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ABSTRACT

EXPRESSION PROFILING OF THERMOPLASMA VOLCANIUM GSS1 UNDER
STRESS CONDITIONS WITH SPECIFIC EMPHASIS ON PROTEASOME
ASSOCIATED REGULATORY VAT GENES

Yilmaz, Tiilay
M.Sc., Department of Biology
Supervisor: Prof. Dr. Semra Kocabryik
May 2013, 150 pages

In this study differential expression of the two proteasome associated VAT genes (TVNO382
and TVNO0947) of Thermoplasma volcanium GSS1 (Tpv) cells challenged by extracellular
stresses, i.e., pH, heat-shock and hydrogen peroxide were investigated using quantitative RT-
PCR and Western blotting/hybridization techniques. We also performed a comprehensive
transcriptome analysis of the 7pv as response to environmental stresses by genome-wide
expression arrays. Quantitative RT-PCR analyses revealed that VAT genes elicited specific
response under heat-shock (at 65°C and 70°C), pH stress (at pH 4.0) and oxidative stress (at
0.02 mM H,0,) over 120 min. Western hybridization corroborated the qRT-PCR results at
protein level. These results suggested a critical role for VAT proteins possibly in association
with the 20S proteasome in 7pv cells for adaptation to external stress, especially heat-shock.
Microarray analyses revealed that Tpv cells’ gene expression over 60 min stress exposure
was essentially down-regulated. Within this group of genes those functionally linked to
energy production and conversion, transcription and translation were significantly and
extensively inhibited. Response to heat stress (at 65°C) could be linked to elevated
expression of genes encoding heat-shock related genes (e.g. GrpE) whereas the stress
response to pH and oxidative stresses was characterized by up-regulation of membrane and
transport related genes. Among the stress responsive genes sugar permease (TVN1145) and
GrpE (TVNO0489) genes were selected for verification of the microarray data by qRT-PCR
technique. The results demonstrated a consistent trend in the expression patterns of the
selected genes by two techniques. Collectively, our results suggest that the transcription and
translation are retarded to prevent error prone synthesis of proteins and to avoid energy
requiring synthetic processes. The energy balance may be maintained by activation of
carbohydrate transport and metabolism under all stress conditions. Tpv also modulates stress
specific genes (e.g., GrpE-Heat-shock, redoxins-Oxidative stress, transporters-pH stress) as
part of its stress defense mechanism(s).

Key words: Archaea, heat/pH/oxidative stress, Thermoplasma volcanium, VAT, microarray
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THERMOPLASMA VOLCANIUM GSS1’IN STRES KOSULLARI ALTINDA
PROTEAZOMA iLiSKiN DUZENLEYICi VAT GENLERi AGIRLIKLI OLMAK
UZERE GEN ANLATIM PROFILiNIN BELIRLENMESI

Yilmaz, Tiilay
Yiiksek Lisans, Biyoloji Bolimii
Tez yoneticisi: Prof. Dr. Semra Kocabryik
May1s 2013, 150 Sayfa

Thermoplasma volcanium (Tpv) GSS1’in dis stres etkenleri olan; pH, 1s1-soku ve hidrojen
peroksit ile tetiklendiginde proteasoma iliskin iki VAT geninin anlatiminda olusan
farkliliklar nicel RT-PCR ve Western aktarim ve hibritleme teknikleri ile incelenmistir.
Ayrica genom boyutunda mikrodizinler araciligr ile 7pv’nin g¢evresel streslere tepkisinin
genis kapsamli transkriptom diizeyinde analizi yapilmistir. Nicel RT-PCR analizleri
gostermistir ki, VAT genleri 1s1 soku (65°C ve 70°C), pH stresi (pH 4.0) ve oksidatif strese
(0.02 mM H,0,) 120 dakika boyunca maruz birakildiklarinda ozgilin stres yaniti
olusturmuslardir. Western hibritleme qRT-PCR sonuclarint dogrulamistir. Bu sonuglar 7pv
hiicrelerinde VAT proteininin muhtemelen proteasomla birlikte ¢evresel strese 6zellikle 1s1-
sokuna uyumda, kritik bir role sahip oldugunu gostermektedir. Mikroarray analizi sonuclari
Tpv hiicrelerinde genlerin strese maruz kaldiklar1 60 dakika boyunca ¢ogunlukla
anlatimlarinin diistiiglinii ortaya c¢ikartmistir. Bu grup genler i¢inde islevsel olarak enerji
iretimi ve doniisiimii, transkripsiyon ve translasyon ile baglantili olanlar genis kapsamli ve
o6nemli dl¢iide inhibe olmuslardir. Isi-soku yaniti, 1s1-soku baglantili genlerin (6rnegin, GrpE)
anlatiminin artmasi ile iliskilendirilebilirken, pH ve oksidatif strese yanit membran ve
transport ile baglantili genlerin anlatiminin artmas: ile karakterize edilmislerdir. Strese tepki
gosteren genler arasindan segilen seker permeaz ve GrpE genleri mikrodizin verisini
dogrulamak i¢in qRT-PCR ile analiz edilmislerdir. Bu sonuglar secilen genlerin her iki
teknikle belirlenen anlatim Oriintiilerinin tutarli oldugunu gostermistir. Toplu olarak bu
sonuclar 6neriyor ki, tiim stres kosullarinda hata egilimli protein sentezini 6nlemek ve enerji
gerektiren sentetik  silireglerden kacinmak ic¢in transkripsiyon ve translasyonun
engellenmektedir. Tiim stres kosullarinda enerji dengesinin siirdiiriilebilirligi karbonhidrat
tastma ve metabolizmasinin aktivasyonu ile saglanmistir. 7pv ayrica stresten korunma
mekanizmasinin bir parcasi olarak strese 6zgii genleri de (6r, GrpE-Isi-soku, redoksinler-
Oksidatif stres, Tastyicilar-pH stres) diizenlemektedir.

Anahtar kelimeler: Arkea, 1si/pH/oksidatif stres, Thermoplasma volcanium, VAT,
mikroarray
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CHAPTER 1

INTRODUCTION

The discovery of the unique evolutionary history and biochemical properties of archaea
allows it to be a separate domain in the three-domain system. They were first discovered by
the study of Carl Woese who used the small subunit rRNA sequences to classify organisms
[1]. Although archaea were taken as extremophilic oddities for years, now they have a
universal importance. They offered a unique opportunity for scientists to figure out how less
extreme organisms and cells can cope with conditions that would be normally destructive for
them. This idea has been led to a driving force in biotechnology industry which aims to
fortify the cells to enhance survival and recovery [2]. Moreover, deriving from their greater
simplicity, archaea have become very valuable model organisms for understanding more
complex systems in other domains of life [3]. The need to conduct fundamental research on
the organisms appeared depending on these appealing features of this domain.

1.1 Life in Extreme Conditions

As a simple rule of evolution, living organisms should adapt to their natural environment. By
this way they can maintain cellular homeostasis and survive. Extreme environments like
deep sea vents, submarine hydrothermal areas, and continental solfataras seem to define the
limits of this simple rule [4]. Surprisingly, there are several bacteria and archaea found living
in these harsh conditions which show extreme variations in heat, pH, salinity, cold, pressure
and radiation. In terms of archaea, they were first thought to live in only harsh
environments, but now it is known that they are found in a broad range of habitats like soils,
oceans and marshlands. Hydrothermal vents and planktonic freshwaters show the highest
diversity of archaea and are considered as promising habitats for discovery of new archaeal

groups [5].

The organisms living above the physiological tolerance are named as extremophiles. The
best known extremophiles are ‘‘thermophlies, psychrophiles, halophiles, piezophiles,
acidophiles, alkaliphiles and radioresistants’’ [6].

The phile- suffix means ‘loving’ in Greek, so it indicates the love of the particular condition
they live in. One of the most studied groups of these extremophiles is thermophiles. They
live in temperature ranges between 45-80°C, while hyperthermophiles prefer temperatures
80°C or above. The maximum growth temperature revealed to date is 113°C for an archaeon
Pyrolobus fumarii [7].



Only one of the extreme conditions would be surprising enough for their survival, but
extremophiles also thrive in an environment which contains more than one extreme
condition, such as thermoacidophiles. They survive in both acidic and hot environments.
This brings the question into mind: how are these organisms able to not only deal with these
harsh conditions, but also exploit them for their own good? Although the structural features
vary depending upon the organism, the answer lies behind the adaptations of their cellular
structures, unique physiology and metabolism which need the expression of unusual
enzymes [7].

1.2 Benefits of Studying with Archaea

Archaea serve as a mosaic of bacterial and eukaryal features which makes them a starting
point for studies to reveal more complex systems in the other domains of life [8]. These
studies were accelerated by the improvements in genetic tools and the availability of genome
sequence data for many archaeal organisms. This offered an opportunity to discover novel
pathways and their unique physiology properties. The idea of integrating these traits into
organisms which do not thrive in extreme conditions has led to unique opportunities
especially in the field of biotechnology [9].

There are also other research areas including biochemistry, phylogeny and physiology that
archaeal species can provide crucial insights, too. Biochemistry studies help to understand
their stability mechanisms at the molecular level and this paves the way for production of
more robust biomolecules; phylogeny studies offer theories to reveal the link between
archaea and eukarya in evolutionary level; and physiology studies serve as a Rosetta Stone to
decode the complex language of mechanisms which is not present only archaea but all
species [10].

Regardless of the research area, one should know that their findings should be evaluated at
the level of the species they have studied with. Even closely related archaea groups that live
in the same environment can differ in their properties as in the example of Halobacterium
salinarium is UV resistant, while Haloferax volcanii is not [11]. In light of all these, the
more we know about archaeal systems, the better we learn the equivalent systems in bacteria
and eukaryotes [12].

1.3 Stress and Stress Response

There is a fact that won’t change regardless of where the organism lives. If a sudden change
occurs in the organism’s habitat, it suffers stress. This is also applicable for extremophilic
organisms. A physical or chemical change in their harsh environments can disrupt their
cellular functions and trigger a stress response. If it is a chemical change, it can be an
increase or a decrease in pH, salinity or oxygen concentration while a physical change can be
temperature elevation [2]. These stressors lead to protein denaturation, in other words protein

unfolding [12]. Although protein denaturation is not the only consequence of stress, it should
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be considered as a key component of stress response while the other is activation of stress
genes. These genes take role in dealing with stress and support the cellular survival. The
proteins encoded by these genes assist in folding and assembly processes of denatured or
partially denatured proteins [2]. The most conserved groups of proteins which take role in
stress response are named as heat shock proteins. Although they were named as heat shock
proteins, they take role in all cells under normal physiological temperatures and growth
conditions too. Their role as molecular ‘chaperones’ attracts a special interest in stress and
stress response studies [13].

Stress factors disrupt protein native structure by causing them to unfold or misfold, which in
turn lead to protein aggregation [12]. Aggregated proteins should be degraded immediately
to maintain cellular homeostasis [14]. Otherwise, it can cause some drastic results. It is
possible to make a list of human diseases which are linked to protein aggregation. Most of
them fall under the category of neurodegenerative diseases (Alzheimer, Creutzfeldt-Jakob,
Huntington, and Parkinson) but there are also some others like cyctic fibrosis, prion disease,
and cataract formation [15]. Although the list is even longer, it is better to focus on the main
reason of these illnesses. They all share a common feature, which is directly related to partial
unfolding of proteins and the interactions between hydrophobic surfaces of denatured
proteins [15]. The newly forming peptide chain can interact with other intra- or inter-
polypeptide domains, and result in misfolding and aggregation. To prevent this, chaperones
should be active, and ensure the proper folding of the polypeptides [13].

When we consider protein denaturation as the main threat for the cell after being exposed to
stress, protein folding/unfolding and degradation mechanisms come to the stage as threat
eliminators. This elimination needs a cross-talk between the refolding and degradation
machineries which are called chaperones and proteasomes, respectively [16]. Investigating
these machineries in archaea will reveal hardly detectable mechanisms in bacteria and/or
eukaryotes which are modified by evolution [17]. This will help to understand their complex
tasks and unveil the strategies to deal with protein folding diseases.

1.4 Proteasomes at a Glance

Proteasomes are large proteases which possess energy-dependent proteolytic activity [18,
19]. They are found in all three domains of life [18, 20]. These enzymes are responsible for
the degradation of various types of substrate proteins which can be grouped into two; short
half-life proteins (newly-synthesized, misfolded or regulatory), and abnormal proteins
(resulted from a mutation, stress or postsynthetic damage) [21, 22, 23]. By this way,
proteasomes assure the quality control of the cellular proteins and perform their important
tasks in transcription machinery, cell-cycle control, DNA repair, cell division, antigen
presentation and signal transduction in eukaryotes [24, 19]. The roles of energy-dependent
proteasomes in bacteria and archaea differ from eukarya and these roles are directly related
to cell survival and stress response [25]. Therefore, necessity of the proteasome differs
depending on the organism and the environmental condition. For eukarya and archaea, their



existence in the cell is ubiquitous, but for bacteria it is rare. While eukaryotes need
proteasomes for their survival, they are not essential for archaea or bacteria [26].

Proteasome subunit composition varies among three domains of life. However, its multi-
subunit/cylindrical structure is conserved in all species [26]. The cylinder has a central
chamber which is buried in the inner face of the particle and has proteolytic activity [18].
Substrates should be transferred into this central cavity for degradation which brings the
specificity to the process.

1.4.1 The 20S Proteasome

The 20S proteasome, also known as core particle (CP), indicates the proteolytically active
component of the proteasomes [19]. The CP is responsible for the hydrolysis of substrate
proteins. In higher organisms, its one additional role is in immunological responses [27, 20].
In eukaryotes the CP is found in the cytosol, nucleus and in interaction with endoplasmic
reticulum and cytoskeleton. Although their placement in the cell remains to be established
for prokaryotes, purified complexes suggest that they may be placed in the cytosol and
loosely attached to cell membrane [23].

1.4.1.1 Distribution and Subunit Composition of the 20S Proteasome

The 20S proteasome was first identified by Dahlmann et @l in 1989 in an archaea,
Thermoplasma acidophilum. Since then, it has been found in many other species. It is widely
distributed in archaea and eukarya domains but not found in eubacteria except actinomycetes
[19, 26, 25].

All 20S proteasomes are stacked into four heptameric rings of proteins which are classified
into two main superfamilies as a and B subunits of proteasomes [20]. Although this main
structure is conserved, it appears the subunit complexity varies among organisms. Archaea
generally have only one type of a and 3 subunits with 14 identical active sites, but there are
some other archaea species which breaks this rule, like Haloferax volcanii with one B and
two a-type subunits; or Pyrococcus furiosus with one type a and two types of B subunits
[26]. Therefore, it is not possible to talk about subunit uniformity among all archaea species.

In bacteria, proteasomes are very rare because they have other protease complexes like
HsIUV which is the simplest form of the proteasome and CIpAP that show functions similar
to the proteasomes [20, 28]. The protease HslV is regulated by ATPase rings of HslU, and
these form a simple 20S proteasome with two homo-oligomeric rings [29]. Actinomycete is
the only known lineage of bacteria with a genuine 20S proteasome of the a+f type [28]. 20S
proteasome of actinomycete Rhodococcus erythropolis has two types of a and P subunits
[26]. In eukaryotes, the subunit structure of the 20S proteasome gets a bit more complex. The
barrel-like structure of 20S proteasome is composed of seven different a-subunits and seven



different B-subunits arranged in a precise order to form ring complexes with two fold
symmetry [19, 18, 20].

1.4.1.2 Structure of the 20S Proteasome

The quaternary structure of the 20S proteasome is highly conserved in all three domains of
life. It has a barrel-like structure which is composed of four stacked heptameric rings. The
outer rings are formed by a-subunits and the inner rings are formed by B-subunits. Rings
follow the order of a7B7Bf7a7 from bottom up. As a result, two types of cavities form
between these rings. These two cavities are named the antechamber (forechamber), which
exists between o and P rings, and the central chamber (main chamber), which exists between
two P rings [19, 26, 20]. The function of the antechambers is unknown but it may serve as an
area to keep the substrates in an unfolded state until they reach the proteolytically active site
[23].

Figure 1.1 ‘Transmission electron microscopy of the negatively stained recombinant
Tpv 20S proteasome. The image shows end and side-views of the purified proteasome
complexes. Samples were prepared and viewed on a CM12 Philips electron microscope.’
[30].

The whole complex has the total mass of 670-700 kDa, with approximately 12 nm in width
and 15 nm in length. It has a pretty narrow opening (1.3 nm) formed by a subunits. It limits
the random access of proteins to pass through the channel. Activators are apparently needed
to unfold proteins for access to the inner cavity of the cylindrical bundle [23]. The access to
the proteolytic core is achieved by the gate opening of the 20S core particle. Gate formation
differs depending on the organism. In eukaryotes the closed gate is formed by N-termini of o
subunits which have unique amino acid sequences that form an asymmetric network.
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In archaea, this network is also formed by N-termini of o subunits but it is less ordered and
more flexible [31, 32]. This leads to diffusion of small substrates through a-subunit N-
termini with little hindrance. Therefore, the degradation of small peptides occurs in a higher
level in archaea when compared to eukaryotes [31, 33].

E. coli T acidophilum Yeast

Figure 1.2 Structure comparisons of the eubacterial, archaeal and eukaryotic 20S
proteasome complexes. The a-subunits are indicated in green while active B-subunits in red
[29].

While the N-termini of a subunits take role in gate formation,  subunit N-termini serve as
active sites of the core complex and are located at the inner face of the central chamber [19,
18]. The quantity of active sites is responsible for the peptide bond hydrolysis which varies
from 6 to 14 depending on the organism [20]. In eukaryotes like yeast, 14 different 3
subunits (Bl to B7) are found in 20S proteasome structure and only three B subunits are
catalytically active (B1, B2 and B5) in each [ ring which results in six active sites in total [20,
26]. Also there are 7 different o subunits (ol to a7) in the structure of the each one of the 2 a
rings of eukaryal 20S proteasome.

In higher eukaryotes complexity of the proteasome is further enhanced by formation of a
new type of proteasome. When a cytokine y-interferon induction occurs, 1, B2 and BS5
subunits are replaced by alternative subunits: f1i, B2i and B5i. These proteasomes are called
immunoproteasomes [29, 31].

One other form of proteasome is named thymoproteasome, which is formed when B5 is
replaced by B5t, and it is specific to the thymus [31]. Besides subunit composition, subunit
expression also varies in different tissues and developmental stages [22]. In contrast to the
eukaryotic ones, in most actinomycetes and archaea 20S core structure is more simple and
both have B-type subunits with 14 identical active sites in the central chamber [34].
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1.4.2 The 26S Proteasome

In eukaryotes, ATP-dependent 26S proteasome system is responsible for the degradation of
more than 70-80% of intracellular proteins in the cytosol and nucleus [35, 21, and 36].
Although bacteria have at least five ATP-dependent proteases, 26S is the only ATP-
dependent proteasome found in the nucleus and cytosol of eukaryotes up to now [37]. The
density of proteasomes changes depending on cell type, tissue, organs, and protein turnover
rate [22].

1.4.2.1 Structure of the 26S Proteasome

The 26S proteasome is a 1.5 MDa proteolytic machine [33] which is approximately 40 nm in
length [18]. It has a ‘‘dumbbell’’ shape due to the complexes bound at each end of the 20S
core particle. It is better to consider this massive structure as a hybrid between proteolytic
machinery and ATP-dependent regulatory particles [39]. Therefore, it can be separated into
two sub-particles as 670 kDa 20S core particle (CP) and 900 kDa 19S regulatory particle
(AKA RP/PA700) [40, 29]. That is, 26S is formed when 20S core proteasome is capped by
one or two 19S regulatory complexes [36].
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Figure 1.3 The 26S proteasome composition. It is composed of two regulatory particles
and one core particle (CP). Regulatory particle (RP) is divided into two sub-complexes as the
lid (green) and the base (purple). Rpt ring (purple) is composed of six, a (blue) and B (red)
rings are seven subunits [41].



The CP is composed of 28 subunits which form 4 rings in total. Each ring consists of seven o
and B-type subunits and they are stacked in two fold symmetry to form a cylindrical structure
[39]. Heteroheptameric a-type subunits form the outer rings; B-type subunits form the inner
rings. The proteolytically active B1, B2, and B5 subunit activities are associated with caspase-
like, trypsin-like, and chymotrypsin-like activity, respectively [21, 39]. While all these
activities are observed for archaeal proteasomes, they differ in the activity level.

For many prokaryotes, only chymotrypsin-like activity is observed. However, there are also
methanoarchaea species which have chymotrypsin and caspase-like activity at high levels.
Trypsin-like activity has been only at low levels for archaeal proteasomes [23].

The RP, also called PA700, is composed of 19 subunits. It can be divided into two sub-
complexes as the lid and the base. The base is the part which interacts with CP, and the lid
stands distal to the core particle. The base has ten components and six of them are AAA+
ATPases, which are called as regulatory particle triple-A proteins (Rpt); Rptl-Rpt6. They are
key components of RP-CP complex formation. The remaining four components in base are
regulatory particle non-ATPases (Rpn) and they are scaffolding proteins Rpnl and Rpn 2,
and ubiquitin receptors Rpn10 and Rpn13 [39, 21]. The lid is composed of nine non-ATPase
subunits: Rpn3, Rpn5-Rpn9, Rpnl2, Sem! in yeast, and Rpn 11. Rpn 11 is responsible for
the de-ubigqitination of the substrate proteins [38].

1.4.2.2 The Ubiquitin-Proteasome System (UPS)

The ubiquitin-proteasome system (UPS) is the major proteolytic mechanism in the
eukaryotic cytoplasm which takes part in life-span regulation of short-lived proteins, such as
transcription factors, and degradation of folding-defective proteins which can lead toxic
effects in the cell [42, 43]. By contrast with 20S proteasome in prokaryotes, eukaryotic 26S
proteasome needs the ubiquitin chain to be attached to the substrate protein, so that it can
recognize the substrate protein for degradation [18].

Ubiquitin is a small, 8.5 kDa, eukaryotic protein which covalently attached to a wide variety
of proteins [18, 44]. It serves as a signal to regulate the function of covalently bound proteins
and enables the rapid degradation of hundreds of substrate proteins by proteasome [45].
There is an enzymatic cascade that lies behind this type of degradation which includes the
enzymes called, E1, E2, and E3. They are responsible for the ubiquitin attachment to the
substrate protein. E1 takes role in ubiquitin activation, which is also called ubiquitin-
activating enzyme. Then activated ubiquitin is transferred to ubiquitin-conjugating enzyme
E2. And finally E3, ubiquitin-ligating enzyme, recruits the activated ubiquitin and transfers it
to the substrate. Depending on the E3 enzyme type, this transfer can be from E2 enzyme to
E3 and finally to substrate, or it can be directly from E2 enzyme to substrate protein [46]. To
increase the specificity, numerous enzymes take place in the process which varies in
diversity. Especially E2 and E3 enzyme (e.g 30 and 500 different species, respectively) show
high diversity compared to E1 (e.g. 2 different species) [47].



Ubiquitination is an energy dependent process and needs a covalent attachment between the
g-amino groups of Lys residue of substrate and carboxyl terminus of ubiquitin [25]. Just one
ubiquitin attachment is not enough for targeting proteins to the proteasome. Therefore this
process is repeated in a cycle until a ubiquitin chain forms. E4 enzyme is responsible for the
chain formation; it adds ubiquitin to the previous ubiquitin which is bound to the substrate
[42]. At least a chain of four ubiquitins is enough for targeting signal [46]. After recognition
by the 26S proteasome, ubiquitins are recycled by de-ubiquitination process for later use.

The ubiquitin conjugated targeting system doesn’t exist in prokaryotes. This system also
doesn’t include all degradation processes in eukaryotes. There is growing evidence for
existence of ubiquitin-independent targeting in eukaryotic cells, and ornithine decarboxylase
degradation stands as a well-studied example for this kind of proteolysis [25, 22].

1.4.2.3 Multistep Mechanism of the 26S Proteasome

Right before the protein degradation in the inner surface of the 20S core particle, the
following steps should be met properly. First step is the recognition of the substrate which
has a ubiquitin chain that serves as a targeting signal and then de-ubiquitination. Second step
is the unfolding of the substrate since the 20S core particle is narrow and there is no other
way to pass through the core complex. Third step is translocation of the unfolded protein to
the proteolytically active complex [39].

The lid of the 19S regulatory particle is responsible for the first step of this multistep
mechanism. The recognition of the substrate protein takes place in the lid particle by its
components Rpnl0 or Rpnl3 [46, 42]. After recognition, de-ubiquitination is achieved by
Rpn 11. By this way ubiquitins are recycled for later use. Second and third step take place in
the base particle of the 19S complex. The functions of the base of the 19S particle are
threefold: capturing substrate protein which has already been recognized by the lid particle,
assisting protein unfolding, and translocating it into the core particle through interacting with
o subunits of the 20S gate [47]. The hetero-hexameric rings of AAA+ ATPase family
members Rptl-Rpt6 are responsible for these functions [38].

Protein degradation occurrence needs the CP gate opening to let the substrate access to the
proteolytically active core. In the closed form of the CP, N terminal tails of a subunits close
the gate by serving as a plug [26, 39]. This plug should be disrupted to open the gate, and
this is achieved by the docking of 19S regulatory particle onto 20S particle [31, 39]. The gate
to the core particle channel opens directly onto the 19S particle, and regulatory particle
guides substrates into this channel.

The channel is pretty narrow to prevent degradation of unfolded, cytosolic proteins. By this
way, it also limits the degradation of even true substrates by requiring unfolding process as a
prerequisite [39]. When substrate reaches the catalytic core, it is degraded and then released
as short peptides of 8-11 amino acids in length [48].
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Figure 1.4 Protein degradation process by the 26S proteasome. After substrate protein is
recognized, deubiquitylated and unfolded in the regulatory particle, it is translocated into 20S
core particle for proteolysis by the active 1, B2 and B5 subunits [47].

Although the proteolytic core of the 26S proteasome has been well studied; there is limited
information about 19S regulatory subunits and their functions due to its structural complexity
[38].

1.5 Proteasome Assisting Complexes

Self-compartmentalized proteases can catalyze the degradation of unfolded polypeptides or
short peptides, alone. However they are unable to degrade most of the aggregated proteins
which may form after a mutation or stress exposure. In such cases, proteasomes need the
ATP hydrolysis to unfold and disaggregate substrate protein to facilitate its entry to
proteolytic chamber for degradation. This type of assistance is provided by ATPase domains
or complexes [23].

1.5.1 AAA+ Superfamily

AAA+ is a superfamily [23] which is found in all three domains of life and takes role in wide
variety of processes in the cell [49] like protein degradation, cell-cycle control, biogenesis,
vesicle transportation [3], spindle formation, microtubule disassembly, and membrane fusion
[50]. Although they take role in several processes in the cell, their chaperone activity stands
as a common duty in all those processes [51]. In the proteasomal system, they take role in
recognition of ubiquitin conjugated substrates (from which enzymes remove ubiquitin) and
unfolding of the proteins [33].
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The AAA proteins have a defining feature of ATPase domain of about 220 amino acids. This
domain is highly conserved and contains Walker A and Walker B type consensus motifs
[52]. There is also one more sequence conservation area which is called the second region of
homology (SRH). SRH motif distinguishes AAA+ family from other Walker-type ATPases
[49]. Members of the AAA family can be grouped into two depending on the number of their
domain possession. Group I has one AAA domain, and Group II has two AAA domains [50].
Group II is characterized by the N1-DI-D2 domain organization while N defines the
substrate-binding region of AAA proteins [53].

AAA+ superfamily includes 19S regulatory particle of eukaryotes, eubacterial ClpX, ClpA,
HslU, Lon, FtsH, ARC (ATPase ring-forming complex) of Rhodococcus erythropolis, and
archaeal PAN (Proteasome activating nucleotidase) [25]. These proteins have the tendency
of forming oligomeric, mostly hexameric rings which have a central pore. Same formation is
observed for the ATPases p97 from eukaryotes, Cdc48 in yeast, and the valosine-containing
protein like ATPase from Thermoplasma acidophilum (VAT). They all take role in
disassembly or degradation processes of proteins [50].

1.5.1.1 Archaeal PAN Complex

Ubiquitin proteins don’t exist in archaea. Instead of 19S regulatory complex, archaeal
proteasomes have a hexameric complex of the AAA+ family which shows its activity in an
ATP dependent manner [33]. Although it is not possible to talk about one specific structure
of this kind in all Archaea species, it is worth mentioning the system available in
Methanococcus jannaschii. Evolutionarily, it is thought to be the ancestor of the 19S
regulatory particle before protein degradation became dependent on ubiquitin signaling [33].

Methanococcus jannaschii genome sequencing study revealed a gene named as S4 which
shows high sequence similarity to Rpt subunits of 19S regulatory particle of eukaryotes. The
protein product of this gene was 50 kDa, and had a coiled coil N-terminal region which is a
hallmark of proteasomal AAA ATPases. This protein was expressed in E. coli and purified
as 650 kDa nucleotidase complex. When this complex was mixed with the Thermoplasma
acidophilum proteasomes, the protein degradation increased up to 25-fold. As a result of this,
the complex was named as PAN which stands for proteasome activating nucleotidase [26].

The 3D reconstruction study of PAN in the presence of ATPyS has shown that PAN has a
two ring structure with a cavity in the center of the rings. The size of the internal cavity
changed depending on the nucleotide binding. It suggested that the cavity gets bigger by
nucleotide binding, and gets smaller when the substrate is translocated into the 20S core
which can be considered a trap [54]. PAN-20S proteasome complex is responsible for the
degradation of a wide variety of polypeptides in an ATP-dependent manner [36]. Sequence
of events starts with ATP hydrolysis which is stimulated by substrate binding. This leads to
protein unfolding, opening of axial gate and protein translocation to the 20S core particle
[55]. This process is not applicable for small tetrapeptides which enter freely into 20S
proteasome [36].
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There are multiple steps which were observed in degradation of a globular protein by PAN-
proteasome complex. PAN should associate with the 20S particle to open proteasome entry
channel [52]. ATP binding to PAN is crucial for its association to proteasome, for gate
opening and translocation of substrates [56]. It has been shown that PAN-20S association
differs depending on the type of nucleotides while ATP and ATPyS enhance the interaction
between 20S and PAN, ADP inhibits it. However, 20S-PAN complex formation is not stable
in the presence of ATP when it is compared to ATPyS [57]. The crystal structure of the 20S-
PAN has revealed that C-terminus HbYX (hydrophobic residue-tyrosine-X (uny amino acia)) motif
of PAN ATPases interacts with the 20S a inter-subunit pockets and causes an ‘induced-fit’
conformational change for docking [58]. Thereby, it stabilizes open gate conformation of
their N-terminal ends. The N-terminal domain of PAN is involved in substrate binding, and
its AAA unfoldase module is responsible for the unfolding of the substrate. Then the
substrate is translocated through the open gate into the 20S core particle for degradation [52].
This process reveals the fact PAN should experience several conformational changes upon
ATP hydrolysis [52].

1.5.1.2 Eukaryotic Cdc48 / p97

PAN’s simple structure and independency of ubiquitin conjugation offered several
advantages to understand more complex or ATPase related proteasomal degradation systems
[36]. However, it can’t be attributed to all archaesa. PAN homologs are absent in major
archaeal lineages including Thermoplasma species [26]. This entailed the studies to find
another protein that fulfills the functions of PAN. To address this question, eukaryal AAA
ATPases which take role in protein degradation were referred to perform a systematic
analysis to find out their homolog counterparts in different archaea.

Cdc48 was the first which was identified in yeast. It takes role in cell-cycle control [59].
Complete genome studies of 81 archaeal species showed that approximately 15% of archaea
didn’t contain PAN genes but they all had 20S proteasome genes and at least one Cdc48
gene [48, 60]. This means that Cdc48 is highly conserved and ATPase mediated proteasomal
regulation is an essential function. Homologues of this protein were found in different
organisms with different names, such as p97 in vertebrates, VCP (valosine containing
protein) in mammals, TER94 in insects, CDC48 in C. elegans and VAT in archaea [61].

p97 is found in eukaryotic cells, especially in cytoplasm and nucleus. It is an AAA ATPase
family member and has highly conserved domains. It is composed of six subunits where
every single one has two ATPase domains, and they all form a homo-hexameric ring. It
interacts with the substrates and promotes unfolding of the proteins [62].

Cdc48 and p97 are involved in several cellular activities. Cdc48 is crucial in cell division and
fusion of endoplasmic reticulum membranes while p97 is important in rebuilding of golgi
cisternae after mitosis [63]. Besides these, both of them facilitate ubiquitin dependent protein
degradation in eukaryotes [26]. This information can be taken as a hint to investigate the
proteasomal degradation system in archaea. Archaeal Cdc48 shares the same C terminal
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HbYX motif with its eukaryal counterpart Cdc48 enzymes, PAN, and Rpt;.s subunits of the
19S regulatory particle [60]. All sequenced archaeal organisms up to now have at least one
AAA protein which contains HbYX motif [48]. This motif takes role in the gate opening of
20S by docking into the pockets formed between a subunits [47].

One study of recombinant Cdc48 has shown that Cdc48 can discriminate the native and non-
native substrates. It prevented the aggregation of a protein after heat shock and bound heat
denatured protein specifically in an ATP-independent manner. Furthermore a co-chaperone
activity was also observed for Cdc48 [51]. Cdc48 seems to have two different mode of
action. One is taking role in ubiquitin chain formation for substrate recognition, and the other
is extracting ubiquitinated proteins from membranes or complex structures (e.g. chromatin)
and sending them to proteasomes in the cytosol. Therefore, it works in a similar way to 19S
caps [64].

There are two models offered for Cdc48 function in the cell. One of the models suggest that
Cdc48 was working as an activator of 20S proteasome but when the eukaryal proteasomal
degradation system evolved, 19S appeared as a particle that interacts with 20S directly, and
Cdc48 pushed aside. It evolved to have other functions related to ubiquitin pathways.
However, second model suggests that Cdc48 and 19S particle both have direct interactions
with 20S core particle and takes role in translocation of the substrate [64].

Both of the models have their conflicts and need further investigation to be able to reach a
conclusion. However, it is a fact that Cdc48 in eukaryotes and VAT protein in archaea have a
tight relation based on their sequence homology and shared HbY X motifs.

1.5.1.3 Thermoplasma VAT Protein

As was discussed earlier, PAN doesn’t exist in Thermoplasma species, so its role is
performed by another AAA ATPase family member. Three putative proteins, VAT, VAT2
and Lon2, were asserted to exert the role of PAN [65]. VAT2 and Lon2 were not well
characterized but for VAT, chaperone like activity was reported [26]. While its eukaryotic
homologues, Cdc48 and p97 take role in ER membrane fusion, golgi cisternae formation and
ubiquitin dependent activities; VAT only function in protein quality control by interacting
with thermosome or 20S proteasome due to lack of ER, golgi or ubiquitin in archaea [63].
This is supported by a recent study that VAT seems to be the only partner of 20S proteasome
in ~15% of the archaea. Barthelme and Sauer showed a functional interaction between VAT
and 20S proteasome which indicates that through binding to 20S proteasome, VAT induces
gate opening, unfolds and translocates the substrate protein into the proteolytic chamber [60].

VAT from Thermoplasma acidophilum was first identified by Baumeister ez. a/ in 1997 [66],
and named as VCP like ATPase. VAT homohexamer complex is 500 kDa with a core
structure of 15 nm in diameter, 7 nm in length and substrate binding N-domains are placed in
the upper periphery of the core [49, 67, 63]. It is the archaeal member of Cdc48/p97 family
and shows Mg dependent activity at an optimum temperature of 70°C [66]. It belongs to the
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group II AAA proteins and composed of two ATPase domains; D1, D2 and one additional
N-terminal domain [3]. N-terminal (VAT-N) has 185 residues and is thought to be involved
in substrate recognition [50]. Although single AAA+ domain of PAN shows high sequence
similarity to D1 and D2 domains of VAT, they differ from each other especially on their N
domains [56].

Figure 1.5 Electron micrograph of negatively stained VAT protein particles are represented
in (A). Top view (B) and side view (C) of single VAT particle is also depicted. (Scaling 100
nm for A and 10 nm for B and C) [66].

One of the structural studies with amino terminal domain of VAT (VAT-N) has been shown
that it could bind polypeptides, prevent their aggregation and refold substrates [50]. It was
reported that VAT requires Mg™ for enzymatic activity and it can be modulated into two
activity states by changing the Mg+2 concentrations. They are low activity mode (refolding)
and high activity mode (unfolding) both state being ATP-dependent [3].

In mammalian p97/VCP protein, it has been shown that its N domain is directly related to
ATP hydrolysis. It adapts two conformational changes while one is flexible and induces
ATPase activity; other is locked down and decreases it [68].

It brings the question whether VAT N domain also has an activity in a similar fashion or not.
It was suggested that a cleft of 3.5 nm in length forms on the surface of the N-domain and it
shows chaperone activity by itself [50]. This region may take role in substrate recognition
[25, 67].
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In one study it has been shown that isolated VAT-N domain had an energy-independent
chaperone activity and achieved folding of some substrates [3]. Another study has revealed
that an N-domain deleted mutant of VAT (VATAN) has shown 24-fold increased ATP
hydrolysis and 250-fold enhanced unfolding activity compared to the wild type VAT [69].
All these results suggest that N—domain of VAT is not essential for ATP hydrolysis, but it
controls ATPase activity by changing its flexibility and conformation according to the DI
ring [68]. That is, ATPase activity of VAT seems under control of N-domain [69].

1.6 Proteasome, PAN and VAT Involvement in Stress Response

Proteasome and chaperones are two important components of stress response mechanisms
that protect cells from destructive effects of protein denaturation. Their increase in the cell
right after stress exposure is a part of stress protection system to overcome the growth and
environmental constraints.

In prokaryotes and eukaryotes, there are reports indicating a significant increase in the
amount of proteasomes or chaperones when the cells are exposed to different types of
stresses. Aiken et. al. proposed that under oxidative stress conditions, activities of the 26S
proteasome is stimulated by unknown mechanisms for degrading mildly oxidized proteins.
However, when oxidative insult persists, or acute oxidative stress is applied, proteasomes
disassemble into 20S CPs and 19 RPs, leading the accumulation of ubiquitinated substrates.
Following dissociation, free 20S proteasome are activated and oxidized proteins are
degraded independently of ATP and ubiquitin [70]. CDCA48 has also been essential to deal
with the degradation of heat or oxidative stress damaged proteins in yeasts [71]. In
Thermoplasma acidophilum, proteasome inhibition impaired thermotolerance when [-
subunits of 20S proteasome in 7. acidophilum irreversibly modified by an inhibitor (Z-L;
VS). The cell growth was significantly arrest upon thermal stress but inhibition did not effect
growth under normal conditions [72].

In another study with halophilic archaeon Halobacterium, it has been shown that PAN has a
crucial role in temperature and salt stress response, and prevents harmful effects of such
stressors on protein stability. A direct regulation was observed on the PAN-proteasome
system to compensate for proteasome activity loss under stress. Active 20S particles
increased and positive transcriptional regulation was observed for proteasome o and [
subunits [40].

Besides the key roles of PAN and VAT proteins in regulating proteasome function in
archaea, the studies have shown that these regulatory complexes may function by themselves
as molecular chaperones. Three types of chaperone-like activities have been revealed for
PAN from Methanococcus jannaschii which differs depending on the type of the nucleotide
bound which can prevent protein aggregation or promote protein unfolding or promote
protein refolding. Among all three activities, only unfolding takes part in the stimulation of
proteasomal degradation while the others occur independent from the proteasome [36, 25].
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Activity of VAT in protein folding and unfolding also suggested a chaperone like function
associated with this protein [50]. Collective transcriptional analysis of heat shock response in
hyperthermophilic archaeon Pyrococcus furiosus using cDNA microarray revealed that
thermosome (Hsp60), two VAT-related chaperones, heat shock protein (Hsp20), proteolysis
and stabilization might act as a cooperative rescue strategy under thermal stress [73].

Proteomics analysis of 7. acidophilum has indicated a high protein turnover-rate to high level
expression of thermosome, VAT, DnaK, proteasome, elongation factors, translation,
initiation factors and ribosomes. This can be due to production of large amounts of reactive
oxygen species and H,O, in the cell [74]. In another study, in Haloferax volcanii strains
when the genes encoding 20S proteasomal al subunit gene or PanA (one of the PAN
encoding gene) were deleted, an increased sensitivity to hypo-osmotic stress and heat stress
was observed [75].

Based on these studies, VAT protein presents a functional model for new studies on
regulation of stress response in archaea. It also has a great potential to reveal the structural
and functional mysteries of Cdc48/p97 family which takes role in many cellular processes.
Therefore, the expression analysis of VAT gene under stress conditions would shed a light
on functional mystery of Cdc48/p97 family and reveal VAT gene’s position in archaic stress
response.

1.7 A Study from a Specific Gene to a Genome Wide Analysis

If we take genome to be a functioning machine, genes stand as the gears of it. The interaction
of the teeth of the multiple gears resembles the genes’ interaction. One’s activity affects the
other’s action directly or indirectly. Thus, to be able to understand the whole genome, we
need to know not only one gene’s action but also others. Then we can draw conclusions more
accurately for our research. Microarray technology seems to meet this desire and is used in
many laboratories with a great enthusiasm.

1.7.1 Microarray Technology

Microarray is a technique to measure the expression levels of large numbers of genes, or an
entire genome, in a single experiment on a single chip [76]. Only a while ago, it was just a
dream to be able to evaluate the transcripts for every gene simultaneously, but now it came
true by this technology [77]. Depending on the application’s quick and easy nature, it is
widely preferred in many laboratories [10]. Referring to hybridization partners, a ‘probe’ is
the tethered nucleic acid with known sequence or identity and a ‘target’ is the free nucleic
acid sample whose identity and/or abundance are being detected. After its emergence in
1990s, it has changed a lot depending on advancements in technology. Nowadays, the most
commonly used DNA microarrays are cDNA or oligonucleotide based DNA arrays [78]. The
cDNA microarrays are fabricated by printing cDNAs (probes) using high-speed robotics

16



generally on glass slide which is coated by poly-lysine or poly-amine to enhance the DNA
binding onto the slide.

At every step of printing, robotic arms’ rectangular pins are loaded with ¢cDNAs from
different cDNA stocks and these PCR product clones are printed on the slide surface. After
washing of the pins, the same practice is repeated with new sampling from remained cDNA
stocks. However, oligonucleotide arrays are prepared in a different way than cDNA arrays.
This time, oligonucleotides (probes) are synthesized directly on the array surface through ‘in
situ synthesis’. The chip is bathed in a solution containing the one of the four nucleotides
which will be attached to the anchor or the partially constructed oligonucleotide chain on the
chip. The light enables anchor-nucleotide attachment. While doing this, a set of
photolithographic masks is used for light activation of the hydroxyl-protected
deoxynucleotides. Synthesis of oligonucleotides is taken place in light-induced deprotecting
and masking areas. Oligonucleotides are synthesized in parallel at all zones of the chip and
synthesis continues with multiple baths, washes and masks until intended length of the
sequence is reached [79].

There are several commercially available arrays from different companies like Affymetrix,
Agilent, CombiMatrix and NimbleGen. They all have their unique printing methods for
oligonucleotides while the logic lays behind the process remains the same. The platform we
used, NimbleGen (Roche), has adopted the technology of Maskless Array Synthesizer
(MAS) (Figure 1.6). It has two main differences from the traditional oligonucleotide
synthesizing methods. NimbleGen uses glass slides instead of controlled pore glass supports
and a digital micromirror device (DMD) which creates virtual masks instead of physical
chromium masks. DMD is comprised of thousands of miniature aluminum mirrors which all
individuals can be addressed directly by computer. By this way UV-light is reflected to the
desired location through the mirror where the next nucleotide will be attached [80].

The general use of DNA microarray can be simplified as the comparison of mRNA
transcripts of cells present in different tissues, cultures or experimental conditions. The
amount of mRNA transcript indicates the expression level of a specific gene under selected
circumstance. First of all total RNA should be extracted from the specimen, and mRNA
should be isolated. The mRNA is then converted to cDNA by reverse transcription. cDNAs
which are fluorescently labeled are the targets. The microarray consists of a solid support,
mainly glass, silicon chips or nylon membrane. This support has identified and sequenced
polynucleotides attached onto it, and that are called the probes [79]. Probes can be cDNAs
printed on the solid support or oligonucleotides chemically synthesized and spotted on the
surface as previously discussed [78]. The labeled targets are applied onto the probes on the
array. The targets hybridize with probes which they have high sequence complementarities
[79]. After a washing process of the unbound targets, the intensity of the fluorophores is
compared with the control group of the experiment. This intensity measurement enables the
estimation of the expression level of the corresponding cDNA transcript [81]. By this way, it
is possible to define up-regulated or down-regulated genes, their interactions and pathways
as a response to different experimental conditions [82].
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Figure 1.6 The synthesis of microarrays using NimbleGen MAS technology [80].

There are several publications based on microarray studies and they keep growing in the
literature. While some use microarray technology as a single method to evaluate gene
expression levels, others use it in conjunction with other techniques. In archaea, the most of
microarray studies were gather around the topics of stress response, tolerance to different
stimuli and comparison of two different experimental conditions. For stress response,
thermal stress is generally used as a parameter to observe the changes at transcriptional level
of the organisms.

Pyrococcus furiosus heat shock response was investigated by targeted cDNA microarray and
found that it responded to heat stress by a cooperative strategy of rescue which ended up
differentiated gene expression of thermosome (Hsp60), small heat shock protein (Hsp20) and
two VAT-related chaperones [73]. Cold adaptation response also was examined in the same
organism by DNA microarray; results were compared with proteomic and metabolomic
analysis and up or down regulated genes were revealed [83]. Archaeaglobus fulgidus heat
shock response was studied by whole-genome DNA array and the results indicated decrease
or increase in transcripts of the genes that take role in energy production, amino acid
metabolism and signal transduction [84].
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Global transcriptional analysis of Sulfolobus solfataricus using DNA microarray revealed a
relation between specific TA (toxin-antitoxin) loci gene and thermal stress [85]. Another
type of stress, oxidative stress response, was also investigated in hyperthermophilic archaea
by microarrays. Whole genome transcriptional profiling of Pyrococcus furiosus by DNA
microarray revealed that damage repair related genes were up regulated under peroxide stress
[86]. Global transcriptional analysis of Halobacterium salinarium and comparison of active
regulatory programs under various stresses helped to determine the processes which were
specifically triggered by oxidative stress [87]. Oligonucleotide microarray was also used for
investigation of oxidative stress in Halobacterium salinarium and a specific transcription
factor was found to be required to deal with reactive oxygen species damage of hydrogen
peroxide [88]. Whole genome microarray was employed to identify gamma irradiation
tolerance in Pyrococcus furiosus and data analysis showed that a putative DNA-repair gene
cluster was up-regulated [89]. Metal tolerance of Thermococcus gammatolerans was
investigated using oligonucleotide microarray. The results revealed that redox homeostasis
genes were constitutively expressed [90]. Growth under two different conditions was
compared for Methanosarcina mazei with two different carbon and energy sources, acetate
or methanol, using DNA arrays. It was found that similar pathways for both utilization of
energy sources were functional while acetate seemed to regulate some additional genes’
expression [91]. cDNA arrays were used for Methanococcus maripaludis to compare mRNA
levels in a wild-type and one mutant strain of the organism. In total of the 1722 open reading
frames encoded in the genome, 93% were probed by cDNA. Of these, 50 were over-
expressed while 45 were under-expressed in the mutant compared to the wild-type [92]. And
finally two different archaea, Halobacterium salinarium and Haloferax volcanii, were
compared by using DNA microarrays to investigate differentially regulated genes at
exponential and stationary phases of growth. No conservation assigned for the regulated
genes between these two species, indicating both species have their own unique differential
translational control for the regulation of gene expression [93].

The appealing features of the technique, such as obtaining the results in a short time, its
relatively cheap price, flexibility to transform the information into other tools, and
convenient nature of the array as being non-radioactive or toxic [94], stands as a driving
force for the researchers to use microarray in their studies. However, there are also
drawbacks which should be considered seriously when one decides to perform a microarray
study. First of all, there are lots of variables during and after the experiment that must be
optimized carefully. Quality of the probes [78] and RNA samples, reverse transcriptase
enzyme efficiency, fluorescent dyes and their incorporation efficiencies should be considered
carefully to decrease the possibility of the error [95]. However, in some cases error can occur
at the manufacture step of the microarray chip [78] and therefore it is important to choose
reliable platforms. Moreover, the question of how many replicates are required to detect
changes still remains to be addressed [76].

Secondly, validation process of the microarray results can be problematic because
microarray experiments produce massive amount of data [96]. Researchers use different
statistical analysis software or procedures, but the results show variation in parallel to
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changing methods and different platforms used [95]. Therefore, universal standards are
required to produce consistent results that could be used within the scientific world [77].

The third problem is the need of an independent experiment to validate the expression levels
of the genes. The same sample should be used in both microarray and in verification
experiment to correlate the results. For such an approach, commonly used techniques are
transcription PCR, real time PCR, northern blot, and in situ hybridization assay [97].
However, there might be some controversies about the reliability of these verification
methods.

Overall, microarray experiment seems to have three check points: (i) the quality control of
the experiment, (ii) the data validation, and (iii) the universality of the results [97]. When all
these steps fulfilled with care, there is no doubt one might have an overall idea about the
gene expression and their roles [78].

1.8 Thermoplasma volcanium as a Model Organism

Lineage: Archaea; Euryarchaeota; Thermoplasmata; Thermoplasmatales;
Thermoplasmataceae; Thermoplasma; volcanium

Species of the genus Thermoplasma do not possess a rigid cell wall; they are delimited by a
plasma membrane [65]. Thermoplasma volcanium GSS 1 is a thermoacidophilic archaeon
that thrives life at the pH range of 1-4, with an optimum pH 2.0.

The growth and temperature range between 33-67°C being optimal at 60°C [98]. It is unique
among Archaea by adaptation to both aerobic and anaerobic environments [99]. It was first
isolated from solfataric fields by Segerer et al. in 1988 [98] and its complete genomic
sequence was determined in 1999 by Kawashima et. al. [100] which is composed of
1.584.804 bases with the GC content of 39.92%. They have irregular cell shape depending
on the absence of the cell wall [101]. They have multiple flagella enable it high motility
[102].

1.9 Aim of the Study

This study involves two levels of analyses. First level of investigations involved time-course
analysis of transcription profiles of two 7pv VAT genes by qRT-PCR The second level
investigations included transcriptome analysis of the 7pv exposed to three different stressors.

In the first level of our research, we aimed at analyze the differential expression of VAT
genes (TVNO0382 and TVN0947) which are VCP/Cdc48 homologues [19] in
thermoacidophilic archaeon Thermoplasma volcanium GSS1 as a response to external
stresses i.e. heat, pH and hydrogen peroxide to provide new insights to the role of VAT
proteins in stress response.
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Second level of our investigations included whole-genome transcriptome analysis to
determine differentially expressed genes when 7. volcanium GSS 1 cells were subjected to
various environmental stressors with an intention of identifying critical stress responsive
genes. To this end, microarray technology was used for expression profiling in response to
heat, pH and hydrogen peroxide.
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CHAPTER 2

MATERIALS AND METHODS

2.1 Materials

2.1.1 Chemicals, Enzymes and Kits

Glucose, NaOH, Sodium dodecyl sulfate, KH,PO4, MgSO,4, CaCl,2H,0, (NH4)2SOy,
NaOAc, Tris-HCI, NaCl, MgCl,, Acrylamide/Bis-acrylamide were purchased from Merck
(Darmstardt, Germany). Yeast extract was from Difco (Detroit, USA). Hydrogen peroxide
was from Applichem (Darmstardt, Germany). Page Blue Protein Staining Solution was from
Fermentas (Vilnuis, Lithuania). Lysozyme, B-mercaptoethanol, ethanol, formaldehyde,
formamide, agarose, EtBr, methanol, streptavidin, Tris, EDTA, Glycin, Glycerol, MOPS,
Ammonium persulfate, TEMED, BSA, Tween-20, were purchased from Sigma Chemical
Company (Missouri, USA). Molecular screening agarose (1%) and NBT/BCIP solution were
purchased from Roche Diagnostics (Switzerland).

RNeasy Mini Kit and RNA All Prep Kit were purchased from QIAGEN Inc, Valencia, USA.
FastStart DNA Master PLUS SYBR Green I Kit was purchased from Roche Diagnostics,
Switzerland. Fermentas, RevertAid"" H Minus First Strand cDNA Synthesis Kit, The Light
Cycler® using Biotin Protein Labeling Kit (ROCHE), Millipore Immobilon-P Transfer
Membrane User Guide, cDNA Synthesis Invitrogen SuperScript® Double-Stranded cDNA
Synthesis Kit.

2.1.2 Buffers and Solutions

Composition of buffers and solutions used in this study are listed in Appendix A.

2.1.3 Molecular Size Markers and Ladders

PageRuler™ Prestained Protein Ladder (Fermantas, Vilnuis, Lithuania) was used as
molecular weight standard for estimation of molecular weight of protein samples on SDS-
Polyacrylamide gel. Gene Ruler 50bp DNA Ladder (Thermo Scientific) and MassRuler Low
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Range DNA Ladder (ready-to-use) (Thermo Scientific) were used as standard size markers
for DNA size determination on agarose gel. The ladder images were given in Appendix B.

2.2 Strain and Medium

2.2.1 Archaeal Strain

Thermoplasma volcanium (Tpv) GSS1 (strain type 4299) was used as the source organism in
this study which was purchased from Deutsche Sammlung von Microorganismen und
Zellkulturen (Braunschweig, Germany).

2.2.2 Growth and Maintenance

For routine uses, 7pv GSS1 cells were grown in 50 ml liquid Volcanium medium (pH 2.7)
[103] which was supplemented with glucose (0.5%, w/v) and yeast extract (0.1%, w/v) at
60°C without shaking. The culture was maintained by subculturing (10%, v/v) into fresh
medium once a week.

2.3 Methods

2.3.1 Growth of T. volcanium Cells for Transcription Induction under Stress

Tpv cells were exposed to three different stress conditions (heat shock, pH and H,0,) prior to
RNA isolation. The conditions were determined based on previous research in our laboratory
whereby effects of various stressors on 7pv growth were examined.

For each one of the stress experiment, culture was prepared following the same protocol.
Overnight cultures were prepared in a total volume of 50 ml supplemented with Volcanium
medium in 250 ml flasks. Cultures were incubated 3 days until mid-log phase under optimal
conditions (60°C, and pH 2.7). When the optical density at 600 nm (ODgy) was reached to
0.5-0.7, cells were subcultured to 120 ml fresh medium in 500 ml flasks.

2.3.1.1 Heat Stress

The heat-induced changes in the target genes’ expression at transcription level were
examined by shifting the growth temperature to 65°C and 70°C, separately. The cultures used
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as controls were continued to grow under optimal growth temperature (at 60°C). Samples
from heat-shocked and control cultures were removed with 30 min intervals for 2 h.

2.3.1.2 pH Stress

The pH stress was applied to mid-log cultures by increasing the pH of the growth medium to
3.5, 4.0, 4.5 and 5.0 by NaOH solution (0.5 N). The pH of the control culture was not
changed. After pH adjustment, cultures were grown for 2 h at 60°C and meanwhile samples
were taken with 30 min intervals for RNA isolation.

2.3.1.3 Oxidative Stress

Oxidative stress was applied to mid-log cultures by addition of H,O, into final concentrations
of 0.01 mM, 0.02 mM, 0.03 mM, and 0.05 mM, separately. Control culture was not
supplemented with hydrogen peroxide. Following H,O, addition, samples were taken with 30
min intervals for 2 h as in other stress conditions.

2.3.2 RNA Isolation

Total RNA isolation was performed by using RNeasy Mini Kit, QIAGEN Inc. (Valencia,
USA), and RNA All Prep Kit, QIAGEN Inc. (Valencia, USA). Manufacturer’s instructions
were followed essentially with minor changes whenever needed for optimization.

2.3.2.1 RNeasy Mini Kit Protocol

RNeasy Mini Kit protocol was followed for purification of total RNA to be used in RT-PCR.
The lysate of the stress exposed cells was obtained by following RNeasy Mini Kit protocol.
Culture aliquotes were mixed with RNAprotect Bacteria Reagent. After vortexing the
mixture, it was incubated for 5 min at room temperature. Then the mixture was centrifuged at
5000xg by Sigma 3K30 Centrifuge (Germany). Supernatant was removed and 100 pl TE
Buffer containing lysozyme was added into the pellet. After vortexing for 10 s, it was
incubated at room temperature for 5 min.

Then 350 pl RLT Buffer which was supplemented with B-meracaptoethanol was added and
vortexed. Finally 250 pl ethanol (96-100%) was added into mixture and mixed by pipetting.
When the cell lysate became ready, it was applied into RNeasy Mini spin column placed in a
collection tube and centrifuged by Micromax RF, ThermolEC (USA) at 12000 rpm for 15 s.
Supernatant was removed after centrifugation and Buffer RW1 was added into the column to
wash the spin column membrane and centrifuged for a further 15 s at 12000 rpm. A new
collection tube was placed under spin column and RPE Buffer was added and centrifuged for
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15 s at 12000 rpm. Flow through was discarded and RPE Buffer was added into spin column
once more for further centrifugation at 12000 rpm for 2 min this time. As a last step, the
column placed into a new collection tube, RNase-free water was added directly to the
column membrane and centrifuged for 1 min at 12000 rpm to elute the RNA.

2.3.2.2 RNA All Prep Kit Protocol

RNA All Prep Kit protocol was performed to obtain protein and RNA simultaneously from
the lysate. In this protocol three different columns were used; AllPrep spin column, Protein
Cleanup spin column, and RNeasy spin column. For cell lysis, certain volume (5-10 ml) of
cell cultures was centrifuged at 5000xg for 5 min. The pellet was then washed in 7pv
medium and was dissolved in appropriate volume of APL Buffer and incubated for 5 min at
room temperature. The lysate was applied into an AllPrep Spin column and centrifuged for 1
min at 12.000 rpm. After centrifugation, total protein collected in flow through while RNA
remained bound to the column. RNA bound AllPrep spin column was placed into a new
collection tube, and Buffer RLT was applied onto the column. It was centrifuged for 1 min at
12000 rpm. Ethanol (70%) was added into flow through and mixed by pipetting. Then the
sample was applied into RNeasy spin column and centrifuged for 1 min at 12000 rpm. Flow
through was discarded and RW1 Buffer was applied onto the column. This time it was
centrifuged for 30 s at 12000 rpm. After that, column was washed for two times by APL
Buffer application and centrifugation at 12000 rpm for 30 s. For removal of any residual of
the buffer, column was centrifuged at full speed (13000 rpm) for 1 min. And as a final step,
column placed in a new collection tube and RNase-free water was added directly to the spin
column membrane and centrifuged for 1 min at 12000 rpm to elute the RNA.

After RNA isolation, the concentrations of the purified samples were determined by
measuring the absorbance at 260 nm and 280 nm by UV-visible double beam
spectrophotometer Shimadzu 1601 UV/Visible Spectrophotometer, Shimadzu Analytical Co.
(Kyoto, Japan). Samples were kept at —80°C for later use.

2.3.3 Agarose Gel Electrophoresis of Stress Exposed RNA Samples

Since RNAs have the tendency of forming secondary or tertiary structures, electrophoresis of
these samples were done under denaturing conditions. Formaldehyde and formamide were
used as denaturants; also RNA samples were heat-denatured prior to electrophoresis. The
components and the quantities of the formaldehyde agarose gel (1.2%) were listed in
Appendix A.

For a 1.2% agarose gel, 0.48 g of agarose mixed with 4 ml 10XFA Buffer, and RNase-free
water added up to 40 ml. Then the mixture was boiled and stirred to dissolve the agarose.
After cooling, 720 ul Formaldehyde and 5 pl EtBr were added into the flask. The
components of the gel were mixed by rotating the flask gently and poured into the gel tray
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slowly to let to solidify at room temperature. After gel setting, 1 XFA Buffer was poured onto
the gel and left for about 1 h for equilibration.

RNA samples (5 pl) were mixed with 1.2 ul of SXRNA, heat denatured at 65°C for 5 min,
and then cooled on ice. After loading the samples, electrophoresis was performed at 70
mAmp by use of Bio-Rad Power Supply, 200/2.0 for about 2.5 h.

Finally the gel was removed from the electrophoresis tank to visualize and photograph the
RNA bands by Vilber Lourmat Gel Imaging and Analysis System (Marne La Vallee Cedex
1, France).

2.3.4 Real-Time Reverse Transcription PCR (qRT-PCR)

To be able to evaluate the changes in gene expression after exposure of the 7pv cells to
stress, qRT-PCR technique was used. First, specific mRNAs in total RNA samples were
converted into cDNAs by reverse transcriptase, and then cDNAs were used as template in
real-time PCR using gene specific primers.

2.3.4.1 Reverse Transcription PCR

Reverse transcription was carried out based on the Fermentas, RevertAid"™ H Minus First
Strand cDNA Synthesis Kit’s protocol. Gene specific reverse primers were designed and
used in the experiment, and their sequences are given in Table 2.1. Prepared RNA/primer
mixture; 0.1 ng-5 ng total RNA, and 15-20 pmol gene specific primer was added into sterile
0.2 ml PCR tubes. Double distilled sterile water added into mixture up to a total volume of
12 pl and mixed gently. The mixture incubated at 65°C for 5 min. Then sample tubes were
placed on ice and 4 pl 5X reaction buffer, 1 ul RiboLock'" RNase inhibitor, 10 mM dNTP
mix and 1 pl RevertAid™ H Minus M-MuLV Reverse Transcriptase were added. After
mixing, tubes were placed in a conventional thermal cycler (Techgene, Techne Inc., NJ,
USA) and incubated at 42°C for 60 min. The reaction was stopped by heating at 70°C for 5
min. The reverse transcription products (cDNAs) were kept on ice until use.

Table 2.1 Gene specific reverse primers (RP) for cDNA synthesis.

RP-TVNO0382 | 5'- GCA ATG ACG CTG CCC TGA AAA GCT TGG -3'
RP-TVN0947 | 5'- CAC AGA TAC AGT CCC TGA TCC TG -3'
RP-TVN0489 | 5'- GGG TAT AAC CCC TTT GAA CTT CG -3'
RP-TVN1145 | 5'- GTC ATG GAT ATG CCA TTG ATG -3'
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2.3.4.2 The Real Time PCR

The reverse transcription product cDNAs were used as templates on The Real Time PCR
which was performed on the The Light Cycler® using FastStart DNA Master PLUS SYBR
Green 1 kit (Roche Diagnostics, Switzerland). Gene specific reverse and forward primers
were designed and used in the experiment, and their sequences are given in Table 2.2.
Following components were added into capillaries in the indicated order: double distilled
water (9 pl), gene-specific reverse (1 pl) and forward (1 pl) primers, master mix (4 pl) and
cDNA samples (5 pl) to reach a total concentration of 20 pl. The control was prepared by
adding water instead of template cDNA. The capillary tubes were closed and centrifuged to
collect the liquid at the bottom. After all these processes, the qRT-PCR was performed in
LightCycler® 1.5, Roche instrument. The capillaries were transferred into LightCycler®
sample carousel which was placed into the LightCycler® instrument. Each sample was
specified with name of the experimental condition in the folder. The 244 method [104] was
used to calculate fold differences.

The products of real time PCR were analyzed by agarose gel electrophoresis. The contents of
the capillary tubes were supplemented with tracking dye and applied into wells of agarose
gel. Roche, Molecular screening agarose (1%) was used for gel preparation and after
electrophoresis for 1.5 h at 70 volts in 1XTAE running buffer, DNA fragments were
visualized under UV light (Vilber Lourmat, Marne La Vallée Cedex 1, France) and
photographs were taken by gel imaging and documenting system (Vilber Lourmat Gel
Imaging and Analysis System, Marne La Vallée Cedex, France).

Table 2.2 Gene specific forward (Fp) and reverse primers (Rp) for qRT-PCR.

Fp-TVNO0382 | 5'- AAA CTA CTG CAC GCA GGG ATA -3'
Rp-TVNO0382 | 5'- CTC CTT TGC CTT ATC TTT ATG TCC -3'
Fp-TVN0947 | 5'- ACC ATG GGC AAA TCG GTA T -3'
Rp-TVYN0947 | 5'- GTT GCA TCT GGG TTC TCT CG -3'
Fp-TVN0489 | 5'- ACA AGA AAT CTG AAG AAG AGA GCT G -3
Rp-TVN0489 | 5'- CTG TTC AGC AAT GCT ACG GTA A -3'
Fp-TVN1145 | 5-TTC TTG TGG CCT TTG ATG G -3'
Rp-TVN1145 | 5'- AAG GAC AAG AGG TAG CGT GAA C-3'

2.3.5 Detection of the VAT protein by Western Blot Analysis

Western Blotting/Hybridization studies were carried out using the total protein samples from
T. volcanium cultures exposed to oxidative stress at 0.02 mM H,0,, heat shock at 65°C and
70°C, and pH stress at pH 4.0 for 60 min and 120 min. Control samples were prepared from
T. volcanium cultures grown under optimum conditions.
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2.3.5.1 Purification of Total Protein

RNA All Prep Kit (QIAGEN) was used for total protein purification. Before beginning the
process, the Protein Cleanup spin column was prepared by vortexing to resuspend the resin.
The column cap was opened by a quarter turn and placed into 2 ml collection tube. It was
centrifuged at 750xg (Micromase RF, ThermolEC, USA) for 3 min. Then lysis buffer was
applied onto it for equilibration, after vortexing gently, the column was centrifuged at 750xg
for 3 min. Then the column was transferred into a clean microcentrifuge tube to be used for
protein purification. The cell lysate was prepared as described before (Section 2.3.2.2)
following the kit protocol. Lysate was applied onto AllPrep spin column and centrifuged for
1 min at 12000 rpm. Flow through pooled in a collection tube which contained total cell
protein. Then the flow through was applied onto the center of slanted gel of the prepared
Protein Cleanup spin column in a microcentrifuge tube. Then the column was centrifuged for
3 min at 250xg to collect total protein in the microcentrifuge tube which was kept at —20°C
for later use in downstream applications. Purified protein samples were quantitated by
measuring the absorbance at 260 nm and 280 nm by UV-visible double beam
spectrophotometer Shimadzu 1601 UV/Visible Spectrophotometer (Shimadzu Analytical
Co., Kyoto, Japan) as described in the Kit protocol.

2.3.5.2 Biotin Labeling of the Antibody

VCP monoclonal antibody (M15) (Abnova Corporation, Taiwan) was used for cross
hybridization with 7pv VAT proteins. The labeling of the VCP antibody was performed by
using Biotin Protein Labeling Kit (Roche). Antibody was dissolved in 250 ul PBS solution
and 8 pl freshly prepared Biotin-7-NHS solution was added onto it. The mixture was
incubated for 2 h at 25°C by gentle shaking. Then 5 ml blocking solution was applied onto
the column, and then it was rinsed with 30 ml PBS solution. Biotin labeled VCP antibody
was applied to the column. After collection of the flow through, the labeled antibody was
eluted with 3.5 ml PBS solution. The presence of the antibody in the elutes was determined
by measuring the absorbance at 280 nm using UV-visible double beam spectrophotometer
(Shimadzu 1601 UV/Visible Spectrophotometer, Shimadzu Analytical Co., Kyoto, Japan).
Biotin-labeled samples were kept at +4°C for further use.

2.3.5.3 SDS Polyacrylamide Gel Electrophoresis of the Purified Total Protein

SDS Polyacrylamide Gel Electrophoresis (SDS-PAGE) was performed with 12%
polyacrylamide gel using Whatman Biometra (Gottingen, Germany) system. Equal volume
of the 2X loading dye and the protein samples were mixed. The mixture was boiled for 5 min
to denature the proteins, chilled on ice and then was loaded into wells. One well was loaded
with PageRuler™ Prestained Protein Ladder (Fermentas UAB, Vilnuis, Lithuania) as a
molecular weight standard. Electrophoresis was carried out using Bio-Rad Power Supply,
200/2.0 at 100 V. The polyacrylamide gel with separated polypeptides was used in blotting
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using a Semi-dry Blotter (BioRad). After blotting, the gel was stained with Page Blue Protein
Staining Solution (Fermentas) to check the efficiency of blotting process. Gel photos were
taken by an imaging system (Vilber Laurmat Gel Imaging and Analysis System, Marne La
Vallee Cedex 1, France).

2.3.5.4 Western Blotting

Semi-dry transfer system was used for transferring of the protein samples from
polyacrylamide gel (SDS-PAG) to Immobilon PVDF transfer membrane. Millipore
Immobilon-P Transfer Membrane User Guide protocol was followed with minor changes in
required steps for optimization. Required buffers were prepared freshly as 100 ml Anode I
and, 200 ml of each Anode Il and Cathode buffers. The polyacrylamide gel was removed
from the glass cassettes and cut with a lancet to a dimension that includes all the protein
sample lanes. A notch was made to a corner of the gel to orientate the samples in the right
order. Then the gel was immersed in cathode buffer for 15 min. Meanwhile six pieces of
Whatman 3MM filter papers were cut to the same dimensions as the gel to let the current
forced to flow through the gel. Prepared filter papers were soaked in buffers in the order of 2
pieces filter papers in Anode I, 1 piece of filter paper in Anode II and 3 pieces of filter papers
in Cathode at least 30 s. Then the membrane was cut to the same size of the gel and a notch
was also made on a corner. Membrane was soaked in 100% methanol for 15 s. Then it was
transferred into Milli-Q grade water for 2 min and finally it was soaked in Anode buffer II
for 5 min. When the gel, filter papers and membrane got ready, BIO-RAD Trans Blot SD
Semi Dry Transfer Cell was used as the transfer system. 2 pieces of filter papers, immersed
in Anode buffer I, were placed onto the anode electrode plate of the BIO-RAD Trans Blot
SD Semi Dry Transfer Cell system. Then the other filter paper soaked in Anode buffer II was
placed on it. The membrane was placed on top of these and gel was placed on top of the
membrane by orienting the notches in the same corner. Finally three pieces of filter papers
that soaked in cathode buffer were placed on membrane. As a final step the cathode electrode
plate was placed on top of the transfer stack assembly. Cathode and anode leads were
connected to Bio-Rad Power Supply, 200/2.0. Current was calculated according to the gel
dimensions. Transfer has occurred after 30 min.

2.3.5.5 Immunodetection

Blocking solution and antibody solution were prepared as described in the Millipore
Immobilon-P Transfer Membrane User Guide. When the electro-transfer was completed, gel
was stained and blotted membrane was immersed in 100% methanol for 10 s and then left on
the filter paper for the methanol to evaporate for 15 min. The membrane was incubated in
biotin labeled VCP mouse monoclonal antibody (M15), clone 2H5 which has human
reactivity (Abnova Corporation, Taiwan) by agitation for 2 h on a shaker (Stuart Scientific,
Drive Unit STR8, U.K.) and then was washed in 50 ml TBS for 10 min, twice. Thereafter the
membrane was placed in tagged streptavidin (Streptavidin-AP) solution and incubated for 1
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h on shaker. Then the membrane was washed with twice 50 ml TBS for 2 min. For
chromogenic detection of the protein bands, the membrane was incubated in Roche
NBT/BCIP (nitro-blue tetrazolium chloride/5-bromo-4-chloro-3-indolyphosphate p-toluidine
salt) color development solution in the dark which formed an intense purple precipitate on
the blot. Then the membrane blot was rinsed with Milli-Q grade water to stop the reaction,
and dried on a filter paper. It was stored in the dark to prevent fading of the bands. Photos of
the membrane were taken by a digital camera.

2.3.6 Microarray

Four independent cultures of 7pv cells were grown to mid-log phase at optimum growth
temperature 60°C and pH 2.7. Then the cultures were exposed to previously designed stress
conditions: heat shock by temperature shift to 65°C, oxidative stress by adding 0.02 mM
H,0,, and pH stress by a shift in pH to pH 4.0. The fourth culture was set aside without any
stress exposure and used as control. The genome-wide transcription profiling of stressed
exposed cells were examined by Roche NimbleGen custom designed 4x72K format
expression array. The workflow for NimbleGen gene expression array is given in Table 2.3.
The microarray covered all 1501 transcripts using 8 probes per transcript. 2 technical
replicates were tested in the experiments.

Quality control of RNA and double stranded cDNA synthesis steps of the experiment were
performed in our laboratory. Total RNA was isolated from the 1 h stress exposed cultures by
RNAeasy MiniKit, QIAGEN. Isolated samples were used to synthesize double stranded
cDNAs. For ds cDNA synthesis Invitrogen SuperScript® Double-Stranded cDNA Synthesis
Kit was used. Random hexamer primer (100 pmol/pl) and RNA were mixed in DEPC water
and heated to 70°C for 10 min by thermal cycler Techgene, Techne Inc. (NJ, USA). After
chilling on ice for 5 min, 5X First-Strand Reaction buffer, 0.1 M DTT and 10 mM dNTP mix
were added onto the content of the first mixture. After mixing gently and collecting the
content by centrifugation, it was placed into thermal cycler again at 45°C for 2 min. Then
SuperScript II RT enzyme was added into the tube, total volume reached to 20 pl and this
mixture was incubated at 45°C for 1 h. When the incubation was over, tube was taken onto
ice to terminate the reaction. For second strand synthesis, 5X 2™ strand synthesis buffer, 10
mM dNTP mix, 2" strand enzyme blend (DNA Ligase, DNA Polymerase and RNase H) and
DEPC-treated water were added onto the newly synthesized first strand cDNA sample tube.
After mixing all the contents by pipetting up and down, it was incubated for 2 h at 16°C.
After that 2 pl of T4 DNA Polymerase was added and incubated for further 5 min at 16°C.
Each dscDNA sample was quantitated by PICOPETO01, Picodrop (U.K.) and checked if they
met the required concentration (=100 ng/ul) for the following steps of the experiment.

Remaining steps included the labeling of the cDNA samples, the hybridization, the scanning

of the one-color NimbleGen arrays and the data extraction were carried out by Genmar

Diagnostic Company (TR). The labeling cDNA samples were performed by NimbleGen

One-Color DNA labeling kit and samples were labeled by Cy-3. Then the samples were

prepared for hybridization. A hybridization solution master mix was prepared and added to
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each sample in appropriate volumes. Then the samples were loaded into 4x72K arrays and
samples were hybridized to arrays at 42°C for 16-20 hours. When it was over, washing and
drying steps were performed to obtain high quality data. Finally NimbleGen arrays were
scanned in Sum resolution. Raw intensity signals were processed by Genmar Laboratories
(TR), and resultant data were normalized. For analysis of the extracted data, we used
DNASTAR ArrayStar Software.

Table 2.3 Flow chart for NimbleGen gene expression array.

STEP / Processing Time

Quality Control of RNA /0.5 h

i

Synthesize First Strand ¢DNA / 0.5 h (incubation 1 h)

(=

Synthesize Second Strand ¢cDNA / 0.5 h (incubation 2 h)

(=

c¢DNA Cleanup & Quality Control/1.5h

=

Label cDNA Samples / 0.5 h (incubation 2 h)

=

Perform Cleanup and Quantitation /1 h

=

Hybridize Microarrays / 0.5 h- 1 h (incubation overnight)

(=

Wash Microarrays /0.5 h

=

Scan Microarrays / 0.5 h

i

Analyze Data / 0.5 h for 4x72K Arrays
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CHAPTER 3

RESULTS

3.1 RNA Isolation, Concentration and Quality Check

RNA was isolated from stress exposed cell cultures in four different time intervals, 30', 60',
90" and 120" as described in Section 2.3.2. For the quality check of the samples and to make
estimation about RNA yields, RNA samples were run in a denaturing agarose gel. Agarose
gel electrophoresis results of representative RNA samples isolated under heat stress at 65°C
and 70°C, oxidative stress in the presence of 0.02 mM H,0, and pH stress at pH 4.0 between
30" and 120" are shown in the Figures 3.1, 3.2 and 3.3. The samples were loaded in the same
volume but not in equal concentrations.

%.:—tsf—ﬁ C—) (— t’—'\(:’

Figure 3.1 Gel electrophoresis of RNA samples isolated from 7pv cells under heat
shock. Lanes 2, 3, 4, 5: RNA from heat shocked samples at 65 °C for 30', 60', 90', and 120",
respectively. Lanes 1, 6, 7, and 8: RNA from heat shocked samples at 70 °C for 30', 60', 90',
and 120', respectively.
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23S rRNA  ——

16S rRNA —

Figure 3.2 Gel electrophoresis of RNA samples isolated from Tpv cells under pH stress.
Lanes 1, 2, 3, and 4: RNA from cultures exposed to pH 4.0 for 30', 60', 90', and 120",
respectively.

23S rRNA ——

16S rRNA ——

Figure 3.3 Gel electrophoresis of RNA samples isolated from 7pv cells under oxidative
stress. Lanes 1, 2, 3, and 4: RNA from cultures exposed to 0.02 mM H,O, for 30', 60', 90,
and 120', respectively.
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23S rRNA  ——

16S rRNA —

Figure 3.4 Gel electrophoresis of control RNA samples isolated from 7pv cells under
optimum conditions. Lanes 1, 2, 3, and 4: RNA isolated from cultures grown at pH 2.7 and
60°C at 30™, 60™, 90™, and 120™ minutes following stress application to the test cultures,
respectively.

The quality of RNA samples based on gel electrophoresis results was quite satisfactory since
distinct 23S and 16S rRNA bands were observed without any degradation for all RNA
samples. RNA concentration was determined by OD,s measurements according to the
equation: OD,g0 = 40 pg/ml RNA. The RNA yields of samples isolated from heat and pH
stressed cultures seemed to be close to each other at all time points and average RNA
concentration was 0.7 pg/ul £0.07. However, the RNA concentrations of the samples from
control and oxidative stress exposed cultures were relatively low, being approximately 0.6
pg/pl £0.03. The purity of the RNA samples was also checked by the ratio of Ajg/Azso
(Table 3.1).

The ratio of absorbance at 260 nm and 280 nm (A¢/Aszs0) should be between 1.9 and 2.3, for
pure RNA, but for our RNA samples calculated Ajq0/Assoratio was around 1.4. This can be
due to dilution of RNA samples in RNase-free water instead of 10 mM Tris.Cl, pH 7.5, for
absorbance measurements.
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Table 3.1 Concentrations of the RNA samples and A;¢/A;g ratio.

trati
Stress Minute A260 Azso Az(,o/Azg() Concentration
(ng/nl)
30 0.122 0.086 141 0.751
65°C 60 0.115 0.084 1.36 0.708
(Heat shock
tress) 90 0.141 0.096 146 0.868
120 0.107 0.078 137 0.659
30 0.116 0.084 138 0.714
70°C 60 0.121 0.088 137 0.745
(Heat shock
90 0.118 0.085 138 0.726
stress)
120 0.114 0.084 135 0.702
30 0.115 0.085 135 0.708
pH 4.0 60 0.118 0.086 137 0.726
(pH stress) 90 0.088 0.071 123 0.542
120 0.131 0.094 1.39 0.806
30 0.097 0.069 1.40 0.597
0.02 mM 60 0.105 0.073 143 0.646
(Oxidative
90 0.102 0.073 1.39 0.628
stress)
120 0.109 0.074 147 0.671
30 0.093 0.065 143 0572
60 0.093 0.065 143 0.572
Control
90 0.099 0.069 143 0.609
120 0.099 0.069 143 0.609

3.2 Reverse Transcription and Quantitative Real-Time PCR for Expression Analysis of
TVNO0382

We have used quantitative real time PCR (qRT-PCR) technique to investigate differential
expression of VAT gene, TVN0382, under stress conditions relative to optimum conditions.
The mRNAs of VAT gene in the total cellular RNA were converted into single-stranded
cDNAs by reverse transcription. Then they were used as templates in qRT-PCR experiments.
TVNO0382 gene specific forward primer sequence, complementary of reverse primer
sequence and the amplified PCR product (60 bp) are depicted in the TVNO382 gene
sequence (1128 bp) in Figure 3.5. Agarose gel photographs of qRT-PCR products yielded 60
bp amplicons for TVNO0382 as expected from the positions of the amplification primers
(Figure 3.6).
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>gi|13540831:372394-373521 Thermoplasma volcanium GSS1 chromosome,
complete genome

ATGAGTGATGATGTTCAGAATAAGATTGAAAAAGCCACAAAACTACTGCACGCAGGGATAAAAGAA
GAGGAAAATGGACATAAAGATAAGGCAAAGGAGTACTATCTTGTGGCTTACAGGGTAATGTTAGAA
GCTGCAAACGACTCTCCATCGGATCTTAAGAAGAAAAGACTTGATCAATGTGCTTTAATATTAAAT
GCCTACAAACGCGTTAGTGGAGAAAGGACAGACTTCACAGTGAAAAAACAAAATGATGATGAAATA
GTAGAAGGTGAGGCTCTACTAGAAGAGATAGGAATAGAAAAACCAGAGATACCAAAAGTAACCTTT
GAAGATGTTGCAGGTCTAGATGACGTTAAAAATGAGATATTAGGAAAAATTATTTACCCAATGAAA
TTTAAGGAATTATCGCAGGAATATAATATACAATTCGGAGGCGGAATGTTATTGTACGGTCCGCCA
GGCACTGGAAAAACCTTTATTGTTAAGGCTATAGCCAACGAGGTAAAGGCCAGATTTATCAACGTA
AATCCTTCCACACTCTACAGTGAATGGTTTGGTGTTTTTGAAAAGAATATATCCAAGCTTTTCAGG
GCAGCGTCATTGCTATCTCCAGCAATAATATTCTTTGATGAGATAGATGCTTTGGTGCCAAAGAGA
GACACCTCCAATTCAGATGCTGCAAAGAGAGGAGTTGCACAGCTTTTGAATGAGGTTGGTGGTATA
AATTCTCAGAAGAACAAAAATATATTCATCATCGCAGCAACAAACAATCCCTGGGAAGTAGATGAG
GCCATGCTTAGGCCAGGTCGCTTCGATATAAAGATATACGTGCCACCTCCAGACATAGTCGCTAGA
AAGAAAATATTTCAGCTTAATCTAGCGAAAATTAAACAGGTAGGAAACGTAGACTACGATCTGCTG
GCAGAGGAGACAGAAGGATACAGTGGTGCAGATATAGAGTTCATATGCAAAAAGGCAGCTCAGAAT
GTATTCATGGAAGCGGTGAAAACAGGGAAGAGCAGACCAGTTGAAACGAGGGACGTCATAGACGTT
ATAGGAAGCATCAAACCTTCCATTGATTATGAACTGCTGGAAAAATATTCAAAGTATGGTTCCGCT
TTTTAG

Figure 3.5 The sequence of TVN0382 gene (1128 bp). The underlined region of the gene
defined by the gene specific forward (red) and reverse primers (blue), indicates the amplified
sequences by RT-PCR (60 bp).

TVNO0382 amplicons ML

1031 bp

500 bp

200 bp

60 bp — 80-100 bp

Figure 3.6 Agarose gel electrophoresis of cDNA samples of VAT gene, TVN0382. The
size of the amplified TVNO0382 cDNA by RT-PCR was about 60 bp. ML: MassRuler Low
Range DNA Ladder, Thermo Scientific).
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3.2.1 Time-Course Differential Expression of TVN0382 Gene under Heat Stress

In a real-time PCR, Ct (Threshold cycle) is defined as the number of cycles needed for the
fluorescent signal to cross the threshold line (background level). The Ct value is inversely
proportional to the initial amount of the mRNA sample. That is, the lower the Ct value, the
higher the initial amount of specific mRNA is.

Based on Ct values of tests and controls, it can be suggested that TVN0382 gene expression
was induced during heat shock at 65°C for 120 min (Table 3.2).

A unique, single peak was obtained by melting analysis and the melting temperature (Tm)
was 81.61°C +0.5, implying specific amplification of the TVN0382 gene’s cDNAs. Negative
control in Figure 3.8 didn’t yield any amplification or melting peak indicating absence of
non-specific amplification. The real-time PCR absolute quantification analyses and Tm
curves of TVNO0382 cDNA samples for 65°C heat shock experiments are given in the
Appendix C. Figure 3.7 shows the results of 30 min 65°C heat-shock experiment.

Transcription of TVNO0382 gene was induced by heat-shock at 70°C for 2 h, as revealed by
lower Ct values of the tests as compared to that of controls (Table 3.2).

Melting curve analysis for these qRT-PCR experiments verified the specific amplification of
TVNO0382 gene’s cDNAs and average Tm was 82.5°C +£0.4. Representative RT-PCR
absolute quantification analyses and Tm curves of TVN0382 cDNA samples for 70°C heat
shock experiments are given in the Appendix C. Figure 3.8 shows the results of 30 min 70°C
heat-shock experiment.

Table 3.2 Representative Ct values and mean value of at least three melting
temperatures from heat shock experiments for TVN0382 gene.

Stress Time Ct values Melting Temperature
(min) Test Control (£ STD)
30 12.84 17.14 81.97°C (£ 0.7)
65°C 60 14.72 15.19 82.13°C (£ 1.4)
90 12.04 13.62 81.06°C (£ 0.07)
120 12.60 12.75 81.28°C (£ 0.21)
30 14.41 17.14 82.49°C (£ 0.1)
70°C 60 13.79 15.08 81.99°C (£ 0.3)
90 18.55 19.06 82.74°C (£ 0.6)
120 18.66 19.06 82.90°C (£ 0.3)
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Figure 3.7 Real-time PCR amplification and melting curves for TVN0382 gene. RNA
samples were isolated from cultures exposed to heat stress at 65°C for 30' used for reverse
transcription. A. Amplification curves (blue—test, green—control) B. Melting curves
(blue—test, green—control).
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Figure 3.8 Real-time PCR amplification and melting curves for TVN0382 gene. RNA
samples were isolated from cultures exposed to heat stress at 70°C for 30' used for reverse
transcription. A. Amplification curves (blue—test, grey—control, green—negative control)
B. Melting curves (blue—test, grey—control).
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3.2.2 Fold Difference Analysis of Time Course Expression of TVN0382 Gene under
Heat Shock

The qRT-PCR data was analyzed by a relative quantification method to find out fold
differences between expression levels of the tests and controls. For the calculation of the
relative expression of the stress exposed genes’ PCR efficiency and threshold cycle number
(Ct) for the test and control genes are required. An on-line program was used for calculation
of the PCR efficiencies. The Ct values for the experiments are given in the Table 3.2. The
equation used to calculate the fold-changes is given below:

ACt = Ct(control) - Ct(test)
(Average PCREssiciency) ACt= Rold change 3.1

To study modulation of the expression of TVNO0382 gene at 65°C and 70°C, we have
measured the expressions relative to control (60°C) over 120 min. The fold differences were
calculated for each stress conditions for all time intervals and they were represented as the
mean of at least three independent experiments (Table 3.3). The related data points are
plotted in a chart and depicted by bars (Figure 3.9).

The results have shown that mRNA levels of TVNO0382 gene significantly increased (about
fivefold) after exposure to heat shock at 65°C for 30 min. However prolonged exposure to
65°C for 2 h did not changed expression of the TVNO0382 gene. The TVNO0382 gene
expression was up regulated for 1 h following heat stress at 70°C, and then expression level
decreased almost up to level of control mRNA (Figure 3.9).

Table 3.3 Fold difference of TVN0382 gene expression under heat shock. The results are
the means of at least three independent qRT-PCR experiments.

Stress Time (min) Fold Difference (= STD)
30 5.56 +£0.282
. 60 1.356 = 0.08
65°C 90 1.778 £0.14
120 1.047 +£0.03
30 2.93 +£0.001
. 60 1.774 £ 0.6
e 90 1.307+0.4
120 1.263 +£0.2
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Figure 3.9 Relative mRNA expression of TVN0382 gene determined by quantitative
real-time PCR analysis under heat shock at 65°C and 70°C. Expressions are shown as
fold-increase or decrease relative to the control (60°C) level (1-fold) TVNO0382 gene
expression. The values are means of at least 3 replicates.

3.2.3 Time-Course Differential Expression of TVN0382 Gene under pH Stress

The pH stress was maintained by increasing the pH of the mid-log 7pv cultures to pH
between 3.6 and pH 5.0 as described in the Section 2.3.1.2. For the control culture, initial pH,
pH 2.7, which is the optimum pH for 7pv was not changed during 2 h while stress being
applied to test cultures.

During stress at pH 3.6 and pH 4.0 for 2 h, TVN0382 gene expression was up-regulated as
indicated by lower Ct values compared to that of control. Due to similar Ct values of tests
and controls, stress at pH 4.5 did not cause a detectable alteration in the expression of
TVNO0382 gene. However stress at pH 5.0 caused down-regulation of TVNO0382 gene
expression as revealed by higher Ct values of the tests than that of the control (Table 3.4).
Representative RT-PCR absolute quantitative analyses and Tm curves of TVN0382 cDNA
samples for pH stress experiments are given in the Appendix C. Figure 3.10 and 3.11 show
the results of stress at pH 4.0 (30 min) and pH 5.0 (90 min).

The melting curves analysis showed that all amplified cDNAs of TVNO0382 in RT-PCR
experiments of pH stress produced single-peak and average melting temperature was
82.56°C £0.4, implying specific amplification of TVN0382 cDNA (Figures 3.10 and 3.11).
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Table 3.4 Representative Ct values and mean value of at least three melting
temperatures from pH stress experiments for TVN0382 gene.

Stress Time Ct values Melting Temperature
(min) Test Control (= STD)
30 20.12 20.31 83.12°C (£ 0.03)
pH 3.6 60 19.72 20.31 83.16°C (£ 0.2)
90 20.7 20.31 82.58°C (£ 0.1)
120 18.41 17.17 83.13°C (£ 0.04)
30 13.53 15.68 82.83°C (£ 0.1)
pH 4.0 60 17.23 18.58 82.35°C (£ 0.3)
90 22.16 22.79 83.26°C (£ 0.6)
120 22.3 22.79 83.37°C (£ 0.3)
30 29.11 28.14 81.94°C (£ 0.3)
pH 4.5 60 16.05 14.91 82.29°C (£ 0.2)
90 33.99 32.76 82.67°C (£ 0.3)
120 37.54 40.01 82.19°C (£ 0.02)
30 16.33 16.17 82.04°C (£ 0.04)
60 19.69 19.87 82°C (= 0.01)
pH 3.0 90 16.28 15.39 82.05°C (£ 0.25)
120 18.73 18.02 82.10°C (£ 0.1)
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Figure 3.10 Real-time PCR amplification and melting curves for TVN0382 gene. RNA
samples were isolated from cultures exposed to pH stress at pH 4.0 for 30' used for reverse
transcription. A. Amplification curves (grey—test, purple—control, dark grey—negative
control) B. Melting curves (grey—test, purple—control, dark grey—negative control).
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Figure 3.11 Real-time PCR amplification and melting curves for TVN0382 gene. RNA
samples were isolated from cultures exposed to pH stress at pH 5.0 for 90' used for reverse
transcription. A. Amplification curves (grey—test, pink—control) B. Melting curves (grey—

test, pink—control).
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3.2.4 Fold Difference Analysis of Time-Course Expression of TVN0382 Gene under pH
Stress

The changes in the expression of TVNO0382 gene at four different pH stresses (pH 3.6, pH
4.0, pH 4.5 and pH 5.0) were analyzed relative to control (pH 2.7) over 120 min. The fold
differences were calculated and represented as the mean of at least three independent
experiments (Table 3.5). The related data points are plotted in a chart and depicted by bars
(Figure 3.12).

The fold difference analysis have shown that TVN0382 gene expression increased at pH 3.6
about 1.4 fold for 1 h, then stabilized almost at the level of the control mRNA up to 2 h. At
pH 4.0 there was up-regulation (2-fold) during 2 h stress but at pH 4.5 and pH 5.0, the gene
expression either decreased or did not change as compared to control.

Table 3.5 Fold difference of TVN0382 gene expression under pH stress. The results are
the means of at least three independent qRT-PCR experiments.

Stress Time (min) Fold Difference (= STD)
30 1.262 +£0.5
60 1.428 £0.3
pH 3.6 90 0.755 + 0.04
120 0.812 £0.001
30 2.007£0.2
pH 4.0 60 1.457 £0.2
90 1.6 +£0.08
120 1.604 £0.2
30 0.795+0.3
pH 4.5 60 0.630+0.2
90 0.809 £ 0.05
120 0.821 £0.2
30 1.092 £0.2
60 1.170 £0.07
pH 5.0 90 0.665 + 0.02
120 0.507 £ 0.0007
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Figure 3.12 Relative mRNA expression of TVN0382 gene determined by quantitative
real-time PCR analysis under pH stress at pH 3.6, 4.0, 4.5 and 5.0. Expressions are
shown as fold-increase or decrease relative to the control (pH 2.7) level (1-fold) TVNO0382
gene expression. The values are means of at least 3 replicates.

3.2.5 Time-Course Differential Expression of TVN0382 Gene under Oxidative Stress

The effect of oxidative stress was analyzed by exposure of the Tpv cultures to H,O, at
varying concentrations, and analyzing the expression of TVN0382 gene by qRT-PCR. At
0.01 mM H,O, concentration TVNO0382 gene expression should not change significantly
compared to control. At 0.02 mM H,0O, concentration as can be predicted from lower Ct
values of tests than that of controls TVNO0382 gene was up-regulated and the highest
expression should be at 90 min. Although there was some increase in the expression during
first 1 h of 0.03 mM H,0, exposure, no detectable change is expected following 1 h. Due to
relatively higher Ct values of tests at 0.05 mM H,0O, for 2 h, TVN0382 gene expression
probably was down-regulated (Table 3.6).

The melting curve analysis showed that all amplified TVNO0382 cDNAs produced single-
peak and average 82.25°C +0.5 implying specific amplification of the cDNA. Representative
amplification curves and melting curves for qRT-PCR experiments for oxidative stress
imposed by 0.01-0.05 mM H,0, are given in Appendix C.

Figure 3.13 and 3.14 show the results of stress at 0.02 mM (60 min) and at 0.05 mM (90
min) H,O,, respectively.
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Table 3.6 Representative Ct values and mean value of at least three melting
temperatures from oxidative stress experiments for TVN0382 gene.

Stress Time Ct values Melting Temperature
(min) Test Control (+ STD)
30 14.76 14.86 81.88°C (£ 0.01)
0.01 mM 60 14.75 14.86 81.11°C (£ 0.01)
90 16.11 15.66 81.36°C (£ 0.3)
120 15.32 14.57 81.85°C (£ 0.9)
30 18.59 19.45 82.01°C (£ 0.4)
0.02 mM 60 17.76 18.79 82.42°C (£ 0.1)
90 27.77 29.75 82.22°C (£ 0.1)
120 18.41 18.74 82.33°C (£ 0.2)
30 14.89 15.5 82.61°C (£0.1)
0.03 mM 60 15.29 15.5 82.7°C (£ 0.1)
90 14.97 14.62 82.89°C (£ 0.4)
120 16.06 15.5 82.48°C (£0.2)
30 16.95 16.06 82.61°C (£0.3)
0.05 mM 60 17.01 16.06 82.680"C (+0.2)
90 16.58 16.28 82.37°C (£ 0.02)
120 17.08 16.28 82.62°C (£ 0.5)
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Figure 3.13 Real-time PCR amplification and melting curves for TVN0382 gene. RNA
samples were isolated from cultures exposed to oxidative stress at 0.02 mM for 60' used for
reverse transcription. A. Amplification curves (grey—test, light brown—control, dark red—
negative control) B. Melting curves (grey—test, light brown—control).
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Figure 3.14 Real-time PCR amplification and melting curves for TVN0382 gene. RNA
samples were isolated from cultures exposed to oxidative stress at 0.05 mM for 90' used for
reverse transcription. A. Amplification curves (blue—test, red—control, purple—negative
control) B. Melting curves (blue—test, red—control).
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3.2.6 Fold Difference Analysis of Time Course Expression of TVN0382 Gene under
Ocxidative Stress

The calculated fold differences were represented as the mean of at least three independent
experiments (Table 3.7). The related data points are plotted in a chart and depicted by bars
(Figure 3.15).

Fold difference analysis showed that oxidative stress which was achieved by exposure of the
cultures to H,O; at a concentration of 0.02 mM, the highest increase (about fourfold at 90
min) in the TVNO382 gene transcription was obtained. At 0.01 mM H,0, concentration,
expression of the gene almost did not change as compared to control. At 0.03 mM H,0,
concentration for initial 1 h, there was a slight increase in the gene’s expression but
afterwards the expression gradually decreased below the control expression level. The
increased H,O, concentration (0.05 mM) caused a constant down-regulation of TVN0382
gene transcription for 2 h.

Table 3.7 Fold difference of TVN0382 gene expression under oxidative stress. The
results are the mean of at least three independent experiments.

Stress Time (min) Fold Difference (= STD)
30 1.035 +0.001
60 1.038 = 0.001
0.01 mM
90 0.836 = 0.001
120 0.746 = 0.03
30 1.19+04
60 1.511+0.4
0.02 mM
90 378+ 0.6
120 1.45+0.6
30 1.34 £0.001
60 1.106 = 0.001
0.03 mM
90 0.763 £ 0.2
120 0.568 £ 0.3
30 0.676 + 0.1
60 0.598 £0.01
0.05 mM
90 0.799 £ 0.1
120 0.621+0.1
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Figure 3.15 Relative mRNA expression of TVN0382 gene determined by quantitative
real-time PCR analysis under oxidative stress at 0.01 mM, 0.02 mM, 0.03 mM and 0.05
mM. Expressions are shown as fold-increase or decrease relative to the control level (1-fold)
TVNO0382 gene expression. The values are means of at least 3 replicates.

3.3 Reverse Transcription and Quantitative Real-Time PCR for Expression Analysis of
TVNO0947

The Real-Time PCR was performed to investigate differential expression of VAT 2 gene,
TVNO0947, under stress conditions relative to control. The mRNAs of VAT 2 gene in the
total RNA isolated from control and stress exposed 7pv culture samples were converted into
single-stranded cDNAs by reverse transcription. Then they were used as templates in
Quantitative Real-Time PCR (qRT-PCR) experiments.

TVNO0947

Figure 3.16 Agarose gel electrophoresis of cDNA samples of VAT gene, TVN0947. The
size of the amplified TVN0947 cDNA by RT-PCR was about 177 bp. DL: Fermentas Gene
Ruler™ 50 bp DNA Ladder. ML: MassRuler Low Range DNA Ladder, Thermo Scientific).
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Agarose gel photographs of qRT-PCR products yielded 177 bp amplicons of TVN0947 gene
(Figure 3.16). The positions of forward and reverse primers used in RT-PCR and the
amplified TVN0947 gene sequences (177 bp) are shown in the Figure 3.17.

>g1]113540831:996521-998758 Thermoplasma volcanium GSS1 chromosome,
complete genome

ATGGATAACAGCAGCGGTATAATACTCAGGGTTGCCGAGGCAAACTCAACAGATCCAGGCATGTCT
AGGGTTAGGCTTGATGAATCGTCTAGGCGCCTGCTCGATGCCGAGATCGGCGATGTAGTAGAGATC
GAGAAGGCCAGAAAAACTGTAGGCAGGGTATACAGGGCCAGGCCGGAGGACGAGAACAAGGGGATA
GTAAGGATAGACAGTGTAATGAGGAATAACTGCGGCGCTTCCATAGGGGATAAGGTAAGGGTCAGA
AAAGTAAGGACAGAGATAGCCAAGAAAGTAACGCTTGCACCCATAATACGTAAAGATCAACGCTTA
AAATTTGGCGAAGGCATAGAGGAATACGTCCAAAGGGCGCTTATAAGAAGGCCAATGCTCGAACAG
GACAACATAAGCGTCCCAGGTTTAACGCTTGCAGGCCAAACCGGACTTTTATTTAAGGTTGTAAAA
ACTATGCCTGGCAAGGTACCAGTTGAAATCGGAGAAGAGACAAAGATAGAGATAAGGGAGGAACCT
GCCTCTGAAGTATTGGAGGAGGTATCTAGGGTTAGTTATGAAGATATAGGAGGTCTCTCAGAACAG
CTGGGCAAGATCAGGGAGATGATCGAGCTTCCATTAAAGCATCCTGAACTATTCGAAAGGCTGGGC
ATTACACCTCCAAAGGGTGTTATACTATATGGGCCTCCTGGAACTGGAAAAACCCTTATTGCTAGA
GCTGTTGCAAATGAATCTGGGGCCAATTTCCTGTCCATAAACGGACCGGAGATAATGAGTAAGTAC
TATGGGCAGAGCGAGCAAAAGCTGAGAGAGATATTCTCAAAGGCAGAAGAAACAGCCCCATCTATA
ATATTCATAGATGAAATAGATTCGATTGCACCCAAGAGGGAAGAGGTACAGGGGGAGGTCGAAAGA
AGAGTAGTTGCACAACTCCTTACTTTGATGGACGGTATGAAGGAACGCGGTCACGTAATAGTCATA
GGTGCAACCAACAGGATAGACGCAGTGGATCCAGCGCTGAGAAGGCCAGGAAGGTTCGACAGAGAG
ATCGAAATAGGAGTTCCAGACCGCAATGGCAGAAAGGAAATCTTAATGATACATACCAGAAACATG
CCTCTAGGCATGGACGAGGAGCAGAAAAACAAGTTCCTTGAGGAAATGGCTGACTACACCTATGGA
TTTGTAGGAGCTGATCTTGCCGCCCTCGTAAGGGAGAGTGCAATGAACGCCCTAAGGAGGTATCTA
CCGGAAATCGACCTAGATAAGCCGATACCTACAGAAATATTGGAAAAAATGGTTGTTACTGAAGAA
GACTTTAAGAATGCATTGAAGAACATTGAACCAAGCAGCCTCAGAGAGGTAATGGTCGAAGTGCCT
AACGTACACTGGGATGACATAGGCGGTCTCGAAGATGTTAAGAGGGAGGTAAAGGAAACTGTAGAA
TTGCCGCTTCTAAAGCCAGATGTGTTTAAGAGATTAGGAATAAGGCCGTCGAAAGGTTTCTTGTTA
TACGGTCCGCCCGGAGTTGGAAAGACGCTGTTGGCCAAGGCGGTTGCCACAGAGAGCAACGCTAAC
TTTATATCTATTAAGGGCCCGGAGGTATTAAGCAAGTGGGTAGGAGAGAGCGAGAAGGCTATAAGG
GAAATATTCAAGAAAGCAAAGCAAGTCGCCCCTGCTATAGTATTCCTCGATGAAATAGATTCTATA
GCGCCAAGGAGAGGTACGACAAGCGACTCAGGCGTCACTGAAAGGATAGTTAATCAACTCCTAACA
TCGCTCGATGGCATAGAGGTTATGAACGGAGTTGTAGCCATTGGGGCCACGAATAGGCCGGATATA
ATGGATCCAGCACTGCTTAGGGCTGGAAGATTTGATAAACTTATCTACATACCGCCACCGGACAAG
GACGCACGCCTCAGCATATTAAAGGTACATACCAAAAATATGCCGCTCGCGCCGGATGTCGATCTG
GACAGCATTGCCCAAAGGACAGAGGGCTACGTGGGTGCAGACCTTGAGAACCTATGCAGGGAAGCA
GGTATGAATGCCTATCGAGAGAACCCAGATGCAACTCAGGTTTCACAGAAGAACTTTATTGATGCC
CTTAAGACTATAAGGCCATCCATAGATGAAGAAGTAATAAAGTTCTACAAGAGCATCAGCGAAACC
ATGGGCAAATCGGTATCGGAAAAGAGGAAGGAGCTTCAGGATCAGGGACTGTATCTGTGA

Figure 3.17 The sequence of TVN0947 gene (2238 bp). The underlined region of the gene
defined by the gene specific forward (red) and reverse primers (blue), indicates the amplified
sequence by RT-PCR (177 bp).
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3.3.1 Time-Course Differential Expression of TVN0947 Gene under Heat Stress

Depending on Ct values of tests and controls (Table 3.8), it can be suggested that TVN(0947
gene expression was induced during heat shock at 65°C for 120 min (Table 3.8) and the
induction of the gene’s expression was at the highest level at 60 min.

Transcription of TVN0947 gene was induced mainly by heat-shock at 70°C for 60 min, as
revealed by lower Ct values of the tests as compared to that of controls (Table 3.8), and then
was sustained almost at level of control expression during the last 1 h.

Melting curve analysis for these qRT-PCR experiments verified the specific amplification of
TVNO0947 gene’s cDNAs. The average Tm value was 80.74°C £0.07. Representative results
for RT-PCR absolute quantification analyses of TVN0947 cDNA samples from 65°C and
70°C heat shock experiments are given in the Appendix C. Figures 3.18 and 3.19 show RT-
PCR amplification curves of 65°C and 70°C heat-shock experiments for 30 min.

Table 3.8 Representative Ct values and mean value of at least three melting
temperatures from heat shock experiments for TVN0947 gene.

Stress Time Ct values Melting Temperature

(min) Test Control (= STD)

30 12.59 14.05 80.77°C (£ 0.3)

65°C 60 12.28 14.05 80.71°C (£ 0.4)

920 12.97 14.27 80.81°C (£ 0.4)

120 13.75 14.93 80.64°C (£ 0.5)

30 14.54 16.70 80.91°C (£ 0.4)

70°C 60 14.41 15.29 80.52°C (£ 0.06)

90 14.1 14.11 80.32°C (£ 0.2)

120 12.84 13.58 81.25°C (£ 0.4)
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Figure 3.18 Real-time PCR amplification curves for TVN0947 gene. RNA samples were
isolated from cultures exposed to heat stress at 65°C for 30' and 60' used for reverse
transcription. A. Amplification curves (black—30', pink—60', green—control, dark red—
negative control) B. Melting curves (black—30', pink—60', green—control, dark red—
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Figure 3.19 Real-time PCR amplification curves for TVN0947 gene. RNA samples were
isolated from cultures exposed to heat stress at 70°C for 30' used for reverse transcription. A.
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3.3.2 Fold Difference Analysis of Time Course Expression of TVN0947 Gene under
Heat Shock

Fold difference analysis indicated that TVN0947 gene expression enhanced 3-4 fold under
65°C heat stress, as compared to expression under optimum conditions. The gene expression
was not effected from heat-shock at 70°C for 90 min. There was only a 1.5-fold increase in
mRNA content after 120 min.

The calculated fold differences were represented as the mean of at least two independent
experiments (Table 3.9). The related data points are plotted in a chart and depicted by bars
(Figure 3.20).

Table 3.9 Fold difference of TVN0947 gene expression under heat shock. The results are
the means of at least 3 independent qRT-PCR experiments.

Stress Time (min) Fold Difference (= STD)
30 2.447+ 0.01
. 60 2.959 +0.01
65°C 90 2.451+0.01
120 2.125+0.02
30 3,105+ 1.5
70°C 60 1.209+0.3
90 1.041 +0.05
120 1.484+0.4

53



65°C 70°C

2
1,5
1
0,5 '
0
30 60 9 120 30 60 90 120

Exposure Time (min)

Relative TVN0947 mRNA Expression
N
)

Figure 3.20 Relative mRNA expression of TVN0947 gene determined quantitative real-
time PCR analysis under heat shock at 65°C and 70°C. Expressions are shown as fold-
increase or decrease relative to the control (60°C) level (1-fold) TVN0947 gene expression.
The values are means of at least 3 replicates.

3.3.3 Time-Course Differential Expression of TVN0947 Gene under pH Stress

According to test and control Ct values, TVN0947 gene expression should be up-regulated
for 60 min under stress at pH 4.0, but then reduced to almost control level at 120'. The
TVNO0947 gene expression did not change at pH 3.6 for 2 h compared to control. However, at
higher pH values (pH 4.5 and pH 5.0) the gene expression was down-regulated during 2 h
stress exposure.

The melting curve analysis showed that all amplified TVN0947 ¢cDNAs produced single-
peak and average melting temperature was 82.61°C + 2 implying specific amplification of
the cDNA. Representative amplification and melting curves for qRT-PCR experiments of
stress at pH 4.0 and pH 5.0 are given in the Appendix C. The RT-PCR amplification curves
for pH 4.0 (30 min) and pH 5.0 (120 min) are given in Figures 3.21 and 3.22.
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Table 3.10 Representative Ct values and mean value of at least three melting
temperatures from pH stress experiments for TVN0947 gene.

Stress Time Ct values Melting Temperature
(min) Test Control (£ STD)
30 13.3 13.2 80.31°C (£ 0.01)
pH 3.6 60 13.53 13.2 81.99°C (£ 0.01)
90 13.84 13.46 80.65°C (£ 0.48)
120 13.48 13.46 80.17°C (£ 0.2)
30 13.46 12.94 84.9°C (£ 0.3)
pH 4.0 60 13.12 12.94 84.81°C (£ 0.4)
90 12.60 12.94 84.76°C (£ 0.2)
120 12.32 12.98 84.49°C (£ 0.4)
30 15.72 14.61 80.76°C (£ 0.01)
pH 4.5 60 16.33 14.61 80.82°C (£ 0.01)
90 15.21 13.81 80.93°C (£ 0.01)
120 15.08 13.81 80.75°C (£ 0.01)
30 14.84 13.94 84.51°C (£ 0.05)
pH 5.0 60 15.95 14.83 84.04°C (£ 0.01)
90 16.98 14.83 84.73°C (£ 0.3)
120 14.62 13.94 84.21°C (£ 0.3)

55



Fluorescence (530)

12
"
10

O =W s D N D

A.

Amplification Curves

2 4 6 510121416 18 20 22 24 26 28 30 32 34 35 38 40 42 44
Cycles

B.

Melting Peaks

2318

1,819

o
=3
o

-(d/dT) Fluorescence (530)
Ld e
= =
) w

n

75 0 8 % %
Temperature (°C)

Figure 3.21 Real-time PCR amplification and melting curves for TVN0947 gene. RNA
samples were isolated from cultures exposed to pH stress at pH 4.0 for 30' used for reverse
transcription. A. Amplification curves (green—test, grey—control, pink—negative control)
B. Melting curves (green—test, grey—control).
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Figure 3.22 Real-time PCR amplification and melting curves for TVN0947 gene. RNA
samples were isolated from cultures exposed to pH stress at pH 5.0 for 120' used for reverse
transcription. A. Amplification curves (green—test, dark red—control, grey—negative
control) B. Melting curves (green—test, dark red—control).
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3.3.4 Fold Difference Analysis of Time Course Expression of TVN0947 Gene under pH
Stress

The changes in the expression of TVN0947 gene at four different pH stresses (pH 3.6, pH
4.0, pH 4.5 and pH 5.0) were analyzed relative to control (pH 2.7) over 120 min.

The fold difference analysis has shown that TVN0947 gene expression was down regulated
at pH 3.6, pH 4.5 and pH 5.0 for 2 h. When the culture pH was shifted to pH 4.0, expression
was slightly ecreased at 30 min, but then gradually increased up to 1.4-fold at 120 min
relative to control expression level. The most significant effect was observed after 90 min
post exposure to pH 5.0 when the transcription level was about one third of the control
expression level. The fold differences were calculated and represented as the mean of at least
three independent experiments (Table 3.11). The related data points are plotted in a chart and
depicted by bars (Figure 3.23).

Table 3.11 Fold difference of TVN0947 gene expression under pH stress. The results are
the means of at least three independent qRT-PCR experiments.

Stress Time (min) Fold Difference (= STD)
30 0.93 £0.01
pH 3.6 60 0.787 £0.01
90 0.778 £0.01
120 0.987 +0.01
30 0.746 + 0.01
pH 4.0 60 0.904 +0.01
90 1.211+£0.01
120 1.389 +0.01
30 0.532+0.01
pH 4.5 60 0.376 £ 0.01
90 0.711 £0.01
120 0.765 +0.01
30 0.747 £ 0.3
60 0.602 + 0.09
pH 5.0 90 0.393 +0.02
120 0.376 + 0.03
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Figure 3.23 Relative mRNA expression of TVN0947 gene was determined by
quantitative real-time PCR analysis under pH stress at pH 3.6, 4.0, 4.5 and 5.0.
Expressions are shown as fold-increase or decrease relative to the control (pH 2.7) level (1-
fold) TVNO0947 gene expression. The values are means of at least 3 replicates.

3.3.5 Time-Course Differential Expression of TVN0947 Gene under Oxidative Stress

Quantitative real time PCR experiments were repeated at least three times for each one of the
oxidative stress conditions. Figures 3.24 and 3.25 show the RT-PCR amplification and
melting curves for TVN0947 gene expression after 0.02 mM H,0O, (60 min) and 0.03 mM
H,0, (60 min) amplification.

Based on the relatively lower Ct values of the tests during exposure to H,O, at 0.01, and 0.02
mM concentrations, it is expected that TVN0947 gene expression can be slightly accelerated
by 90 min. At higher concentrations of H,0O, (0.03 mM and 0.05 mM), TVN0947 gene
expression levels may be declined or unchanged at 120 min post exposure to stress (Table
3.12).

The melting curve analysis for qRT-PCR experiments of oxidative stress showed that all
amplified cDNAs of TVN0947 produced single-peak and average melting temperature was
82.48°C =+1.9 implying specific amplification of the TVNO0947 cDNA. Representative
amplification and melting curves of the TVN0947 cDNA samples of oxidative stress
experiments were given in Appendix C. Figure 3.24 and 3.25 show RT-PCR amplification
and melting curves for TVN0947 gene expression after 0.02 mM and 0.03 mM H,0,
applications, respectively for 60 min.
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Table 3.12 Representative Ct values and mean value of at least three melting
temperatures of oxidative stress experiments for TVN0947 gene.

Stress Time Ct values Melting Temperature
(min) Test Control (£ STD)
30 14.68 14.91 83.61°C (£ 0.01)
0.01 mM 60 14.16 14.91 83.96°C (£ 0.01)
90 12.99 13.43 84.22°C (£ 0.01)
120 13.91 13.43 84.54°C (£ 0.01)
30 17.85 17.03 84.18°C (£ 0.01)
0.02 mM 60 14.15 15.3 85.02°C (£ 0.01)
90 13.84 12.52 83.96°C (£ 0.01)
120 15.99 16.3 83.92°C (£ 0.01)
30 15.79 16.74 80.63°C (£ 0.01)
0.03 mM 60 13 13.6 80.96°C (£ 0.01)
90 13.82 13.6 80.60°C (£ 0.4)
120 12.13 11.91 81°C (= 0.01)
30 18.19 17.3 80.79°C (£ 0.6)
0.05 mM 60 14.88 13.11 80.39°C (£ 0.2)
90 14.25 13.11 81.56°C (£ 1.9)
120 15.02 14.64 80.51°C (£ 0.5)
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Figure 3.24 Real-time PCR amplification and melting curves for TVN0947 gene. RNA
samples were isolated from cultures exposed to oxidative stress at 0.02 mM for 60' used for

reverse transcription. A. Amplification curves (grey—test, purple—control) B. Melting
curves (grey—test, green—negative control).
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Figure 3.25 Real-time PCR amplification and melting curves for TVN0947 gene. RNA
samples were isolated from cultures exposed to oxidative stress at 0.03 mM for 60' used for
reverse transcription. A. Amplification curves (light brown—test, purple—control) B.

Melting curves (light brown—test, green—negative control).
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3.3.6 Fold Difference Analysis of Time Course Expression of TVN0947 Gene under
Ocxidative Stress

According to fold-analysis, TVN(0947 gene transcription induced at most approximately 1.6
fold at 60 min and 30 min under oxidative stress maintained by H,O,at 0.02 mM and 0.03
mM concentrations, respectively. Under the same conditions, the gene’s expression did not
change at other time points for 120 min. At 0.01 mM H,O, concentration, TVN0947
transcription was gradually enhanced up to 1 h (about 1.5-fold), but then decreased almost to
control expression level at 90 min and even below at 120 min. At 0.05 mM H,0, TVN0947
gene transcription was almost constantly down-regulated for 2 h.

The mean value of fold differences of at least two independent experiments were calculated
(Table 3.13) and they were plotted as bar graphs (Figure 3.26).

Table 3.13 Fold difference of TVN0947 gene expression under oxidative stress. The
results are the means of at least three independent qRT-PCR experiments.

Stress Time (min) Fold Difference (+ STD)
30 1.125+0.01
60 1.49 £ 0.01
0.01 mM 90 1.297 £ 0.01
120 0.747 £0.01
30 0.702 £0.1
60 1.336 £ 0.4
0.02 mM 90 1.04 £ 0.1
120 1.248 £0.3
30 1.588 £ 0.01
60 1.1+0.01
0.03 mM 90 0.955+£0.01
120 0.944 +0.05
30 0.575+£0.1
60 0.503 £ 0.06
0.05 mM 90 0.898 £0.3
120 0.412+0.05
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Figure 3.26 Relative mRNA expression of TVN(0947 gene determined by quantitative
real-time PCR analysis under oxidative stress at 0.01 mM, 0.02 mM, 0.03 mM and 0.05
mM. Expressions are shown as fold-increase or decrease relative to the control level (1-fold)
TVNO0947 gene expression. The values are means of at least 3 replicates.

3.4 Expression Analysis of VAT Genes at Translation Level under Stress Conditions by
Western Blot Hybridization Assay

The expression levels of VAT protein under four different stress conditions (heat shock at
65°C and 70°C, pH stress at pH 4.0 and oxidative stress imposed by 0.02 mM H,0,) at 60
min and at 120 min post exposure were determined relative to the protein’s expression under
optimal conditions, by Western blot/hybridization technique. Immunodetection was
performed using a commercially available VCP mouse monoclonal antibody (M15), clone
2H5 which has human reactivity (Abnova Corporation, Taiwan) with an expectation of a
cross hybridization with 7pv VAT proteins, from stress exposed 7pv cells. As already
mentioned, we have studied two VAT genes, TVNO0382 (VAT 1) and TVN0947 (VAT 2),
both are the members of the AAA+ superfamily involved in cell division. The sequence
homology between VAT genes and human VCP, clone 2HS peptide is shown in the Figures
3.27 and 3.28.

In the experiments, Human VCP partial ORF recombinant protein with GST-tag at N-
terminal (35.64 kDa) (Abnova Corporation, Taiwan) was used as positive control. The
positive control showed that the reaction between VCP antibody and human VCP protein
was specific, and unique hybridization band (at 35.64 kDA position) was observed after
immunodetection (Figures 3.29 and 3.30).
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Figure 3.27 Clustel Q (1.1.0) multiple sequence alignment of subject TVN0382 versus
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Figure 3.28 Clustel Q (1.1.0) multiple sequence alignment of subject TVN0947 versus
object partial VCP protein.
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Figure 3.29 Western blot hybridization analyses of 7pv protein extracts from control
and stress exposed cultures for 60 min. Expression of VAT 1 (TVNO0382), and VAT 2
(TVNO0947) proteins were examined by cross-reaction with human VCP antibody. Human
VCP was used as the positive control.
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Figure 3.30 Western blot hybridization analyses of 7pv protein extracts from control
and stress exposed cultures for 120 min. Expression of VAT 1 (TVNO0382) and VAT 2
(TVNO0947) proteins were examined by cross-reaction with human VCP antibody. Human
VCP was used as the positive control.
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It is clear from the Figures 3.29 and 3.30 that the VCP antibody could detect TVN0947 and
TVNO0382 proteins, as the hybridization bands appeared at the positions possibly
corresponding to their known molecular weights, i.e. 83.01 kDa and 42.01 kDa, respectively.
Cross hybridization of human VCP antibody with the TVNO0382 gene produced weaker
bands than the TVN(0947. Based on sequence alignment results, TVNO0382 has 34%
sequence overlap with the VCP protein sequence while TVN0947 has 83% sequence
overlap. This may explain the signal intensity difference between the bands of the two VAT
proteins.

When the band intensities compared, it is quite evident that the highest amount of TVN0947
protein level could be achieved by heat induction at 65°C for 120 min. Hybridization signals
for pH 4.0, 70°C heat and 0.02 mM H,0, related stresses were more than that of the control.
The signals for TVNO0382 protein were too weak to make a conclusive comparison.

3.5 Whole Genome Microarray Analysis of Thermoplasma volcanium GSS 1 Response
to Heat shock, pH and Oxidative Stress

3.5.1 RNA Isolation of Stress Induced Cells for Microarray Study

We have investigated genome-wide transcriptional response of 7. volcanium to heat shock
(at 65°C), 0.02 mM H,0, and pH stress (at pH 4.0), by using NimbleGen oligo expression
microarray platform. All experiments were run as two technical replicates. Tpv cultures
grown to mid-log phase were exposed to these stressors for 1 h and then RNA was isolated
as described in the Materials and Methods section. The total RNA concentrations of the
samples determined using UV/visible spectrophotometer verified the required quantity of
RNA samples (Table 3.14). RNA concentrations were also estimated using a Picodrop
spectrometer (Table 3.15). RNA quality was assessed by visualization on agarose
formaldehyde gel (Figure 3.31). These results showed that quantity and quality of the RNA
samples were suitable to perform cDNA synthesis.

Table 3.14 Concentrations of the RNA samples. Concentrations were calculated by the
equation given by NimbleGen protocol; RNA concentration = 40 pg/ml x Ay x Dilution
Factor. Dilution factor was 40%.

Stress condition Azeo Concentration (ng/ul)
65°C 0.168 0.94
0.02 mM 0.123 0.69
pH 4.0 0.135 0.76
Control 0.244 1.37

The quality and quantity of the double stranded cDNAs were independently assessed by
agarose gel electrophoresis and Bioanalyzer (Agilent) to verify all samples meet the desired
qualification for the microarray experiment. As can be seen in the Table 3.15, the
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concentrations of all ds cDNAs were >100 ng/nl, as required. Figure 3.32 shows agarose gel
electrophoresis results of dscDNA samples.

Table 3.15 Concentrations of the double stranded ¢cDNA samples. Concentrations were
given as the mean of five independent measurements.

Stress condition Picodrop measurement (ng/ul) Aseo/ Azgo
0.02 mM 785.96 2
pH 4.0 837.82 2
65°C 808.06 2
Control 801.66 2

 60° P_120° 0 60° O_120° H 60° H_120° C_60’

23SrRNA =——

16S rRNA =——

Figure 3.31 Formaldehyde agarose gel (1.2%) photo of the RNA samples of stress
induced cells. P indicates pH 4.0, O indicates Oxidative stress 0.02 mM, H indicates Heat
shock at 65°C and C indicates Control.

Figure 3.32 Agarose gel (1.2%) photograph of the dscDNA samples of stress induced
cells. Lanes 1, 2, 3, and 4 represent the samples of heat-shock at 65°C, oxidative stress 0.02
mM, control, and pH 4.0, respectively.

66



The labeling of the cDNA samples with Cy3, then hybridization, array scanning, primary
data collection and analysis (to align grids and evaluate spot quality) were carried out by
Genmar Diagnostics, (TR). Data from NimbleGen array was analyzed in our laboratory
using DNAStar ArrayStar Software.

3.5.2 Quality Assessment of Microarray Data and Normalization

Normalization is the process of reducing unwanted variation either within or between arrays.
It may use information from multiple chips. Non-biological factors can contribute to the
variability of data. In order to reliably compare data from multiple probe arrays, differences
of non-biological origin must be minimized. Therefore normalization is a tool to reduce
background noise to see the real data.

Normalization of the microarray data was carried out by Genmar Diagnostics, (TR). Data
was also double-checked by HGM Bioinformatics, (TR) by generating MA plots, histogram
and box plots using R-Bioconductor Package. MA plots are useful tools to decide if the data
needs normalization and test if normalization worked.

Global normalization method (Lowess) was applied to the data. MA plots were created for
each replicate and they were compared with a reference array. By this way it was aimed to
check array qualities, individually [105]. M, on the y axis represents the log fold change and
A on the x axis represents the average log intensity. When Lowess curve differs from the
M=0 axis, it indicates an intensity level difference between each array (or zero line) and
reference array means the data should be normalized. After normalization, Lowess line (red
line on the diagram) is expected to be close to the horizontal line at M=0 [106]. As can be
seen in the Figure 3.33, arrays were needed to be normalized depending on differences
between shapes and center of distributions. RMA (Robust Multi-Array Average expression
measure) was performed for the normalization process. Hereby, the data was manipulated to
make different arrays comparable (Figure 3.34) [106].

The histograms and box-plots were also used as diagnostics plots to see raw-probe intensity
differences between arrays [106] or to examine the homogeneity of the arrays [105]. When
the arrays are homogeneous, the boxes are expected to be at the same width and y axis
position for box-plot method. After normalization the median values are similar across the
arrays and the distributions across the replicates are similar. This indicates that data is not
problematic and normalization has been appropriate. Density estimate plots give an idea
about signal distribution across a chip. They are represented as a histogram and expected to
show similar distribution for each array after normalization which is typical for reasonable
experiments. Density-plots and box-plots were generated before and after normalization can
be seen in Figures 3.35 and 3.36, respectively.
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Figure 3.33 MA-plot of eight arrays plotted with a reference array. Inter-quartile range
(IQR) and median of the M values were given in the plots. Lowess curves (red line) differ
from the M=0 axis before normalization.
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Figure 3.34 MA-plot of eight arrays plotted with a reference array. Inter-quartile range
(IQR) and median of the M values were given in the plots. Lowess curves (red line) close to
the horizontal line of M=0 axis after normalization.
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Figure 3.35 A) Smoothed histograms of raw log-scale intensities.
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Figure 3.36 A) Density plot of log scale intensities after RMA. B) Box-plots of RMA
processed log scale probe intensities of eight arrays.
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The compliance of the two replicates was checked in our laboratory by aligning two
replicates in scatter plots using DNAStar ArrayStar Software (Figure 3.37).

Heat stress, Replicate 1
pH stress, Replicate 1

Heat stress, Replicate 2 pH stress, Replicate 2

A) (B)

Oxidative stress, Replicate 1
Control, Replicate 1

Oxidative stress, Replicate 2 Control, Replicate 2

© (D)

Figure 3.37 Scatter plots of average probe intensity (Log2) for Roche NimbleGen
microarray chips hybridized with cDNA from heat shock, pH stress, oxidative stress
and control cultures of Tpv cells. Plots were generated by the alignments replicate 1 versus
replicate 2. Probes corresponding to genes up-regulated and down regulated are plotted in
red. Linear regression is indicated in magenta (A_R’=0.9956, B_R*=0.9966, C_R*=0.9912,
D _R’=0.9978); green lines indicate threshold of fold change >2.
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3.5.3 Microarray Data Analysis

3.5.3.1 Heat Stress

Changes in T. volcanium gene expression were evaluated by analysis of expression arrays
from NimbleGen. DNAStar ArrayStar Software and Bioconductor R Software were used for
statistical data analysis. Results indicated that the expression of 181 transcripts out of 1501
annotated 7pv ORFs included on the array significantly changed by at least 1.2 fold at 60
min post exposure to heat stress at 65°C. The majority of the genes (103) were down
regulated and 78 genes were up-regulated (Table 3.16). Volcano plots, where the magnitude
of the gene expression ratio is displayed on the x-axis and the significance of the difference
in expression between heat-shock and control groups on the y-axis, are shown in Figure 3.38.
Scatter plot of the genes is also represented in Figure 3.39.

Table 3.16 Number of genes differentially expressed in total of 1501 genes under heat-
shock. They have represented as up and down regulated genes in comparison mode to
control.

HEAT STRE °
FOLD CHANGE S 55 (65°C) TOTAL
UP DOWN
1.2-fold 78 103 181
1.5-fold - 9 9

Log Odds

Log Fold Change

Figure 3.38 The volcano plot for the heat stress dataset in comparison to control. Under
the filter of log-fold change > 0.3 or < 0.3 and logOdds > 4.6, genes are located in the upper
left corner of plot are significantly down-regulated, while in the upper right corner are
significantly up-regulated.
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Heat Stress

Control

Figure 3.39 Scatter plot of average probe intensity (Log2) for Roche NimbleGen microarray
chips hybridized with cDNA from heat shock induced cultures versus control of 7pv cells.
Probes corresponding to genes up-regulated and down regulated to 1.2 fold are plotted in
white. Linear regression is indicated in magenta (R°=0.9279): green lines indicate threshold
of fold change >2.

Only genes with at least 1.2 fold differences (log; ratios >0.3 or <0.3) and logOdds >4.6 were
considered differentially expressed. When categorized by function, the differentially
expressed genes were broadly dispersed across a variety of cellular functions. The most
frequently affected categories with increased or decreased abundance of mRNA were ‘heat
shock’ related proteins, ‘transport proteins’, ‘translation and transcription proteins’, proteins
of ‘energy production and conversion’, proteins of ‘inorganic ion transport and metabolism’
and ‘hypothetical proteins’. In addition, genes involved in protein biogenesis, including
molecular chaperone GrpE (heat shock protein), signal peptidase I, thioredoxin genes and
oxidative damage repair enzyme (NTP pyrophosphohydrolase) gene and nucleic acid binding
protein gene were up-regulated (Table 3.17). The Hsp70 (DnaK, Dnal, GrpE) system acts
early in protein biogenesis to avoid aggregation of nascent polypeptides during translation or
immediately thereafter. Our results indicated that genes encoding GroEL/ES (a and f
thermosome) subunits were not responsive to heat-shock after 60 min of heat-shock
treatment at 65°C. This result may suggest that a mechanism based on Hsp70 played
important role in heat stress response in 7. volcanium under experimental condition.
Microarray analysis revealed 1.5 fold or greater changes in probe intensity for 9 genes at
99% confidence for the transcripts from heat-shocked samples.
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Table 3.17 Differentially expressed genes of Tpv cells under heat shock.

COG category / Gene

Log,
Heat-shock ratio

Amino acid transport and metabolism

TVNO496
TVNI423
TVNO939
TVNO911
TVNI1492
TVNO715

aspartate aminotransferase
amino acid transporter
amino acid transporter
amino acid transporter
glutamine synthetase
threonine efflux protein

Carbohydrate transport and metabolism

TVNO685
TVNII45
TVNO436
TVNI144
TVNII43
TVN0O894
TVNO219
TVNOI138
TVNO666
TVNO668

Beta-galactosidase

sugar permease

major facilitator superfamily permease

ABC-type sugar transporter, permease component
sugar-binding protein

sugar transport permease

multidrug efflux permease

multidrug efflux permease

putative translaldolase

transketolase

Lipid transport and metabolism

TVNO130
TVNO131
TVNOI122
TVNII50
TVNI301

hypothetical protein
acetyl-CoA acetyltransferase
Acyl-coenzyme A synthetase
Acyl-coenzyme A synthetase
hypothetical protein

Intracellular trafficking and secretion

TVNO0348
TVNO319
TVNO0G6S
TVN0221
Cell motility
TVN1426
TVN0609

preprotein translocase SecY

preprotein translocase subunit SecG
MarC family integral membrane protein
Signal peptidase I

flagellin
flagellar protein E

Posttranslational modification, protein turnover, chaperones

TVNO663
TVNO304
TVN0487
TVNO488
TVNO489
TVN0202
TVNO418
TVNO777
TVNO304
TVNO710
TVNII28
TVN0507
TVNO531
TVNI213

proteasome protease subunit beta
proteasome subunit alpha
chaperone protein Dnal
molecular chaperone DnaK
molecular chaperone GrpE (heat shock protein)
glutaredoxin

putative deoxyhypusine synthase
thioredoxin

proteasome subunit alpha
hypothetical protein

chaperonin GroEL

chaperonin GroEL

prefoldin subunit alpha

prefoldin subunit beta

—1,371
1,308
—1,277
1,247
—1,226
1,222

—1,456
1,447
—1,374
1,301
1,288
1,268
1,256
1,223
—1,223
—1,218

—1,428
—1,339
1,250
1,245
1,212

—1,367
1,234
1,219
1,207

1,286
—1,225

—1215
1,116
1,027
1,131
1,236

—1,282
1,264
1,245

—1,243
1,228
1,051
1,072

—1,274

—1,203
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Table 3.17 (continued).

COG category / Gene

Log,
Heat-shock ratio

Posttranslational modification, protein turnover, chaperones cont.

TVNO382
TVNO947
TVNI1401
TVN0984
TVNIOI11
TVNO775

ATPase of the AAA+ class involved in cell division
ATPase of the AAA+ class involved in cell division
stress induced protein

molecular chaperone (sHsp, hsp20- related)

heat shock protein HtpX

molecular chaperone (sHsp, hsp20- related)

Replication, recombination and repair

TVNI236
TVNI413
TVNOI10
TVNOS842
TVNI464
TVNOS843
TVNO781

TVNO160
TVNI209
TVN0693
TVNOI114

single-stranded DNA-binding protein
adenine-specific DNA methylase

hypothetical protein

transposase

adenine specific DNA methylase

hypothetical protein

bifunctional methylated DNA-protein cysteine
methyltransferase/deoxyinosine 3'endonuclease
nucleoid DNA-binding protein (HB-related)
single-stranded DNA-specific exonuclease
hypothetical protein

hypothetical protein

Signal transduction mechanism

TVNO646

nucleotide-binding protein (UspA-related)

Multifunctional

TVN0994

TVNI377
TVNI1197
TVNOS802
TVNO758

ferredoxin subunit of tungsten formylmethanofuran
dehydrogenase

hypothetical protein

benzoylformate decarboxylase

carbamoyl phosphate synthase small subunit

cell division control protein 6

General function prediction only

TVNO769
TVNOI166
TVNO410
TVN0932
TVNO280
TVNOI20
TVNI376
TVNOS16
TVNOOOS
TVNI496
TVNOS51
TVNO132
TVNI096
TVNO798

acetyltransferase

ABC transporter permease
hypothetical protein

Fe-S oxidoreductase
phosphoglycolate phosphatase
hypothetical protein
solute-binding protein
NAD(FAD)-dependent dehydrogenase
hypothetical protein

DMT family permease
nucleic acid-binding protein
nucleic-acid-binding protein
ATPase

Zn-dependent protease

Energy production and conversion

TVN0993
TVNO768

geranylgeranyl reductase
malate oxidoreductase (malic enzyme)

1,048
1,044
—1,098
—1,563
1,209
1,046

—1,895
—1,422
—1,333
—1,332
—1,284
—1,278

1,274
—1,265
—1,250
—1,239

1,208

—1,241

—1,532
—1,318

1,293
—1,255
—1,247

—1,621
—1,505
—1,354
—1,275
1,273
1,255
—1,254
—1,252
—1,225
1,223
1217
—1211
1,210
—1,205

—1,520
—1,407
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Table 3.17 (continued).

COG category / Gene Log,
Heat-shock ratio

Energy production and conversion cont.

TVNI1395 Fe-S oxidoreductase —1,340
TVNO119 ferredoxin —1,320
TVNI313 Fe-S oxidoreductase —1,238
TVN1279 ferredoxin-like protein 1,229
TVN0840  glycerol-3-phosphate dehydrogenase —1,229
TVNI1378 Fe-S oxidoreductase —1,224
TVNO049 V-type ATP synthase subunit E —1,223
TVN0506 tRNA-modifying enzyme —1,206
Cell cycle control, mitosis and meiosis
TVNO027  Cell division protein FtsZ —1,232
Cell wall/membrane biogenesis
TVN0876 Cell wall biosynthesis glycoyltransferase 1,343
Coenzyme transport and metabolism
TVN0918 Precorrin-2 methylase —1,203
Defense mechanism
TVNO165 ATP-type multidrug transport system, ATPase component —1,291
Inorganic ion transport and metabolism
TVN0O61 superoxide dismutase —1,338
TVNI365 major facilitator superfamily permease 1,314
TVNO285 arsenite transport permease 1,305
TVN0O404 Ca2+/Na+ antiporter 1,278
TVN0063 phosphate permease 1,256
TVNI056 arsenite transporting ATPase —1,170
Nucleotide transport and metabolism
TVN0452 nucleoside diphosphate kinase —1,277
TVN1166 secreted endonuclease distantly related to Holliday junction
resolvase 1,230
TVN0268 phosphoribosylformylglycinamidine synthase I —1,225
TVN0033 CTP synthetase —1,222
TVN0349 adenylate kinase —1,218
TVN1258 NTP pyrophosphohydrolase (mutT-related oxidative
damage repair enzyme) 1,200
Transcription
TVNO295 transcription regulator —1,590
TVN1137 DNA-directed RNA polymerase subunit N —1,314
TVN0356 small nuclear ribonucleoprotein —1,305
TVNI188 transcription regulator —1,281
TVNI089 transcription initiation factor IIB —1,276
TVN1179 transcription elongation factor NusA-like protein —1,270
TVN1437 RNA-binding protein snRNP —1,264
TVNI1075 small nuclear ribonucleoprotein (snRNP)-like protein —1,255
TVNI443 transcription antitermination protein NusG —1,254
Translation
TVNOO10 50S ribosomal protein L31e —1,782
TVN0009 508 ribosomal protein L39e —1,654
TVN1077 exosome complex RNA-binding protein Csl4 —1,496
TVN1135 50S ribosomal protein L13P —1,456
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Table 3.17 (continued).

COG category / Gene Log,
Heat-shock ratio

Translation cont.

TVNI1208 30S ribosomal protein S15P —1,432
TVN1136 30S ribosomal protein S9P —1,414
TVNO412 translation initiation factor IF-2 subunit alpha —1,405
TVN0O411 H/ACA RNA-protein complex component Nop10p —1,377
TVN00O7  30S ribosomal protein S19¢ —1,367
TVN0414  50S ribosomal protein L44e —1,347
TVN0346 508 ribosomal protein L30P —1,317
TVN0420  50S ribosomal protein L12P —1,312
TVN0340 30S ribosomal protein S8P —1,278
TVN0347 508 ribosomal protein L15P —1,275
TVN0355 508 ribosomal protein L37e —1,265
TVN0647 30S ribosomal protein S17¢ —1,248
TVN0399 30S ribosomal protein S2 —1,241
TVN0563 308 ribosomal protein S4P —1,248
TVN0337 30S ribosomal protein S4e —1,148
TVN0342 508 ribosomal protein L32e —1,239
TVN0437 RNA processing exonuclease —1,221
TVN0332 translation initiation factor Suil —1,219
TVNI1388 glycyl-tRNA sythetase —1,210
TVN0066 2'-5' RNA ligase 1,209
TVN0307 exosome complex exonuclease Rrp41 —1,206

3.5.3.2 pH Stress

Thermoplasma volcanium is a thermoacidophilic archaeon which normally grows in the pH
range 2.0-2.7, aerobically. In the microarray study we addressed the question of what
proteins are induced at the acidic limit for growth (pH 4.0). The transcriptional response to
acidic external pH above the optimum pH, was evaluated by microarray at 60 min post
exposure to pH stress. The full list of genes each showed an expression ratio of at least 1.2-
fold (log,=0.3) is presented in the Table 3.19. Our results show that genes out of 282 ORFs
were differentially expressed at pH 4.0 and most of these genes were down-regulated (56%)
(Table 3.18). The volcano plot identifying genes which are transcribed significantly different
between control and pH stressed 7pv cells are shown in the Figure 3.40. The scatter plot of
the genes is given in Figure 3.41.

Table 3.18 Number of genes differentially expressed in total of 1501 genes under pH
stress. They have represented as up and down regulated genes in comparison mode to
control.

pH STRESS (pH 4.0)

FOLD CHANGE TOTAL
OLb € G UP DOWN
1.2-fold 125 157 282
1.5-fold - 15 15
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Figure 3.40 The volcano plot for the pH stress dataset in comparison to control. Under
the filter of log-fold change > 0.3 or < 0.3 and logOdds > 4.6, genes are located in the upper
left corner of plot are significantly down-regulated, while in the upper right corner are

significantly up-regulated.

pH Stress

Control

Figure 3.41 Scatter plot of average probe intensity (Log2) for Roche NimbleGen microarray
chips hybridized with cDNA from pH stress induced cultures versus control of 7pv cells.
Probes corresponding to genes up-regulated and down regulated to 1.2 fold are plotted in
white. Linear regression is indicated in magenta (R’=0.9041): green lines indicate threshold

of fold change >2.
77



Table 3.19 Differentially expressed genes of Tpv cells under pH stress.

COG category / Gene

Log, pH ratio
Amino acid transport and metabolism
TVN0939 amino acid transporter —1,489
TVNI036 amino acid transporter 1,397
TVNO759 glutamate dehydrogenase —1,340
TVNI238 amino acid transporter 1,335
TVN0439 asparagine synthase 1,315
TVNO911 amino acid transporter 1,298
TVNI262 amino acid transporter 1,288
TVNI423 amino acid transporter 1,269
TVNOO71 threonine synthase —1,262
TVN0496 aspartate aminotransferase —1,261
TVNI336 aspartate ammonia-lyase —1,246
Carbohydrate transport and metabolism
TVNII45 sugar permease 1,444
TVN0O894 sugar transport permease 1,353
TVNO219 multidrug efflux permease 1,347
TVNO685 transcription regulator —1,342
TVNO138 multidrug efflux permease 1,327
TVNI143 sugar-binding protein 1,308
TVN0524 multidrug efflux permease 1,296
TVN0O907 major facilitator superfamily permease 1,277
TVNI263 multidrug efflux permease 1,271
TVNI425 multidrug efflux permease 1,263
TVNI060 major facilitator superfamily permease 1,260
TVN0594 major facilitator superfamily permease 1,258
TVNO176 major facilitator superfamily permease 1,235
TVNI1163 multidrug efflux permease 1,234
TVN0436 major facilitator superfamily permease —1,229
TVNI1158 cofactor-independent phosphoglycerate mutase 1,212
TVNI043 major facilitator superfamily permease 1,207
Lipid transport and metabolism
TVNI1150 Acyl-coenzyme A synthetase 1,356
TVNI1269 isovaleryl-CoA dehydrogenase 1,353
TVNOI22  Acyl-coenzyme A synthetase 1,298
TVNO131 acetyl-CoA acetyltransferase —1,297
TVNI260 acetyl-CoA acetyltransferase 1,294
TVNI268 Acyl-coenzyme A synthetase 1,238
TVNOI30 hypothetical protein —1,226
Intracellular trafficking and secretion
TVNO371 Sec-independent protein secretion pathway component —1,374
TVN0O065 MarC family integral membrane protein 1,277
TVNI1444 protein translocase subunit Sss1 —1,229
TVNO221 Signal peptidase I 1,216
TVN0348 preprotein translocase SecY —1,206
Cell motility
TVNI426 flagellin 1,363
TVNO60S8 flagellar protein C —1,273
TVN0O609 flagellar protein E —1,234
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Table 3.19 (continued).

COG category / Gene Log, pH ratio
Coenzyme transport and metabolism
TVNI270 molybdopterin-guanine dinucleotide biosynthesis protein 1,343
TVNO918 precorrin-2 methylase —1,309
TVN0495 cobalamin synthase —1,216
TVNI428 GTP:adenosylcobinamide-phosphate guanylyltransferase 1,214
Cell wall/membrane biogenesis
TVNOS876  cell wall biosynthesis glycosyltransferase 1,348
Energy production and conversion
TVNI279 ferredoxin-like protein —1,572
TVNI280 electron transfer flavoprotein subunit beta —1,509
TVNOO83  cytochrome bd-type quinol oxidase, subunit 1 —1,507
TVNII15 NADH dehydrogenase subunit B —1,457
TVNI278 dehydrogenase (flavoprotein) —1,446
TVN0O846 2-oxoacid--ferredoxin oxidoreductase, alpha subunit —1,428
TVNII16 NADH dehydrogenase subunit A —1,419
TVN0847 2-oxoglutarate ferredoxin oxidoreductase subunit beta —1,412
TVNI109 NADH dehydrogenase subunit J —1,398
TVNO768 malate oxidoreductase (malic enzyme) —1,383
TVNI1334 2-oxoacid ferredoxin oxidoreductase subunit beta —1,351
TVNI114 NADH dehydrogenase subunit C —1,338
TVNI335 2-oxoacid--ferredoxin oxidoreductase, alpha subunit —1,330
TVNI281 electron transfer flavoprotein subunit alpha —1,325
TVNOI19 ferredoxin —1,295
TVNO049 V-type ATP synthase subunit E —1,293
TVNII1l NADH dehydrogenase subunit I —1,263
TVNI108 NADH dehydrogenase subunit K —1,258
TVNII113 NADH dehydrogenase subunit D —1,238
TVNO0052 V-type ATP synthase subunit A —1,231
TVNI104 NADH dehydrogenase subunit N —1,231
TVNI457 Ni,Fe-hydrogenase III small subunit 1,224
TVNO245 hypothetical protein 1,223
TVN0576 indolepyruvate oxidoreductase subunit beta 1,217
TVNII110 NADH dehydrogenase subunit J —1,216
TVNI284 alcohol dehydrogenase IV 1,206
Nucleotide transport and metabolism
TVNO371 nucleoside diphosphate kinase —1,374
TVNO065 phosphoribosylcarboxyaminoimidazole carboxylase catalytic
subunit 1,277
TVNI444 phosphoribosylformylglycinamidine synthase I —1,229
TVNO221 secreted endonuclease distantly related to Holliday junction
resolvase 1,216
TVN0348 NTP pyrophosphohydrolase (mutT-related oxidative damage
repair enzyme) —1,206
Inorganic ion transport and metabolism
TVNI240 cation transport ATPase —1,502
TVNI048 ABC-type Fe3+-siderophores transporter, solute-binding
component 1,320
TVN0404 Ca2+/Na+ antiporter 1,285
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Table 3.19 (continued).

COG category / Gene Log, pH ratio
Inorganic ion transport and metabolism cont.
TVNO063 phosphate permease 1,275
TVNO285 arsenite transport permease 1,275
TVNI365 major facilitator superfamily permease 1,272
TVN0292 Fe2+ uptake regulation protein —1,216
TVNI056 Arsenite transporting ATPase —1,197
Posttranslational modification, protein turnover, chaperones
TVNI248 transcription regulator —1,797
TVN0984 molecular chaperone (small heat shock protein, hsp20-related) —1,642
TVNI391 Iron-regulated ABC transporter ATPase subunit 1,443
TVNI390 membrane component of an uncharacterized iron-regulated
ABC-type transporter 1,414
TVNO710 hypothetical protein 1,350
TVN0489 molecular chaperone GrpE (heat shock protein) —1,403
TVNI389 membrane component of an uncharacterized iron-regulated
ABC-type transporter 1,296
TVN0488 molecular chaperone DnaK —1,261
TVN0487  chaperone protein Dnal —1,187
TVNO507  chaperonin GroEL —1,187
TVNII128 Chaperonin GroEL —1,230
TVNO418 putative deoxyhypusine synthase 1,262
TVN0531 prefoldin subunit alpha —1,152
TVNOG663 proteasome protease subunit beta —1,185
TVNO304 proteasome subunit alpha 1,107
TVNI213 prefoldin subunit beta —1,241
TVNI1128 chaperonin GroEL —1,223
TVN0492 membrane-bound serine protease 1,212
TVNO775 molecular chaperone (sHsp, hsp-20 related) 1,077
TVNIO11l Heat shock protein HtpX 1,189
TVNI401 stress-induced protein —1,031
TVN0947 ATPase of the AAA+ class involved in cell division 1,052
TVN0382 ATPase of the AAA+ class involved in cell division 1,026
Replication, recombination and repair
TVNI236 single-stranded DNA-binding protein —1,675
TVNOI109 hypothetical protein —1,410
TVNOI10 hypothetical protein —1,394
TVNI413 adenine-specific DNA methylase —1,374
TVNO263 integrase/recombinase 1,353
TVNI1409 IS5 inactivated transposase 1,333
TVNO781 bifunctional methylated DNA-protein cysteine
methyltransferase/deoxyinosine 3'endonuclease 1,305
TVNI464 adenine specific DNA methylase —1,209
TVNO739 DNA helicase 11 —1,204
TVNI209 single-stranded DNA-specific exonuclease —1,200
Signal transduction mechanism
TVN0646 nucleotide-binding protein (UspA-related) —1,418
TVN0OS20 GAF domain-containing protein 1,287
TVN0662 CBS domain-containing protein —1,225
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Table 3.19 (continued).

COG category / Gene Log, pH ratio
Multifunctional
TVN1198 2-hydroxyacid dehydrogenase 1,315
TVN1377 hypothetical protein —1,310
TVN1197 benzoylformate decarboxylase 1,300
TVN1300 Na+/panthothenate symporter permease 1,292
TVNI059 3-oxoacyl-[acyl-carrier-protein] reductase 1,281
TVNO303 phosphate ABC transporter permease 1,276
TVN1357 imidazolonepropionase 1,214
TVNO402 transcription regulator —1,209
General function prediction only
TVN1432 NAD(FAD)-dependent dehydrogenase —1,861
TVNO769 acetyltransferase —1,570
TVN0410 hypothetical protein —1,429
TVNO505 nucleoside-diphosphate sugar epimerase 1,412
TVNO0OO8 hypothetical protein —1,358
TVNOI20 hypothetical protein 1,334
TVNI1212 hypothetical protein —1,331
TVNO743 CoA-binding protein 1,319
TVNOI112 HD superfamily hydrolase —1,311
TVN0652 hypothetical protein —1,283
TVNO068 nucleic-acid-binding protein 1,282
TVNO719 hypothetical protein 1,274
TVN1259 nucleic-acid-binding protein 1,268
TVN0914 metal-dependent hydrolase 1,258
TVN1074 methyltransferase 1,256
TVNOI15 hypothetical protein 1,254
TVNO851 nucleic acid-binding protein 1,248
TVN0O645 helicase (Lhr-related) —1,245
TVN0243 hypothetical protein 1,237
TVN1481 ATPase 1,224
TVN0O858 metal-dependent hydrolase 1,216
TVN0215 hypothetical protein 1,200
Transcription
TVNO983 transcription regulator —1,559
TVNO295 transcription regulator —1,449
TVN1137 DNA-directed RNA polymerase subunit N —1,369
TVN1075 small nuclear ribonucleoprotein (snRNP)-like protein —1,329
TVNI337 transcription regulator —1,307
TVNIO89 transcription initiation factor IIB —1,295
TVNO356 small nuclear ribonucleoprotein —1,280
TVN1437 RNA-binding protein snRNP —1,270
TVN1179 transcription elongation factor NusA-like protein —1,266
TVNI435 DNA-directed RNA polymerase subunit L —1,236
TVNI408 transcription regulator —1,222
TVN0O565 DNA-directed RNA polymerase subunit D —1,216
TVNO983 transcription regulator —1,559
TVNO295 transcription regulator —1,449
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Table 3.19 (continued).

COG category / Gene Log, pH ratio
Translation
TVNOO10 508 ribosomal protein L31e —1,770
TVNO412 translation initiation factor IF-2 subunit alpha —1,608
TVNI208 30S ribosomal protein S15P —1,492
TVNO411 H/ACA RNA-protein complex component Nop10p —1,488
TVNI136 30S ribosomal protein SOP —1,470
TVN0563 308 ribosomal protein S4P —1,255
TVN0325 508S ribosomal protein L4P —1,464
TVN0340 30S ribosomal protein S§P —1,464
TVN0O420 508 ribosomal protein L12P —1,464
TVN0346 508 ribosomal protein L30P —1,462
TVNI135 508S ribosomal protein L13P —1,441
TVN0326 508 ribosomal protein L23P —1,420
TVNO0414 50S ribosomal protein L44e —1,410
TVN0337 30S ribosomal protein S4e —1,222
TVN0338 508 ribosomal protein LSP —1,405
TVN0O009 508 ribosomal protein L39¢ —1,398
TVN0647 30S ribosomal protein S17¢ —1,394
TVN0328 30S ribosomal protein S19P —1,387
TVNO0332 translation initiation factor Suil —1,383
TVN0339 30S ribosomal protein S14P —1,383
TVN0347 508 ribosomal protein L15P —1,381
TVN0355 50S ribosomal protein L37e —1,375
TVN1077 exosome complex RNA-binding protein Csl4 —1,362
TVN0342 508 ribosomal protein L32e —1,342
TVN0S29 isoleucyl-tRNA synthetase —1,334
TVN0343 508 ribosomal protein L19e —1,331
TVN0564 30S ribosomal protein S11P —1,330
TVN0353 Nop56p-related protein (ribosomal biogenesis) 1,328
TVN00O7  30S ribosomal protein S19¢ —1,321
TVN0066 2'-5' RNA ligase 1,301
TVN0329 508 ribosomal protein L22P —1,288
TVN0423 508 ribosomal protein L11P —1,282
TVN0399 308 ribosomal protein S2 —1,274
TVNI1275 30S ribosomal protein S6e —1,274
TVN0341 50S ribosomal protein L6P —1,267
TVN0330 30S ribosomal protein S3P —1,265
TVN0451 50S ribosomal protein L24e —1,262
TVN0334 30S ribosomal protein S17P —1,256
TVNI1274 translation initiation factor IF-2 subunit gamma —1,256
TVN0413 30S ribosomal protein S27¢ —1,255
TVN0563 308 ribosomal protein S4P —1,255
TVN0336 508 ribosomal protein L24P —1,252
TVN1134 50S ribosomal protein L18e —1,247
TVN0267 508 ribosomal protein L40e —1,246
TVN0324 508 ribosomal protein L3P —1,244
TVN0O270 RNA methylase 1,232
TVN0333 ribonuclease P protein component 1 —1,231
TVN0331 50S ribosomal protein L29P —1,226
TVN0337 308 ribosomal protein S4e —1,222
TVN0449 508 ribosomal protein L7Ae —1,214
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The genes most strongly regulated by pH are summarized in the Table 3.19. These genes
showed 1.2-fold or greater changes in probe intensity at 99%. The major functional
categories for genes of particular interest in this group are; post translational modification,
protein turnover, chaperones, energy production and conversion, translation, carbohydrate
transport and metabolism, inorganic ion and amino acid transport and metabolism.
‘Extracellular’ pH exposure mainly leads to the functions that take place in the membrane.
Therefore, it is not surprising that several membrane proteins mainly various transport
proteins showed pH dependant expression.

Membrane bound systems for proton and electron transport were also regulated by change in
the external pH e.g. NAD(FAD)-dependant dehydrogenase, electron transfer flavoprotein,
ferredoxin oxidoreductases, cytochrome quinol oxidase which export H™ were down-
regulated.

3.5.3.3 Oxidative Stress

The H,0, induced (0.02 mM) oxidative stress response at transcriptional level for 60 min
was investigated in 7. volcanium by microarray. The results showed that a total of 277 genes
were differentially regulated by oxidative stress that showed a fold difference >1.2 fold
(Table 3.20). Among the genes responsive to H>O, 153 genes were down-regulated and 124
genes were up-regulated. The volcano plot and scatter plot showing genes that were
considered as differentially expressed are given in Figures 3.42 and 3.43.

Table 3.20 Number of genes differentially expressed in total of 1501 genes under
oxidative stress. They have represented as up and down regulated genes in comparison
mode to control.

OXIDATIVE STRESS (0.02 mM)

FOLD CHANGE TOTAL
UP DOWN
1.2-fold 124 153 277
1.5-fold 3 19 22
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Figure 3.42 The volcano plot for the oxidative stress dataset in comparison to control.
Under the filter of log-fold change > 0.3 or < 0.3 and logOdds > 4.6, genes are located in the
upper left corner of plot are significantly down-regulated, while in the upper right corner are
significantly up-regulated.

Oxidative Stress

Control

Figure 3.43 Scatter plots of average probe intensity (Log2) for Roche NimbleGen
microarray chips hybridized with ¢cDNA from oxidative stress induced cultures versus
control of Tpv cells. Probes corresponding to genes up-regulated and down regulated to 1.2
fold are plotted in white. Linear regression is indicated in magenta (R*=0.901); green lines
indicate threshold of fold change >2.
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Table 3.21 Differentially expressed genes of 7pv cells under oxidative stress.

COG category / Gene

Log,
Oxidative ratio

Amino acid transport and metabolism

TVNOO71
TVN0496
TVNI332

TVNI423
TVNO911
TVNO759
TVNI262
TVN0O439
TVNI1036
TVNI1025
TVNOS0O

threonine synthase

aspartate aminotransferase

ABC-type peptide transport system, solute-binding
component

amino acid transporter

amino acid transporter

glutamate dehydrogenase

amino acid transporter

asparagine synthase

amino acid transporter
N-(5'-phosphoribosyl)anthranilate isomerase
aminopeptidase N

Carbohydrate transport and metabolism

TVNI145
TVNO685
TVNO138
TVNO219
TVNII43
TVN0894
TVNI425
TVNI1060
TVN0907
TVNO436
TVNI144
TVN0594
TVN0524
TVNI263
TVNO250
TVNO176
TVNO485

sugar permease
transcription regulator

multidrug efflux permease

multidrug efflux permease

sugar-binding protein

sugar transport permease

multidrug efflux permease

major facilitator superfamily permease

major facilitator superfamily permease

major facilitator superfamily permease

ABC-type sugar transporter, permease component
major facilitator superfamily permease

multidrug efflux permease

multidrug efflux permease

major facilitator superfamily permease

major facilitator superfamily permease
DNA-directed RNA polymerase subunit E"

Lipid transport and metabolism

TVNI1269
TVNI1150
TVNO131
TVNOI122
TVNI1305
TVNO772
TVNI268
TVNO130
TVNO782

isovaleryl-CoA dehydrogenase
Acyl-coenzyme A synthetase

acetyl-CoA acetyltransferase
Acyl-coenzyme A synthetase

Acyl-CoA dehydrogenase
methylmalonyl-CoA mutase, alpha subunit
Acyl-coenzyme A synthetase

hypothetical protein

mevalonate pyrophosphate decarboxylase

Cell cycle control, mitosis and meiosis

TVNO0O27

Cell motility

TVNI426
TVN0609
TVN0O608

Cell division protein FtsZ

flagellin
flagellar protein E
flagellar protein C

—1,397
—1,353

—1,336
1,304
1,303

—1,278
1,273
1,235
1,227
1,218

—1,205

1,528
—1,456
1,395
1,364
1,357
1,338
1,294
1,282
1,276
—1,276
1,272
1,269
1,249
1,235
1,234
1,230
—1,208

1,346
1,303
—1,265
1,246
—1,237
—1,235
1,230
—1,219
1,218

—1,200
1,407

—1,484
—1,519
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Table 3.21 (continued).

COG category / Gene Log,
Oxidative ratio

Cell wall/membrane biogenesis

TVN0529 dTDP-glucose pyrophosphorylase 1,250
Coenzyme transport and metabolism
TVN0918 precorrin-2 methylase —1,341
TVNI270 molybdopterin-guanine dinucleotide biosynthesis protein 1,331
TVN0924 siroheme synthase —1,309
TVNI1428 GTP:adenosylcobinamide-phosphate guanylyltransferase 1,255
TVN0923 uroporphyrinogen-III methylase —1,213
TVNI1095 6-pyruvoyl-tetrahydropterin synthase 1,200
Intracellular trafficking and secretion
TVN0371 Sec-independent protein secretion pathway component —1,348
TVN0065 MarC family integral membrane protein 1,274
TVNO221 Signal peptidase 1,233
TVN0348 preprotein translocase SecY —1,227
Energy production and conversion
TVNOI119 ferredoxin —1,553
TVNOOS83  cytochrome bd-type quinol oxidase, subunit 1 —1,541
TVNI1115 NADH dehydrogenase subunit B —1,362
TVNO768 malate oxidoreductase (malic enzyme) —1,344
TVN0273  succinyl-CoA synthetase subunit alpha —1,315
TVN0O846 2-oxoacid--ferredoxin oxidoreductase, alpha subunit —1,314
TVNI1383 electron transfer flavoprotein subunit beta —1,298
TVN0993  geranylgeranyl reductase —1,290
TVNI313 Fe-S oxidoreductase —1,288
TVNI1114 NADH dehydrogenase subunit C —1,284
TVNI1280 electron transfer flavoprotein subunit beta —1,281
TVNI1335 2-oxoacid--ferredoxin oxidoreductase, alpha subunit —1,281
TVNI334 2-oxoacid ferredoxin oxidoreductase subunit beta —1,278
TVNI1279 ferredoxin-like protein —1,275
TVNO049 V-type ATP synthase subunit E —1,271
TVNI1281 electron transfer flavoprotein subunit alpha —1,271
TVN0245 hypothetical protein 1,264
TVN1109 NADH dehydrogenase subunit J —1,260
TVN0847 2-oxoglutarate ferredoxin oxidoreductase subunit beta —1,254
TVNOO052 V-type ATP synthase subunit A —1,242
TVNO732 cytochrome bd-type quinol oxidase, subunit 1 —1,234
TVN1116 NADH dehydrogenase subunit A —1,232
TVNI395 Fe-S oxidoreductase —1,228
TVN0274  succinyl-CoA synthetase subunit beta —1,211
Inorganic ion transport and metabolism
TVN0404 Ca2+/Na+ antiporter 1,373
TVNI240 cation transport ATPase —1,361
TVN0063 phosphate permease 1,344
TVNI365 major facilitator superfamily permease 1,331
TVNO285 arsenite transport permease 1,319
TVN0061 superoxide dismutase —1,280
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Table 3.21 (continued).

COG category / Gene

Log,
Oxidative ratio

Inorganic ion transport and metabolism cont.

TVNI1048

TVN0292
TVNI1056

ABC-type Fe3+-siderophores transporter, solute-binding
component

Fe2+ uptake regulation protein

Arsenite transporting ATPase

General function prediction only
TVNI1432 | NAD(FAD)-dependent dehydrogenase

TVNO769
TVNO166
TVNI1496
TVNI2I2
TVNO427
TVNO505
TVNO120
TVNO652
TVNOS851
TVNOO6S
TVNO914
TVNO798
TVNO719
TVNO549

acetyltransferase

ABC transporter permease
DMT family permease
hypothetical protein
hypothetical protein
nucleoside-diphosphate sugar epimerase
hypothetical protein
hypothetical protein

nucleic acid-binding protein
nucleic-acid-binding protein
metal-dependent hydrolase
Zn-dependent protease
hypothetical protein
hypothetical protein

Multifunctional

TVN0994

TVNI1197
TVNO758
TVNII98
TVNI377
TVNI329
TVNI357
TVNIOI3

ferredoxin subunit of tungsten formylmethanofuran
dehydrogenase

benzoylformate decarboxylase

cell division control protein 6

2-hydroxyacid dehydrogenase

hypothetical protein

ABC-type peptide transport system, ATPase component
imidazolonepropionase

hypothetical protein

Nucleotide transport and metabolism

TVN0452
TVNI258

TVNI297

nucleoside diphosphate kinase

NTP pyrophosphohydrolase (mutT-related oxidative
damage repair enzyme)
phosphoribosylcarboxyaminoimidazole carboxylase
catalytic subunit

Posttranslational modification, protein turnover, chaperones

TVN0O984

TVNI248
TVNO489
TVNO710
TVNI1099
TVNO202
TVNO418
TVNI1391

molecular chaperone (small heat shock protein, hsp20-
related)

transcription regulator

molecular chaperone GrpE (heat shock protein)
hypothetical protein

putative peroxiredoxin

glutaredoxin

putative deoxyhypusine synthase

Iron-regulated ABC transporter ATPase subunit

1,250
—1,208
—1,167

—1,628
—1,569
—1,341
1,336
—1,306
1,295
1,279
1,275
—1,264
1,249
1,248
1,228
—1,228
1,223
1,218

—1,454
1,363
—1,353
1,319
—1,294
—1,288
1,218
1,212

—1,293
1,233

1,215

—1,703
—1,534
—1,335

1,311
—1,304
—1,295

1,278
—1,275
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Table 3.21 (continued).

COG category / Gene

Log,
Oxidative ratio

Posttranslational modification, protein turnover, chaperones cont.

TVNI2I3
TVNO382
TVNO947
TVNI401
TVNO507
TVNII28
TVNO487
TVNO488
TVNO304
TVNO663
TVNO531
TVNIOI1
TVNO775

prefoldin subunit beta

ATPase of the AAA+ class involved in cell division
ATPase of the AAA+ class involved in cell division
Stress-induced protein

chaperonin GroEL

chaperonin GroEL

Chaperone protein DnalJ

molecular chaperone DnaK

Proteasome subunit alpha

Proteasome protease subunit beta

Prefoldin subunit alpha

Heat shock protein HtpX

molecular chaperone (small heat shock protein, hsp20-
related)

Replication, recombination and repair

TVNO160
TVNI236
TVNI413
TVNO781

TVNOS842
TVNO263
TVNO843
TVNO971
TVNOI114
TVNOI108
TVNO804
TVNOI110
TVNO739
TVNOI133
TVNO156
TVNI045
TVNI464
TVNI409

nucleoid DNA-binding protein (HB-related)
single-stranded DNA-binding protein
adenine-specific DNA methylase

bifunctional methylated DNA-protein cysteine
methyltransferase/deoxyinosine 3'endonuclease
transposase

integrase/recombinase

hypothetical protein

endonuclease IV

hypothetical protein

hypothetical protein

endonuclease I11

hypothetical protein

DNA helicase I1

ribonuclease HII

DNA primase

DNA polymerase 1

adenine specific DNA methylase

IS5 inactivated transposase

Signal transduction mechanism

TVNO646
TVNI098
TVNO820

Transcription

TVNO295
TVNO9S3
TVNI1137
TVNIO75
TVNO356
TVNI089
TVNI1392

nucleotide-binding protein (UspA-related)
ATPase
GAF domain-containing protein

transcription regulator

transcription regulator

DNA-directed RNA polymerase subunit N

small nuclear ribonucleoprotein (snRNP)-like protein
small nuclear ribonucleoprotein

transcription initiation factor IIB

transcription regulator

—1,231
—1,001
—1,042
—1,028
—1,194
—1,178
—1,109
—1,159
—1,129
—1,090
—1,201

1,203

1,038

—1,657
—1,597
—1,372

1,341
—1,288
1,277
—1,263
—1,245
1,243
1,240
1,238
—1,236
—1,233
1,228
—1,225
1,217
—1,215
1,201

—1,325
—1,307
1,266

—1,631
—1,442
—1,418
—1,359
—1,312
—1,281
—1,228
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Table 3.21 (continued).

COG category / Gene

Log,
Oxidative ratio

Transcription cont.

TVN1337
Translation
TVNOO10
TVNI1135
TVNO00O7
TVNO337
TVNI1077
TVN0420
TVNO412
TVNI1136
TVNO0OO9
TVNI208
TVN0423
TVNO0939
TVNO414
TVNO411
TVNO355
TVNO346
TVNOS29
TVN0340
TVNO326
TVNO066
TVN0659
TVNO0325
TVNO647
TVNO353
TVNI1134
TVNO422
TVN0339
TVNO0332
TVN0563
TVNO564
TVNO270
TVNO338
TVNI275
TVN0342
TVNO347
TVN0330
TVNO413
TVNO399
TVNO0343
TVNO328
TVNO421
TVNO312
TVNO329
TVNI274
TVN0324

transcription regulator

50S ribosomal protein L31e

50S ribosomal protein L13P

30S ribosomal protein S19e

30S ribosomal protein S4e

exosome complex RNA-binding protein Csl4
50S ribosomal protein L12P

translation initiation factor IF-2 subunit alpha
30S ribosomal protein S9P

50S ribosomal protein L39e

30S ribosomal protein S15P

50S ribosomal protein L11P

amino acid transporter

50S ribosomal protein L44e

H/ACA RNA-protein complex component Nop10p

50S ribosomal protein L37e
50S ribosomal protein L30P
isoleucyl-tRNA synthetase
30S ribosomal protein S8P
50S ribosomal protein L23P
2'-5' RNA ligase

asparagine synthetase A
50S ribosomal protein L4P
30S ribosomal protein S17¢
Nop56p-related protein (ribosomal biogenesis)
50S ribosomal protein L18e
50S ribosomal protein L1P
30S ribosomal protein S14P
translation initiation factor Suil
30S ribosomal protein S4P
30S ribosomal protein S11P
RNA methylase
hypothetical protein

30S ribosomal protein S6e
50S ribosomal protein L32e
50S ribosomal protein L15P
30S ribosomal protein S3P
30S ribosomal protein S27e
30S ribosomal protein S2
50S ribosomal protein L19e
30S ribosomal protein S19P
acidic ribosomal protein PO
50S ribosomal protein L21e
50S ribosomal protein L22P
translation initiation factor IF-2 subunit gamma
50S ribosomal protein L3P

—1,221

—1,727
—1,608
—1,594
—1,153
—1,579
—1,570
—1,562
—1,537
—1,535
—1,504
—1,461
—1,441
—1,439
—1,420
—1,409
—1,389
—1,389
—1,377
—1,366

1,356
—1,351
—1,349
—1,343

1,332
—1,330
—1,324
—1,318
—1,317
—1,305
—1,305

1,297
—1,297
—1,287
—1,277
—1,274
—1,266
—1,264
—1,259
—1,258
—1,247
—1,238
—1,230
—1,224
—1,209
—1,206

89



Functional analysis showed that the most down-regulated genes were those involved in
housekeeping functions (Table 3.21). The top category down-regulated genes by oxidative
stress were genes involved in translation, ribosomal structure suggesting that when exposed
to oxidative stress overall protein biosynthesis was slowed-down. Other categories which
were down-regulated by H,O, exposure included genes involved in energy production and
conversion, amino acid transport and metabolism, and posttranslational modification.

Under oxidative stress conditions proteins with high homology to proteins having a
suggested function in TCA cycle were down-regulated. These included NAD(FAD)-
dependant dehydrogenase, ferredoxin, Fe-S reductase, cytochrome bd-type quinol oxidase. A
protein similar to a member of the major facilitator permease family was also up-regulated.
This sugar permease may be up-regulated to provide substrate for central metabolic
pathways.

3.6 Validation of Microarray Results Using Real-Time Quantitative PCR

Among the genes identified by microarray analysis, sugar permease gene which was up-
regulated under heat shock, pH stress and oxidative stress, and molecular chaperone GrpE
(heat shock protein) gene which was only up-regulated during heat shock were selected for
further analysis by qRT-PCR. Sugar permease protein is a component of putative multiple
sugar transport system which contains ABC transport system permeases and ATP-binding
proteins. Molecular chaperone GrpE is a part of a molecular chaperone machine composed
of Hsp70 (DnaK), Hsp40 (Dnal) and GrpE, assists in folding of proteins. The distribution of
components or the sequence length of the genes of this machine varies throughout domains,
archaea, bacteria and eukarya [2].

Quantitative real time PCR technique was used to investigate differential expression of GrpE
gene (TVNO0489) and sugar permease gene (TVN1145), under stress conditions that 65°C
and 70°C heat-shock, pH 4.0 and 0.02 mM H,0, induced oxidative stress. The mRNAs of
GrpE and sugar permease genes in the total RNA were converted into single-stranded
cDNAs by reverse transcription as described in the Materials and Methods. Then they were
used as templates in Quantitative Real-Time PCR (qRT-PCR) experiments. The gene
specific forward and reverse primers sequences and the amplified PCR products for
TVNO0489 (531 bp) and TVN1145 (888 bp) genes are depicted in the gene sequences given
in Figures 3.44 and 3.45. Both genes yielded 60 bp amplicons. Agarose gel photograph of
gqRT-PCR products for TVN0489 and TVN1145 are represented in Figure 3.46 and 3.47.
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>g1]113540831:c473843-473313 Thermoplasma volcanium GSS1
chromosome, complete genome

ATGTATTCACCTTCGTCATCAAATTACATTAAGGATCCTATAAGCACTGAAATAATAAAGTCAAAG
ACAAGAAATCTGAAGAAGAGAGCTGAAGAAGCCATACTTTACCGTAGCATTGCTGAACAGTCCAGC
AGAAAATTAGCTGAGATTTCAGAAGCATATAAACATAAGCTCGCCGATATGGAGAATTATCTTAAA
ATAAAAGACAGGGAAACTGAAATTATCAGAAAAAATGCCAATGAGAGTCTTATTAAGGACTTTCTC
CCAGTGATAGATTCAATGGATGCTGCGATCCAAGCAGAAAAAGATAACAACCTAATCAGAATAAGG
GATCAGATGCTCAGTATACTCTCAAAATATGGTCTCCAACCCATAAAAGCCGAGGGAGAAAAATTT
GATCCCTACCTGCATGAAGCTATCGGAATGACTCAGGATGGCGAAGATGGCAAAATCAAATACGAA
GTTCAAAGGGGTTATACCCTTAATAACAGTGTATTGAGGACATCTAAGGTAATTGTTGTTAAAAGG
TGA

Figure 3.44 The sequence of TVN0489 gene (531 bp). The underlined region of the gene
defined by the gene specific forward (red) and reverse primers (blue), indicates the amplified
sequences by RT-PCR (60 bp).

>gi1]13540831:1197134-1198021 Thermoplasma volcanium GSS1
chromosome, complete genome

ATGTTAAGCACAGGTAAGAAAGTTTATGCTAGACCAAAAAGATCGATGAGGCCGCTGTTGAAAAAA
ACCATAATTTACGTACTGTCTATAGTTTTGGCAATGATCTACCTCCTCCCGTTTTATTGGACTGTA
ATTAAAGCGTTCAGAAACAGTATCTTTGCAAATTTTCCTCCAAACTTAAATCCGCTCAGTGAGACA
AGCCTATCCTACTTTCTGGCAAATCTTAGGACAGTTTGGAGTTTTGGAGACTTTCCTCTCTGGTAT
TTTAATAGCGTATTCGTATCGGCTTGCGTCGTTGCTGGCAGTGTATTCGTTGGCATGTTATCGGGA
TACGCGTTTGCGAAACTGAAGTTTCCGGGTAGGAACGTATTATTTTATGCTGTTCTTGCAACTTTG
ATGATCCCATTCCCCGTAATATCTATAGCATCTTATGTATTTATGCTAGACCTTAATTGGCTAAGC
ACGTATCAGGGTCTTATTCTTCCTCAGATAGCTTCTGCGCTGGATGTTTTCATTATGAGGCAGTAT
TTTCTCACGATACCTGAGGAAATGGAACTTGCAGCTAAAATTGATGGTTTGAGGCCTTGGCAAATT
TTCTTTTCTATAGATCTGCCCAATGCAAAGCCAGCAATAGCTGCTGCTACGATATTTTCGTTTATA
GGTTCATGGAATAATTTCTTGTGGCCTTTGATGGAAGTTCACAGCCTCAACATCGTTCACGCTACCT
CTTGTCCTTAACTTCTTTAAGGGTGCAAACGGGACGCAAATATACTGGAATCAGATGATGACCGTC
AATATACTAACAATGATTCCAACTATAGCTATATTCGTGGCATTCGAGCGATATTTCATCAATGGC
ATATCCATGACTTTTTCTGATGGGAGGTAA

Figure 3.45 The sequence of TVN1145 gene (888 bp). The underlined region of the gene
defined by the gene specific forward (red) and reverse primers (blue), indicates the amplified
sequences by RT-PCR (60 bp).
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pH 4.0 70C 0.02 mM 65C Control

30" 60" 90" 120" 30" 60° 90* 120° ML 60’ 90* 120" 30° 60° 90* 120" DL 60* 120’

Figure 3.46 Amplification of GrpE (TVN0489) cDNAs by RT-PCR. The PCR amplicons
were analyzed by 1% agarose gel electrophoresis. ML is MassRuler Low Range DNA
Ladder, ready-to-use (Thermo Scientific, Fermentas) and DL is GeneRuler 50bp DNA
Ladder (Thermo Scientific, Fermentas).

RS 7 8 9710 ML11'12:13 14 15 16 17 18DE

Figure 3.47 Amplification of sugar permease (TVN1145) cDNAs by RT-PCR. The PCR
amplicons were analyzed by 1% agarose gel electrophoresis. Lanes 1—4 are 70°C heat shock
samples of 30', 60', 90' and 120", respectively. Lanes 5—8 are 65°C heat shock samples of 30',
60', 90" and 120", respectively. Lanes 9 and 10 are Control 60' and 120". Lanes 11, 12 are pH
4.0 stress samples of 30°, and 60', 13 is Control 60' and 14 is pH 4.0 stress sample of 120'.
Lanes 15, 16, 17, 18 are 0.02 mM H,O, stress samples of 30', 60', 90" and 120", respectively.
ML is MassRuler Low Range DNA Ladder, ready-to-use (Thermo Scientific, Fermentas) and
DL is GeneRuler 50bp DNA Ladder (Thermo Scientific, Fermentas).
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3.7 Reverse Transcription and Quantitative Real-Time PCR for Expression Analysis of
TVNO0489

3.7.1 Time-Course Differential Expression of TVN0489 Gene under Heat Stress

Transcription of molecular chaperone GrpE (TVN0489) gene was investigated by
quantitative real time PCR after 65°C and 70°C heat shock. The experiments were repeated
two times. The melting curve analysis showed that all amplified cDNAs of TVN0489 in RT-
PCR experiments of heat stress produced single-peak and average melting temperature was
82.04°C #£0.02 for 65°C and 82.06°C +0.07 for 70°C heat shock (Table 3.22). Negative
control neither yielded any amplification nor a melting curve indicating that there was not
any contamination in the amplifications (Figures 3.48 and 3.49).

As can be expected from lower Ct values of test samples of heat stress at 65°C for all time
points compared to control Ct values, TVNO0489 gene transcription should be up-regulated
during 2 h stress. The highest expression level may be reached at 60 min of the heat stress.

Up regulation of TVN0489 gene seems maintained during 2 h heat-stress application at 70°C
due to lower Ct values of the tests relative to control. The time point 60 min shows the
lowest Ct value may be indicating the highest expression level of TVN0489 gene under this
stress conditions. Amplification and melting curves for TVN0489 gene expression analysis
under heat stress by qRT-PCR are given in the Appendix C.

Table 3.22 Representative Ct values and mean value of at least two melting
temperatures from heat shock experiments for TVN0489 gene.

Stress Time Ct values Melting Temperature
(min) Test Control (+ STD)

30 13.49 15.02 82.05°C (£ 0.6)
65°C 60 12.09 15.02 82.06°C (£ 0.7)

90 12.08 14.48 82.06°C (£ 0.5)

120 13.88 16.28 82.01°C (£ 0.6)

30 12.34 15.02 82.15°C (£ 0.6)
70°C 60 11.67 15.02 82.02°C (£ 0.5)

90 12.08 14.63 81.99°C (£ 0.5)

120 11.71 14.63 82.08°C (£ 0.5)
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Figure 3.48 Real-time PCR amplification and melting curves for TVN0489 gene. RNA
samples were isolated from cultures exposed to heat stress at 65°C for 60' used for reverse
transcription. A. Amplification curves (green—test, light pink—control, light brown—
negative control) B. Melting curves (green—test, light pink—control).
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Figure 3.49 Real-time PCR amplification and melting curves for TVN0489 gene. RNA
samples were isolated from cultures exposed to heat stress at 70°C for 60' used for reverse
transcription. A. Amplification curves (green—test, light pink—control, light brown—
negative control) B. Melting curves (green—test, light pink—control).
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3.7.2 Fold Difference Analysis of Time Course Expression of TVN0489 Gene under
Heat Shock

The fold difference analysis results were comparable with the results deduced from
evaluation of the test Ct values as compared to control Cts. The TVN0489 gene expression
gradually increased from 2-fold (at 30 min) to about 4-fold (at 90 min) during heat shock at
65°C. However, expression level started to decline by 120 min. The expression of TVN0489
gene was up-regulated by heat shock at 70°C for 2 h and the highest expression level was
reached at 60 min (about 6-fold).

Table 3.23 Fold difference of TVN0489 gene expression under heat shock. The results
are the means of at least two independent qRT-PCR experiments.

Stress Time (min) Fold Difference (= STD)
30 2216+ 0.5
65°C 60 3.966 £ 0.5
90 3.805+0.7
120 3.623 +£0.03
30 333+1.2
. 60 5.725+1.2
70°¢ 90 3.669 1.2
120 4.18+0.78
65°C 70°C

Relative TVN0489 mRNA Expression
S = N WA U I ®

30 60 90 120 30 60 90 120

Exposure Time (min)

Figure 3.50 Relative mRNA expression of TVN(0489 gene determined by quantitative
real-time PCR analysis under heat shock at 65°C, and 70°C. Expressions are shown as
fold-increase or decrease relative to the control level (1-fold) TVN0489 gene expression. The
values are means of at least 2 replicates.
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The mean values of fold differences of at least two independent experiments were given in
Table 3.23 and their bar graph is given in Figure 3.50.

3.7.3 Time-Course Differential Expression of TVN0489 Gene under pH Stress

Due to higher Ct values compared to control Ct values for the qRT-PCR experiments of the
pH stress (at pH 4.0), TVN0489 gene expression might be induced during 2 h stress exposure
(Table 3.24). The amplification and melting curves of the RT-PCR experiments are given in
the Appendix C. Specific amplification of the TVN0489 cDNA in these RT-PCR
experiments was verified by melting curve analysis and average Tm was found 82.37°C
+0.1. Figure 3.51 shows the RT-PCR amplification melting curves for stress at pH 4.0 (60
min).

Table 3.24 Representative Ct values and mean value of at least two melting
temperatures from pH stress experiments for TVN0489 gene.

St Time Ct values Melting Temperature
ress
(min) Test Control (£ STD)
30 16.7 18.04 82.75°C (£ 0.01)
H 4.0 60 16.62 18.04 82.86°C (£ 0.01)
pE= 2 90 16.95 17.98 82.82°C (£ 0.01)
120 16.12 17.98 82.87°C (£ 0.01)
A. B.
Amplification Curves Melting Peaks
10 2195
9 .. 1295
8 g 178
g T 15951
T § 1.3
I g 1195
| % oms
2 ¢ ",:' 05851
2 2 033
L 0185
0= S -0.005-
2 46 610121416 182022 24 26 28 30 32 34 36 38 40 42 4 o = % Py = s
Cycles

Temperature (°C)

Figure 3.51 Real-time PCR amplification and melting curves for TVN0489 gene. RNA
samples were isolated from cultures exposed to pH stress at pH 4.0 for 60' used for reverse
transcription. A. Amplification curves (green—test, pink—control, light brown—negative

control) B. Melting curves (green—test, pink—control).
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3.7.4 Fold Difference Analysis of Time Course Expression of TVN0489 Gene under pH
Stress

The fold difference analysis of TVN0489 gene also indicated up-regulation of TVN0489
gene under stress at pH 4.0 and the highest transcription level was reached at 60 min (1.5-
fold). This result was consistent with the estimations from Ct values of tests and control.

The mean values of at least 2 independent experiments were given in Table 3.25 and related
diagram is shown in Figure 3.52.

Table 3.25 Fold difference of TVN0489 gene expression under pH stress. The results are
the means of at least two independent qRT-PCR experiments.

Stress Time (min) Fold Difference (= STD)
30 1.376 £ 0.01
60 1.541 +0.02
pH 4.0 90 0.961 + 0.08
120 1.272 +0.02
pH 4.0
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Figure 3.52 Relative mRNA expression of TVN(0489 gene determined by quantitative
real-time PCR analysis under pH stress at pH 4.0. Expressions are shown as fold-increase
or decrease relative to the control level (1-fold) TVNO0489 gene expression. The values are
means of at least 2 replicates.
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3.7.5 Time-Course Differential Expression of TVN0489 Gene under Oxidative Stress

TVNO0489 gene expression possibly induced under oxidative stress imposed by exposure to
H,0, (at 0.02 mM) since Ct values of the tests was lower than control Ct values for 2 h.
Expression level was the highest following 120 min H,O, exposure (Table 3.26).

Melting curve analysis for these qRT-PCR experiments verified the specific amplification of
TVNO0489 gene’s cDNAs and average Tm was 82.49°C £0.07 at 0.02 mM H,0O,. RT-PCR
absolute quantification and melting analyses of TVN0382 cDNA samples from 0.02 mM
H,0; experiments are given in the Appendix C. Figure 3.53 shows the RT-PCR amplification
and melting curves for oxidative stress imposed by 0.02 mM H,0, (60 min).

Table 3.26 Representative Ct values and mean value of at least two melting
temperatures from oxidative stress experiments for TVN0489 gene.

Stress Time Ct values Melting Temperature
(min) Test Control (£ STD)
30 18.56 18.97 82.5°C (£ 0.01)
°C(*
0.02 mM 60 22.83 23.03 82.590C (£0.01)
90 14.63 14.94 82.43°C (£ 0.01)
120 13.97 14.94 82.44°C (£ 0.01)
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Figure 3.53 Real-time PCR amplification and melting curves for TVN0489 gene. RNA
samples were isolated from cultures exposed to oxidative stress at 0.02 mM for 60' used for
reverse transcription. A. Amplification curves (green—test, light pink—control, light
brown—negative control) B. Melting curves (green—test, light pink—control).
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3.7.6 Fold Difference Analysis of Time Course Expression of TVN0489 Gene under
Ocxidative Stress

The changes in the expression of TVN0489 gene at 0.02 mM H,O, stress were analyzed
relative to control over 120 min. The fold differences were calculated and represented as the
mean of at least two independent experiments (Table 3.27). The related data points are
plotted in a chart and depicted by bars (Figure 3.54).

The fold-difference analysis has indicated that TVN0489 gene expression did not show any
significant changes during 90 min, but increased 1.5-fold at 120 min. These results are
consistent with the results deduced from analysis of the Ct values.

Table 3.27 Fold difference of TVN0489 gene expression under oxidative stress. The
results are the means of at least two independent qRT-PCR experiments.

Stress Time (min) Fold Difference (= STD)
30 1.002 £ 0.2
60 1.148 +0.09
90 1.13+0.05
120 1.544 + 0.163

0.02 mM

0.02 mM

1,8
1,6
1,4

0,8
0,6
0,4
0,2

Relative TVN0489 mRNA Expression

30 60 90 120

Exposure Time (min)

Figure 3.54 Relative mRNA expression of TVN0489 gene determined by quantitative
real-time PCR analysis under oxidative stress at 0.02 mM. Expressions are shown as
fold-increase or decrease relative to the control level (1-fold) TVN0489 gene expression. The
values are means of at least 2 replicates.
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3.8 Reverse Transcription and Quantitative Real-Time PCR for Expression Analysis of
TVN1145

3.8.1 Time-Course Differential Expression of TVN1145 Gene under Heat Stress

Since the test Ct values relative to control Ct values were lower for 65°C heat stress
experiments, transcription of the TVN1145 gene should be up-regulated for 2 h. The test Ct
values of 70°C heat stress experiments were also lower than control Ct values. This may
indicate that TVN1145 gene was up-regulated during 2 h with the highest rate at 30 min
(Table 3.28).

Specific amplification of the TVN1145 gene was verified by melting curve analysis. The
average melting temperature was 82.65°C £0.05 for 65°C and 82.68°C £0.06 for 70°C heat-
stress.

RT-PCR absolute quantification and melting analysis of TVN1145 ¢cDNAs from 65°C and
70°C heat-shock experiments are given in the Appendix C. Figures 3.55 and 3.56 show the
RT-PCR amplification and melting curves for heat stress at 65°C (30 min) and 70°C (30
min), respectively.

Table 3.28 Representative Ct values and mean value of at least two melting
temperatures from heat shock experiments for TVN1145 gene.

Stress Time Ct values Melting Temperature
(min) Test Control (£ STD)
30 16.67 17.82 82.71°C (£ 0.01)
65°C 60 15.97 17.82 82.6°C (£ 0.01)
90 15.91 17.72 82.69°C (£ 0.01)
120 16.44 17.72 82.63°C (£ 0.01)
30 15.75 17.82 82.76°C (£ 0.01)
70°C 60 16.51 17.82 82.7°C (£ 0.01)
920 15.87 17.72 81.61°C (£ 0.01)
120 16.19 17.72 82.65°C (£ 0.01)
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Figure 3.55 Real-time PCR amplification and melting curves for TVN1145 gene. RNA
samples were isolated from cultures exposed to heat shock at 65°C for 30' used for reverse
transcription. A. Amplification curves (pink—test, light pink—control, light brown—
negative control) B. Melting curves (pink—test, light pink—control).
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Figure 3.56 Real-time PCR amplification and melting curves for TVN1145 gene. RNA
samples were isolated from cultures exposed to heat shock at 70°C for 30' used for reverse
transcription. A. Amplification curves (blue—test, light pink—control, light brown—
negative control) B. Melting curves (blue—test, light pink—control).

3.8.2 Fold Difference Analysis of Time Course Expression of TVN1145 Gene under
Heat Shock

According to fold analysis, TVN1145 gene transcription was induced after heat shock 65°C
for 120 min. The highest expression (2.6-fold) was reached at 90 min. The fold difference
analysis of TVN1145 gene also indicated up-regulation under heat stress at 70°C for 2 h. The
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TVN1145 gene expression was induced at most about 3-fold at most 30 min following stress
exposure.

The calculated fold differences were represented as the mean of at least two independent
experiments (Table 3.29). The related data points are plotted in a chart and depicted by bars
(Figure 3.57).

Table 3.29 Fold difference of TVN1145 gene expression under heat shock. The results
are the means of at least two independent qRT-PCR experiments.

Stress Time (min) Fold Difference (= STD)
30 1.95+0.07
. 60 2.515+0.3
65°¢C 90 2.63+0.3
120 2.01 £0.1
30 2.99+0.3
. 60 1.96 £ 0.1
70°¢ 90 2.62+0.3
120 2.54+0.2

65°C 70°C

3,5

2,5

) -
1,5
1
0,5
0
30 60 90 120

30 60 90 120

Exposure Time (min)

Relative TVN1145 mRNA Expression

Figure 3.57 Relative mRNA expression of TVN1145 gene determined by quantitative
real-time PCR analysis under heat shock at 65°C and 70°C. Expressions are shown as
fold-increase or decrease relative to the control level (1-fold) TVN1145 gene expression. The
values are means of at least 2 replicates.
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3.8.3 Time-Course Differential Expression of TVN1145 Gene under pH Stress

Transcription of TVN1145 gene was induced by pH stress at pH 4.0 for 1 h, as revealed by
lower test Ct values as compared to that of controls. The gene expression seems to be higher
during first 1 h of stress exposure due to higher Ct test values than the control Ct values
(Table 3.30).

Melting curve analysis for these qRT-PCR experiments verified the specific amplification of
TVN1145 gene’s cDNAs and average Tm was 82.82°C +£0.05 under pH stress at pH 4.0. RT-
PCR absolute quantification and melting analyses of TVN1145 cDNA samples from pH
stress at pH 4.0 experiments are given in the Appendix C. Figure 3.58 shows the RT-PCR
amplification and melting curves for TVN1145 gene for pH stress at pH 4.0 (60 min).

Table 3.30 Representative Ct values and mean value of at least two melting
temperatures from pH stress experiments for TVN1145 gene.

Time Ct values Melting Temperature
Stress .
(min) Test Control (+STD)
30 16.7 18.04 82.75°C (£ 0.01)
60 16.62 18.04 82.86°C (£ 0.01)
pH 4.0 o
90 16.95 17.98 82.82°C (£ 0.01)
120 16.12 17.98 82.87°C (£ 0.01)
A. B.
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Figure 3.58 Real-time PCR amplification and melting curves for TVN1145 gene. RNA
samples were isolated from cultures exposed to pH stress at pH 4.0 for 60' used for reverse
transcription. A. Amplification curves (green—test, pink—control, light brown—negative
control) B. Melting curves (green—test, pink—control).
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3.8.4 Fold Difference Analysis of Time Course Expression of TVN1145 Gene under pH
Stress

The fold difference analysis have shown that TVN1145 gene expression was up-regulated
during pH stress at pH 4.0 for 2 h and the gene expression level reached the highest (about
2.7-fold) after 2 h.

The calculated fold differences were represented as the mean of at least two independent
experiments (Table 3.31). The related data points are plotted in a chart and depicted by bars
(Figure 3.59).

Table 3.31 Fold difference of TVN1145 gene expression under pH stress. The results are
the means of at least two independent qRT-PCR experiments.

Stress Time (min) Fold Difference (= STD)
30 1.92+0.3
60 2.03+0.3
pH 4.0 90 17154022
120 2.74 +£ 0.6
pH 4.0
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Figure 3.59 Relative mRNA expression of TVN1145 gene determined by quantitative
real-time PCR analysis under pH stress at pH 4.0. Expressions are shown as fold-increase
or decrease relative to the control level (1-fold) TVN1145 gene expression. The values are
means of at least 2 replicates.
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3.8.5 Time-Course Differential Expression of TVN1145 Gene under Oxidative Stress

Due to higher test Ct values compared to that of control values for the qRT-PCR experiments,
TVN1145 gene expression might be induced during 60 min oxidative stress. However
expression level may be decreased there after to the control expression level (Table 3.32).
The melting analysis showed that all amplified TVN0947 cDNAs produced single-peak and
average melting temperature was 82.88°C + 0.05 was implying specific amplification of the
TVN1145 cDNAs. Amplification and melting curves for qRT-PCR experiments of oxidative
stress at 0.02 mM H,O, are given in Appendix C. Figure 3.60 shows the RT-PCR

amplification and melting curves for TVN1145 gene for oxidative stress at 0.02 mM H,0O,
(60 min).

Table 3.32 Representative Ct values and mean value of at least two melting
temperatures from oxidative stress experiments for TVN1145 gene.

Stress Time Ct values Melting Temperature
(min) Test Control (£ STD)
30 17.08 18.04 82.87°C (£ 0.01)
°C (=
0.02 mM 60 16.69 18.04 82.88°C (£0.01)
90 17.21 17.98 82.86°C (£ 0.01)
120 17.03 17.98 82.93°C (£ 0.01)
A. B.
Amplification Curves Melting Peaks
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Figure 3.60 Real-time PCR amplification and melting curves for TVN1145 gene. RNA
samples were isolated from cultures exposed to oxidative stress at 0.02 mM for 60' used for
reverse transcription. A. Amplification curves (green—test, light pink—control, light
brown—negative control) B. Melting curves (green—test, light pink—control).
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3.8.6 Fold Difference Analysis of Time Course Expression of TVN1145 Gene under
Ocxidative Stress

Fold difference analyses showed that oxidative stress which was achieved by exposure of the
cultures to H,O, at a concentration of 0.02 mM induced expression of TVN1145 gene for 2 h.
An increase of about 2-fold was obtained after 60 min being the highest transcription under
this condition.

The calculated fold differences were represented as the mean of at least two independent
experiments (Table 3.33). The related data points are plotted in a chart and depicted by bars
(Figure 3.61).

Table 3.33 Fold difference of TVN1145 gene expression under oxidative stress. The
results are the means of at least two independent qRT-PCR experiments.

Stress Time (min) Fold Difference (= STD)
30 1.6 £0.2
0.02 mM 60 2.08+0.3
920 1.53+0.1
120 1.635+0.2
0.02 mM

o

Relative TVN1145 mRNA Expression
\-O \:—‘
W W

[e)

30 60 90 120
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Figure 3.61 Relative mRNA expression of TVN1145 gene determined by quantitative
real-time PCR analysis under oxidative stress at 0.02 mM. Expressions are shown as
fold-increase or decrease relative to the control level (1-fold) TVN1145 gene expression. The
values are means of at least 2 replicates.
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CHAPTER 4

DISCUSSION

To date, still very little is known about the genes, proteins and molecules underlying the
mechanisms responsible for stress response in archaea. For a comprehensive investigation of
anti-stress mechanism and strategies adopted to respond rapid environmental changes, we
have chosen thermoacidophilic archaeon Thermoplasma volcanium GSS 1 (Tpv) as the
model organism.

It has often been hypothesized that proteasome associated ATPases, as well as the ATPase
components of the bacterial ATP-dependent proteases (ClpAP, Lon, and FtsH) function as
molecular chaperones that prevent protein aggregation and promote refolding of denatured
proteins. Benaroudj and Goldberg (2000) have shown that the proteasome activating
nucleotidase (PAN) from the archaeon M. jannaschii that is homologous to ATPases in the
eukaryotic 26S proteasome may function as a molecular chaperone and reduces aggregation
of denatured proteins and enhances their refolding [36].

In the first part of this thesis project, differential expression of the two VAT proteins
(TVNO0382 and TVN0947) that fulfill the functions of PAN in Thermoplasma species, was
investigated in confronting external stresses; heat shock, pH and oxidative stress. The VAT
genes are homologues of VCP/Cdc48 gene that takes part in ubiquitin dependent
proteasomal degradation in eukaryotes and a plausible function for VAT protein in protein
degradation in association with the 20S proteasome was suggested [19, 49]. Besides this,
Golbik et al. has shown that VAT has chaperone-like activities, protein folding and
unfolding [3].

To specify how crucial VAT proteins are in stress response of Tpv, we investigated
differential expression of VAT genes by qRT-PCR technique and fold difference analysis for
each stress conditions. The calculated average fold differences for each stress condition
indicated a maximum in expression level under heat stress for TVNO0382 and TVN0947
genes. The qRT-PCR data analysis demonstrated that VAT genes were highly induced after a
thermal shift from 60°C to 65°C (up to 5.5-fold for TVN0382 and 2.9 for TVN0947).
Although TVN(0947 gene expression was up-regulated throughout the heat-shock at 65°C for
2 h, TVNO382 gene expression was rapidly increased in the early stages of heat-shock
response (initial 30 min). Similarly heat stress at 70°C induced expression of both VAT
genes (about 3-fold) for 30 min post-exposure to heat-shock. The rapid increase in VAT
transcripts after 30 min or 1 h following heat stress may be caused by their low translation
levels under optimum conditions. The decrease in transcription rates after 60 min heat shock
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at 65°C and 70°C to the rate of control may indicate a balance reached to deal with heat
shock.

VAT is known to be the only partner of 20S proteasome in ~15% of the archaea, and it
induces gate opening of 20S proteasome, enables the substrate protein unfolding and
translocating into the proteolytic chamber of 20S for proteasomal degradation [60]. It was
somewhat surprising that Haloferax volcanii cells harboring deletions in the PanA gene
displayed enhanced thermotolerance [75]. In contrast to this result, it has been shown that
close relative of Tpv, Thermoplasma acidophilum, was dependant on 20S proteasome
activity to survive under heat stress while its existence was not crucial under normal
conditions for the survival of the cell [72]. This points a possible correlation between the
increase of VAT genes’ expression and enhanced proteasomal activity to degrade denatured
proteins under heat stress. Thus, we may suggest a rescue strategy in 7pv cells similar to that
of another hyperthermophilic archaea Pyrococcus furiosus, which deals with increased
temperature by increasing gene expression levels of small heat shock protein (Hsp20),
thermosome (Hsp60), and two VAT related chaperones [73].

Nevertheless, VAT genes’ expressions were either did not change or down-regulated under
the pH stress conditions we tested, except pH 4.0. The TVNO0382 gene expression induced
only between 1.5 and 2-fold as compared to control for 2 h after pH stress application.
TVNO0947 gene expression gradually but slowly increased up to 1.4-fold at 120 min post
exposure to pH 4.0. Previous study which was conducted in our laboratory has shown that
Tpv proteasomal 20S a and P subunit genes were up-regulated remarkably high (6-10 fold)
(data is not shown) under pH stress at pH 4.0. All together these results might indicate that at
pH 4.0 up-regulation of the VAT-20S proteasome complex genes should be a critical part of
stress response network in 7pv. Increased protein turn-over rate may indicate rapid removal
of the damaged proteins.

The acidophiles cytoplasmic pH is generally more alkaline than their environment. For
example, Thermoplasma acidophilum has an internal pH near 5.5-6.5 while it thrives at pH
2.0; Sulfolobus solfataricus has cytoplasmic pH ~6.5 while it grows at pH 2.0-4.0 [107]. This
is enabled by the prevention of passive influx of protons from the environment. Archaeal
membranes are highly impermeable to protons which are translocated by water but their
membranes also have decreased influx of water. However, the pH shift to 4.5 or to 5.0
should have an adverse effect on regulation of the pH homeostasis in 7pv cells, since cell
growth rates were significantly reduced (previous observation in our laboratory). This might
lead to a global transcriptional down-regulation and may explain the lower transcription rates
of the VAT genes relative to control transcription under these conditions.

The TVN0947 gene expression although slightly increased at low H,O, concentration (i.e.,
0.01 mM), at higher H,O, concentrations either did not change (at 0.02 mM and 0.03 mM
H,0,) or down-regulated (at 0.05 mM H,0,). The TVNO0382 gene transcription seemed to be
more sensitive to oxidative stress. Its expression although was not effected at low H,O,
concentration (i.e., 0.01 mM), its transcription induced about 4-fold at 90 min post exposure
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to 0.02 mM H,0, At higher H,O, concentrations the genes transcription either did not
change (i.e., 0.03 mM H,0,) or down regulated (at 0.05 mM H,0,).

Our results indicate that regulation of VAT genes transcription is H,O, dose-dependant.
There is a model suggested by Aiken et. al. that 26S proteasome dissociates into 19S particle
and 20S particle to liberate 20S particle for increasing the ATP/ubiquitin independent
degradation of oxidized proteins when oxidative stress is persistent [70]. Based on this
finding, VAT expression may no longer needed for the degradation of oxidized proteins after
a prolonged H,O; application and 20S proteasome alone may undertake defense task.

Intensity comparisons from the Western hybridization on VAT proteins, TVNO0382 and
TVNO0947, for selected time points 60' and 120', were consistent with the differential
expression patterns observed in the qRT-PCR results. VAT proteins were cross-hybridized
with human reactive VCP antibody which had sequence overlap of 34% with TVNO0382 and
83% with TVN0947. Weak bands obtained from TVNO0382 protein due to lower homology
with the human VAT peptide sequence. The TVN0947 protein has yielded bands in
immunodetection at higher intensities than control after 60' stress exposure than 120' stress
exposure for selected stressors, which is 0.02 mM H,O; for oxidative stress, pH 4.0 for pH
stress, 65°C and 70°C heat-shock. The good agreement between qRT-PCR results and
Western Blotting/Hybridization analysis for the selected stress conditions indicate that
increased TVN0947 gene expression occurs both at transcription and translation levels.

In the second part of this study, we have investigated the global transcriptional response of
Tpv cells under external stresses, oxidative stress at 0.02 mM H,O,, pH stress at pH 4.0 and
heat shock at 65°C after 60 min by using expression microarrays. Following the stress
exposure, we have observed changes in mRNA levels of the 1501 total 7pv transcripts
approximately 14% under heat shock, and 20% under oxidative and pH stress. The down-
regulated genes were more abundant than the up-regulated genes and under all stress
categories.

The genes that showed corrected intensity ratios of approximately 1.2-fold induction or
repression (logFC >0.3) were grouped in two categories. Up-regulated genes were mainly
associated with carbohydrate transport and those of unknown function while the down-
regulated genes were dominated by the genes having function in energy production and
conversion, transcription and translation. The down-regulated genes related to 30S and 50S
ribosomal protein genes, ribosome structure and protein synthesis may indicate that overall
protein synthesis was slowed down under the stress conditions. Repression of protein
synthesis may serve as a global adaptive response to protect cells from destructive effects of
toxic agents and ensure the conservation of the other crucial checkpoints which are needed
for survival [108].

Several enzymes were affected by heat shock, oxidative stress and pH stress. Notably,
expressions of permeases, dehydrogenases, transferases, and oxidoreductases were repressed
or induced during exposure to these stressors. This indicates principle regulations in 7Tpv
cells which comprise the energy and central metabolic pathways, and transport through the
cell membrane under stress conditions [109].
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Heat shock regulation. When Tpv growth temperature was shifted from 60°C to 65°C,
approximately 12% of the genome responded (78 1 / 103 | in total 181 genes) with > 1.2-
fold differences within 1 h. It is well known that a temperature up-shift mainly causes the up-
regulation of a group of proteins, called heat shock proteins (Hsps) which manage the correct
folding and assembly of polypeptides and also the proteases that enable degradation of
irreversibly unfolded proteins [110]. Our global gene expression analysis in 7pv cells has
shown that not only proteases (TVN0424, TVN0492, TVNO0616, TVNO818, TVNO08IS,
TVNO0291, TVNO0254, TVN0316, TVNO0322 and TVNO0304) but also heat shock proteins
(TVNO0507, TVNI1128, TVNO0487, TVNO0488, TVNO0489, TVNO0775, TVNO0382 and
TVNO0947) were up-regulated as response to heat-shock. This indicates a critical role for
proteases and heat-shock proteins for defense of the 7pv cells against heat stress. Other
proteins with functions in stress response such as inorganic ion transport and metabolism,
replication, recombination and repair mechanisms were up-regulated. However, the
expression levels of many of these proteins were below 1.2-fold except that of molecular
chaperone GrpE (TVNO0489) (1.312-fold). This slight increase in stress associated genes’
expression might be explained by the temperature and duration of the applied heat-shock.
The time dependency of gene expression as a response to heat-shock has been observed in
hyperthermophilic archaeon Pyrococcus furiosus. Transcription level of AAA+ ATPase gene
increased by a factor of 25 after 30 min and decreased to a factor of 11 and 13 after 60 and
90 min, respectively [111]. Similarly, heat shock related genes of 7pv might be induced at
higher levels rapidly following heat exposure, then may be decreased and reached to a steady
state after 60 min. Transient increase in gene expression is a known characteristic of heat
shock response. For example, in a phytopathogen Xylella fastidiosa induced transcript levels
of chaperone and protease related genes decreased after 45 min exposure to heat stress [110].
The molecular chaperone GrpE which is a component of Hsp70 system responded after
temperature shift by 1.3-fold up-regulation indicating a possible role for this chaperone in
heat-shock response for 7pv. Our results showed that, the thermosome subunits were not
induced at sufficient levels may be due to their higher level expression under normal
conditions. This 1is consistent with previous reports on heat-shock response of
hyperthermophilic archaea Sulfolobus shibatae and Sulfolobus solfataricus [112, 113]. ATP-
independent chaperones, prefoldins (TVNO0351 and TVN1213), were down regulated (>1.2-
fold) which is consistent with the previous works with P. furiosus [73] and Archaeaglobus
Jfulgidus [84]. The Hsp20-like small heat shock protein and two other molecular chaperones,
VAT proteins, were strongly induced in P. furiosus after heat shock [73]. However, only a
slight increase was observed for VAT genes (TVN0382 1.048-fold, TVN0947 1.047-fold)
and for Hsp20 related molecular chaperone (TVNO775 1.046-fold) in our study. The
proteasome B-subunit (1.339-fold) gene was down regulated while a-subunit gene showed
some up-regulation (1.116-fold) in contrast to induced expression of P-subunits and
repressed a-subunit expression of P. furiosus [73]. Although ATP-dependent proteases were
not detected as heat-shock responsive, signal peptidase I (TNV0221) was among the induced
enzymes of 7pv. Heat shock protein X (Htp X) a peptidase which has been implicated
elsewhere in surface protein expression (a membrane bound metalloprotease in E.coli) was
induced 1.2-fold in Tpv at 60 min after heat shock. HtpX is also induced in A. fulgidus (2-
fold after 30 min) and in P. furiosus upon temperature up-shift [73, 84].
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During heat shock, 57% of the heat induced genes were down-regulated while 43% were up-
regulated in total of 181 genes by the fold change threshold of >1.2. A set of down-regulated
proteins fell into categories of transcription and translation predicted by cluster of orthogonal
genes (COG). During heat-shock we observed down regulation of genes encoding several
508 and 30S ribosomal proteins and genes encoding glycyl-tRNA synthetase and translation
initiation factor. Similarly a number of genes encoding transcription factors, RNA
polymerase subunit N and some other transcription proteins were down-regulated. Overall,
these results indicate a general shut-down of transcription and protein synthesis under heat-
stress in parallel to previous reports [110]. According to decreased transcription, genes
encoding exosome (involved in mRNA polyadenylation and degradation) was strongly
repressed. In our microarray analysis, we observed significant changes in the transcription
level of genes related to energy production and conversion. This can be explained by global
reduction in cells under heat-shock. On the other hand, induction of genes of amino acid
metabolism, lipid metabolism and carbohydrate metabolism points out how crucial is
metabolic adaptation to thermal stress as was also observed in A. fulgidus [84]. Especially in
relation to carbohydrate metabolism, the increased levels of sugar permease (1.410-fold),
sugar-binding protein (1.288-fold) and sugar transport permease (1.268-up) indicates an
increased demand in ATP during heat stress to maintain energy balance of the cell [73]. In
addition, temperature up-shift favored expression of several transport proteins. Proteins of
lipid transport and metabolism and proteins associated with membrane biogenesis and cell
motility. Differential expression of these genes is probably involved in extracytoplasmic
stress response.

Among differentially expressed genes, 56 of the total 181 heat responsive genes were
classified as hypothetical proteins by NCBI Protein cluster and 14 of another cluster of genes
were not assigned a function in COG category. Many of the hypothetical proteins have
shown altered gene expression out of total 56 genes, 36 of them up-regulated while 20 were
down-regulated. To be able to reveal the comprehensive heat-shock response regulation in
Tpv cells, those hypothetical proteins remains to be characterized in structure and function.

Oxidative stress regulation. When the oxygenic photosynthesis evolved about 2.4 billion
years ago, it led to formation of protective mechanisms in the cell to prevent the damage of
DNA, lipids and proteins by reactive oxygen species (ROS), like hydrogen peroxide and
superoxide anion. This prevention was enabled by the synthesis of superoxide dismutase
(SOD), catalase, alkyl hydroperoxide reductase (Ahp), therodoxin and glutaredoxin proteins,
and glutathione molecule [114].

We have exposed Tpv cells to oxidative stress by 0.02 mM H,O, application into cultures for
60 min. Then the changed mRNA levels were investigated by microarray. 55% of the total
277 genes by the fold change threshold of 1.2 fold (>0.3) were down regulated and 45% was
up-regulated. As was observed in heat stress, oxidative stress also resulted in down-
regulation of genes grouped under ‘energy production and conversion’, ‘transcription and
translation’ while ‘carbohydrate transport and metabolism’ related genes were up-regulated.
Down regulated genes in those pathways seems to be ‘on hold’ till the cells were detoxified
[115].
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Our results showed that the genes involved in main detoxification systems related to
oxidative stress including ferredoxins, peroxiredoxins, superoxide dismutases, alkyl
hydroperoxidases or glutaredoxins [114, 86, 87, 70] were not significantly affected. A large
group of genes (26%) were assigned hypothetical proteins and 27 genes were annotated with
an unknown function among total 227 responsive transcripts.

Thioredoxin (Trx) plays role in cell defense against oxidative stress in a hyperthermophilic
archaea Pyrococcus horikoshii and in an aerobic hyperthermophilic archaeon Aeropyrum
pernix to maintain redox homeostasis [114]. Another study with Lactobacillus plantarum has
also shown that thioredoxin overproduction improves the tolerance to oxidative stress [115].
One other small protein Glutaredoxin (Grx) also plays a role in cell defense against oxidative
stress. Trxs and thioredoxin reductases were found to be widespread in all phylogenetic
branches and suggested to be crucial to maintain the cellular homeostasis of an anaerobic
bacterium Bacteroides fragilis by playing a role in redox system [116]. Superoxide
dismutase (SOD) was found in all archaeal complete genome sequences and this enzyme
believed to be a key component detoxification system of the cell against oxidative stress
[114, 86, 87]. Another gene, putative peroxiredoxin which is also termed alkyl
hydroperoxidase, known to catalyze the reduction of hydrogen peroxide to water also takes
role in detoxifying ROS [114]. What is intriguing about the expression of these genes in our
study was they were slightly induced or down-regulated in response to H,O; exposure for 1h.
The Trx (1.137-fold) was induced while Grx (1.295-fold) was repressed after 60 min
oxidative stress. SOD (TVNO0061), thioredoxin reductase (TVN1129) and putative
peroxiredoxin (TVN1099) were down-regulated 1.304-fold, 1.136-fold and 1.304-fold,
respectively. However, another thioredoxin reductase gene (TVN0470) was up-regulated
1.234-fold. Peroxiredoxins exert their role in cells by reducing and detoxifying hydrogen
peroxide, peroxynitrite and various organic hydroperoxides [114]. In our study, different
types of peroxiredoxins have shown up-regulation at low levels (TVN0222 1.110-fold,
TVNO0286 1.103-fold and TVNO0419 1.030-fold). On the other hand, expression of the NTP
pyrophosphohydrolase gene, that encodes MutT-related oxidative damage repair enzyme was
enhanced >1.2-fold (1.233-fold) and may have a critical role in oxidative stress response of
the Tpv cells [117]. Ferredoxins are iron-sulfur proteins that mediate a wide-range of electron
transfer reactions. Down-regulation of ferredoxin in response to H,O, suggests that this
protein is involved in maintaining intracellular redox potentials. Several genes encoding a
multi-drug efflux pump was up-regulated up to 1.9-fold. Involvements of cation efflux
pumps in resistance against oxidative stress were previously reported for Methanosarcina
barkeri and obligate anaerob Bacteroides fragilis [114, 116].

The lack of consistency in induction or repression of the gene expressions at the same time
up to a significant level may depend on the existence of multiple, and overlapping pathways
to detoxify reactive oxygen species where the gene expression or regulation differ in time
[114]. Therefore still it is worth to study time and concentration dependent H,O, effect on
Tpv gene expression to reveal possible involvement of putative antioxidant genes (i.e.,
superoxide dismutase (TVNO0061), putative peroxiredoxin (TVN1099), thioredoxin
reductases (TVN1129, TVNO0470), thioredoxin (TVNO0777), peroxiredoxins (TVN0222,
TVNO0286, and TVN0419), and glutaredoxin (TVN0202) ) in cellular defense to oxidative
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stress. P. furiosus transcriptional response has occurred after 30 min of H,O, exposure up to
threefold and 62 ORFs were up-regulated. However, the level of differentially expressed
genes decreased to 30 and 10 ORFs after 1h and 2h, respectively [86]. This indicates the
importance of time-course investigation of the oxidative stress.

Except TVNO775 (Hsp20 related sHsp) (1.038-fold) and TVN1011, Heat shock protein
HtpX (1.203-fold), all heat-shock proteins were down-regulated (most of them >1.2-fold).
This may suggest that anti-stress mechanisms employed by 7pv cells to defeat the heat-shock
and oxidative stress differ from each other.

Other than the oxidative stress related genes mentioned above, the regulation of oxidative
stress response indicates a tight relationship with ABC-type transporters, multidrug efflux
permeases and general metabolism genes which reveals a complex system that manage
oxidative stress response in 7pv cells. By its unique nature adapting to both aerobic and
anaerobic environments, 7pv might developed alternative pathways with interesting features
to protect the cells from the destructive effects of ROS. Therefore, investigation of
hypothetical proteins’ function can be helpful to fully appreciate the stress regulation of Tpv
cells under hydrogen peroxide.

PH stress regulation. Tpv normally grows in the pH range (pH 2.0 to pH 2.7) and is faced
with the problem of maintaining its cytosolic pH close to neutrality. To maintain the balance,
Tpv generates a pH gradient which is dependent on proton extrusion across the membrane.
We have examined the influence of pH up-shift (from pH 2.7 to 4.0) on gene expression of
Tpv cells by microarray analysis. More genes were repressed than were induced in response
to pH up-shift. Of the 282 genes differentially expressed by >1.2-fold by pH stress, 56% of
them were identified down-regulated and 44% were up-regulated 60 min after pH change.
About 26% of differentially expressed genes were hypothetical proteins and the others were
related to amino acid, carbohydrate and lipid transport and metabolisms; energy production
and conversion; nucleotide transport and metabolism; replication, recombination and repair;
signal transduction; transcription and translation. Transcription and translation related genes
were highly repressed indicating a general inhibition of the protein synthesis. Genes
belonging to carbohydrate and amino acid transport and metabolism however were all
together induced as a response to pH stress.

To the best of our knowledge, there is no report on gene regulation by pH stress in
thermoacidophilic archaea till now. However there are studies in bacteria demonstrated that
cells adapt to pH changes by regulations in proton transport and membrane permeability.
Metabolic switch also serves as a strategy to generate acidic or neutral end-products to
maintain the pH homeostasis of the cell [107]. More elaborated version of these strategies for
alkaline stress is employed by bacteria can be grouped into four: (1) metabolic acid
production, (2) cell wall modification, (3) ATP synthase induction, and (4) increased
expression/activity of cation/proton antiporters [118].

The gene expression trend in 7pv in response to pH stress has revealed some notable genes

related to membrane proteins, sugar and amino acid transporters, cell motility, ATP

synthases, cation transport, and antiporters which may have roles in maintaining cellular pH
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homeostasis. Especially antiporters are crucial to maintain pH homeostasis which has been
shown in Bacillus subtilis exposed to alkaline stress. Na" (K')/H" antiporter that was encoded
by tetA(L) gene was up-regulated in the cells after pH up-shift [119]. It has been suggested
antiporters had to be equipped by sensors to be activated under alkaline up-shifts to maintain
pH homeostasis. Failure in activation or shut-off of the antiporters would lead cytoplasmic
alkalinization or over-acidification and energy depletion, respectively [118]. The Ca*"/Na”
antiporter (TVN0404) was the only antiporter up-regulated by a factor of 1.3-fold according
to our microarray data. The same gene was induced 1.4-fold by oxidative stress as well.
There were also other genes belonged to the group of inorganic ion transport and metabolism
that showed parallel regulation with oxidative stress such as cation transport ATPase
(TVN1240) and Fe’" uptake regulation protein (TVN0292) which were repressed in both
conditions while phosphate permease (TVNO0063), major facilitator superfamily permease
(TVN1365), arsenite transport permease (TVN0285), and ABC type Fe’" siderophores
transporter (TVN1048) were induced. The similarity in gene expression profiles for
oxidative stress and pH stress was observed for an anaerobic gram negative bacteria
Shewanella oneidensis [96]. Our results also showed a similarity in differential gene
expression profiles of 7pv under oxidative stress and pH stress [120].

Heat-shock proteins; chaperonin GroEL, molecular chaperone DnaK, DnalJ and GrpE,
prefoldin subunit a and B, an Hsp 20 related small heat-shock protein were down-regulated
under pH stress. Therefore it is not possible to assign a critical role for heat-shock proteins in
pH stress response. Three proteases (membrane bound serine protease, and signal peptidase
I) together with heat shock protein HtpX were up-regulated. Increased expression of DNA
binding proteins upon pH-upshift may be consistent with their role in maintaining negative
supercoiling of DNA during pH stress.

Two of the genes belonging to cell motility group, flagellar protein C and E (TVNO0608,
TVNO0609, respectively) were down-regulated after pH stress; however flagellin (TVN1426)
was up-regulated by a factor of 1.4-fold. A microarray study conducted in sea water with E.
coli, has shown that genes related to cell motility were induced by an pH up-shift indicating
the organism intended to search for a new niche for survival [118]. In contrast to this, Tpv
cells’ cell motility related genes were down-regulated. This complies with the repression of
energy production and conversion related genes. Tpv cells seemed to shut-off energy
production after prolonged alkaline stress and down-regulated the genes related to cell-
motility which would be energy-expensive [118, 120, 121]. We have observed the induction
of cell wall biosynthesis glycosyltrasferase gene (TVNO0876) after alkaline stress up to 1.3-
fold which may suggest a modification on the cell wall to regulate proton permeability or
repair the damage introduced by external NaOH application similar to S. oneidensis [96,
118]. Even the gene induction level was low, when the underestimation of the gene
expressions by microarray technique considered, it may have a significant psychological
effect in Tpv cells to regulate membrane permeability. Also, there were a large number of
hypothetical proteins functions of which are not known but expressions are responsive to
changes in external pH in this study.
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Comparison of transcriptional response to heat-shock, pH and oxidative stress. The closest
pair clusters of gene expression profiles for three stress conditions indicated that oxidative
stress and pH stress profiles are more similar, than heat shock profile. Large number of
oxidative stress gene inducible by H,O, also showed significant pH dependent expression,
which indicates a strong connection between pH stress and oxidative stress. The number of
overlapping pH dependent and oxidative stress induced genes (total 105 genes) were more
than the number of overlapping heat shock-oxidative stress regulated genes (29 genes) and
the number of overlapping heat shock-pH stress regulated genes (9 genes) (Figure 4.1).

Oxidative stress pH stress

105 genes

/
113 genes £
4

Heat shock stress

Figure 4.1 The overlap of resulting up and down regulated genes in Venn diagram.
Within the Venn diagrams, circles represent the main effects of the stressors; oxidative stress
(red), pH stress (green) and heat stress (blue). Each compartment represents the number of
transcripts that are at >1.2 fold. Control is set as the baseline.

The Venn diagram showed that expressions of 113 genes were commonly affected under
three stress conditions. Heat map of mean gene expression values of the 113 genes generated
by hierarchical clustering is shown in Figure 4.2. The similarities or differences in gene
expression profiles can be also recognized in this map.

When the functional categories of the 113 genes examined, it was found that in general the
translation related genes and the genes for transcription and RNA biogenesis were shut-
down. Multiple genes associated with efflux pumps and membrane-bound transporters (e.g,
transporters of inorganic ion, lipid, amino acid, co-enzyme, carbohydrate) were up-regulated.
This may indicate the significance of extracellular defense under three stress conditions.

115



Increased expression level of DNA repair proteins and nucleic acid binding proteins imply
also critical roles for the related genes against stress.

0.02 mM

pH4.0
65°C
Control

———
e

Figure 4.2 The heat map of mean gene expression values of 113 genes under three stress
conditions after 1 h stress exposure with a hierarchical analysis.

Validation of microarray results using qRT-PCR. Among the stress responsive genes
identified by microarray study, the sugar permease gene which was up-regulated in three
stress conditions and GrpE (molecular chaperone) gene which was induced only under heat
stress were selected for further analysis by qRT-PCR.

The qRT-PCR experiments were performed under the same stress conditions applied for
microarray studies. According to the qRT-PCR results sugar permease gene expression was
induced under heat-shock at 65°C (2.5-fold), pH 4.0 (2-fold) and 0.02 mM H,0, (2-fold)
induced stress. This result is consistent with the microarray data that revealed accelerated
expression of the sugar permease gene by heat-shock (1.5-fold), pH stress (1.4-fold) and
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oxidative stress (1.5-fold). According to qRT-PCR analysis, the GrpE gene transcription was
induced under three stress conditions (heat-shock 4-fold, pH stress 1.4 fold, oxidative stress
1.2-fold). Microarray results also indicated increased transcription of the GrpE gene under
heat-shock (1.2-fold), but down regulation of the gene under pH and oxidative stress (about
1.3- fold). Two VAT genes, TVNO0382 and TVN0947, found to be up regulated under heat
stress (1.048-fold and 1.044-fold respectively) and pH stress (1.026-fold and 1.052-fold,
respectively ), but down regulated under oxidative stress (1.001-fold and 1.042-fold,
respectively) by microarray analysis. However, our qRT-PCR results showed that TVN0382
gene expression was induced under three stress conditions (1.4-fold by heat shock, 1.5-fold
by pH stress and 1.5-fold by oxidative stress) and TVN0947 gene expression was up-
regulated under heat stress (3-fold) and oxidative stress (1.5-fold) but slightly down-
regulated (0.9-fold) by pH up-shift. Although these results points to a general agreement
between microarray and qRT-PCR results, some contrasting outcomes might be obtained
especially when the fold estimations of microarray analysis were insignificant (i.e., <1.2-
fold).
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CHAPTER 5

CONCLUSION

The study presents a comprehensive investigation of two chaperone related VAT genes
(TVNO0382 and TVN0947), and the global transcriptional response of Tpv cells challenged by
heat-, pH- and, oxidative-stress. The qRT-PCR data analysis demonstrated that VAT genes
were highly induced after a thermal shift from 60°C to 65°C (up to 5.5-fold for TVN0382
and 2.9 for TVN0947). Although TVN0947 gene expression was up-regulated throughout
the heat-shock at 65°C for 2 h, TVN0382 gene expression was rapidly increased in the early
stages of heat-shock response (initial 30 min). Similarly heat stress at 70°C induced
expression of both VAT genes (about 3-fold) for 30 min post-exposure to heat-shock.

The VAT genes’ expressions were either did not change or down-regulated under the pH
stress conditions we tested, except pH 4.0. The TVNO0382 gene expression induced only
between 1.5 and 2-fold as compared to control for 2 h after pH stress application. The
TVNO0947 gene expression decreased gradually but slowly increased up to 1.5 -fold at 120
min post exposure to pH 4.0. Previous study which was conducted in our laboratory has
shown that 7pv proteasomal 20S o and B subunit genes were up-regulated (data is not
shown) under pH stress at pH 4.0. All together these results might indicate that at pH 4.0 up-
regulation of the VAT-20S proteasome complex genes should be a critical part of stress
response network in 7. volcanium cells.

Our results indicate that regulation of VAT genes transcription is H,O, dose-dependant. The
TVNO0947 gene expression although slightly increased at low H,O, concentration (i.e., 0.01
mM), at higher H,O, concentrations either did not change (at 0.02 mM and 0.03 mM H,0,)
or down-regulated (at 0.05 mM H,0O,). The TVNO0382 gene transcription seemed to be more
sensitive to oxidative stress. Its expression although was not effected at low H,O,
concentration (i.e., 0.01 mM), its transcription induced about 4-fold at 90 min post exposure
to 0.02 mM H,0,,

There was a good agreement between qRT-PCR results and Western Blotting/Hybridization
analysis for the selected stress conditions indicating that increased TVN0947 gene
expression occurs both at transcription and translation levels.

The microarray analysis showed that, mRNA levels of total 1501 7pv transcripts have
changed approximately 14% under heat-shock, and 20% under oxidative and pH stresses.
Gene expression profiles revealed a possible connection or similarity between pH stress

response and oxidative stress response by the overlap of the genes regulated under these
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conditions. However, their expression profiles were different than heat-shock regulated gene
expression profile which may indicate a unique strategy for 7pv cells to deal with heat stress.
Despite the fact that there were stress-specific genes regulated for each stress conditions; up-
regulation of gene clusters related to carbohydrate transport and metabolism and down-
regulation of transcription and translation related proteins under all stress conditions seemed
to be general characteristic of responses against three stressors. This may indicate the
repression of overall protein synthesis to prevent error prone protein synthesis and the
activation of carbohydrate metabolism to meet the energy need of the cells during stress.
Heat stress response was characterized by the induction of heat-shock related stress genes
and proteases. Oxidative stress response resulted in changes in gene expression levels of
detoxification system related redoxin species. However, the regulation of the well known
oxidative stress genes was not consistent. Some of them were up-regulated while the others
were down-regulated. This pointed out the existence of multiple and overlapping pathways
where the genes’ expressions differ in time and level. And finally pH stress response has
revealed the importance of regulation of transporters and antiporters in the cell to maintain
the pH homeostasis of the cell. Moreover a few cell membrane and cell motility related gene
regulations were observed when the cell confronted with pH stress and other stresses, which
may imply a critical role for the extracytoplasmic defense.
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APPENDIX A

BUFFERS AND SOLUTIONS

MOPS (M.W.209.3 g/It/M) ..o e 2093 ¢g
50 mM NaOAc (M.W. 82.039 g/It/M) ....ccooiiiiiiiiiiiiiiiiiiiiiieen . 2.050 g
10 mM EDTA (M.W. 37224 g/It/M) ..o 1.861 g

Adjust pH with NaOH.

5XRNA Loading Buffer (5 ml)

Saturated bromophenol blue solution.............oooiiiiiii i 8 ul
500 MM EDTA (PH 8.0). e unitiieiei it 40 ul
GLYCETOL (100%0) . - ettt ettt e e ettt et et e e et e e e e e aeenees 1 ml

Autoclave the mixture at 121°C for 20 minutes. Then add;

12.3 M Formaldehyde (37%0) . ... enue ittt et e e e 360 pl
FOrmamide. ........ooniiniiii i e 1.542 ml
TOXFA Gel DU er. ... e 2 ml
RINASE-TEE WatCT. ...ttt e to 5 ml

1XFA Equilibration Buffer (1000 ml)

TOXFA Gel DUTTr. .. e 100 ml
Formaldehyde. ... ..o e s 20 ml
RINGSE-TTEE WAL . ...ttt e e e e 880 ml
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Formaldehyde (FA) Agarose Gel (1.2%)

N e 0] 048 ¢g
FOXE A BUT T ..o e —— 4 ml
RINGSE f10E WAL . . ...ttt e e e to 40 ml

Stir and heat at 150°C. Let it cool down. Right before pouring into tank, add;

Formaldehyde. ... ..o e 720 pl

SDS Running Buffer (500 ml) (pH 8.7)

LS ettt et e e e 302¢g
L3721 144 ¢
S D lg

No adjustment for pH.

SDS Gel Preparation

Separating Gel (12%)  Stacking Gel (5%)

AdH20. e I2ml.oo 870 pul
Acrylamide/Bis-acrylamide.............................. 24ml... 330 ul
Tris, pH 8.9 e 1.2ml(1.88 M)............ 400 pl (0.625 M)
SDS (0.5%0) e eeeee e I2ml.ooo 400 pl
Ammonium persulfate (10%)...........cooeviiinn.n. 30l 10 pl
TEMED.... .o, Splocei e, 3ul
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Buffers for Semi-dry Transfer of Proteins

Anode Buffer I (100 ml) (pH 10.4)

15 T 3.63¢g

Methanol (10090). ... uii it e e e e e ee e 10 ml

Anode Buffer I1 (200 ml) (pH 10.4)

0 PP 0.6lg

Methanol (10090). .. c..ui ittt et e e e e e e et e e s 20 ml

Cathode Buffer 11 (200 ml) (pH 9.4)

LS ettt e et e 0.6lg
Gy I, . ettt ettt e e e e e 0375 ¢
Methanol (10090). ...ttt et e e e e aaeees 20 ml

No adjustment for pH. Concentrations were finalized by adding distilled water.

Immunodetection

Blocking solution for diluting antibody;
BSA (Bovine Serum AIbUmin)...........ooiiiiiiiiiii i 1% (W/v)

=15 1 A O 0.05%

Staining Solution

200 pl of NBT/ BCIP stock solution was applied to 10 ml 0.1 M Tris-HCI, pH 9.5 (20°C),
0.1 M NacCl, 0.05 M MgCl,,
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APPENDIX B
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Figure B. 2 Thermo Sceintific Gene Ruler 50bp DNA Ladder, Fermentas
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APPENDIX C

AMPLIFICATION AND MELTING CURVES
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Figure C.1 Real-time PCR amplification and melting curves for TVN0382 gene under
heat-shock A. Heat stress at 65°C for 90'. Amplification curves (purple—test, green—
control), Melting curves (purple—test, green—control). B. Heat stress at 65°C for 120"
Amplification curves (blue—test, red—control, pink—negative control), Melting curves
(blue—test, red—control, pink—mnegative control). C. Heat stress at 70°C for 60"
Amplification curves (light green—test, pink—control, green—negative control), Melting
curves (light green—test, pink—control). D. Heat stress at 70°C for 120'. Amplification
curves (red—test, brown—control, green—negative control), Melting curves (red—test,

brown—control).
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Figure C.2 Real-time PCR amplification and melting curves for TVN0382 gene under
pH stress. A. pH stress at pH 4.0 for 60'. Amplification curves (pink—test, purple—control,
grey—mnegative control), Melting curves (pink—test, purple—control, grey—negative
control). B. pH stress at pH 4.0 for 90'. Amplification curves (light brown—test, dark red—
control, grey—negative control), Melting curves (light brown—test, dark red—control,
grey—negative control). C. pH stress at pH 4.0 for 120'. Amplification curves (green—test,
dark red—control, grey—negative control), Melting curves (green—test, dark red—control,
grey—negative control). D. pH stress at pH 5.0 for 120'. Amplification curves (brown—test,
pink—control), Melting curves (brown—test, pink—control).
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Figure C.3 Real-time PCR amplification and melting curves for TVN0382 gene under
oxidative stress. A. Oxidative stress at 0.01 mM for 90'. Amplification curves (green—test,
red—control, purple—negative control), Melting curves (green—test, red—control). B.
Oxidative stress at 0.01 mM for 120'. Amplification curves (black—test, pink—control,
purple—negative control), Melting curves (black—test, pink—control, purple—negative
control). C. Oxidative stress at 0.02 mM for 30'. Amplification curves (dark blue—test, light
brown—control, dark red—negative control), Melting curves (dark blue—test, light brown—
control). D. Oxidative stress at 0.02 mM for 90'. Amplification curves (green—test, dark
red—control, grey—negative control), Melting curves (green—test, dark red—control,
grey—negative control). E. Oxidative stress at 0.02 mM for 120'. Amplification curves
(blue—test, dark red—control, grey—negative control), Melting curves (blue—test, dark
red—control, grey—negative control).
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Figure C.4 Real-time PCR amplification and melting curves for TVN0947 gene under
heat-shock. A. Heat stress at 70°C for 60'. Amplification curves (pink—test, grey—control,
purple—negative control), Melting curves (pink—test ) B. Heat stress at 70°C for 90'.
Amplification curves (red—test, black—control, blue—negative control), Melting curves
(red—test, black—control, blue—negative control).
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Figure C.5 Real-time PCR amplification and melting curves for TVN0947 gene under
pH stress. A. pH stress at pH 4.0 for 60'. Amplification curves (pink—test, purple—control,
pink—negative control), Melting curves (pink—test, purple—control). B. pH stress at pH 4.0
for 90'. Amplification curves (light brown—test, green—control, pink—negative control),
Melting curves (light brown—test, green—control). C. pH stress at pH 4.0 for 120"
Amplification curves (dark red—test, grey—control, pink—negative control), Melting
curves (dark red—test, grey—control). D. pH stress at pH 5.0 for 30'. Amplification curves
(pink—test, purple—control, grey—negative control), Melting curves (pink—test, purple—
control). E. pH stress at pH 5.0 for 90'. Amplification curves (light brown—test, dark red—
control, grey—negative control), Melting curves (light brown—test, dark red—control).
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Figure C.6 Real-time PCR amplification and melting curves for TVN0947 gene under
oxidative stress. A. Oxidative stress at 0.02 mM for 30'. Amplification curves (red—test,
purple—control), Melting curves (red—test). B. Oxidative stress at 0.02 mM for 90"
Amplification curves (light pink—test, purple—control), Melting curves (light pink—test,
green—negative control).
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Figure C.7 Real-time PCR amplification and melting curves for TVN0489 gene under
heat-shock (65°C). A. Heat stress at 65°C for 30'. Amplification curves (pink—test, light
pink—control, light brown—negative control), Melting curves (pink—test, light pink—
control). B. Heat stress at 65°C for 90'. Amplification curves (blue—test, light pink—control,
light brown—negative control), Melting curves (blue—test, light pink—control). C. Heat
stress at 65°C for 120'. Amplification curves (grey—test, light pink—control, light brown—
negative control), Melting curves (grey—test, light pink—control).
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Figure C.8 Real-time PCR amplification and melting curves for TVN0489 gene under
heat-shock (70°C). A. Heat stress at 70°C for 30'. Amplification curves (blue—test, light
pink—control, light brown—negative control), Melting curves (grey—test, light pink—
control). B. Heat stress at 70°C for 90'. Amplification curves (red—test, purple—control,
light brown—negative control), Melting curves (red—test, purple—control). C. Heat stress
at 70°C for 120'. Amplification curves (red—test, purple—control, light brown—negative
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Figure C.9 Real-time PCR amplification and melting curves for TVN0489 gene under
pH stress. A. pH stress at pH 4.0 for 30'. Amplification curves (blue—test, pink—control,
light brown—negative control), Melting curves (blue—test, pink—control). B. pH stress at
pH 4.0 for 90'. Amplification curves (red—test, pink—control, light brown—negative
control), Melting curves (red—test, pink—control). C. pH stress at pH 4.0 for 120"
Amplification curves (black—test, pink—control, light brown—negative control), Melting
curves (black—test, pink—control).
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Figure C.10 Real-time PCR amplification and melting curves for TVN0489 gene under
oxidative stress. A. Oxidative stress at 0.02 mM for 30'. Amplification curves (pink—test,
light pink—control, light brown—negative control), Melting curves (pink—test, light pink—
control). B. Oxidative stress at 0.02 mM for 90'. Amplification curves (purple—test, light
pink—control, light brown—negative control), Melting curves (purple—test , light pink—
control). C. Oxidative stress at 0.02 mM for 120'. Amplification curves (grey—test, light
pink—control, light brown—negative control), Melting curves (grey—test, light pink—

control).
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Figure C.11 Real-time PCR amplification and melting curves for TVN1145 gene under
heat-shock (65°C). A. Heat shock at 65°C for 60'. Amplification curves (green—test, light
pink—control, light brown—negative control), Melting curves (green—test, light pink—
control). B. Heat shock at 65°C for 90'. Amplification curves (blue—test, purple—control,
light brown—negative control), Melting curves (blue—test, purple—control). C. Heat shock
at 65°C for 120'. Amplification curves (grey—test, purple—control, light brown—negative
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Figure C.12 Real-time PCR amplification and melting curves for TVN1145 gene under
heat-shock (70°C). A. Heat shock at 70°C for 60'. Amplification curves (green—test, light
pink—control, light brown—negative control), Melting curves (green—test, light pink—
control). B. Heat shock at 70°C for 90'. Amplification curves (red—test, purple—control,
light brown—negative control), Melting curves (red—test, purple—control). C. Heat shock
at 70°C for 120'. Amplification curves (black—test, purple—control, light brown—negative
control), Melting curves (black—test, purple—control).
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Figure C.13 Real-time PCR amplification and melting curves for TVN1145 gene under
pH stress. A. pH stress at pH 4.0 for 30'. Amplification curves (blue—test, pink—control,
light brown—negative control), Melting curves (blue—test, pink—control). B. pH stress at
pH 4.0 for 90'. Amplification curves (red—test, purple—control, light brown—negative
Melting curves (red—test, purple—control). C. pH stress at pH 4.0 for 120"
Amplification curves (black—test, purple—control, light brown—negative control), Melting

control),
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Figure C.14 Real-time PCR amplification and melting curves for TVN1145 gene under
oxidative stress. A. Oxidative stress at 0.02 mM for 30'. Amplification curves (pink—test,
light pink—control, light brown—negative control), Melting curves (pink—test, light pink—
control). B. Oxidative stress at 0.02 mM for 90'. Amplification curves (blue—test, purple—
control, light brown—negative control), Melting curves (blue—test, purple—control). C.
Oxidative stress at 0.02 mM for 120'. Amplification curves (grey—test, purple—control,
light brown—negative control), Melting curves (grey—test, purple—control).
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