. This value is estimated from the solvation energy of the independent

molecular components of the complex minus the solvation energy of the complex

structure in constant temperature and density (or pressure). ΔiG depicts the energy

that is needed to dissolve the molecular complex and consequently the more

negative the ΔiG value is, the more stable the docking decoy is considered [44, 45].

The solvation free energy can therefore be implemented as the second evaluation

metric for the docking decoys created. From the previous step of the decoys

evaluation, many of the complexes were filtered out and thus the docking decoys

now left for further assessment are the following colored in green:
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ROP - 2BJ2 1RPR-(57-63
tail)- 2BJ2

1RPR-(57-63
tail) +
restraints- 2BJ2

1F4N- 2BJ2 2IJH- 2BJ2

model 1 model 1 model 1 model 1 model 1

model 2 model 2 model 2 model 2 model 2

model 3 model 3 model 3 model 3 model 3

model 4 model 4 model 4 model 4 model 4

model 5 model 5 model 5 model 5 model 5

model 6 model 6 model 6 model 6 model 6

model 7 model 7 model 7 model 7 model 7

model 8 model 8 model 8 model 8 model 8

model 9 model 9 model 9 model 9 model 9

model 10 model 10 model 10 model 10 model 10

Table 2| The docking decoys with acceptable P-values that can be used for further analysis.

3.1.3 Interface Area

The interface area is an important metric for the evaluation of molecular

complexes. Most of the time it is calculated in Å² and it is typically considered as the

difference between the total accessible surface areas (ASA) of each of the

interacting molecules minus the (ASA) of the interfacing structures, divided by two.

Interface Area is also correlated with the Buried Surface Area created upon the

complex formation. The value of the Buried Surface Area, indicates the part of

solvent accessible area of the molecule or the residue that is buried after the

complex formation and it is measured in percentages or in Å². There is an

inconvenience in the relevant literature regarding the Buried Surface Area (BSA),

however it is a widely used metric from molecular complexes’ structural analysis.

However, in both cases, a complex is considered as more stable when characterized
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with high BSA and Interface Area values combined with a low negative value for the

Solvation free energy (ΔiG) [46, 47, 48, 49].

The analysis results of the docking decoys prepared from the PDBePISA and

the COCOMAPS server are almost similar. This fact is a good indicator of the

docking quality although the docking decoys were modified before their introduction

to the PDBePISA server as to continuous polypeptide and nucleic acid chains. This

step was required since the PDBePISA does not provide the option of selecting the

interface of interest and analyzing each polypeptide and nucleic acid chain

separately, although a whole protein may be composed of several peptide and

nucleic acid chains (polymere). From the chart graphs for the example cases shown

below (one graph is referring to the wild type ROP interface area (Å²) with the 2BJ2

RNA kissing loop and the other one is based on the interface area values of the ROP

lacking the 57-63 [residue] tail) docking with the RNAI-RNAII kissing loop) it is shown

that especially for the second case, the according Interface Area values are very

close.

Figure 30| Comparison graph of the Interfase Area calculated from the PDBePISA and the

COCOMAPS server for the docking decoys of the ROP protein (1RPR) and the RNAI-RNAII

kissing loop docking. It is evident that the results do not comply with each other.
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Figure 31| Comparison graph of the Interfase Area calculated from the PDBePISA and the

COCOMAPS server for the docking decoys of the ROP protein (1RPR) missing the 57-63

[residue] tail and the RNAI-RNAII kissing loop docking. The results prepared from the two

different servers are consistent.

From the graphs shown above, it can be noticed that the Interface area values

are more consistent when it comes to the ROP - (57-63 [residue]) tail docking

decoys. This is probably a proof of the theory that the tails for the 57th till the 63rd

residues of the ROP protein can disturb the docking results. However, this issue will

be inspected later in the present thesis.

Moreover, in the case of the ROP interface area values calculated from both

structural analysis servers, it is shown that the error bars for the values measured by

the COCOMAPS server are wider. This fact in combination with the frequent outlier

values calculated from the COCOMAPS server contributes to the choice of the

PDBePISA server for the implementation of further analysis. Below, the graphs are

used to highlight the error bars of the Interface Area values calculated from the

COCOMAPS server.
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Figure 32| Comparison column graph (with error bars) of the Interfase Area calculated from

the PDBePISA and the COCOMAPS server for the docking decoys of the ROP protein

(1RPR) and the RNAI-RNAII kissing loop docking.

Figure 33| Comparison column graph (with error bars) of the Interfase Area calculated from

the PDBePISA and the COCOMAPS server for the docking decoys of the ROP protein

(1RPR) missing the 57-63 [residue] tail and the RNAI-RNAII kissing loop docking.
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Considering the aforementioned data it becomes evident that the ROP protein

missing the 57-63 [residue] tail in crossover with the RNAI-RNAII kissing loop

docking decoys as well as those generated from the crossover between the 2IJH

ROP mutant and the 2BJ2, are those that present the most stable and consistent

picture. At first, most of the top 10 docking decoys (8 out of 10 structures) and (9 out

of 10) accordingly, have an accepted P-value (lower than 0.5) compared to the

accepted decoys coming from the wild type ROP (5 out 10 structures are accepted)

and the 1F4N mutant (5 out of 10 accepted structures). Furthermore, it was shown

that the Interface Area measurements calculated from PDBePISA and from

COCOMAPS servers come to agree with each other for the case of the 1RPR -

(57-63 [residue]) tail with the RNAI-RNAII kissing loop.

Additionally, for the case of the ROP missing its tail, and the 2IJH ROP

mutant, after filtering the structures that present high P-values, the data becomes

even more consistent in contrast to the non-sense results of the 1F4N mutant and

the wild type ROP protein dockings. As it is shown from the following diagrams, for

the ROP - (57-63 [residue] tail) decoys, as the Interface Area score is elevating, the

ΔiG value becomes more negative, indicating the stability of the complexes when the

interface area is extended. However, the same happens with the Interface Area and

ΔiG values for the 2IJH ROP mutant docking decoys which is not an expected result,

since the binding ability of this protein upon the RNAI-RNAII kissing loop is absent.

Thus, additional investigation is needed for this test case.
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Figure 34| Interface Area (Å²) to ΔiG (kcal/M) for the filtered decoys (P-value<0.5) of the

docking between the ROP protein and the RNAI-RNAII kissing loop.

Figure 35| Interface Area (Å²) to ΔiG (kcal/M) for the filtered decoys (P-value<0.5) of the

docking between the ROP - (57-63) tail protein and the RNAI-RNAII kissing loop.

47



Figure 36| Interface Area (Å²) to ΔiG (kcal/M) for the filtered decoys (P-value<0.5) of the

docking with between the 1F4N ROP protein mutant and the RNAI-RNAII kissing loop.

Figure 37| Interface Area (Å²) to ΔiG (kcal/M) for the filtered decoys (P-value<0.5) of the

docking with between the 2IJH ROP protein mutant and the RNAI-RNAII kissing loop.
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The above graphs can help decide on the docking decoys for further analysis,

since they provide a straight indication of the docking results quality. The graphs that

present a stable picture of the Interface Area and the ΔiG value of the produced

docking models are; the one referring to the docking between the ROP - (57-63) tail

protein and the RNAI-RNAII kissing loop and the last one for the analysis of the 2IJH

mutant - 2BJ2 crossover and thus, these docking decoys are the most reliable. More

specifically, the model 6 from the crossover case the ROP protein - (57-63) tail

protein and the RNAI-RNAII kissing loop and the model 2 from the 2IJH mutant with

the RNAI-RNAII kissing loop crossover are suggested for additional analysis.

49



3.2 Interface residues evaluation

All the metrics that have been already mentioned regarding the complex

structure evaluation coming from the docking trials, can be applied to a residue

scale. The Solvent Accessible Surface Area as well as the Buried Surface Area and

the Interface Area can be calculated for each protein residue of nucleotide

separately. Most of the programs for molecular interface structural analysis provide

this function to the user. In this case, the PDBePISA output page contains a detailed

map of the interactions in a residue/nucleotide-base. An example part of the map is

shown in the picture below [49]:

Figure 38| Interface Analysis Results page PDBePISA [49].

The map presents the ASA, BSA, the hydrogen bond that is likely to be

formed upon the complex creation, as well as the ΔiG value for each of the residues

of the ROP protein and the nucleotides of the RNA kissing loop. These tables can be

used to pursue further information regarding the molecular interface formation. The
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graphs shown below, depict the Buried Surface Area values for each of the protein

residues and the nucleotides of the RNA kissing loop independently. In this case, tha

BSA value is referred to the solvent-accessible surface area of the corresponding

residue that is now buried due to the molecular interface formation between the ROP

-(57-63) tail protein and the RNA kissing complex measured in Å². The color code

shown in the graphs is an indicator of the percentage of the total solvent-accessible

surface area that is buried upon the complex formation. The columns colored red

indicate the residues/nucleotides that lose more than the 50% of their solvent

accessible area that is now buried from the complex formation [49].

Figure 39| Buried Surface Area (Å²) table for each of the protein residues contributing to the

protein - RNA kissing loop interface formation [Crossover: ROP - (57-63) tail - RNAI-RNAII

kissing loop, Decoy: 6]
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Figure 40| Buried Surface Area (Å²) table for each of the ribonucleotide bases contributing to

the protein - RNA kissing loop interface formation [Crossover: ROP - (57-63) tail -

RNAI-RNAII kissing loop, Decoy: 6]

Studying the interface characteristics in a residue-scale for the docking decoy

2 resulting from the crossover [2IJH - 2BJ2], it is getting clear that the decoy

generated from this crossover are not reliable. More specifically, the protein residues

that are shown to play a major role in the protein mutant - RNA kissing loop

formation are the residues Trp-14 from both protein chains. From the literature, it is

known that the ROP protein residue that is determinant for the protein binding upon

the RNA kissing loop, is the Phe-14 residue from both protein polypeptide chains.

This is exactly the residue that is replaced in the 2IJH mutant, leading to the total

loss of protein ability to bind to the RNAI-RNAII kissing loop. As it is highlighted

below (the A.Trp-14, B.Trp-14 bars are colored in magenta), the Trp-14 residues are

claimed to have a principal role for the complex formation, indicating the inaccuracy

of the docking results of this test case.
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Figure 41| Buried Surface Area (Å²) table for each of the protein residues contributing to the

protein - RNA kissing loop interface formation [Crossover: 2IJH - RNAI-RNAII kissing loop,

Decoy: 2]

Taking into account all the data that have been analyzed till now, the docking

decoy that is more possible to resemble the naturally occurring complex between the

ROP protein and the RNAI-RNAII kissing loop in bacteria in the 6th model from the

crossover: ROP - (57-63) tail - RNAI-RNAII kissing loop. The characteristics of this

decoy structure are the following, as well as the 3D structure shown below, indicating

the protein residues that more than the 50% of their solvent accessible area is buried

after the complex formation, in red and the RNA kissing loop residues in cyan

accordingly.
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Metrics Decoy 6 [crossover: ROP - (57-63) tail -
RNAI-RNAII kissing loop]

P-value 0.244

DeltaiG (kcal/M) -28.3

Interface Area (Å²) 785.8

Hydrogen Bonds (N) 5

Table 3| Features of the Docking Decoy 6 resulting from the crossover of the ROP - (57-63)

tail - RNAI-RNAII kissing loop.
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Figure 42| The docking decoy 6 [Crossover: ROP - (57-63) tail - RNAI-RNAII kissing loop]

(image created by PYMOL [31, 35])
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3.3 Introducing docking parameters

As it has already been established, the HDOCK server allows for restraints

introduction to the docking process [35]. These particular parameters introduced for

the ligand part, were selected according to the publication for the ROP protein -

TAR-TAR kissing loop complex structural analysis (Comolli, L. R., Pelton, J. G., &

Tinoco Jr, I. 1998) and they are the following:

I.A[9]:II.U[12], I.U[10]:II.A[11], I.G[11]:II.C[9], I.G[12]:II.C[10]

3.3.1 Results

For this docking trial, the ROP - (57-63) tail protein was used, since it has

already shown a consistent and stable picture regarding docking results. The

following graph is depicting the the P-values for the Solvation free energy gain

calculated for the docking decoys resulting from the crossover between the ROP -

(57-63 [residue]) tail protein and the RNAI-RNAII kissing loop in combination with the

additional parameter of the specific binding restrains mentioned above:
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Figure 43| ΔiG P-values of docking decoys for the Crossover: ROP - (57-63) tail -

RNAI-RNAII kissing loop with additional residue restraints.

It is obvious that all of the suggested models from the HDOCK server for

further analysis present an accepted P-value for the solvation free energy for this

study case. Thus, the interface area and the solvation free energy are now plotted as

shown below:

Figure 44| Interface Area (Å²) to ΔiG (kcal/M) for the filtered decoys (P-value<0.5) of the

docking with additional restraints between the ROP - (57-63) tail protein and the RNAI-RNAII

kissing loop.
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Docking Decoy 1

P-value 0.238

DeltaiG (kcal/M) -25.1

Interface Area (Å²) 771.1

Hydrogen Bonds (N) 4
Table 4| Features of the decoy 1 created from the docking crossover ROP - (57-63 [residue]

tail - RNA kissing loop with the additional docking restraints for the ligand (RNA kissing

loop).

Docking Decoy 2

P-value 0.251

DeltaiG (kcal/M) -26.8

Interface Area (Å²) 747.6

Hydrogen Bonds (N) 3
Table 5| Features of the decoy 2 created from the docking crossover ROP - (57-63 [residue]

tail - RNA kissing loop with the additional docking restraints for the ligand (RNA kissing

loop).

In this case, the 1st model is the one with the best features regarding the

molecular Interface Area score (higher value) and the solvation free energy gain

upon complex formation (most negative value) in combination with the 4 hydrogen

bonds formed upon the complex formation and thus it is the one selected for further

analysis. The table below, shows the structural analysis in a residue-scale as it is

already done with the ROP - (57-63 [residue] tail - RNA kissing loop complex without

restraints. The color code shown in the graphs is an indicator of the percentage of

the total solvent-accessible surface area that is buried upon the complex formation.
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The columns colored red indicate the residues/nucleotides that more than the 50% of

their solvent accessible area is buried after the complex formation.:

Figure 45| Buried Surface Area (Å²) table for each of the protein residues contributing to the

protein - RNA kissing loop interface formation [Crossover: ROP - (57-63) tail - RNAI-RNAII

kissing loop, +restraints, Decoy: 1]
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Figure 46| Buried Surface Area (Å²) table for each of the ribonucleotide bases contributing to

the protein - RNA kissing loop interface formation [Crossover: ROP - (57-63) tail -

RNAI-RNAII kissing loop, +restraints,  Decoy: 1]
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Figure 47| Complex structures comparison | The docking decoy 1 [Crossover: ROP -

(57-63) tail - RNAI-RNAII kissing loop + restraints] on the right side and the docking decoy 6

[Crossover: ROP - (57-63) tail - RNAI-RNAII kissing loop] shown on the left side of the

picture  (image created by PYMOL [31, 35]).
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4. Discussion
After creating, filtering and evaluating a huge number of docking decoys,

there is one complex structure that is more likely to represent the ROP - RNAI-RNAII

kissing complex found in bacteria. This model was created by the crossover between

the ROP protein missing its 57-63 [residue] tail with the RNAI-RNAII kissing loop

without introducing any additional docking parameters. The docking decoys resulting

from these trials presented a stable picture with the 8 out of the 10 best scored

docking models from the HDOCK program having an accepted P-value below the

threshold of 0.5 [49]. Moreover, the interface analysis features for these docking

models occur in a consistent fashion, where the solvation free energy was taking

even more negative values while the complex Interface Area value was increasing -

as it was expected for a pool of high quality decoy structures. One of the resulting

models from this specific docking trial was selected for further investigation and it

was the model 6 highlighted below.

Figure 48| Interface Area (Å²) to ΔiG (kcal/M) for the filtered decoys (P-value<0.5) of the

docking between the ROP - (57-63) tail protein and the RNAI-RNAII kissing loop.
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The number of the ROP - (57-63 tail) protein contributing to the interface

formation corresponds to the 20.5% of the total number of the protein residues and

the nucleotides of the RNA kissing loop on the interface corresponds to the 35%.

According to the relevant bibliography, the protein residues that are involved in the

protein - RNA kissing loop interaction are the following: Lys-3, Asn-10, Gln-18,

Phe-14 and Lys-25, with the Phe-14 being the most important residue for the RNA

binding affinity [39]. From the graph below it is evident that the Phe-14 residues from

both ROP monomers significantly contribute to the complex formation and the same

is true for the Asn-10 and the Lys-25 of the first monomer. Hence, the interface

analysis results of this decoy model between the ROP - (57-63 tail) protein and the

RNAI-RNAII kissing loop come to agree with the literature, enhancing the reliability of

the result.

Figure 49| Buried Surface Area (Å²) table for each of the protein residues contributing to the

protein - RNA kissing loop interface formation [Crossover: ROP - (57-63) tail - RNAI-RNAII

kissing loop, Decoy: 6]
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The best-scored decoy number 6, resulting from the molecular crossover:

ROP - (57-63 tail) protein with the RNAI-RNAII kissing loop shows a lateral

orientation between the ROP protein and the loop of the RNA kissing complex. This

orientation leads to the formation of a structure that is an intermediate of the two

orientations recommended from the literature (the one hypothesis is placing the ROP

protein on the outer side of the RNA kissing loop [29] and the other one suggesting

the the ROP protein is placed on the exact opposite side, the inner side of the RNA

kissing loop [23]). Furthermore, the ROP - (57-63 tail) protein horizontal axis

occupies a close-to-parallel position relative to the RNA kissing loop horizontal axis

as shown below. This is also a feature that complies with the complex models

suggested from the literature [23, 29].

The decoy number 1 resulting from the docking crossover: ROP - (57-63) tail -

RNAI-RNAII kissing loop with the additional restraints I.A[9]:II.U[12], I.U[10]:II.A[11],

I.G[11]:II.C[9], I.G[12]:II.C[10], was finally rejected, since the decoy 6 from the

crossover ROP - (57-63) tail - RNAI-RNAII kissing loop described above, presents

better features. The table below, displays the difference in the features of the two

decoys:
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Metrics Decoy 6 [crossover: ROP -
(57-63) tail - RNAI-RNAII
kissing loop]

Decoy 1 [crossover: ROP -
(57-63) tail - RNAI-RNAII
kissing loop + restraints]

P-value 0.244 0.238

DeltaiG (kcal/M) -28.3 -25.1

Interface Area (Å²) 785.8 771.1

Hydrogen Bonds (N) 5 4
Table 6| Comparison table for the features of the Docking Decoy 6 resulting from the

crossover of the ROP - (57-63) tail - RNAI-RNAII kissing loop and the Decoy 1 resulting from

the crossover of the ROP - (57-63) tail - RNAI-RNAII kissing loop with additional docking

parameters.

Figure 50| The decoy number 6 [crossover: ROP - (57-63 tail) protein - RNAI-RNAII kissing

loop] with the horizontal axis of both ROP protein and RNA kissing loop highlighted in red

color (image created by PYMOL [31, 35]).
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Throughout the present study, it is finally getting clear that the docking model

6, resulting from the crossover between the ROP - (57-63 [residue]) tail and the

RNAI-RNAII kissing loop is the one gathering the higher evaluation score - taking

into account all the evaluation tools described so far. Nethertheless, further research

is suggested upon the present study issue. Firstly, one important step that should be

conducted in order to improve the results reliability for the complex evaluation, is the

screening of all the decoy structures produced from the docking program as well as

using more ROP protein mutants for the homology comparison. The first step can

help the user to investigate if the scoring method of the docking program

implemented, really complies with the results from the evaluation programs. Using

only the first 10 best-scored model created by the docking algorithm, does not give a

statistically significant comparison result. The second step can help to increase the

volume of the comparison structures set, again scaling up the results’ reliability.

Moreover, another docking program could be used for further analysis of the

complex. The HDOCK server calculations for the RMSD (Root Mean Square

Deviation) value of the ligand molecule are performed by comparing the initial ligand

structure position with the ligand conformation presented at the docking decoys.

Thus the output RMSD can not be considered as an accurate metric for the docking

decoy evaluation (HDOCK RMSD values > 10 Å). However, the fact that the RNA

molecules are characterized as highly flexible structures, a docking or structure

evaluation tool, able to estimate the RMSD value for structural changes of the RNA

ligand due to its binding upon a receptor, is required [25, 35]. Lastly, utilizing docking

programs that use template-based docking algorithms inclusively, such as the

P3DOCK server, could be considered, aiming to create docking decoys of higher

quality [51].
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Figure 51| HDOCK results page from the docking trial between the ROP protein and the

RNAI-RNAII kissing loop including the Ligand rmsd (Å) [35].

Another problem faced during the docking structures evaluation is the zero

value of the CSS. The CSS value represents the Complexation Significance Score,

which indicates the significance of the interface resulting from the complex formation

[49]. The molecules contributing to the complex formation are indeed very loosely

bound to each other, leading to the zero value measurement of the CSS metric. This

is a problem that could probably be mitigated if the user provides the acceptable

area for the docking, creating boundaries such as the grid options that can be

introduced through the AutoDock VINA docking software [52].

Lastly, it is important to notice that building a protocol for protein - RNA

docking is really challenging, since this field is still in its infancy, especially when the

RNA structure consists of two distinct nucleic acid chains that present an unusual

conformation such as the RNA kissing loops [25]. Most of the docking programs for

protein - RNA docking are still under development and the documentation is limited,

making it even more difficult for inexperienced users to utilize them [42]. At the same

time, many tools for molecular docking, structural and interface evaluation and

molecular handling in general, are not updated or they are even not available
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anymore, adding one more obstacle to the docking and evaluation protocol

construction.
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