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RESUMO

Neste trabalho foram estudados aspectos moleculares e evolutivos das DNA (DPO) e RNA
(RPO) polimerases codificadas pelo plasmideo mitocondrial de M. perniciosa. Modelos
tridimensionais dessas polimerases foram construidos, utilizando Modelagem por Homologia,
seguida de uma simula¢do por Dindmica Molecular de 3500 picossegundos. Com as estruturas
3D das enzimas modeladas e validadas, foi realizado um processo de triagem virtual de
compostos quimicos, utilizando os bancos de dados KEGG, ZINC e PubChem, seguido do
Docking Molecular (Autodock Vina) e Dinamica Molecular MM/PBSA. Entdo, foram
selecionados complexos mais estaveis DPO-Entecavir e RPO-Rifampicina. O estudo da
expressao relativa dos genes codificadores das DNA e RNA polimerases foi feito através de RT-
qPCR, utilizando-se cDNA diferentes fases de desenvolvimento do M. perniciosa. Foi na fase de
primérdio em que houve um aumento significativo na atividade desses genes, o que
provavelmente esta relacionado com um processo de defesa do fungo contra o 7. cacao. A
analise filogenética foi realizada utilizando-se sequéncias de DNA e proteina das DPO e RPO do
plasmideo de M. perniciosa e de polimerases de outros 12 plasmideos fungicos, além de
sequéncias de polimerases virais. Foram realizadas analises de Maxima Verossimilhanca e
Bayesiana, apenas de sequéncias fingicas e da combinacdo entre fungos e virus. As topologias
das arvores filogenéticas resultantes dessas analises corroboram as hipoteses de Transferéncia
Horizontal de Genes (THG) entre polimerases fungicas e virais, além de delimitar as relagdes

evolutivas das DPO e RPO do plasmideo de M. perniciosa.

Palavras-chave: Moniliophthora perniciosa, Mitocondria, Polimerases, RT-qPCR, Filogenia
Molecular



ABSTRACT

In this study we evaluated molecular and evolutionary aspects of DNA (DPO) and RNA (RPO)
polymerases encoded by M. perniciosa mitochondrial plasmid. Three-dimensional models of
these polymerases were constructed using a Homology Modeling approach, followed by
Molecular Dynamics simulations of 3500 picoseconds. With modeled and validated 3D
structures, we performed a virtual screening process in order to search for chemical compounds,
using KEGG, ZINC and PubChem databases, followed by Molecular Docking (AutoDock Vina)
and Molecular Dynamics MM/PBSA. Thus, we selected DPO-Entecavir and RPO-Rifampicin as
the most stable complexes. The study of the relative expression of DPO and RPO genes was
done by RT-qPCR, using cDNA from different developmental stages of M. perniciosa. In the
phase of primordium, a significant increase in the activity of these genes occured, which is
probably related to a self-defense process of the fungus against 7. cacao. Phylogenetic analyses
were performed by using DNA and protein sequences of DPO and RPO from M. perniciosa and
other 12 fungal polymerases, as well as viral polymerases sequences. Then, Maximum
Likelihood and Bayesian analyses were performed by using only fungal polymerase sequences,
and the combination of fungal and viral polymerase sequences. Tree topologies results
corroborate the hypothesis of Horizontal Gene Transfer (HGT) between fungal and viral
polymerases, and delineate the evolutionary relationship of DPO and RPO M. perniciosa

mitochondrial plasmid.

Keywords: Moniliophthora perniciosa, Mitochondria, Polymerases, RT-qPCR, Molecular
Phylogeny
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Introducio Geral
Moniliophthora perniciosa (Stahel) Aime e Phillip-Mora (2005), anteriormente conhecido como
Crinipellis perniciosa (Singer) Stahel, ¢ um fungo basidiomiceto hemibiotrofico (Marasmiaceae,
Agaricales) fungo causador da doenca vassoura de bruxa (Witches’ Broom Disease - WBD) do
cacaueiro (Theobroma cacao L.) (Mondego et al, 2008). A WBD esta amplamente distribuida
nas Americas do Sul e Central, podendo causar perdas de safra de at¢ 90% (Pires et al, 2008). No
estado da Bahia, a regido sudeste vem sendo severamente afetada pela presence da WBD desde o

final da década de 1980 (Mondego et al., 2008).

Desde a conclusdao do projeto genoma do Moniliophthora perniciosa, diversos trabalhos vém
sendo publicados descrevendo uma série de rotas metabdlicas e mecanismos de defesa e
interacdo desse patdgeno com o 7. cacao. Em 2008, Formighieri et al. identificaram a presenca
de um plasmideo mitochondrial, linear tipico, inserido covalentemente no genoma mitochondrial
de M. perniciosa, codificando duas polimerases (DNA e RNA polimerases — DPO ¢ RPO) em
fases de leitura opostas. Apesar de ser um evento raro em fungos, a presenca de um plasmideo
inserido no genoma mitocondrial geralmente interfere no metabolismo energético do hospedeiro,
desencadeando processos de senescéncia ou aumento de sobrevida (Poggeler and Kempken,
2004). Entdo, ¢ provavel também que a acdo de DNA e RNA polimerases codificadas por esse
tipo de plasmideo presente no genoma de mitocondrial de M. perniciosa esteja envolvida em

algum desses processos.

A Bioinformatica e a quimica computacional (ou quimioinformatica) estdo entre as areas
de maior crescimento dentro dos processos de descoberta de medicamentos (Bleicher et al.,
2003). Essas ferramentas sdo utilizadas para triagem de moléculas in silico e tornaram-se
componentes cruciais para a descoberta de muitas drogas. A selecdo das melhores moléculas

candidatas a interagir com seus respectivos alvos protéicos ocorre de acordo com um padrdo de
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potuagoes (hits) que obedecem a uma série de caracteristicas para um encaixe perfeito (Kitchen
et al. 2004). O uso do processo de Docking (encaixe) molecular envolve a predi¢cdo e orientagdao
de um provavel inibidor dentro do sitio ativo da molécula-alvo (Kitchen et al. 2004). A triagem
vitual de estruturas quimicas teve varios €xitos importantes nos ultimos anos (Carlson, 2002;
Gohlke and Klebe, 2002; Lyne, 2002; Osterberg et al., 2002; Taylor et al., 2002; Zavodszky et
al., 2002; Schapira et al., 2003; Cavasotto and Abagyan 2004; Jorgensen, 2004) e ¢ atualmente
uma técnica comum no estudo inicial de compostos com potencial farmacologico. A
disponibilizacdo de bancos de dados gratuitos, na internet, como o ZINC (Irwin and Shoichet,
2005) e o SEA (Keiser, Roth et al. 2007) facilitam a comparacdo entre estruturas recém-

descobertas em bancada com outras semelhantes que ja possuem alguma atividade (Irwin and

Shoichet 2005).

Nesta tese foram estudados aspectos moleculares e evolutivos das DNA e RNA polimerases
codificadas pelo plasmideo mitocondrial de M. perniciosa. No primeiro capitulo, as estruturas
dessas duas enzimas foram elucidadas através de Modelagem Molecular por Homologia e
Dinamica Molecular, onde foram propostas duas estruturas protéicas esteroquimicamente viaveis
e semelhantes a outras polimerases da mesma classe. No segundo e terceiro capitulos foram
propostos dois inibidores (um para cada polimerase), selecionados e validados através de
processos de triagem virtual com posterior validacdo por Docking e Dindmica Molecular. O
quarto capitulo relaciona a expressao relativa dos genes codificadores das DPO e RPO através de
RT-qPCR, em diversas fases de desenvolvimento do fungo, com um mecanismo de defesa do
fungo contra o ataque oxidativo do 7. cacao. No quinto capitulo delimitou-se a filogenia das
DPO e RPO do plasmideo de M. perniciosa, com diversas outras codificadas por plasmideos de
Basidiomycota e Ascomycota, além de propor um provavel evento de Transferéncia Horizontal

de Genes (THG) nesses grupos em relagdo as polimerases virais.
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CHAPTER 1

Comparative Modeling of DNA and RNA Polymerases from Moniliophthora perniciosa
Mitochondrial Plasmid

Abstract

The filamentous fungus Moniliophthora perniciosa (Stahel) Aime & Phillips-Mora is a
hemibiotrophic Basidiomycota that causes witches' broom disease of cocoa (Theobroma cacao
L.). This disease has resulted in a severe decrease in the Brazilian cocoa production, which
changed the position of Brazil in the market from the second largest cocoa exporter to a cocoa
importer. Fungal mitochondrial plasmids are usually invertrons encoding DNA and RNA
polymerases. Plasmid insertion into host mitochondrial genomes are probably associated to
modifications in host generation time, which can be involved in fungal aging. This association
suggests activity of polymerases, and these can be used as new targets for drugs against
mitochondrial activity of fungi, more specifically against witches’ broom disease. DNA and
RNA polymerases of M. perniciosa mitochondrial plasmid were completely sequenced and their
models were carried out by Comparative Homology approach. The sequences of DNA and RNA
polymerase showed 25% of identity to 1XHX and 1ARO (pdb code) using BLASTp, which were
used as templates. The models were constructed using Swiss PDB-Viewer and refined with a set
of Molecular Mechanics (MM) and Molecular Dynamics (MD) in water carried out by AMBER
8.0, both working under the 99 force fields, respectively. Ramachandran plots were generated
by Procheck 3.0 and exhibited models with 97% and 98% for DNA and RNA polymerases,
respectively. MD simulations in water showed models with thermodynamic stability after 2000ps
and 300K of simulation. This work contributes for the development of new alternatives for

controlling the fungal agent of witches' broom disease.
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1.1 Background

The filamentous fungus Moniliophthora perniciosa (Stahel) Aime & Phillips-Mora is a
hemibiotrophic Basidiomycota (Agaricales, Tricholomataceae) that causes witches' broom
disease of cocoa (Theobroma cacao L.). It has been claimed as one of the most important
phytopathological problem that has afflicted the Southern Hemisphere in recent decades. In
Brazil, this phytopathogen is endemic in the Amazon region [1]. However, since 1989, this
fungus was found in the cultivated regions at the state of Bahia, the largest production area in the
country. The fungus caused a severe decrease in the Brazilian cocoa production reducing the
Brazil from the second largest cocoa exporter to a cocoa importer in just few years [2].

Plasmids are extragenomic DNA or RNA molecules that can independently reproduce in live
cells. Their structure can be circular or linear, and include complete protein coding genes,
pseudogenes, non-protein coding genes and inverted repetitive elements. The probable known
plasmid function in their fungal hosts is related to the change of aging time. Fungal linear
mitochondrial plasmids present the same basic structure than those in other organisms, but they
also carry viral-like DNA and RNA polymerases (DPO and RPO, respectively) ORFs and have
3> and 5’ inverted terminal repeats, also a 5’ binding protein. This protein can be involved in
both replication and integration processes of these plasmids in the mitochondrial genomes [3, 4].
Interestingly, a linear mitochondrial plasmid with the same typical characteristics carried by the
other mitochondrial plasmids was found completely integrated to the M. perniciosa
mitochondrial genome, by the Witches’ Broom Genome Project
(http://www.lge.ibi.unicamp.br/vassoura/) [5].

The ®29 DNA polymerase is in the group a-DNA-polymerases due to its sensitivity to the
aphidicolin and specific inhibitors, nucleotides similar to BuAaATP and BuPdGTP [6]. This

polymerase is the main replication enzyme of double-strand-DNA viruses from bacteria and
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eucaryotes. This is a 66KDa enzyme included in the eucaryotic replicases family [7], with the
ability of using a protein as primer in the replication process [8, 9]. The T7 RNA polymerase is a
99KDa single chain viral enzyme that executes a specific-promoter transcription process in vivo
and in vitro and is in the singlechain RNA polymerases family. The transcription mechanism
carried out by this enzyme shares several similarities with other multichains RNA polymerases
[9].

It is generally accepted that the water molecules in the hydration environment around a protein
play an important role in its biological activity [10], and it contributes in stabilizing the native
state of the protein [11]. In addition, this interaction has long been recognized as a major
determinant of chain folding, conformational stability, and internal dynamics of many proteins,
and as important to the interactions related to substrate binding, enzyme catalysis, and
supramolecular recognition and assembly [12]. Standard Molecular Dynamics approaches
measure the conformational space of a protein using atomic interactions from several force fields
and including explicitly treated water to reproduce solvent effects [13].

The aim of this work was carried out the homology modeling of both DNA and RNA
polymerases from the linear mitochondrial plasmid of M. perniciosa. With the accomplishment
of this work, these models can be used as new molecular targets to find drugs against the
witches’ broom disease by de novo design methods [10].

1.2 Methods

After the release of the primary sequences of DNA and RNA polymerases from M. perniciosa
mitochondrial plasmid, those are available in Witches’ broom project database (LGE). 3D
models were built by Comparative Modeling approach. Initially, both DNA and RNA
polymerases sequences were submitted to BLASTp algorithm [14] restricted to Protein Data

Bank (PDB). The found templates were aligned with the protein sequences of both DNA and
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RNA polymerases by TCOFFEE [15] to find conserved regions and motifs. The 3D models were
constructed using SwissPdb Viewer 3.7 [17] following a standard protocol: (I) load template pdb
file; (II) align primary target sequence with template; (III) submit modeling request to Swiss
Model Server. Then, the initial models constructed by SwissPdb Viewer, were prepared using
LEAP and submitted to SANDER for structure refinement. The model structures were full
minimized with 100 steps of steepest descent followed by more 100 steps of conjugate gradient
to an RMS gradient of 0.01 kcal/2.71A in vacuum, and then in water for 200 steps of steepest
descent followed by more 200 steps of conjugate gradient to an RMS gradient of 0.01
kcal/2.71A. Next, MD simulations of refined structures were performed in water using 99 force
field at 300 K of temperature during 2000 ps. All MD simulations were carried out without
constrain methods. The cutoff value of 14 A was used for minimization of geometry and MD
simulations. LEAP and SANDER are utilities of AMBER 9.0 [18, 19]. Additionally, all
calculations were performed without restraints. Time averaged structures were generated by time
averaging of simulations from the point a stable trajectory, which were obtained through the end
of simulation. The Visual Molecular Dynamics (VMD) software [20] was used to visualize
trajectory results produced by SANDER module. Finally, PROCHECK 3.4 [21] and Atomic
Non-Local Environment Assessment (ANOLEA) [22, 23] were used to evaluate both DNA and
RNA polymerases using Ramachandran plot [24] and energy calculations on a protein chain of
each heavy atom in the molecule, respectively [25]. Graphics of RMS x Time were generated by
VMD 1.8.6 [26]

1.3 Results and Discussion

Blastp results for both DNA and RNA polymerases of the M. perniciosa linear mitochondrial
plasmid showed just one reliable template to each enzyme (Table 1). The 1XHX [27] and IARO

[28] were used as a template DPO and RPO respectively. Although both of them showed a low
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identity with targets, it is possible to build useful models for docking studies [10]. The root-
mean-squared deviation (RMSD) for Ca between DPO-1XHX and RPO-1ARO are 2,40 A and
1.84 A respectively. These values show some differences between models and crystal structures,
as one might expect, principally in relation to the number of residues. The models have 543 and
766 residues to DPO and RPO, while crystal structures have 575 and 883 residues for 1XHX and
1ARO, respectively.

In addition, these results address the hypothesis of several authors correlating plasmid sequences
to DNA and RNA polymerases of adeviruses and retroviruses sequences [3, 28].

Using 1HXH as a template, the 3D structure of the DNA polymerase was built from the linear
mitochondrial plasmid of M. perniciosa. This polymerase was classified within the B family of
DNA polymerases, which can be found in viruses and cellular organelles. Figure 1 shows that
DPO model has transferase features with alpha-beta secondary structure.

This model shows 17 alpha-helices, 36 beta-strands, 57 turns, and 315 hydrogen bonds can be
observed in the whole structure. As well as other polymerases from that family, this polymerase
showed the three standard domains of the group: Palm, Fingers, and Thumb.

The active site of the DNA polymerase of M. perniciosa (Figure 2) carries the conserved motif
B represented by Lys380, Leu381, Leu382, Leu383, Asn384, Ser385, Leu386, Tyr387, Gly388,
and it is involved in dNTPs selection and template DNA binding activity as described by
Truniger et al. [6] in the homologous @29 DNA polymerase. These aminoacids are distributed
among three domains: Palm, Fingers and Thumb. Other motifs involved with DNA
polymerization were found in this polymerase, such as Dx2SLYP (Asp247, Val248, Asn249,
Ser250, Leu251, Tyr252, Pro253), YXDTDS (Tyr455, Serd56, Asp457, Thr458, Asp459),
Tx2A/GR (Thr309, Asp310, Lys311, Gly312, Tyr313, Arg314) KxY (Lys494, Met495, Tyr496),

which were reported in several studies [6, 8, 9, 30, 31, 32, 33].
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The active site of the RNA polymerase from M. perniciosa (Figure 4) plasmid is formed by
aminoacids from two domains: Palm (Asp457 and Asp695) and Fingers (Tyr537 and Lys529). In
comparison to the template structure, these aminoacids perform an alignment in the region of the
active site, with the aminoacids Asp537 and Asp812 (Palm), and Tyr639 and Lys631 (Fingers)
of the template. The presence of these residues (Asp, Tyr, and Lys) in this region is a sign on this
group of polymerases, and they are involved with transcriptional process [10, 34, 35].

Both the DNA and RNA polymerases, after submitted to refinement by optimization of geometry
and MD simulations, had their structures validated by PROCHECK and ANOLEA (Figure 3).
The Ramachandran plot showed that 97% and 98% of residues are within the allowed regions for
DPO and RPO, respectively. Almost all residues show negative values of energy (green),
whereas few aminoacids obtained positive values of energy (red). It means that most of residues
are in favorable environment of energy. In other words, the quality of both main chain and side
chain was evaluated showing that the built models had appropriated sterochemical and
thermodynamic values. As a result, although the targets and templates proteins showed a low
homology identity, the tertiary structure obtained had the same sign of family.

1.4 Conclusions

The great challenge of genome projects is to elucidate new molecular targets, mainly proteins
and enzymes. Functional characterization of proteins is one of the most frequent problems in
biology. While sequences provide valuable information, the identification of relevant residues
inside them is frequently impossible because of their high plasticity, suggesting a construction of
3D models. In the case of enzymes, a similar function can be assumed between two proteins if
their sequence identity is above 40%. In addition, polymerases are suitable targets for antiviral
drugs [36], which have nucleoside analogs as substrates. Theses inhibitors have development

using rational design way. Thus, our findings address to use of fungi polymerases as start points
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for drug design against witches' broom disease, following the similar methodologies used for the

development of inhibitors of polymerases of virus. Our models are suitable for computer aided-

drug design approaches, such as docking, virtual screening, and QM/MM in order to search a

new lead compound against the witches' broom disease.
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Figures

Figure 1.1 - The 3D structure of the DNA polymerase from the M. perniciosa mitochondrial
plasmid. Magenta: helices; yellow: strands; blue: turns.
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Figure 1.2 - Active site of the DNA polymerase from the M. perniciosa mitochondrial plasmid

presenting the conserved motif B.



Figure 1.3 - The 3D structure of the RNA polymerase from the M. perniciosa mitochondrial

plasmid. Magenta: helices; yellow: strands; blue: turn.
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Figure 1.4 - Active site of the RNA polymerase from M. perniciosa mitochondrial plasmid

formed by two domains: Palm (green) and Fingers (red).
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Tables

Table 1.1 - Selected templates obtained by Blastp algorithm

Template Identity  E-value = Organism RMS (A)
DPO I XHX 32% 8e-06  Phage ©29 2,40
RPO 1ARO 25% le-33 Phage T7 1.84
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CHAPTER 2

Virtual screening reveals a viral-like polymerase inhibitor that complex with the M.
perniciosa DNA polymerase

Abstract

The filamentous fungus Moniliophthora perniciosa (Stahel) Aime & Phillips-Mora is a
Basidiomycota that causes witches' broom disease of cocoa (Theobroma cacao L.). In some
cases, polymerases coded by mitochondrial plasmids may change the aging time of some fungal
species. The mitochondrial DNA polymerase of M. perniciosa (MpmitDNApol) is classified
within the B family of DNA polymerases, which can be found in viruses and cellular organelles.
The structure of that polymerase was previously constructed using a homology modeling
approach. Using virtual screening processes, accessing KEGG, PubChem and ZINC databases,
we selected the 27 best putative nucleoside viral-like polymerase inhibitors to test against
MpmitDNApol. Autodock Vina was used to perform docking calculations for each molecule,
and to return energy values in several ligand conformations. After, we used Pymol 1.4 to check
presence or absence of hydrogen, stereochemistry of chiral carbons, substructure, superstructure,
number of rotable bonds, number of rings, number of donor groups, and hydrogen bonding
receptors. As a result, we selected the Entecavir Hydrate, a hepatitis B polymerase inhibitor, and
then AMBER 10 was used to describe the behavior of polymerase-entecavir complex after a set
of 3500 ps of simulation up to 300 K in water. This calculation returned a graph of Potential
Energy during the time of simulation, and showed that the ligand remains inside the active site
after this time with a final energy of -612587.4214 Kcal/Mol. Therefore, we suggest Entecavir

Hydrate as a good inhibitor to be tested in vitro and in vivo against M. perniciosa.
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2.1 Introduction

The Moniliophthora perniciosa (Stahel) Aime & Phillips-Mora is a Basidiomycota that causes
witches' broom disease of cocoa (Theobroma cacao L.). This filamentous fungus carries a linear-
type plasmid that encodes viral-like DNA and RNA polymerases (Formighieri et al., 2008). M.
perniciosa mtDNA polymerase (DPO) structure was previuosly described by Andrade et al.
(2009) as 543 amino acid DNA-dependent DNA polymerase within B family of polymerases,
which can be found in viruses and cellular organelles. Its active site is distributed among three
domains: Palm, Fingers and Thumb, with all the motifs involved in dNTP’s and DNA
polymerization.

Entecavir is a guanosine nucleoside analogue, with activity against Hepatitis B virus DNA
polymerase (Palumbo, 2009). By competing with the natural substrate deoxyguanosine TP,
entecavir-TP functionally inhibits the 3 activities of the viral polymerase: (1) priming of the
HBV polymerase, (2) reverse transcription of the negative strand DNA from the pregenomic
messenger RNA, and (3) synthesis of the positive strand HBV DNA (Beckebaum et al., 2003).
ETV triphosphate (ETV-TP) displays activity against all three synthetic activities of the HBV
polymerase, i.e., the unique protein-linked priming activity, RNA-directed first strand DNA
synthesis or reverse transcription, and second strand DNA-directed DNA synthesis (Langley et
al, 2007; Seifer et al., 1998).

Virtual structure-based screening has become prominent in drug discovery, using protein targets
(Hou et al., 2011; Okimoto et al, 2009). Currenty, several free ligands databases are widely
available. Searching for molecules that can complex with target proteins may either be done by
keywords (eg. KEGG and PubChem databases) as well as using a structure-activity relationship,

available in Zinc (Irwin and Shoichet, 2005) and PubChem databases.
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One of the most important techniques for receptor-based drug design is Molecular Docking (Hou
et al.,, 2011). Using crystallographic or modeled protein structures, molecular docking is often
used for screening compound libraries and predicting the conformation of a protein-ligand
complex as well as for calculating its binding affinity (Okimoto et al, 2009). Usually, docking
programs such as Autodock Vina (Trott and Olson, 2010) generate multiple protein-ligand
conformations by sampling the ligand’s probable conformations in the binding pocket of the
target protein, using a flexible ligand-rigid receptor docking (Hou et al., 2011; Trott and Olson,
2010). The use of scoring functions in docking calculations by these programs is an attempt to
approximate the standard chemical potentials of the system (Trott and Olson, 2010). Autodock
Vina uses a force-field-based scoring function approach to estimate the binding affinities by
calculating the non-bonded interactions based on traditional force fields, identifying the correct
binding pose of a ligand and ranking ligands using the predicted binding affinities (Hou et al.,
2011; Trott and Olson, 2010, Wang et al., 2006; Wang et al., 2001). On the other hand, the
problems of molecular docking as a screening tool have been widely discussed since the scoring
functions are generally inaccurate, neglect the solvent-related terms, as well as the protein
flexibility (Okimoto et al, 2009). Coupled Molecular Docking and Molecular Dynamics is a
good way to solve this problem, because it can treat both proteins and ligands in a flexible
manner, allowing the relaxation of the binding site around the ligand (Hou et al., 2011; Okimoto
et al, 2009; Aqvist et al., 2002).

Molecular mechanics/Poisson Boltzmann surface area (MM/PBSA) combines molecular
mechanics energy and implicit solvation models, and it is more rigorous than most empirical or
knowledged-based scoring functions (Hou et al., 2011; Okimoto et al, 2009; Kollman et al,
2000). It allows for rigorous free-energy decomposition into contributions originating from

different groups of atoms or types of interaction (Hou et al., 2011; Hou et al., 2008). In the
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MM/PB-SA method, the free energy is calculated using the snapshots of solute molecules
obtained from explicit-solvent MD simulation (Okimoto et al, 2009, Kuhn et al., 2005).
The aim of this study was to search a series of likely molecules, available at KEGG, PubChem
and Zinc databases, which can form complexes with mitochondrial plasmid DNA polymerase
from M. perniciosa, and, further, select a potential inhibitor using a coupled Molecular Docking
and Molecular Dynamics - MM / PBSA approach.
2.2 Methods

2.2.1 Ligand Searching

Initially, we made a text-based quering in Kegg (http://www.genome.jp/kegg/) and PubChem

(http://pubchem.ncbi.nlm.nih.gov/) databases. The selected molecules were those described as

inhibitors of DNA polymerases, which had been already tested in vitro against other organisms.
All 2D structures were copied in Similes format in order to be compared to other Zinc database

(http://zinc.docking.org/) molecules. Furthermore, the 3D structures of these molecules were

downloaded in mol2 and pdb formats to be used in a Virtual Screening process, which was
carried out by Molecular Docking and Molecular Dynamics. According to a protocol described
by Irwin and Schoichet (2005), molecules obtained from Zinc database were selected for
comparison, following an interval between 95-99% similarity, with the structures found in
KEGG and PubChem databases. In addition, selected structures were downloaded in mol2 and
pdb formats for subsequent Docking Studies and Molecular Dynamics.
2.2.2 Docking Studies

The downloaded structures from KEGG, PubChem and Zinc databases were first checked in
Pymol 1.4 (Schrodinger, LLC, 2011) to evaluate presence or absence of hydrogen,
stereochemistry of chiral carbons, substructure, superstructure, number of rotable bonds, number

of rings, number of donor groups, and hydrogen bonding receptors.
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The molecules of the ligands and the receptor (DPO) were prepared in Autodock Tools 1.5.6
(Sanner, 1999). One added all polar hydrogens for the receptor and Kollman United Atomic
Charges were computed (Kollman et al., 1993). For all ligands, we added polar and hydrogens
and computed Gasteiger charges. The grid definition, adjusting to the DPO active site, was set up
manually, following the recommendations of the program manual (Trott and Olson, 2010;
Sanner, 1999). Then, the structures of the ligand and receptor were saved in pgbqt format to be
used in docking calculations. Autodock Vina was used to perform Docking Scoring for each
ligand-receptor complexes (Trott and Olson, 2010). Before running each Docking calculations, a
configuration file was generated with grid size and coordinates information, as well as indicating
ligand and receptor files. The reports (log files) for each calculation were analyzed, in order to
obtain free-energy (Kcal/mol) values of each ligand conformations with its respective complex.
In addition, we used Pymol to verify the number of hydrogen bonds and non-covalent
interactions between each different ligand conformations and catalytic residues of DPO, which
are involved with recognition and polymerization mechanisms. As a way to optimize the
selection of an ideal complex, we selected just one ligand which best fits in the DPO active site,
considering all stereochemical aspects previously evaluated and the free-energy results.
2.2.3 Molecular Dynamics of Complex

In this study we used MM/PBSA protocol to calculate the affinity and stability in the interaction
of ligand-receptor DPO complex, using AMBER 10 (Case et al., 2008) package. Initially, we
used Antechamber program to make ff99 force field recognizes the atom types of both ligand
and receptor to avoid errors during the calculations.

Tleap was used to neutralize charges (ff99 force field) and DPO-ligand complex was immersed
in a rectangular box of TIP3P water molecules. Following the protocol, we use Sander to carried

out a Molecular Dynamics (MD) Equilibrium, and it was restricted to a region of the protein that
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contains the active site (amino acids 247-496), according to the following parameters: 1000
cycles of steepest descent and 1000 cycles of conjugate gradient minimization, heating MD for
50 picoseconds (ps), density equilibrium for 50 ps, followed by a Equilibrium Dynamics for 500
ps at constant pressure and 300 K temperature. After the system has reached the equilibrium, we
followed with MM/PBSA protocol (Hou et al., 2011; Case et al., 2008; Fogolari et al, 2003).
Then, we simulated a total of 3000 ps production step Molecular Dynamics, divided in 3 sets of
1000 ps (prodl, prod2 and prod3), saving coordinates every 10 ps. Furthermore, we used the
mm_pbsa.pl script to extract snapshots (without the water) from our production runs and get
their trajectories. In addition, we checked complex stability by plotting a Potential Energy x
Time (ps) graph, from all the production steps. In a last step, we use Ambpdb to generate a pdb
file of the complex, after the last stage of the Molecular Dynamics. This structure was analyzed
in PyMOL to verify if the ligand remained in the active site after the whole process.

2.3 Results and Discussion

2.3.1 Structures and binding energies of DPO complexes from AutoDock Vina

After the search conducted in KEGG, Pubchem and Zinc databases, we selected 27 structures
that exhibit a good interaction with DPO. These molecules were all classified as nucleosides, as
described in PubChem database. A reliable prediction of complex interactions is essential for
selecting a potential ligand in virtual screening approaches, and it requires a suitable docking
tool that is capable to generate energetic evaluation between ligand-protein, indicating the
quality of interaction (Zaheer-ul-Haq et al., 2010). The results of Molecular Docking with
AutoDock Vina for different ligand-DPO complexes are presented for the dominating
configuration with minimum binding free energy (AG) in Table 1. Docking scores returned by
Autodock Vina indicate DTP ligand as Top-ranked solution to be a good DPO inhibitor.

However, to chose the best DPO inhibitor we analyze other features, instead only top-ranked
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scores, such as H-bond donor and H-bond acceptor of each ligand, as well as the capacity at least
one conformation of each ligand to bind to amino acids from active site pocket of DPO in the
complex (Andrade et al., 2009;). Among the molecules studied, Entecavir Hydrate is that best
binds with the amino acids of DPO active site, and it presented a high affinity in docking
calculations (Figure 1). This molecule forms three hydrogen bonds with the amino acids Asp 457
and Tyr 496 (Figure 2), belonging to KxY and YxDTDS motifs, respectively, responsible for
recognition of nucleotides and polymerization of DNA strands by M. perniciosa DPO (Andrade
et al., 2009). Similar studies showed the binding efficiency of the Entecavir into the hydrophobic
pocket of hepatitis virus DNA polymerase (HBV), in comparison to other potential nucleoside
inhibitors (Langley et al., 2007; Walsh et al., 2010). Then, considering the high affinity of
Entecavir Hydrate to DPO, it is possible that this inhibitor can block DNA polymerization, which
corroborates with previous studies described above.

Entecavir Hydrate seems to be an excellent inhibitor of viral polymerases, since in many studies
it is not only capable of inhibiting DNA-dependent DNA (HBV) polymerases but also reverse
transcriptase (RNA-dependent DNA polymerase of HIV) (Walsh et al., 2010; Domaoal et al.;
Lin et al., 2008; Langley et al., 2007; Lin et al., 2008). The DNA polymerase of M. perniciosa
mitochondrial plasmid has a viral origin, and it is likely that this fact has influenced for good

interaction with the ligand (Andrade et al., 2009).
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Table 2.1 Potential inhibitors selected from the KEGG, PubChem and Zinc databases used in
docking studies.

Affinity H-Bond H-Bond
Molecule (Kcal/mol) Donor Acceptor
Dtp -7.9 3 2
Entecavir hydrate -7 5 4
Valaciclovir Hydrochloride -6.8 3 5
ZINC11679840 -6.7 4 3
Entecavir (ZINC03802690) -6.6 4 3
ZINC42689357 -6.6 4 3
ZINC14768473 -6.5 5 4
Trifluridine -6.5 3 8
ZINC00005235 -6.3 4 3
ZINC05157450 -6.3 4 3
Hby -6.2 1 3
Brivudine -6.1 3 5
Vidarabine sodium phosphate -5.8 5 7
Vidarabine_monohydrate -5.8 5 5
Ganciclovir -5.8 4 4
Vidarabine phosphate -5.8 4 4
Vidarabine anhydrous -5.8 4 4
Penciclovir -5.8 4 3
Famciclovir -5.8 1 4
Cytrabine -5.7 4 5
Cytarabine hydrochloride -5.6 5 5
Idoxuridine -5.6 3 5
Penciclovir sodium -5.6 3 3
Cytarabine ocfosphate hydrate -5.5 4 8
Ganciclovir sodium -5.5 3 5
Cidofovir -5.4 4 6
Aciclovir -5.2 3 3




39

Entecavir Hydrate "

by

y .

-~

and KxY motif in dark pink.

Entecavir Hydrate

Asp 457

/

Fig. 2.2. Hydrogen bonds between Asp 457 and Tyr 496 in DPO active site.
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2.3.2 Molecular Dynamics MM/PBSA of DPO-Entecavir complex
With Molecular Dynamics results we could evaluate the performance and stability of DPO-
Entecavir complex. MM/PBSA simulations are feasible on proteins provide that electronic
polarizability is taken into account (Fogolari et al., 2003).
In this paper, we analyzed Molecular Dynamics results regarding potential energy complex,
during the simulation process, and its final energy. Regarding the RMSD, we found that even in
equilibrium phase before 1000 ps, the convergence on the calculations had been already reached.
As one can see in Figure 3, the graph shows that above 1,000 ps simulation, the complex has
already reached a potential energy value near the minimum. Between 1,000 and about 1,600 ps,
we found a plateau in the graph, where there is an increase in energy, probably due to some
sudden change in the RMSD of the complex during this period. In addition, the potential energy
during the plateau shows that the structure of this complex is perfectly feasible to exist.
Subsequently, the complex reached minimum energy region again where remained until the end
of the simulation. The final energy reached at exactly 3459 ps was -612587.4214 Kcal/Mol.
The pdb of the complex, generated after molecular dynamics, showed that Entecavir Hydrate
remains within the active site of DPO after 3500 ps of simulation. Walsh et al. (2010)
characterized the catalytic mechanism of HBV DNA polymerase and its process of inhibition by
Entecavir Phosphate, with a simulation time of 2000 ps. This was sufficient to show that there is
a blockage of DNA polymerization when the complex is formed. Therefore, we use a simulation
time greater than the other authors used, showing that this inhibitor remains in the active site of

the DPO for a long time, blocking its activity.



41

Complex DNA polymerase - Entecavir

-100000

-200000

-300000

-400000

Energy

Potential Energy (Kcal/imol)

-500000

-600000 H

-700000

579

G639

599

759

819

879

939

999
1059
1150
1210
1270
1330
1390
1450
1510
1570
1629
1749
1869
1989
2109
2229
2349
2469
2589
2709
2829
2949
3069
3189
3309
3429
3549

Fig. 2.3. Graph of potential energy of I)Ti)"gfpg;ltecavir complex DPO during 3.5 ns Molecular
Dynamics simulation

2.4 Conclusions

In this article we describe the selection of one nucleoside inhibitor for DNA polymerase of
mitochondrial plasmid of M. perniciosa, among 27 molecules found in public databases, using a
virtual screening approach. An interesting fact in this work is that the ligand which made the top-
ranked score in the docking calculations is a viral polymerase inhibitor, previously described in
several papers.

The Entecavir Hydrate complex with the amino acids of hydrophobic pocket, which are involved
with polymerization mechanism of DPO. This process remains stable during all 3500 ps
Molecular Dynamics.

We hope that in a later step, we can use different mechanisms of Biomolecular Simulation to
describe the mechanism of inhibition of Entecavir Hydrate to the DPO, and if, within this
process, Entecavir Hydrate will acquire different poses or torsions that can effectively interact

within the active site of this enzyme.
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We cannot discard using other ligands previously described in Table 1 as potential inhibitors of
DPO, but the aim of this work was to select the best ligand, which complexew with this enzyme.
Thus, Entecavir Hydrate can be tested in vitro and in vivo against M. perniciosa and, we hope it
blocks replication processes of DPO in mitochondria.
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CHAPTER 3

The RNA polymerase of Moniliophthora perniciosa mitochondrial plasmid forms a highly
stable complex with Rifampicin, a bacterial RNA polymerase inhibitor

Abstract

Moniliophthora perniciosa (Stahel) Aime & Phillips-Mora is the causal agent of witches’ broom
disease (WBD) in cacao (Theobroma cacao). After the mitochondrial genome of this fungus had
been completed, an integrated linear-type plasmid that encodes viral-like RNA polymerases it
was found. The structure of this polymerase was previously constructed using a homology
modeling approach. Using a virtual screening process, accessing KEGG, PubChem and ZINC
databases, we selected the eight best probable macrocyclic polymerase inhibitors to test against
M. perniciosa RNA polymerase (RPO). Autodock Vina was used to perform docking
calculations for each molecule, returning energy values in several ligand conformations. Pymol
1.4 was then used to check presence or absence of hydrogen, stereochemistry of chiral carbons,
substructure, superstructure, number of rotable bonds, number of rings, number of donor groups,
and hydrogen bonding receptors. As a result, we selected the Rifampicin, a bacterial RNA
polymerase inhibitor, and then AMBER 10 was used to describe the behavior of the complex
RPO-Rifampicin after a set of 3600 ps of simulation up to 300 K in water. This calculation
returned a graph of Potential Energy during the time of simulation, which indicated that the
ligand remains inside the active site after this time with a final energy of -462620.6888
Kcal/Mol. Therefore, we can accept that Rifampicin could be a good inhibitor to be tested in
vitro and in vivo against M. perniciosa.

Keywords: Moniliophthora perniciosa, RNA polymerase, Rifampicin, Docking, MM/PBSA
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3.1 Introduction
Moniliophthora perniciosa (Stahel) Aime & Phillips-Mora is the causal agent of witches’ broom
disease (WBD) in cacao (Theobroma cacao). After the sequencing of the mitochondrial genome

(http://www.ncbi.nlm.nih.gov/genomes/GenomesGroup.cgi?taxid=4751&opt=organelle/) of this

fungus, one found an integrated linear-type plasmid that encodes viral-like DNA and RNA
polymerases (Formighieri et al., 2008).

RNA polymerase (RNAP) is the enzyme responsible for transcription and is the target, directly
or indirectly, of most regulation of this process (Tuske et al., 2005). The RNA polymerase of M.
perniciosa mitocondrial plasmid (RPO) is a 766 amino acid DNA-dependent RNA polymerase
within single chain family of polymerases, which can be found in viruses and cellular organelles
(Andrade et al., 2009). Its active site is distributed among two domains: Palm (Asp457 and
Asp695) and Fingers (Tyr537 and Lys529), and they are involved with transcriptional processes
(Andrade et al., 2009; Cheetham et al., 1999; Bonner et al., 1992). The transcription mechanism
carried out by this enzyme shares several similarities with other multichain RNA polymerases
(Andrade et al., 2009; Sousa et al., 1993), and it is possible that it has common inhibitors with
other polymerases.

Rifampicin is a macrocyclic molecule of the ansamycin family. It contains a methyl-
piperazinyliminomethyl side chain at position 3, a cyclopentyl-piperazinyliminomethyl side
chain at position 3, and a cyclic spiro-piperidyl side chain at positions 3 and 4 (Ho et al., 2009,
Wehrli, 1997). This drug has been used since 1968 against Mycobacterium tuberculosis, but is
considered a broad-spectrum antibiotic (Mik et al., 2010; Floss and Yu, 2005; Campbell et al.,
2001). This molecule has a high capacity to bind and inhibit bacterial DNA-dependent RNA

polymerase (RNAP) through its specific interaction with the beta subunit of polymerase
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(Aboshkiwa et al., 1995). The essential catalytic core RNAP is evolutionarily conserved among
all cellular organisms (Campbell et al., 2001).

Virtual structure-based screening has become prominent in drug discovery, using protein targets
(Hou et al., 2011; Okimoto et al, 2009). Several free ligands databases are widely available
today. Searching for molecules that can complex with target proteins can either be done by text-
based search (eg. KEGG and PubChem databases) as well as using a structure-activity
relationship, available in ZINC (Irwin and Shoichet, 2005) and PubChem databases.

The one of the most important techniques for receptor-based drug design is Molecular Docking
(Hou et al., 2011). Using crystallographic or modeled protein structures, molecular docking is
often used for the screening of compound libraries, and predicting the conformation of a protein-
ligand complex as well as calculating its binding affinity (Okimoto et al, 2009). Usually, docking
programs such as Autodock Vina (Trott and Olson, 2010) generate multiple protein-ligand
conformations by the sampling of the ligand’s probable conformations in the binding pocket of
the target protein, using a flexible ligand-rigid receptor docking (Hou et al., 2011; Trott and
Olson, 2011). The use of scoring functions in docking calculations, by these programs, is an
attempt to approximate the standard chemical potentials of the system (Trott and Olson, 2011).
Autodock Vina uses a force-field-based scoring function approach to estimate the binding
affinities by calculating the non-bonded interactions based on traditional force fields, identifying
the correct binding pose of a ligand and ranking ligands using the predicted binding affinities
(Hou et al., 2011; Trott and Olson, 2010, Wang et al., 2006; Wang et al., 2001). On the other
hand, the problems of molecular docking as a screening tool have been widely discussed, since
the scoring functions are usually inaccurate, neglect the solvent-related terms and protein
flexibility is ignored (Okimoto et al, 2009). Coupled Molecular Docking and Molecular

Dynamics is a good way to solve this problem, because it can treat both proteins and ligands in a
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flexible manner, allowing the relaxation of the binding site around the ligand (Hou et al., 2010;
Okimoto et al, 2009; Aqvist et al., 2002).
Molecular mechanics/Poisson Boltzmann surface area (MM/PBSA) combines molecular
mechanics energy and implicit solvation models, and it is more rigorous than most empirical or
knowledged-based scoring functions (Hou et al., 2011; Okimoto et al, 2009, Kollman et al.,
2000). It allows for rigorous free-energy decomposition into contributions originating from
different groups of atoms or types of interaction (Hou et al., 2008; Hou et al., 2011). In the
MM/PB-SA method, the free energy is calculated using the snapshots of solute molecules
obtained from explicit-solvent MD simulation (Okimoto et al, 2009, Kuhn et al., 2005).
The aim of this study was to search a series of likely molecules which can form complexes with
the RPO from M. perniciosa, available at Kegg, PubChem and Zinc databases, and further
selecting a potential inhibitor using a coupled Molecular Docking and Molecular Dynamics -
MM / PBSA approach.
3.2 Methods

3.2.1 Ligand Searching
Initially, we made a search by keywords, by nucleoside molecules, in KEGG

(http://www.genome.jp/kegg/) and PubChem (http://pubchem.ncbi.nlm.nih.gov/) databases.

Then, only molecules described as inhibitors of RNA polymerases were selected. All 2D
structures were copied in Similes format in order to be compared to other ZINC database

(http://zinc.docking.org/) molecules. Furthermore, the 3D structures of these molecules were

downloaded in mol2 and pdb formats to be used in a Virtual Screening process, which was
carried out by Molecular Docking and Molecular Dynamics. According to a protocol described
by Irwin and Schoichet (2005), molecules obtained from Zinc database were selected for

comparison, following an interval between 95-99% similarity, with the structures found in
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KEGG and PubChem databases. In addition, selected structures were downloaded in mol2 and
pdb formats for subsequent Docking Studies and Molecular Dynamics.
3.2.2 Docking Studies

The downloaded structures from Kegg, Pubchem and Zinc databases were first checked in Pymol
1.4 (Schrodinger, LLC, 2011) to evaluate the presence or absence of hydrogen, stereochemistry
of chiral carbons, substructure, superstructure, number of rotable bonds, number of rings,
number of donor groups, and hydrogen bonding receptors.

The molecules of the ligands and the receptor (RPO) were prepared in Autodock Tools 1.5.6
(Sanner, 1999). All polar hydrogens for the receptor and Kollman United Atomic Charges were
added and subsequently computed (Kollman, 1993). For all ligands we added polar and
hydrogens and computed Gasteiger charges. The grid definition, adjusting to the RPO active site,
was set up manually by following the recommendations of the program manual (Trott and Olson,
2010; Sanner, 1999). Then, the structures of the ligand and receptor were saved in pgbqt format
to be used in docking calculations. Autodock Vina was used to perform Docking Scoring for
each ligand-receptor complexes (Trott and Olson, 2010). Before running each Docking
calculations, a configuration file was generated with grid size and coordinates information, as
well as indicating ligand and receptor files. The reports (log files) for each calculation were
analyzed in order to obtain free-energy (Kcal/mol) values of each ligand conformations with its
respective complex. In addition, we used Pymol to verify the number of hydrogen bonds and
non-covalent interactions, between each different ligand conformations and catalytic residues of
RPO, which are involved with recognition and polymerization mechanisms. As a way to
optimize the choosing of an ideal complex, we selected just one ligand, which best fits in the
RPO active site, considering all stereochemical aspects previously evaluated and the free-energy

results.
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3.2.3 Molecular Dynamics of Complex
In this study we used MM/PBSA protocol to calculate the affinity and stability in the interaction
of ligand-receptor RPO complex, using AMBER 10 (Case et al., 2008) package. Initially, we
used Antechamber program to make ff99 force field recognizes the atom types of both ligand
and receptor, and to avoid errors during the calculations.
Tleap was used to neutralize charges (ff99 force field) and RPO-ligand complex was immersed
in a rectangular box of TIP3P water molecules. Following the protocol, we use Sander to carried
out a Molecular Dynamics (MD) Equilibrium, which was restricted to a region of the protein that
contains the active site (amino acids 457-695), according to the following parameters: 1000
cycles of steepest descent and 1000 cycles of conjugate gradient minimization, heating MD for
50 picoseconds (ps), density equilibrium for 50 ps, followed by a Equilibrium Dynamics for 500
ps at constant pressure and 300 K temperature. After the equilibration of the system we followed
with MM/PBSA protocol (Hou et al., 2011; Case et al., 2008; Fogolari et al, 2003). Then, we
simulated a total of 3000 ps production step Molecular Dynamics, divided in 3 sets of 1000 ps
(prodl, prod2 and prod3), saving coordinates every 10 ps. Furthermore, we used the mm_pbsa.pl
script to extract snapshots (without the water) from our production runs and get their trajectories.
In addition, we checked complex stability by plotting a Potential Energy x Time (ps) graph, from
all production steps. In a last step, we use Ambpdb to generate a pdb file of the complex, after
the last stage of the Molecular Dynamics, and this structure was analyzed in Pymol to verify if
the ligand remained in the active site after the whole process.
3.3 Results and Discussion

3.3.1 Structures and binding energies of RPO complexes from AutoDock Vina
After research conducted in KEGG, PubChem and ZINC databases, we selected 8 structures that

could exhibit a good interaction with RPO, and with different classifications. A reliable
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prediction of complex interactions is essential for selecting a potential ligand in virtual screening
methodologies, and that requires a proper fit tool that is capable of generating energy assessment
of the binding protein, indicating the quality of interaction (Zaheer-ul -Haq et al., 2010). The
results of Molecular Docking with AutoDock Vina for different ligand-RPO complexes are
presented for the dominating configuration with minimum binding free energy (AG) in Table 1.
Docking scores returned by Autodock Vina indicates Rifampicin ligand as Top-ranked solution
to be a good RPO inhibitor. In addition, we evaluated other features for all screened ligands such
as H-bond donor and H-bond acceptor, as well as the capacity for at least one conformation of
each ligand to bind to amino acids from active site pocket of RPO in the complex (Andrade et
al., 2009). Among the molecules studied, Rifampicin is which best binds to the amino acids of
RPO active site and had high affinity energy (Table 1) in docking calculations, for all docking
poses. In figure 1, we show that Rifampicin fits inside the hydrophobic pocket of RPO. This
molecule forms several hydrogen bonds with amino acids from active site region: one with Ser
397, one with Arg 404, three with Asp 457, one with Tyr 494 and two with Arg 525, as can be
seen in figure 2. According to some authors, the amino acid Asp 457 from RPO active site of
several organisms is involved with the transcriptional processes (Bonner et al., 1992; Cheetham
et al., 1999; Holtje et al., 2003; Andrade et al., 2009). In Escherichia coli, Rifampicin binds in a
pocket of the RNAP b subunit deep within the DNA/RNA channel and blocks the RNA exit
pathway (Campbell et al., 2005). In other study, Campbell et al. (2001) describes a 3.3 A crystal
structure of Thermus aquaticus RNA polymerase complexed with Rifampicin, and after
biochemical experiments, their results indicate that the predominant effect of Rif is to directly
block the path of the elongating RNA transcript at the 5° end when the transcript becomes either

2 or 3 nucleotides in length (Korzheva et al., 2000).
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The use of RNA polymerases as molecular targets for virtual screening is not restricted to
prokaryotes. The use of an RNA-dependent RNA polymerase (RdRp) is an attractive target for
anti-HCV agents (Lee et al, 2010). However, we could not find any study that specifically dealt
with the use of inhibitors of fungal polymerases or polymerases encoded by mitochondrial genes.
On the other hand, many authors reported the fact that all cellular RNA polymerases are
relatively conserved in their amino acids sequences and catalytic mechanism (Ho et al., 2009;
Campbell et al., 2005; Temiakov et al., 2005; Tuske et al., 2005; Campbell et al., 2001),. Thus, in
general, the same class of RNA polymerase inhibitors (macrocyclic) acts on different groups of
organisms. In addition, it is probable that Rifampicin can act in vitro and in vivo, inhibiting
mitochondrial transcriptional process carried out by RPO and, somehow, blocking the

mitochondrial metabolism of M. perniciosa.

Table 3.1. Potential RPO inhibitors selected from the KEGG, PubChem and ZINC databases
used in docking studies.

Affinity H-Bond H-Bond
Molecule (kcal/mol) Donor Acceptor
Rifampicin -10.4 6 15
Rifapentine -9 6 15
Rifabutin Mycobutin -8 5 14
Zinc5220312 -5.2 5 7
Zinc5124992 -5 2 8
Zinc5220316 -4.7 5 7
Zinc5220339 -5.1 5 7
Zinc22173122 -5.5 4 4
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Fig. 3.1.Hydrogen bonds between Rifampicin and Ser 397, Arg 404, Asp 457, Tyr 494 and Arg
525 Asp in RPO active site.
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1

Fig. 3.2. RPO active pocket showing Rifampicin interaction. The catalytic amino acids are in the
red region.
3.3.2 Molecular Dynamics MM/PBSA of RPO-Rifampicin complex

Using a Molecular Dynamics approach, we analyzed the performance and stability of RPO-
Rifampicin complex. Then, we evaluated the potential energy complex, during the simulation
process, and its final energy. As you can see in Figure 3, the graph shows that above 600 ps
simulation the complex have already reached a potential energy value near the minimum, and it
maintains until the end of simulation process. In addition, the potential energy during the plateau
shows that the structure of this complex is perfectly feasible to exist. The final energy reached at
exactly 3600 ps was -462620.6888 Kcal/Mol. We also consider the RMSD generated during the
heating processes and production, but we noticed that the value has converged before 1000 ps

simulation.
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The pdb of the complex, generated after molecular dynamics, showed that Rifampicin remains
within the active site of RPO after 3600 ps of simulation. Furthermore, we can infer that this

time of simulation was sufficient to show that Rifampicin could block M. perniciosa RPO

activity.
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Fig. 3.3. Graph of potential energy of RPO-Rifampicin complex during 3.6 ns Molecular
Dynamics simulation

3.4 Conclusions

In this article we describe the selection of one potential inhibitor for RNA polymerase of M.
perniciosa mitochondrial plasmid, among eight molecules found in public databases, using a
virtual screening approach. Althogh Rifampicin is a bacterial RNAPs inhibitor, this molecule
forms a very stable complex with RPO, and this may be related to the fact that this type of
enzyme is highly conserved among different organisms. The Rifampicin complexes exactly with
the amino acids of active pocket, which are directly involved with the transcriptional process of

RPO. This integration remains stable during all 3600 ps Molecular Dynamics.
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In a further step, we will analyze different mechanisms of Biomolecular Simulation to describe
the mechanism of RPO inhibition by Rifampicin, as well as if, in this process, Rifampicin will
acquire different conformations that can effectively interact within the active site of this enzyme.
We cannot discard using other ligands previously described in Table 1 as potential inhibitors of
RPO, as well as other described as macrocyclic polymerase inhibitors. Additionally, Rifampicin
was selected because it forms the best ligand-complex interaction. Then, in a future study, we
will perform biochemical tests, in vitro and in vivo, in order to verify if our selected inhibitor can
effectively acts against M. perniciosa, making replication processes of RPO unfeasible.
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CHAPTER 4

The activity of DNA and RNA polymerases from Moniliophthora perniciosa mitochondrial

plasmid may reveal a self-defense mechanism against oxidative stress

Abstract

Moniliophthora perniciosa (Stahel) Aime and Philips-Mora is a hemibiotrophic basidiomycete
(Agaricales — Marasmiaceae), which causes the witches’ broom in cocoa (Theobroma cacao L.).
This pathogen carries a stable integrated invertron-type linear plasmid into its mitochondrial
genome, which encodes viral-like DNA and RNA polymerases that can be related to fungal
senescence and longevity. After culturing the fungus and obtaining their various stages of
development, in triplicate, we carried out total RNA extraction and subsequent cDNA synthesis.
In order to analyze DNA and RNA polymerase expression levels, we performed a RT-qPCR for
distinct fungal developmental phases. Our results show that DNA and RNA polymerase gene
expressions in primordium phase of M. perniciosa are related to a potential defense mechanism
against 7. cacao oxidative attack.

Keywords: M. perniciosa, Oxidative Stress, Mitochondrial Plasmid, Polymerases
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4.1 Introduction

Moniliophthora perniciosa (Stahel) Aime and Philips-Mora (2005) is a hemibiotrophic
basidiomycete (Agaricales — Marasmiaceae), endemic to the Amazon basin, which causes the
witches’ broom disease (WBD) in cocoa (Theobroma cacao L.). It is the only cocoa pathogen
that grows along with the plant (Aime and Philips-Mora, 2005; Purdy; Schmidt, 1996). This
disease is one of the most important phytopathological problems of cacao producing areas of the
American continent, and has decimated the Brazilian cacao industry in the last two decades
(Griffith et al., 2003). After infection, the pathogen establishes a biotrophic relationship with its
host and the monokaryotic mycelium progresses intercellularly in the plant tissues. Four to six
weeks later, the hyphae become dikaryotic, develop clamp connections and invade the cells
(intracellular mycelium): this stage corresponds to the saprophytic phase of the fungus and ends
with the basidiomata and basidiospores formation (Meinhardt et al., 2008).

Besides a series of macroscopic and microscopic changes that occur in M. perniciosa, the stages
of development show changes in color. Mycelial mats turn light-yellow four days after exposure
to air and water, changing to reddish-pink after ten days, and finally becoming dark-reddish pink
until the onset of basidiomata development (Pires et al., 2009). The first signal of primordial
development is probably the appearance of primary hyphal nodules as well as internal local
aggregations on dark pink-reddish mycelium (Pires et al., 2009),

In 2008, Formighieri et al. published the M. perniciosa mitochondrial genome and described a
stable integrated invertron-type linear plasmid into this genome. This plasmid have the same
features than other mitochondrial plasmids previously described (Formighieri et al., 2008), such
as the presence of rather large terminal inverted repeats and two large open reading frames on
opposite strands (Kempken, 1994). Moreover, the M. perniciosa linear-type plasmid also

encodes viral-like DNA and RNA polymerases (Formighieri et al., 2008; Poggeler and
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Kempken, 2004). Linear plasmids are commonly related to fungal senescence and longevity
(Poggeler and Kempken, 2004) due to mitochondrial instability and plasmid insertions into the
mitochondrial genome (Bertrand et al. 1985, 1986; Bertrand H., 2000).
Based on M. perniciosa mitochondrial genome sequence, some authors described differential
expression of mitochondrial genes — mainly associated with oxidative stress and glucose
depletion — during the biotrophic phase of the fungus in the plant (Scarpari et al. 2005; Rincones
et al., 2008; Pires et al., 2009). In particular, Pires et al. (2009) provided the first description of
M. perniciosa primordia and basidiomata development, dividing it in six stages according to the
mycelium color or the developmental phases: white, yellow, pink, dark pink, primordium and
basidiome.
In our study, we analyze, by RT-qPCR, the expression of DNA and RNA polymerase genes of
mitochondrial plasmid identified during the fungal development from white mycelium phase to
basidiome production. The relation between DNA and RNA polymerase gene expression and M.
perniciosa potential defense mechanism against 7. cacao oxidative attack during the infection is
then discussed.
4.2 Methods

4.2.1 Moniliophthora perniciosa culture
M. perniciosa (isolate 565 VA4 CEPEC / CEPLAC) was grown in artificial system as described
by Niella et al. (1999). The fungus was inoculated in triplicate, on plates containing PDA
medium (20% potato, 2% dextrose, 2%agar) and incubated at 25°C for 10 to 15 days. After this
period, mycelium were inoculated in a solid bran-based medium containing dry broom (37%),
rolled oats (9.8%), calcium sulfate (1.5%) and H,O enough to achieve the saturation point
(51.7%). The culture was maintained at 21-25°C under 100% of humidity and 12 h light regime,

until the mycelium covered the entire medium (approximately 15 days). The solid bran-based
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medium was hung in pots previously autoclaved (adaptation of the broom-maker), under the
same conditions of temperature, humidity and light that had been previously described. During
the cultivation, the medium were watered two or three times per week on alternate days, using
autoclaved water and a sterile syringe (about 10 mL of water to each side of the medium). Before
each irrigation, it was necessary to remove excess water, and to carry out a water stress
(withdrawal of water for 15 or 20 days) prior to the production of basidiomata. Eight different
stages of development of the fungus were studied: (i) white phase: the initial stage of cultivation
when the medium had a white mycelium ii) yellow phase, when the mycelium had the first
change in color to become yellow, iii) pink phase: when a second color change occur with
mycelium featuring a pink and prior to water stress, iv) dark pink: soon after the water stress, v)
primordium: when the medium showed the formation of primordia, vi) basidiomata, when the
fruiting bodies were fully developed, vii) primary mycelium: monokaryotic growth phase,
without clamp connections, and viii) secondary mycelium: dikaryotic growth phase, with clamp
connections. These last two phases were obtained by cultivating mycelial starter cultures from
the culture collection of the Cocoa Research Center (CEPEC, Ilhéus, Bahia, Brazil) on PDA
(Potato Dextrose Agar) for three weeks in the dark, at room temperature. The mycelium was
ground in liquid nitrogen and kept at -80°C until use.
4.2.2 RNA extraction and cDNA synthesis

The total RNA extraction was performed from 500 mg of ground material using the RNeasy
Midi Kit according to the manufacturer's recommendations (Qiagen). Total RNA was treated
with DNase I (Fermentas) and the cDNAs were synthesized using reverse transcriptase
RevertAidTMH Minus M-MuLV according to manufacturer’s recommendations (Fermentas).

Briefly, the reaction containing 10 mL of total RNA, 2.5 mmol.L! of each dNTP, 20 U of RNase
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inhibitor, 0.5 pg of oligo(dT) and 200 U of RevertAidTMH Minus M-MuLV was incubated at
42°C for 1h. The reverse transcriptase was inactivated at 70°C for 10 min.

4.2.3 Real-time qPCR and data analysis
Both DNA and RNA polymerase primers were designed using the IDT Scitools - Realtime PCR

(http://www.idtdna.com/Scitools/Applications/Real TimePCR/) (Table 1). Quantitative PCR was

performed using SYBRGreen® (Invitrogen) for the detection of fluorescence during
amplification, and assays were performed on an ABI PRISM 7500 Sequence Detection System
(SDS) coupled to the ABI PRISM 7500 SDS software (Applied Biosystems, Foster City, USA),
using standard settings. A 20 pL reaction containing 10 pL of single stranded cDNA, 2 uL of
SYBRGreen 1X (Invitrogen), PCR buffer 1X, 200 mM of dNTPs, 3 mM of MgCl,, 1/2 50X
Rox, 200 nM of each primer was submitted to qPCR. The thermal cycling conditions were 50°C
for 2 min, then 94°C for 10 min, followed by 40 cycles of 94°C for 45 s, 61°C for 35 s and 72°C
for 35 s. A dissociation analysis was conducted for all the amplifications to investigate the
formation of dimers of primers and hairpins. Melting temperatures of the fragments were
determined according to the manufacturer's protocol. No-template reactions were included as
negative controls in every plate. The results obtained with the Detection Software (Applied
Biosystems, Foster City, USA) were imported into Microsoft Excel.

4.3 Results and discussion

Analysis of the expression of DNA and RNA polymerases mitochondrial plasmid of M.
perniciosa revealed that these genes were expressed in all phases of the life cycle of the fungus.
In the phase dark pink, only the DNA polymerase is expressed. Although there is no prior
information about the probable function of these enzymes in the metabolism of M. perniciosa
(Formighieri, 2009), one knows that these molecules act in the replication mechanism and

expression of the mitochondrial genome (Kennel and Cohen, 2003; Kempken, 1994), by
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presenting some degree of structural and sequence identity with other fungal plasmid
polymerases (Andrade et al., 2009). Thus, it is possible that the activity of these two enzymes is
related to the process of increasing the survival of the fungus, as described for pAL2 plasmid of
Podospora anserina (Maas et al. 2007; Hermanns et al, 1994). In Neurospora crassa it was
observed that the portion that encodes a DNA polymerase with a functional promoter in
pLABELLE plasmid is close to mtDNA promoter, indicating that this polymerase was
maintained throughout the process of evolution by selective pressure, and maybe contribute
functionally to the mtDNA (Cahan and Kennell, 2005).

The relative expression between the DNA and RNA polymerases at different stages of the fungus
is approximately six times higher for DNA polymerase and almost three times higher for RNA
polymerase, in primordium (Figure 1). In M. perniciosa, the stage of primordium occurs after
dark pink stage, when the mycelium hyphae show nodular aggregates in some regions of
mycelium (Pires et al., 2009). Developmentally regulated genes related to primordium and
basidiomata development have been identified for some Basidiomycota such as Agaricus
bisporus (De Groot et al., 1997), Coprinopsis cinerea (Kues, 2000) and Pleurotus ostreatus (Lee
et al., 2002), among others. In addition, the rapid increase of fully or partially sequenced
genomes and ESTs from fungi already available in databases allows the in silico identification of
genes possibly involved in these processes (Soanes and Talbot, 2006; Nowrousian and Kiick,
2006).

Scarpari et al. (2004) published a detailed biochemical study of 7. cacao and M. perniciosa
interaction, with a systematic analysis of the changes in the contents of soluble sugars, amino
acids, alkaloids, ethylene, phenolics, tannins, flavonoids, pigments, malondialdehyde, glycerol,
and fatty acids in cacao shoots during the development of the infected plant. The alterations in

the lipid metabolism, during the infection, showed a highest glycerol content and lipid
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peroxidation by the amount of malondialdehyde. These metabolism changes are a common
feature of senescence/PCD in plants, and they are involved in the generation of Reative Oxigen
Species (ROS) (Blokhina et al., 2003). ROS production (Gratao et al. 2005), is related to lipid
peroxidation (Scarpari et al. 2005) and the degradation of calcium oxalate crystals (Ceita et al.
2007), likely triggering mitochondrial recombination events and formation of primordia. It is
probable that these events have as mainline effect the change in energy metabolic process of the
fungus, with increased expression (up regulation) of cytochrome p450 monooxygenase (Pires et
al. 2009). Therefore, it is quite possible that changes in patterns of relative expression of DNA
and RNA polymerases inserted in the mitochondrial genome of M. perniciosa can be influencing
the process of copying and transcription of several mitochondrial genes related to the process of
plant-pathogen interaction and, in some way, triggering a mechanism of self-defense metabolites

produced by the fungus against 7. cacao.

Table 4.1. Primers used in Real Time PCR reactions to detect M. perniciosa DPO and RPO
expression levels. F, forward primer; R, reverse primer. All primers were specifically designed
for this study”

Primer Sequence (5'-') Tm (°C) Amplicon (bp)
MDPO-F  CAC Tgg Agg Tag TgT ggA TgT TTAC 63
MDPO-R  TTg gTT CAC CTg TTg gCA TA 63 70
MRPO-F  TTg AAA Aag AAA AgC AAT ACT CAT TTg A 60
MRPO-R  AgA TgT TTC TTA TTg TTT gAT CCA CC 60 247
ACTI1-F* CCCTTCTAT CgT Cgg TCg T 81
ACT1-R*  Agg ATA CCA CgC TTg gAT Tg 81 i

*All primer sequences are in the 5'-3’ direction. Asterisk (*) indicates transcript used for
normalization.
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Figure 4.1. RT-qPCR of DPO and RPO genes expressed in different phases during the culture of
M. perniciosa

4.4 Conclusions

Relative expression of DNA and RNA polymerases mitochondrial plasmid of M. perniciosa
seems to follow the development process of the fungus during its process of infection in 7.
cacao. Although this work has examined the expression of these genes in different
developmental stage of the fungus, we can see that primordium stage presented a clear and
statistically significant difference in expression of these polymerases.

The relative increase of polymerases expression in primordium matches with the oxidative
damage triggered by the plant. This leads us to relate this process with a defense mechanism of
the fungus, when several substances produced by host plant are degraded by the mitochondria of
the fungus.

Despite the mitochondrial metabolism is highly dependent on the nuclear genome, it is possible
that the polymerases encoded by the integrated plasmid into the mitochondrial genome of M.
perniciosa are functional on its metabolism. The DNA polymerase present relative expression

greater than the RNA polymerase, in the primordium stage, and it is probably related to the
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mechanism of replication of mtDNA, in order to prepare the fungus to basidiomata formation, as
well as being involved in processes of repairing mtDNA affected by oxidative stress triggered by
the plant. Although exhibiting a lower rate of expression of the DNA polymerase, it is likely that
RNA polymerase is playing a role in gene transcription of mitochondrial metabolism, increasing
the levels of cytochrome oxidase expression (up-regulation) and, thus, helping the maintenance
of energy metabolism, s well as preparing the fungus to the process of defense against 7. cacao.
This information may be useful for further studies towards a more complete understanding of the
mitochondrial metabolism of M. perniciosa, and further environmental controls leading to
basidiomata initiation. In addition, new strategies can be provided for an enhanced control of this
phytopathogen and for a successful monitoring of witches' broom disease in 7. cacao.
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CHAPTER 5

Phylogenetic analysis of DNA and RNA polymerases from Moniliophthora perniciosa
(Stahel) Aime & Phillips-Mora mitochondrial plasmid reveals a probable lateral gene
transfer

Abstract

The filamentous fungus Moniliophthora perniciosa (Stahel) Aime & Phillips-Mora is a
hemibiotrophic Basidiomycota that causes witches' broom disease of cacao (Theobroma cacao
L.). Many fungal mitochondrial plasmids are invertrons, encoding DNA and RNA polymerases
with terminal inverted repeats and 5'-linked terminal proteins. The aim of this work was to carry
out comparative and phylogenetic analyses of DNA and RNA polymerases for all linear
mitochondrial plasmids in fungi; we performed these analyses at both the gene and protein level
and assessed the differences between fungal and viral polymerases in order to test the lateral
gene transfer (LGT) hypothesis. We analyzed all known mitochondrial plasmids of the invertron
type within the fungal clade: five Ascomycota; seven Basidiomycota; and one Chytridiomycota.
All phylogenetic analyses showed similar tree topologies regardless of either the method or data
set used. DNA and RNA polymerases were probably inserted during different events by LGT
into mitochondrial genomes of the 13 fungal host species used in our study. These results are
important for a better understanding of the evolutionary relationships among mitochondrial
plasmids for the fungal clade.

Key words: Moniliophthora perniciosa, Mitochondrial plasmids, Fungi, Molecular Phylogeny
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5.1 Introduction

The basidiomycete Moniliophthora perniciosa (Stahel) Aime and Philips-Mora [previously
known as Crinipellis perniciosa (Stahel) Singer] is the causative agent for witches' broom
disease of the cacao tree (Theobroma cacao), whose seeds are the source of chocolate (Aime and
Philips-Mora 2005). It is the most important phytopathological problem of cacao-producing
areas in the American continent and has decimated the Brazilian cacao industry (Griffith et al.
2003). M. perniciosa is within the order Agaricales, which has few known pathogens (Aime;
Phillips-Mora 2005), and is endemic in the Amazon region. It is the only pathogen that develops
concurrently with the cocoa plant (Purdy 1996). Several biotypes of M. perniciosa have been
described, and the biotype C affects Theobroma cacao and other species of the genera
Theobroma and Herrania (Malvaceae) (Griffith 1994). The mitochondrial genome (Formighieri
et al. 2008) and more recently whole genome (Mondego et al. 2008) of this fungus have been
sequenced.

Plasmids are small molecules of DNA (or RNA) that have the ability to replicate inside living
cells independently of the host genome (Cahan; Kennel 2005). These structures can sometimes
covalently integrate into the genome of the cells or organelles and thus be replicated as part of
the host genome (Griffiths 1995). Plasmids were originally discovered in bacteria but similar
molecules were subsequently found in eukaryotes, mainly in mitochondria of filamentous fungi
(mt plasmids) and plants (Cahan; Kennel 2005). These molecules may have two types of
conformation: circular or linear (Griffiths 1995). In fact, most eukaryotic plasmids are linear
(Meinhardt et al. 1990). Mt plasmids are generally viewed as being intracellular parasites, and
their prevalence, at least in filamentous fungal hosts, relates to their ability to spread horizontally
via hiphal anastomosis (Cahan; Kennel 2005). Usually, the impact of introgression or existence

of a plasmid on the host phenotype is not clear. However, these molecules may confer some
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selective advantage for the host, changing metabolism or mitochondrial division in some aspects.
In many physiological studies, no change in rate or pattern of growth was observed, because
there are as yet no sensitive tests to identify very small changes in growth, respiration or
reproductive rate (Griffiths 1995). On the other hand, a phenomenon known as syndrome of
fungal senescence was described in some species of the genus Neurospora (Marcou 1961; Chan
et al. 1991), which includes progressive loss of mitochondrial function, loss of acrogenic fertility
structures and reduction of hyphal growth together with loss of conidial viability and possible
death of the mycelium (Meinhardt et al. 1990; Chan et al. 1991). Mitochondrial plasmids are
widely distributed in filamentous fungi and share some features, such as the presence of
Terminal Inverted Repeats (TIR) and genes coding for DNA and RNA polymerase (DPO and
RPO, respectively) (Kempken et al. 1992; Kempken 1994; Cahan; Kennel 2005; ). These
plasmids are present in different genera and species of Ascomycota and Basidiomycota,
including saprophytes and plant pathogens (Giese et al. 2003), particularly in the genus
Neurospora (Xu et al. 1999). In many cases they are transmitted in the same way as the
mitochondria and mitochondrial DNA. In sexual crosses, the maternal relative of the plasmid is
transmitted to most or all progeny. According to the theory of endosymbiosis, the mitochondria
of fungal plasmids have a prokaryotic origin, and some genes may have been inherited from viral
bacteriophages (Griffiths 1995). The degree of relationship among mitochondrial plasmids from
different species has been estimated using nucleotide and amino acids sequences of DPO and
RPO. The transmission of mitochondrial plasmids during reproduction in fungi has been the
subject of many studies (Giese et al. 2003), as introgression in Neurospora sp. (Bok et al. 1999)
and asexual transmission in Cryphonectria parasitica (Murrill) ME Barr (Baidyaroy et al. 2000).
Other studies have shown that, in spite of the existence of somatic barriers, the transmission of

plasmids has also occurred by anastomosis (Giese et al. 2003). The mitochondrial plasmid from
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M. perniciosa has a typical invertron structure and DPO/RPO coding genes in opposite
orientations. Furthermore, it appears to be stably integrated into the mitochondrial genome and is
probably involved in senescence (Formighieri et al. 2008).

In the present study we analyzed of DNA and protein sequences for DNA and RNA polymerase
enzymes encoded by all known types of linear mitochondrial plasmids in fungi, totaling 13
species: seven Ascomycota, five Basidiomycota (including M. perniciosa) and one
Chitridiomycota. Our aim was to define a phylogeny based on molecular data, testing the
hypothesis of lateral transfer of the polymerase gene within the fungal clade and between viruses
and fungi.

5.2 Methods

Phylogenetic analyses were performed from all nucleotide and amino acid sequences of DPO
and RPO for all known mitochondrial linear plasmids in the fungal clade that had been deposited
in the NCBI/EMBL/DDDJ databases. In addition, DPO and RPO protein sequences of viruses
were included in this study by means of comparative similarity analysis using BLAST version
2.2.16 (Altschul et al. 1997), because of their probable evolutionary relationships with DPOs and
RPOs of mitochondrial fungal plasmids.

DPO and RPO nucleotide sequences for the 13 fungal plasmids were codon-aligned with their
corresponding amino acid sequences using PAL2NAL (Suyama et al. 2006). The results of these
alignments were edited in BIOEDIT 7.0.5.2 (Hall, 1999), excluding highly variable C-terminal
and N-terminal domains in this group of enzymes, and saved in NEXUS format as DPO/RPO

contigs. In order to obtain the best evolutionary model for the matrix used in the analysis of

maximum likelihood, the nucleotide sequences of the DPO/RPO contigs were submitted to

Modeltest (Posada 1998);_GTR + G + I was selected as the best evolutionary model. Clade

robustness was also assessed using bootstrap proportions (1,000 pseudoreplicates). Phylograms
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were generated in PAUP 4.0b10 (Swofford 2002) and then saved and visualized in Treeview
1.6.6 (Page 1996). For these analyses, the outgroup was represented by sequences (DPO and
RPO) from the mitochondrial plasmid of Spizellomyces punctatus (WJ Koch) DJS Barr, since
chytridiomycotan species probably originated before their Ascomycota and Basidiomycota
counterparts (James et al. 2006).

The amino acid sequences of fungal and viral DPOs and RPOs were aligned separately using
BLOSUM®62 matrix (Henikoff 1992) with 1,000 pseudoreplicates of bootstrap proportions in
BIOEDIT 7.0.5.2 (Hall 1999). In this case, it was not possible to perform a combined analysis of
DPO/RPO contigs using fungal and viral sequences, as the DPO and RPO do not occur
concurrently in the same viral species. The phylogeny for fungal and viral DPO and RPO amino
acid sequences were defined by Bayesian analysis performed in MRBAYES 3.1.2 (Ronquist
2003) using the evolutionary model MTMAM (Yang et al. 1998). This model was chosen since
the mitochondria of both fungi and mammals have similar rates of substitution in their genomes
as well as similarities in codon usage when compared to the standard nuclear genome (Osawa
1992). Three independent runs were conducted (each with four chains) for 5 x 10° generations,
sampling every 1000 generations. In the phylogenetic analyses of viral and fungal DPO
nucleotide sequences, bacteriophage ®29 DPO was used as outgroup, and in the analyses of viral
and fungal RPO nucleotide sequences, T7 RPO was used as outgroup.

5.3 Results

There are 13 completely sequenced mitochondrial plasmids from species of the fungal clade
showing a linear structure with reversed ends: five in Ascomycota, seven in Basidiomycota and
one in Chytridiomycota (Table 1). The size of the plasmids ranged from 1.7 to 8.6 kb, with the
mitochondrial plasmid of Spizellomyces punctatus showing the smallest size and that of

Neurospora intermedia the largest. All the studied fungal plasmids exhibited DPO and RPO
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genes on opposite strands, except for the S. punctatus plasmid which has these genes on the same
strand. Comparative sequence analyses using the protein sequences (DPO and RPO) of all fungal
mitochondrial plasmids revealed high similarity with the viral DPO and RPO listed in Table 2.
Maximum likelihood phylogenetic analysis of DPO/RPO nucleotide contigs revealed a
phylogram where ascomycotan sequences were clearly grouped together with basidiomycotan
sequences (Fig.1).

The Bayesian majority consensus tree for the amino acid sequences of DNA polymerases from
fungi and viruses showed that viral DPOs did not form a monophyletic clade but instead were
grouped together with fungal DPO sequences (Fig. 2). Conversely, the Bayesian inference for
protein sequences of RNA polymerases from fungi and viruses supported two homogeneous
clades: one for fungal RPOs (100%) and another for viral RPOs (74%) (Fig. 3).

5.4 Discussion

According to Griffiths (1995), most plasmids found within species of the fungal clade are linear,
using a process similar to the replication protein-primed scenario associated with adenovirus and
phage ®29. This process employs a terminal protein covalently linked to the 5' end of these
molecules. According to Sakaguchi (1990), adenovirus and phage ®29 exhibit features similar to
those of DNA plasmids, with a genome containing terminal inverted repeats and terminal
proteins covalently linked to the 5' end of the molecules. All 13 plasmids used in our study,
except for that from S. punctatus, have linear structures very similar to each other, with DNA
and RNA polymerases in opposite orientations and terminal inverted repeats, Results of
comparative sequence analysis revealed a probable ancestral relationship for the two
polymerases encoded by each plasmid and viral polymerases, suggesting that the process of
replication for these plasmids is the same as described by Griffiths (1995) for viral polymerases,

thus corroborating the data of Sakaguchi (1990).
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There are several approaches to ascertaining the origin and distribution of plasmids in
mitochondria of fungi. According to Fukuhara (1995), it is very likely that these structures are
derived from adenovirus and phages within bacterial ancestors of present-day mitochondria. This
hypothesis is supported by data from comparative sequence analysis of the 13 fungal plasmids in
our study, since the sequences of DPOs and RPOs are similar to those originated from
adenovirus and retrovirus, respectively. Moreover, as described by Fukuhara (1995), these data
do not address any hypothesis of how these structures have arisen in the cytoplasm of fungi.
Rosewich and Kistler (2000) reported a many examples of lateral gene transfer (LGT) in fungi,
in which mobile genetic elements such as plasmids, transposons and introns must be involved.
When we analyzed the data obtained from our phylogeny of individual or combined DPOs and
RPOs for the 13 mitochondrial plasmids included here, we found that both polymerases from
mitochondrial plasmids of Ascomycota and Basidiomycota do not form monophyletic groups,
and therefore do not have a common origin. Another interesting finding is that even the DPO and
RPO of species within the same genus (Neurospora crassa and N. intermedia) have a common
evolutionary origin, as suggested by phylogenetic analyses at both the gene and protein level.

A recent molecular phylogeny study conducted by James et al. (2006), based on data from six
nuclear genes of 199 species of fungi, strongly suggested that Ascomycota and Basidiomycota
are monophyletic while Chytridiomycota is clearly polyphyletic. Thus, it is expected that DNA
and RNA polymerases of the 13 fungal mitochondrial plasmids we examined should form
monophyletic groups represented by their host fungi Ascomycota and Basidiomycota. The
inferred phylogenies of both protein and DNA sequences, however, do not corroborate this
assumption.

The DPO phylogeny of the 13 fungal plasmids with their homologous viral polymerases

corroborates the relationship of the fungal DNA plasmids with sequences of adenovirus and
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bacterial phages, as previously described. The formation of an exclusive fungal monophyletic
group with a high statistical support occurred only in the phylogenetic analysis of fungal and
viral RNA polymerases. In the phylogenetic analysis of fungal and viral DNA polymerases,
Human Adenovirus type 12 and simian DPOs were grouped together with strong support within
the same clade, with both ascomycotan and basidiomycotan DPOs in the majority consensus
tree.

The results of the DNA polymerase phylogeny for fungal mitochondrial plasmids and viral
polymerases were similar to those reported by Rosewich and Kistler (2000). These authors
performed a phylogenetic analysis of amino acid sequences for DNA polymerases (11 linear
plasmids from fungi and plants, 4 bacteriophages and 8 viruses), which indicated that groups of
plasmids with related hosts (plants, fungi, viruses or bacteriophages) are not necessarily closely
related.

A likely explanation for the occurrence of non-monophyletic groups that reflect the phylogeny of
host species within the analysis of individual plasmids of fungal and viral polymerases is that
host DPO and RPO sequences may have originated during a pre-endosymbiotic period, in which
viruses and phages had, as hosts, bacteria that subsequently became mitochondria. This
hypothesis is suggested by Griffiths (1995) but we must consider it carefully. Furthermore,
another possible explanation of the non-monophyly for these host DPO and RPO sequences is a
post-endosymbiotic insertion event within the fungal clade carried out by micoviruses, which
could have transferred these polymerases into the mitochondrial genomes. This assertion is based
on a fact described by Rosewich and Kistler (2000), in which the sequence of a viral RNA
polymerase in the mitochondria of the ascomycotan Ophiostomis new-ulmi had greater similarity
to the RPO of the basidiomycotan Rhizoctonia solani than to those of the ascomycotan

Cryphonectria parasitica.
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All phylogenetic trees generated using DNA and RNA polymerases for the 13 plasmids of the
fungal clade, as well as for both fungi and viruses, had very similar topologies. In the majority of
the consensus trees for both combined (contigs) and separate analysis, M. perniciosa plasmid
polymerases were more related to F. velutipes plasmid polymerases. Interestingly, in most
analyses the clade formed by these two Basidiomycota (M. perniciosa and F. velutipes) was
more close to the clade composed by ascomycotan Gelasinospora sp. and N. intermedia
polymerases than all other groups.

According to Gaag et al. (1998), the transfer of mitochondrial plasmids between species of fungi
can occur via mitosis or meiosis. An example of this transfer was documented in Ascobolus
immersus and P. pauciseta using co-culture experiments, with the transfer of mitochondrial
plasmid SP12 from the first species to the second. Thus, evidence suggests that the close
phylogenetic relationship observed in virtually 100% of the analyses between the clade formed
by M. perniciosa and F. velutipes and the other composed of Gelasinospora sp. and N.
intermedia may be a result of gene transfer at the level of genus or species. This must be
considered with caution and further studies are required individually for this more inclusive
clade (M. perniciosa, F. velutipes, Gelasinospora sp. and N. intermedia). An alternative view to
this close relationship is the previously described hypothesis of mycoviruses, in which the same
or very similar viruses have infected the mitochondria of fungi as distinct events. Furthermore,
mycovirus sequences were always retrieved during the comparative sequence analysis for the
selection of the viral polymerases that would be subject to phylogenetic analyses.

The analysis based only on amino acid sequences for fungal and viral RPO plasmids suggest a
single origin for these enzymes in fungi. In addition, the retained clades in all retrieved trees,
such as those formed by RPOs of M. perniciosa and F. velutipes plasmids, indicates that the

insertion of these sequences into the mitochondrial genomes of the 13 fungal species occurred at
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short intervals, whereas the substitution rate of mitochondrial genome is equal for all species
used in this study.

According to Formighieri et al. (2008), the integration of the M. perniciosa plasmid damaging
the mitochondrial genome was a recent event, which may be associated with the development of
some biotypes. This process may have occurred by crossing lines that are not evolutionarily
related, using the mechanisms of mitosis or meiosis as previously mentioned, or by mycoviruses.
This can be observed in all trees since the clade formed by M. perniciosa and F. velutipes is
closer to the clade formed by Gelasinospora sp. and N. intermedia than to that of any other
group. Furthermore, in the Bayesian analysis of amino acids sequences from fungal and viral
DPOs, the clade formed by M. perniciosa and F. velutipes appears more related to viral
polymerases. Therefore, the formation of a fungal monophyletic clade for RNA polymerases,
when analyzed together with the viral sequences, suggests that the sequences related to RPOs
may have been inserted in events other than those that insterted DPOs, in M. perniciosa as well
as in other fungi.

Considering the assumptions and results that were obtained from analyses of DPOs and RPOs at
the protein and DNA level within in fungal clade, and between fungi and viruses, we suggest that
there has been a probable lateral transfer of genes encoding DNA and RNA polymerases from
the plasmid of M. perniciosa to other fungal mitochondrial plasmids, supporting the hypothesis
that these sequences may have viral ancestors. It is unclear whether these sequences are from a
pre- or post-endosymbiotic period and this issue needs further investigation.

5.5 Conclusions

All phylogenetic analyses (parsimony, distance, maximum likelihood and Bayesian) presented
similar tree topologies, using both nucleotide and amino acid sequences in combined (contigs) or

separate analyses for the exclusively fungal or fungal and viral data sets. Unlike the fungal DPOs
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that did not group together, all fungal RPOs appear as a monophyletic group when compared
with viral RPO. Furthermore, our study indicates that all fungal DPOs and RPOs were probably

inserted by distinct LGT events into the mitochondrial genomes of the fungi studied here.
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Tables
Table 1. Completely sequenced linear mitochondrial plasmids of the invertron type in fungi.
Size LEINI: LIy Access
Plasmid Fungus spp. Phylum (bp) pol. pol. number Reference
(aa) (aa)
Agaricus L Robison; Horger
pEM bitorquis Basidiomycota 5810 797 1102 X63075 1999
Blumeria
pBgh graminis f. sp. Ascomycota 7965 1062 973 NC 004935 Giese et al., 2003
hordei
pCIK1 Claviceps Ascomycota 6752 1063 963 X15648 Oeser; Tudzynski
purpurea 1989
pMp Moniliophthora g, qiomycota 6743 899 1028  NC 005927  Formighierietal,
perniciosa 2008
PFVI Flammulina Basidiomycota 7363 925 1168  AB028633  Nakai et al, 2000
velutipes
pGl14 Gelasinospora Ascomycota 8231 987 831 140494 VEETSEIEL,
sp. 1996
pPK2 Pichia kluyveri Ascomycota 7174 1118 992 Y11606 Bla‘“"i‘;%;“ etal,
pHC2 Iz;ifi‘;':j Basidiomycota 3229 858 209 Y11504 Bai et al., 1998
pHarbin-3 N curobord Ascomycota 7050 1021 896 AF133505 Xu etal., 1999
pKalilo ]th“e’r e Ascomycota 8642 969 811 X52106 Chan et al.,1991
pMLP2 1; lft’r‘er;’l’;‘: Basidiomycota 7005 900 993 AF355103 Kim et al., 2000
Podospora Hermanns;
pAL2-1 el Ascomycota 8395 1197 948 X60707 Osiowaca, 1692
pSp S"[’ﬁi‘;"l’jﬁ“ Chytridiomycota 1775 361 218 AF404303  Forget et al., 2002

Table 2. Viral DNA and RNA polymerases used in phylogenetic analyses.

Access
Virus Type Pol. type Size (bp) Size (aa) number Reference
Bacteriophage Bam35c¢ Adenovirus DPO 2205 735 NP _943751.1 Ravantt et al., 2003
Phage GIL16¢ Adenovirus DPO 2259 753 YP 224103.1 Verheust et al., 2005
Hum. adenovirus 12 Adenovirus DPO 3567 1189 AP _000112.1 Davison et al., 2003
Bacteriophage Phi29 Adenovirus DPO 1725 575 1XHX A Kamtekar et al., 2004
Simium adenovirus A Adenovirus DPO 3507 1169 YP 067908.1 Kovacs et al., 2004
Bacteriophage phiYeO3-12  Retrovirus RPO 2652 884 NP _052071.1 Pajunen et al., 2001
Bacteriophage T3 Retrovirus RPO 2652 884 NP_523301.1 Pajunen et al., 2002
Phage K1F Retrovirus RPO 2679 893 YP 338094.1 Scholl; Merril, 2005
Kovalyova; Kropinski,
Phage GH-1 Retrovirus RPO 2655 885 NP 813747.1 2003
BPK11 Retrovirus RPO 2718 906 P18147 Dietz et al., 1990
Vibriophage VP4 Retrovirus RPO 2649 883 YP 249577.1 Wang et al., 2005
Phage Berlin Retrovirus RPO 2649 883 YP 918986.1 Noeltin et al., 2006
Phage T7 Retrovirus RPO 2649 833 1CEZ Dunn; Studier, 1981




91

Figure legends

Figure 1. Phylogram (Maximum Likelihood) using nucleotide sequences contigs DPO/RPO of
linear mitochondrial plasmids of fungi. Numbers above branches are bootstrap values.

Figure 2. Majority-rule consensus phylogram (Bayesian analysis) of fungal and viral DPO using
amino acid sequences.

Figure 3. Majority-rule consensus phylogram (Bayesian analysis) of fungal and viral RPO using
amino acid sequences.
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Conclusao geral

Nesta tese foram realizados estudos mais aprofundados a respeito das estruturas, expressao
relativa, estudo de inibidores e evolugdo das DNA e RNA polimerases codificadas pelo
plasmideo mitochondrial de M. perniciosa. Os resultados obtidos com a determinagdo das
estruturas tridimensionais dessas proteinas mostraram uma intima relagdo estrutural e funcional
com as polimerases virais que foram utilizadas como moldes para constru¢ao da DPO e RPO. A
utilizagdo de uma metodologia de triagem virtual de inibidores, acoplada a metodologias de
Docking e Dindmica Molecular, mostrou-se muito eficaz na selecdo de bons complexos enzima-
inibidor para cada uma das polimerases, indicando que € possivel utilizar os inibidores
selecionados nestes trabalhos para futuros testes in vitro e in vivo. No estudo da expressao
relativa dos genes codificadores das DPO e RPO, durante diferentes fases de desenvolvimento de
M. perniciosa, foram obtidos resultados estatisticamente significativos de uma resposta no
metabolismo mitocondrial na fase de primordio, através de um aumento significativo na
expressao dessas enzimas justamente quando a planta (7. cacao) comega a liberar uma série de
metabolitos que desencadeiam um ataque oxidativo contra esse patdégeno. Logo, pode-se
hipotetizar que, de alguma maneira, essas duas enzimas aceleram o metabolismo mitocondrial,
replicando material genético e transcrevendo genes importantes para a manutengdo oxidativa do
fungo. Em nenhuma das andlises filogenéticas realizadas apenas com polimerases flingicas
(agrupadas ou ndo), ou com polimerases fingicas e virais, foi verificada a presenca de clados de
Ascomycota e Basidiomycota. Além disso, as arvores que apresentam polimerases virais
mostram agrupamentos entre polimerases de fungos e de virus. Esse fato ¢ extremamente
interessante, ja& que eventos de THG carreados por plasmideos sdo comuns em diversos
organismos e¢ ¢ provavel que no clado flingico esses eventos tenham ocorrido para essas

polimerases e/ou para outros genes codificados por essas estruturas. Os resultados descritos nesta
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tese poderao servir de base para estudos futuros que tratem do mecanismo de resisténcia do M.
perniciosa ao ataque de 7. cacao e outros que visem entender o mecanismo bioquimico de
inibicdo das DPO e RPO, e sua conseqiiéncia, além de delimitar a posi¢do filogenética desse

plasmideo dentro clado fingico e com seqiiéncias relacionadas.



