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HETEROLOGOUS EXPRESSION OF PUTATIVE GLUTAMATE
SYNTHASE SMALL SUBUNIT HOMOLOGUES FROM PYROCOCCUS
HORIKOSHII

SUMMARY

Glutamate synthase (often abbreviated as GOGAT) is a key enzyme in the early
stages of ammonia assimilation in bacteria, algae and plants, catalyzing the reductive
transamidation of the amido nitrogen from glutamine to 2-oxoglutarate to form two
molecules of glutamate. The ammonia that enters this pathway can be supplied either
by internal metabolic processes, such as photorespiration in plants as well as amino
acid catabolism, or through the reduction of external nitrogen sources, such as nitrate
and atmospheric dinitrogen.

The genomes of three Pyrococcus species, P. horikoshii, P. furiosus and P. abyssi,
harbour two open reading frames which show homology with the small subunit of
glutumate synthase (3 subunit of GOGAT). There are no open reading frames which
may be coding for a large subunit responsible for the glutamate formation in the
genomes of P. horikoshii and P. abysii. The presence of two putative GOGAT small
subunits raises the possibility of gene duplication. Evolution of glutamate synthase
might have occurred via lateral gene transfer via the combination of two subunits in
the higher organisms. It seems likely that these open reading frames are the early
forms of an electron transfer domain in archaea which may have later contributed to
many electron transfer enzymes.

To further analyze this hypothesis, two open reading frames PH0876 and PH1873,
from P. horikoshii, have been cloned and successfully expressed in E. coli and the
presence of the proteins have been confirmed with Western Blot analysis. In
addition, these two proteins have been obtained in the soluble fraction of the cell and
purified with the aid of His-Tag present upstream the coding region. The B subunit-
like C terminal region of NADH-dependent glutamate synthase from Medicago
sativa has also been cloned, expressed in E. coli to be used as a control in activity
analysis.

X1V



PYROCOCCUS HORIKOSHII PUTATIF GLUTAMAT SENTAZ KUCUK
ALTUNITE HOMOLOGLARININ HETEROLOG EKSPRESYONU

OZET

Glutamat sentaz (GOGAT), bakteri, alg ve bitkilerde amonyak asimilasyonun ilk
basamaklarinda gorev alan ve glutaminin amido azotunun 2-okzoglutarata
transamidasyonu sonucu iki molekiil glutamat olusumunu katalizleyen 6nemli bir
enzimdir. GOGAT tarafindan kullanilan amonyak, bitkilerde fotorespirasyon, amino
acid yikimi gibi metabolik islemler sonucu saglanabildigi gibi, nitrat ve atmosferik
diazot gibi dis azot kaynaklarinin indirgenmesi yoluyla da saglanabilir.

Pyrococcus cinsinden olan P. horikoshii, P. furiosus ve P. abyssi’nin genomlarinda,
glutamat sentazin kiiclik altiinitesine benzerlik gosteren iki tane homolog bdlge
vardir. Bununla beraber P. horikoshii ve P. abysii’nin genomlarinda, enzimin
glutamat olusumundan sorumlu olan  biiyiik altiinitesini kodlayan bir bdlge
bulunmamaktadir. iki tane putatif glutamat sentaz kiigiik altiinite homologunun
varligi, gen duplikasyonu olasiligini diisiindiirmektedir. Glutamat sentazin evriminin,
lateral gen transferi ve iki altiinitenin yiiksek yapili canlilarda birlesmesi olaylarini
kapsamasi muhtemeldir. Bunlar 1s181inda, bu homolog bdlgelerin, elektron transfer
protein domeynlerinin arkealarda bulunan erken formlar1 olabilecekleri ve daha
sonradan evrim siirecinde elektron transfer enzimlerin yapisina katilmis
olabilecekleri diistiniilebilir.

Bu calismada, bu hipotezin gercekligini arastirmak i¢in, Pyrococcus horikoshii’ nin
iki putatif glutamat sentaz kiigiik altlinitesi homologu, PH0876 ve PHI873,
klonlanmis ve Escherichia coli’de protein ekpresyonu gerceklestirilmistir. Elde
edilen sonu¢ Western Blot analizi ile desteklenmistir. Uretilen proteinler, HisTag
flizyon proteini olmalarindan faydalanilarak saflagtirilmistir. Buna ek olarak, aktivite
analizlerinde kontrol amaclhi kullanilacak olan Medicago sativa’ya ait NADH-
bagimli glumat sentazin, kiigiik altiinite ile benzerlik gosteren bolgesi de ekpresyon
vektoriine klonlanmis ve Escherichia coli’de protein ekpresyonu gergeklestirilmistir.
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1. INTRODUCTION

1.1. Archaea and Pyrococcus horikoshii

1.1.1. Archaea

Bacteria Archaea Eukarya

Animals
Entoamoebae Slime
mai

Chioroflexus
Methanotherpius i ahijes ants
Furple bacteria
Chloroplast
Cyanobacitena Flageliates
Flavobacteria Trichanomads

Thermotogales
Microsporiclia

Aquitex Diplomonads

Common Ancestor

Figure 1.1: Three Domains of Life (Website of NASA Astrobiology Institute)

According to the biological classification based on 16S rRNA sequence comparisons,
there are three distinct domains which are the Bacteria, the Archaea and the Eukarya

(Figure 1.1) (Madigan, 2003).

The Archaea consist of three phylogenetically distinct groups which are
Crenarchaeota, Euryarchaeota and Korarchaeota (Figure 1.2). Moreover, they can be
categorized into three types according to their physiology: methanogens (prokaryotes
that produces methane); extreme halophiles (organisms that live at high
concentrations of salt; and extreme (hyper) thermophiles (organisms that live at very
high temperatures). They can be either aerobic with oxygen as the terminal electron
acceptor (e.g. Sulfolobus, Pyrobaculum, Thermoplasma and halophilic archaea ) or
anaerobic with alternating terminal electron acceptors, such as sulphur
(Thermoproteus), nitrate (Pyrobaculum), sulphate (Archaeoglobus) or carbon dioxide
(methanogens) (Madigan et. al., 2003). Archaea are prokaryotic organisms lacking
distinct membrane-enclosed structures. They have features that distinguish them

from bacteria such as lack of murein content in cell wall and ether-linked membrane



lipids (Madigan et. al., 2003). While archaea resemble bacteria, they consist of some
characteristics that are more likely found in eukaryotes. For instance, despite the fact
that transcription regulation in Archaea seems to involve bacterial-like proteins, there
is a similarity between the archaeal and the eukaryotic transcriptional machinery.
There is a homology between the basal transcription components of archaea and the
eukaryotic RNA polymerase II system with regard to subunit complexity and
sequence levels (Bell and Jackson, 2001). Moreover, there is a heavy selective
pressure on archaeal proteins due to the extreme environments they live in so their
proteins remained less changed in time. Thus, one would observe the evolution of an
enzyme through time towards archaea, bacteria, plants and lower eukaryotes. They

are declared as the “evolutionary clocks” (Cohen et al, 2003).

Figure 1.2: The phylogeny of archaeans (www.ucmp.berkeley.edu).

There are both autotrophic (methanogens, sulphur reducers and sulphate reducers)
and heterotrophic (Pyrococci) representatives of archaea. Heterotroph representatives
comprise most of the members of the hyperthermophilic archaea which use
polypeptides as carbon and energy sources. Various geothermally heated
environments are places from which hyperthermophiles are isolated. In addition,
several modified sugar degrading pathways are also found in various members of
heterotrophic archaeal species which are called to be saccharolytic such as
Pyrococcus furiosus, Pyrococcus glycovorans, Pyrococcus woesei, Thermococcus

hydrathermalis, Desulfurococcus amylolyticus (Verhees et al, 2003).



1.1.2. Pyrococcus horikoshii

1.1.2.1. Systematics, Ecology and Morphology of Pyrococcus horikoshii

Hydrothermal vents are sources for the isolation of the most of the archaea like
Pyrococcus horikoshii OT3. Pyrococcus horikoshii is a hyperthermophilic archaea
and belongs to the euryarchaeotal branch within the Archaea domain. Pyrococcus
horikoshii OT3 was isolated in 1992 at a depth of 1395m in the Okinawa Trough
lying between Japan and Taiwan in the Pacific Ocean (Gonzales et al, 1998). It is a
hyperthermophilic, anaerobic heterotrophic archaebacterium which grows optimally
at 98°C. The determination of the complete genome sequence of this microorganism
is very important since its optimal growth temperature is near 100°C and its
metabolism provides an alternative archaeal system to investigate biological
processes in non-acidic high temperature environments (Gonzales et al, 1998;

Kawarabayasi et al., 1998).

Figure 1.3: A photograph of the Pyrococcus horikoshii OT3 taken by a transmission
electron microscope (Gonzales et al, 1998). Length of bar is 0.1 um.

The taxonomic hierarchy of P. horikoshii and the degree of relationship of P.
horikoshii to the related Euryarcheota on the unrooted phylogenetic tree of 16S
rRNA sequences can be seen at Figurel.4 (Gonzales et al, 1998).



Table 1.1: The taxonomic hierarchy of
P. horikoshii (Databases of genomes
analyzed at NITE (National Institute of
Technology and Evaluation, Japan).
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Species harikoshii

Cells of P. horikoshii have a shape of irregular cocci as seen at Figure 1.3 and their
diameter vary according to growth conditions (0.8 and 2u). They form pairs
throughout the exponential phase which then accumulate to form aggregates during
culture aging (Gonzales et al, 1998). It has a polar tuft of flagella. There is also a
periplasmic space between the cell envelope and the cytoplasmic membrane (Figure
1.3). The growth of P. horikoshii is observed at different temperatures and at
different growth media containing varying amounts of NaCl and H' ions. The
corresponding generation times of P. horikoshii can be seen at Figure 1.5 (Gonzales
et al, 1998). Growth is observed from pH 5-8 whereas the optimum pH for growth is
7. Optimum temperature that allows growth is 98°C whereas growth is also observed
between 80°C and 102°C (Figure 1.5) (Gonzales et al, 1998). Moreover, optimum
NaCl concentration that allows growth is 2.4% whereas growth is observed at
concentration ranges from 1-5 % (Figure 1.5). The shortest doubling time is 32 min

(Gonzales et al, 1998).
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Figure 1.5: Generation times versus temperature, % NaCl and pH. Effect of

temperature, NaCl concentration and pH on the growth of P. horikoshii (Gonzales et
al, 1998).

Growth does not require elemental sulfur but the absence of S° has a significant
negative effect on the growth rates. Likewise, it has a stimulatory effect and
increases the growth yield. They can be cultivated heterotrophically on complex
proteinaceous substrates like yeast extract, beef extract, peptone, tryptone, casein;
and on casamino acids with an extra addition of tryptophan and vitamins (Gonzales
et al, 1998). Moreover, growth can also be achieved on a mixture of 21 amino acids
and vitamins (The 21. amino acid mentioned is selenocycteine). Tryptophan is a

necessity for growth (Gonzales et al, 1998).

Similarity is observed between the cell envelopes of P. horikoshii and P. furiosus as
a result of morphological studies. However, the cell envelope of P. abysii is different
from that of P. horikoshii. A cellular compartment exists between the cytoplasmic
membrane and the S-layer which is the outer layer of cellular envelope of P.
horikoshii (Gonzales et al, 1998). However, considering that the most abundant
portion of P. horikoshii’s cell envelope is the tetraether fraction, it is similar to P.
abysii rather than P. furiosus with regard to membrane lipid composition (Gonzales

et al, 1998).

1.1.2.2. Metabolism of Pyrococcus Species

Most of the hyperthermophilic archaea are heterotrophs which use polypeptides as
carbon source. There are also some heterotroph representatives which comprise
several modified sugar degrading pathways (Schut et al, 2003). Most of the

information on Pyroccoccus genus is obtained from the studies on Pyroccoccus



furiosus. The principle metabolic pathway is peptide fermentation for Pyrococcus
species (Cohen et al, 2003 and Schut et al, 2003). The excess reductants after the
fermentation-type metabolic processes are got rid of in the form of H, or if S° is
available in the form of H,S (Adams et al, 2001). Interestingly, growth also occurs
when P. furiosus, P. woesei and P. glycovorans are separately cultivated in a growth
medium containing maltose as the main carbon source. Therefore, they are called as
saccharolytic archaea (Verhees et al, 2003). However, P. horikoshii is not able to
grow in that media since it is not able to grow on carbonhydrates. Various
experiments were performed with P. furiosus which explains the effect of S” to the
growth on peptides and on maltose (Schut et al, 2003). These experiments are also
important for the understanding of the metabolism of P. horikoshii since peptide
fermentation is the common pathway and since the comparisons explain the reasons
for the lack of some genes in P. horikoshii which will mainly be discussed in the part
focusing on genomic features of the P. horikoshii (Introduction, 1.2.2.3). The
examination of the growth of P. furiosus was performed by Adams et al (2001) by
using media containing different combinations of peptides (hydrolyzed casein),
maltose and elemental sulfur (S°). It was seen that only when S° is present, the
effective utilization of peptides occurred (Adams et al, 2001). In addition, more
growth was observed in medium containing peptides and S° together than only
maltose containg medium. Results of these experiments also show that the prefered
carbon source is peptides, which make the peptide fermentation the main catabolic
pathway for Pyrococcus species (Adams et al, 2001). In addition, it can be concluded
that peptide fermentation in these organisms requires S”to a great extent. The reason
for that can be the withdrawal of the negative influence of H, gas on growth rate in
the presence of sulfur. It is suggested that detoxification of H, is achieved by H,S
formation (Adams et al, 2001).

P. horikoshii was also examined for the growth on various substrates such as sucrose,
glucose, maltose, cellobiose, citrate, pyruvate, glycerol, lactate, acetate, and olive oil.
It was seen that these subsrates were not suitable for the growth of P. horikoshii
(Gonzales et al, 1998). Among Pyrococcus species, P. abysii, P. horikoshii,
Pyrococcus sp. Strain GB-D (isolated from the Guaymas Basin hydrothermal vents)
can only grow on proteinaceous carbon sources (Erauso et al., 1993; Gonzales et al.,

1998; Jannash et al., 1992).



Since all Pyrococci can grow on peptides, their pathway for utilization of peptides is

expected to be roughly similar (Figure 1.6).
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Figure 1.6: The proteolytic pathway which is suggested for P. furiosus (Adams et al,
2001).

The catabolism of peptides occurs as seen in the figure above in all three Pyrococci
(P. horikoshii, P. furiosus, P. abysii) except some differences in the types of the used
2-ketoacid ferredoxin oxidoreductases (KORs). Peptides are transformed into 2-
Ketoacids at the end of the amino acid deamination step with the contribution of
transaminases (Figurel.6) (Adams et al, 2001, Schut et al, 2003). During the
formation of 2-keto acids, glutamate is also produced from 2-ketoglutarate by
glutamate dehydrogenase (GDH). After the deamination part, 2-keto acids are
converted into acyl-CoAs by the reactions catalyzed by 2-ketoacid ferredoxin
oxidoreductases (KORs) gene cluster products (POR: Pyruvate ferredoxin
oxidoreductase; VOR: Utilizes 2-ketoacids derived from branched chain amino
acids; KGOR: 2-ketoglutarate oxidoreductase; IOR: Indolepyruvate oxidoreductase)
(Figure 1.6).



Adams et al. (2001) presented that KGOR, IOR and GDH show higher activities in
P. furiosus cultures cultivated on media containing peptide and S° together than
media containing only maltose. In addition, genes encoding the same enzymes were
also upregulated in peptide grown cultures (Schut et al., 2003). However, the activity
of POR was nearly same in all type of media (Adams et al., 2001). In addition, the
expression level of POR was high in both cells growing in only peptide containing
and in only maltose containing media. This is not surprising because pyruvate is also
produced from glycolysis while cells are growing on maltose and POR also utilizes

this pyruvate (Schut et al., 2003).

The enzyme which is responsible for the removal of aldehydes which can be
produced from either peptidolytic (with IOR, POR, VOR) or sacchorylotic pathways
(with POR) is Aldehyde: Fd oxidoreductase (AOR). The reductants, ferredoxin and
NADPH, are produced from the conversion reaction of 2-keto acids to acyl-CoAs
and the activity of GDH, respectively. These reductants are oxidized via ferredoxin
NADP oxidoreductase (FNOR) catalyzed reaction (Adams et al., 2001 and Schut et
al., 2003). During its catalysis, the electron acceptors of exterior sources such as
elemental sulphur or polysulphide take the electrons that are donated from NADP
(Silva et al., 2000 and Schut et al., 2003). It seems likely that the most important
electron carrier in Pyrococci is ferredoxin. It is reduced throughout sugar or peptide

utilization (Silva et al., 2000) (Figure 1.6).

The gene content difference of Pyrococcus species involves amino acid biosynthesis,

maltose transport and phosphate uptake operon genes (Cohen, 2003).

In order for maltose to be utilized, it should be transported into the cell. In P.
furiosus, a membrane protein called as MalE captures the maltose which is followed
by transport through the membrane via the MalFG ATP-binding casette (ABC)
membrane transporter complex. It is not surprising that there is not a homologue for
malEFG in the genome of P. horikoshii since it is incapable of maltose fermentation

(Schut et al, 1999).

Another gene level comparison is for the two important phosphate transporters which
are called as Pst (Phosphate specific transporter) and Pit (Phosphate intake
transporter) systems (Cohen et al, 2003). The Pit-system is the fast nonspecific
uptake system for phosphate whereas Pst is the inducible high-affinity ABC-type



transport system and it allows specific movement of P; into the cell. Both of them
appear in the genomes of both P. furiosus and P. abysii. However, there is only the
Pit system in the genome of P. horikoshii (Cohen et al, 2003). The operon named as
pstSCAB-phoU, which is highly conserved, encodes the Pst transport system. The
gene product of phoU is alkaline phosphatase which removes phosphate groups (Pi)
from many biological molecules. The Pit system, involves the glycerol-3-phosphate

transport system which is encoded from ugpABCE operon. (http://biology200.gsu.
edu/houghton/4595%20'04/lecture25.html).

Motility in P. horikoshii and P. furiosus is provided by flagellas. P. horikoshii
contains bacteria-like methylated chemotaxis proteins (which are encoded from
PHO0478, PH0479, PH0481-PH0484, PH0491) whereas P. furiosus lack these
proteins. However, the motility of the P. furiosus suggests that there should be

another taxis system encoded in the P. furiosus genome (Maeder et al, 1999).

Amino acid biosynthesis is of importance to saccharolytic organisms like P. furiosus
throughout growth on carbonhydrates such as maltose. Also, carbon supply to these
amino acid biosynthesis reactions through metabolic intermediates is very important.
There are three citric acid cycle enzymes responsible for carbon supply to this type
of reactions such as citrate synthase, aconitase and isocitrate dehydrogenase (PF0201
to PF0203) (Schut et al, 2003). There are not any homologs of these three ORFs in P.
horikoshii which lacks the ability to grow on carbonhydrates, consistent with the
indirect contribution of these enzymes to the amino acid biosynthesis during growth
on carbonhydrates (Schut et al, 2003). The carbon source for glutamate synthases is
2-ketoglutarate. Glutamate synthase encoding genes are in the form of an operon in
P. furiosus. There is a more than 5 fold increase at the transcript levels of genes of
that operon when P. furiosus cells are cultivated in maltose containing medium

(Schut et al, 2003).

In addition, there is another operon containing ORFs PF0204-PF0206, which is
present downstream of the operon encoding citric acid cycle enzymes. The genes in
this operon are also upregulated during growth on maltose (Schut et al, 2003).
Although ORF PF0205 was thought to be the large subunit of an NAD-dependent
glutamate synthase, each ORF in this operon shows homology to the domains present

in ferredoxin-dependent glutamate synthase protein which itself shows similarity to



a subunit of NAD-dependent glutamate synthase (Schut et al, 2003). In addition, 20
fold upregulation is also observed for the putative glutamine synthetase (PF0450)
present in P. furiosus during growth on maltose. This is a consistent result, since
glutamate synthase generally works with glutamine synthetase which is responsible
for the conversion of glutamate and ammonia into glutamine in an ATP dependent

manner (Schut et al, 2003).

There are no homologs for the ORFs PF0204-PF0206 in P. abysii and P. horikoshii
genomes. Considering the fact that glutamine is the storage form of ammonia, and
glutamate and o-ketoglutarate are biosynthetic precursors during amino acid
biosynthesis, it is an expected condition since they can not grow in media containing

maltose as the sole carbon source without peptides (Schut et al, 2003).

1.1.2.3. Genome of Pyrococcus horikoshii

The entire genome of P. horikoshii is 1,738,505 bp in length (Figure 1.7). There are
2061 open reading frames (ORFs) which are accepted as potential protein coding
regions. 406 ORFs were annotated as genes with putative functions as a result of
sequence similarity searches (Kawarabayasi et.al, 1998). However, now the number
of ORFs annotated as genes have raised to 557 (27%) (Database of the Genomes
Analyzed at Nite (National Institute of Technology and Evaluation, Japan) and the
function of 455 (22%) ORFs are not known, hypothetic proteins. There is not any
meaningful similarity between sequences in the database and the rest of the ORFs
which comprises comprises 50, 89% (1049.0RFs). There are 46 tRNA genes two of
which contains intron stuctures, one 16S-23S rRNA operon and two 5S rRNA genes.
The direct analysis of the base composition revealed that the G+C content of the
DNA 42% whereas it is 44%, according to the melting point method (Kawarabayasi
et al, 1998).

There are intein elements in eleven ORFs in the genome of P. horikoshii. Inteins are
regions of a polypeptide sequence generally encoding unique motifs of endo-
nucleases and are removed via self splicing. Rearrangements of the polypeptide
sequence via combination of exteins occur after the inteins are excised

(Kawarabayasi et al, 1998).
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Figure 1.7: Physical map of P. horikoshii OT3 genome the location of RNA genes.

(http://www .bio.nite.go.jp/ dogan/MicroTop?GENOME ID=o0t3). Color key is as
above.

There is a low similarity observed between the genomes of other Pyrococcus species
and P. horikoshii as a result of DNA-DNA hybridization analysis (Table 1.2). The
highest hybridization score belongs to P. furiosus (Maeder et al., 1999).

Table 1.2: DNA-DNA hybridization analysis of three species of the Pyrococci and
Thermococcus celer (Gonzales et al, 1998). JA-1 is a strain type of Pyrococcus
horikoshii like OT3.

Species or strain % hybridization with the DNA of

JA-1 P. furiosus P. abyssi
F. horikoshii JA-1 100 S50 32
F. furiosus 63 100 36
P. abyssi 36 45 100
Thermococcus celer 25 50 36
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Although the highest hybridization score belongs to P. furiosus, there are a lot of
differences at gene level between P. horikoshii and P. furiosus. There is 170 kbp size
difference between genomes of the two Pyrococcus species. The length of the P.
furiosus genome is 1,908 Mbp, whereas the length of the P. horikoshii genome is
1,738 Mbp (Maeder et al., 1999).

1.1.3. Importance of Genome Comparisons Among Hyperthermophilic Archaea

There can be large scale insertion/deletion events among hyperthermophiles because
of their unique feature of strong capacity for accelerated DNA repair systems. For
instance, one of these enzymes which has an important role in DNA repair systems is
reverse gyrase which is present in all hyperthermophilic genomes and which is
absent from all mesophilic and thermophilic genomes (Forterre, 1995). Therefore, it
is of significant importance since it is the only hyperthermophile-specific protein
(Forterre, 2002). However, it has been claimed that the presence of reverse gyrase is
not a necessity for hyperthermophilic life at least until the conditions below 90°C
(Atomi et al., 2004). This enzyme increases the number of topological links between
the two DNA strands by introducing positive supercoils and helps DNA to function
at high temperatures (Atomi et al., 2004). As a result of this accelerated DNA repair
systems; the occurance of gene gains, losses or replacements within
hyperthermophiles can be expected significantly in also short period of genetic and
geographical separations which are valid conditions for species separation. For this
reason, genome sequencing experiments of even same type of genus, as in the case
for Pyrococci, are required to understand what is happening at the genome level
among species by a combinatory study of proteomics and genomics before increasing
the complexity of interactions. In addition, genomes and proteomes of
hyperthermophilic organisms belonging to same genus, provide information about
the rates of protein replacements and function diversity formation of a protein at
interspecies level. This makes it possible to trail the traces of molecular evolution of
proteins belonging to organisms comprising huge amounts of gene rearrangements at
the interspecies level. It is of importance since the tested organisms are annotated as
“evolutionary clocks” as they live in environments bearing highly selective pressure
forcing their proteins to remain unchanged. Also it can give rise to identification of

common features of a genus (DiRuggiero et al., 2000).
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Figure 1.8: The rearrangement of the ferredoxin oxidoreductase gene clusters before
the divergence of the two species: P. horikoshii and P. furiosus. There are four
homologous genes belonging to that operon which are different from each other: 4,
B, G, D (Maeder et al., 1999).

The rearrangement of the ferredoxin oxidoreductase gene clusters is a very good
example indicating the dynamic genomic rearrangements because of the events
taking part during its evolution such as operon duplication, gene loss, and also gene
translocation (Figure 1.8). 2-Ketoisovalerate ferredoxin oxidoreductase (VOR) and
pyruvate ferredoxin oxidoreductase (POR) have vital roles for energy metabolism
(Section 1.1.2.2) consistent with the fact that their genes are conserved among
Pyrococci. It can be followed from the figure that the rearrangement events of this
gene clusters occured before the divergence of the two species, P. horikoshii and P.

furiosus (Maeder et al, 1999).

1.1.4. Possible Mechanisms of Speciation in Pyrococcus

Pyrococcus species, which live in similar hydrothermal habitats, share some genes
but may differ from one another with their metabolism. Insertion sequences are
suspected to play key roles that led to the evolutionary divergence of P. furiosus
from P. abysii and P. horikoshii (Zivanovic et.al, 2002). Recent studies have shown

interesting results which shed some light to the speciation of Pyrococcus species. P.
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furiosus and P. woesei, which were isolated from the same hydrorthermal vent, seem
to share the same metabolism and have 100% identity of 16S rRNA. However, the
genome of P. woesei has not been elucidated yet. Hybridization of genomic DNA
from P. furiosus and P. woesei showed that homologues of 105 ORFs are absent
from the genome of P. woesei. Mall gene cluster, which is only present in P.
furiosus, is flanked by direct repeats, P. woesei does not contain the Mall gene while
the direct repeats are found in both species (Hamilton-Brehm et.al, 2005). This
makes it likely that a genetic transfer via insertion elements may have occurred and
insertion elements play an important role in shaping the genomes which share the

same environment.

1.2. Glutamate Synthase

1.2.1. Glutamate Synthase Reaction

Amidotransferases are responsible for the distribution of the nitrogen to other
compounds after the primary assimilation of nitrogen into glutamine and glutamate.
It is one of the most important biochemical reactions in plants and bacteria, like in
some yeast and fungi so that inorganic nitrogen is assimilated into carbon skeleton
as ammonium (NH,") later to be used in amino acid production. (Vanoni and Curti,

1999; Heuvel et al., 2003).

A single step conversion of 2-oxoglutarate into L-glutamate by the enzyme glutamate
dehydrogenase in a NAD(P)H dependent manner, was generally thought to be
responsible for the ammonia assimilation until 1970. In 1970, the existence of a
glutamine synthetase (GS)/glutamate synthase (GOGAT) pathway was presented in
Aerobacter aerogenes by the pioneering work of Tempest and co-workers (Tempest
et al.,, 1970). This pathway is utilized in bacteria which are growing on ammonia
limited media and in bacteria lacking glutamate dehydrogenases (GDH) or
equivalent amino acid dehydrogenases. Later, the role of glutamine synthetase and
GOGAT for primary and secondary ammonia assimilation was also presented in
other bacterial species (Hummelt and Mora, 1980; Senior, 1975), in cyanobacteria
(Marques et al., 1992), in yeast (Cogoni et al., 1995), in plants (Miflin et al., 1980,
Anderson et al., 1989, Gosset et al., 1989) and in lower animals (Hirayama et al.,

1998).
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The GS/GOGAT pathway is very important for microbial and plant cells, since L-
glutamine and L-glutamate, which are the products of the GS/GOGAT pathway, are
the nitrogen donors for the biosynthesis of major nitrogen-containing compounds
(such as nucleotides, other amino acids, chlorophylls, polyamines and alkaloids). The
GOGAT enzyme of the GS/GOGAT pathway is refered as GItS. (Lea and Ireland,
1999, Reitzer, 2003).

Glutamate synthase (EC 1.4.1.13) and glutamine synthatase (GS, EC 6.3.1.2)
catalyse the joint reactions which results in glutamate formation in a NAD(P)H or
ferredoxin-dependent manner (Figurel.9). During the reaction, the amide group of
the glutamine is transferred to the C(2) carbon of the 2-oxoglutarate (Figurel.9). The
overall reaction catalysed by GS and GOGAT is similar to the reaction of glutamate
dehydrogenase (Figurel.10). GS provides the assimilation of ammonia into the
amide group of L-GIn and therefore it provides the substrate, L-Gln, to a wide range
of biosynthetic reactions catalyzed by L-glutamine dependent amidotransferases like
GItS (Curti et al.,, 1996, Zalkin and Smith, 1998).The difference between two
reaction pathways is the expenditure of an extra molecule of ATP for each glutamate
that is producedin GDH (Figurel.10). Glutamate dehydrogenase catalyses a
reversible NADPH-dependent reaction during which glutamate is formed from
ammonia and alpha-ketoglutarate as seen in Figure 1.10 (Chavez et al., 1999). There
has been some discussion that this reaction rather works in the reverse direction of
glutamate deamination. In overall, at the end of these amidotransferase reactions, this

nitrogen atom becomes available for amino acid biosynthesis.

In addition, the glutamine synthetase (GS)/GItS (GOGAT) pathway is of importance,
since it partipates in the ammonia assimilation into L-Glu at low intracellular
ammonia concentrations. Each of the enzymes in the pathway has a low K, value for
its substrates. Thus, the other known glutamate synthetic reaction can be easily
substituted by it particularly on media with low ammonia content (for instance:

nitrogen fixation)
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Figurel.9: Reaction catalyzed by Glutamate Synthase

GDH NH, + 2-oxoglutarate + NADPH + H* ¢ Glutamate + NADP*
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Figurel.10: The reactions catalyzed by Glutamate Dehydrogenase (GDH) and
Glutamine Synthatase/Glutamate Synthase (GS/GOGAT ) Pathway (Curti, 1995).

In bacteria, being involved in protein synthesis, being precursor for heme
biosynthesis (Heuvel et al., 2002), being involved in maintanence of osmotic balance
and being the amido nitrogen donor for transamidation reactions giving rise to

another amino acids, are among the roles of L-Glu produced by GIzS.

Moreover, cyanobacteria have an incomplete tricarboxylic acid cycle because of the
lack of 2-oxoglutarate dehydrogenase and succinyl-CoA synthetase activities. Thus,
the GS-GOGAT pathway in cynobacteria also represents the most important way in

the utilization for 2-oxoglutarate (Navarro et al., 2000).

In corporation of ammonia into the amino acids is mainly achieved by the
GS/GOGAT pathway in plants. There are two GS isoforms (GS1 and GS2) found in
most species, whose subcellular localizations are different. GS1 is found in cytosol
and GS2 is found in plastids. The distribution and concentration of GS is not affected
by ammonium. There are two molecular forms of GOGAT in plants which are Fd-
dependent and NADH-dependent which are showed to be present in almost all
tissues of the plants. Both forms of GOGAT are monomeric proteins and contain

FMN and 3Fe-4S cluster as prosthetic groups. Ferredoxin (Fd)-dependent glutamate
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synthase is solely found in plant chloroplasts but also in nonphotosynthetic plant
tissues such as roots and shoots, whereas NADH-dependent GOGAT is found in
plastids of roots and also in non-green and developing leaf blades (Tobin and
Yamaya, 2001, Lea an Miflin, 2003). It was found that the amount of NADH-
dependent GOGAT increased with the increasing concentration of ammonium in rice
roots esspecially at the root tips whereas it had no effect on Fd-dependent GOGAT
(Ishiyama et al, 1998). The NADH-glutamate synthase is responsible for the primary
nitrogen assimilation (from N fixation) in roots. GOGAT is also very important
during secondary ammonia assimilation in plants where photorespiration is done and
a significant proportion of assimilated nitrogen is given as ammonia (Temple 1998).
Toxicity of ammonia released through photorespiration is prevented by GItS. The
primary function of Fd-glutamate synthase in leafs is the re-assimilation of ammonia
released from the photorespiratory nitrogen cycle. In addition, Fd-glutamate synthase
mutant plants are also photorespiratory mutants without exception, thus under
atmospheric oxygen levels, they can not survive (Coschigano et al., 1998). Figure
1.11 indicates the localizations two isoenzymes GS and two molecular forms of

GOGATSs in plants and summaries the functions of them.

n
1 Mature, photosynthetic tissue

| Mesopfal cells:

1) G52, Fd GOGAT in chloroplasts-

ol photorespiratary MH4* assimilation

| | Wascularcells:

GS51 in companion cells- synthesises

glutamine far expart to sink tissue

Glutarnine exported via phloem to
developing sink tissue

]
- | Gln= majar amino acid in phloem
Developing leaf tissue: N\ |
¥ ascutar cells: WYELH
MADH GOGAT in parenchyma & -,t | |
rmestorna sheath converts '\\I i
\ |

imported gln to glu G581 in
sclerenchyma & xylem GInimpo |
parenchyma — MH4* assimilation | I
during lignin synthesis |

FPhicem of Central cylincer:

Fd GOGAT, GE1 & MADH GOGAT
metabalise Gln impored from source
tissue

MNH* uptake
Root apex:

MNADH GOGAT assimilates NH *in
epidermal & exodemnal cells Glu moves
into cartex

Figure 1.11: The localizations of GS and GOGAT isoenzymes in plants (Tobin and
Yamaya, 2001)
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1.2.2. Electron donor specifities and subunit compositions of glutamate

synthases

There are three forms of glutamate synthase classified according to their electron
donor specificities and subunit compositions in nature: NADPH-dependent GItS,
NADH-dependent GItS and ferredoxin (Fd)-dependent GItS. There are many studies
presenting the genes encoding GItS in a growing number of organisms ranging from
bacteria to lower animals. NADPH-dependent af-heterodimer enzyme is found in
bacteria such as E. coli (Miller and Stadtman, 1972) and Azospirillum brasiliense
(Ratti et al., 1985) NADPH-dependent af-heterodimer is composed of a large a
subunit and a smaller B subunit. There are two different forms of glutamate synthases
in plants: NADH-dependent GItS and Fd-dependent GItS. An NADH-dependent
enzyme consisting of a single protein chain exists in all higher plants as well as
Chlamydomonas and Neuspora crassa (Gregerson et al., 1993). It is thought that
putative fusion of the bacterial oo and B subunits may have given rise to these

monomeric enzymes (Gregerson et al., 1993).

Ferredoxin (Fd)-dependent glutamate synthase is a monomeric enzyme found in
plant chloroplasts and cyanobacteria (Marques et al., 1992), green algae (Galvan et
al., 1984), as well as nonphotosynthetic plant tissues such as roots and shoots
(Sakakibara et al., 1991). As a result of sequence analysis, high homology was found
between the Fd-dependent glutamate synthases and the o subunit of the bacterial
enzymes. However, Fd-dependent GItS lacks sequences corresponding to the
subunit. There is a significant synchronization difference between catalytic centers of
Fd-GItS and alpha-GltS, although the presence of this sequence homology (Heuvel et
al., 2002).

Each group displays different subunit composition, cofactor content and

physiological reductant, different distribution among different organisms and tissues.

I) NADPH-GItS (EC 1.4.1.13) These type of enzymes have a two subunit
composition forming the active protomer (Figurel.11). Moreover, there are one
flavin adenine dinucleotide (FAD), one flavin mononucleotide (FMN) and three
different iron-sulfur (Fe/S) clusters in this structure. There have been better
biochemically characterized enzymes in this group of enzyme such as the ones from

Klebsiella aerogenes, Escherichia coli, Bacillus subtilis and Azospirillum brasilense.
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Bacterial GItS is specific for NADPH except the GItS enzyme found in B. subtilis
thus, bacterial form of GItS enzyme will be mentioned via the abbreviation

NADPH-GItS (Binda et al, 2000).

IT) Fd-GItS (EC 1.4.7.1) An Fd-dependent form of GItS is present in cyanobacteria
and plants (Figure 1.12). In these organisms, Fd-GItS is reported to be mainly
involved in re-assimilation of ammonia released during photorespiration (Petoukhov
et al., 2003). The localization of this enzyme is plastids in plants and it is a single
polypeptide chain similar to the o subunit of bacterial NADPH-GItS. However, it
differs from the bacterial NADPH-GItS with a lower nonheme iron and acid-labile
sulfur content. (Marques et al., 1992, Hirasawa et al., 1996). Most of the data about
the biochemical properties of Fd-GItS depend on studies of the enzyme prepared
from spinach (Hirasawa et al., 1996). In addition, characterization of preparations of
Fd-GItS from Chlamydomonas (Galvan et al., 1984), Synechococcus (Marquez et al.,
1992) and Synechocystis (Navarro et al., 2000) has also been done.

IIT) NADH-GItS (EC 1.4.1.14) There is also a pyridine nucleotide-linked form of
GItS found in yeast, fungi, plants and lower animals (Figure 1.12). NADH-dependent
GItS appears to be mainly responsible for primary ammonia assimilation in roots
(Gregerson et al., 1993). The purification of the enzyme have been achieved from
Medicago sativa (Anderson et al., 1989), Saccharomyces cerevisiae (Cogoni et al.,
1995). In addition, NADH-dependent GItS has also been presented in silkworm
(Hirayama et al., 1998). There have been many studies on cloning and sequencing of
the genes or the complementary DNA (cDNA) encoding GItS in several eukaryotes.
The eukaryotic pyridine nucleotide- dependent enzyme is found to be composed of a
single polypeptide chain which is thought to be formed by the fusion of polypeptides
corresponding to the oo and B subunits of bacterial GItS. The electron donor of this
enzyme was shown to be NADH-dependent. GItS is the least studied enzyme among
enzymes of nitrogen metabolism. For instance, the eukaryotic NADH-dependent
GItS has been studied very little because of a combination of factors like low amount
levels and high instability of this enzyme. Fd-dependent GItS is more abundant so
more studies has been performed on it (Binda et al., 2000).

19



GItS like regions found in Archaea

Pyrococeus horikoshii
GRD like region (X2)

]

Methanococcus jannaschii
GItB like region

I T
Fd-GItS

TN T

- NADH-GItS .

/T 7w )
NADPH-GItS _

. subunit B subunit‘

— N—

1
| | I ‘ Contains binding sites for FAD,
GAT 'Central! FMN/ 8 helix

MNAD({P) and regions on where
[3Fe-45] FelS clusters are formed

Figure 1.12: Eukaryotic, eubacterial and archaeal glutamate synthase and glutamate
synthase-like proteins are showed with respect to their subunit compositions.
Redrawn and changed from Vanoni and Curti (2005).

Mature proteins do not contain the regions indicated by black box in Figure 1.12 and

the other regions indicate the similar regions among the proteins.

1.2.3. Catalytic Mechanism of Glutamate Synthase

Both a subunit of NAD(P)H-GItS and Fd-GItS consist of four domains which are
the N-terminal glutamine amidotransferase (GAT) domain, the central domain, the

flavin mononucleotide (FMN) -binding domain, and the C-terminal domain (Vanoni

et al.,1992).

The reactions that take place in these domains are shown in Figure 1.13 (Nagradova,

2003).

The Glutaminase Domain L-glutamine + Hz( — L-glutamate + NHa

2-oxoglutarate + NH; — 2-iminoglutarate + HzO

The FMN-binding Domain
2-iminoglutarate + FMMNg — L-glutamate + FMN,,

Figure 1.13: The reactions taking place in the glutaminase domain and in the FMN-
binding Domain which are present in the o subunit of glutamate synthase.
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Different reactions give rise to reduction of FMN in Fd-GItS and NAD(P)H-GItS.
The transmission of electrons from the reduced ferredoxin, present in the Fd-loop, to
the FMN, present in the FMN binding domain, through the 3Fe-4S clusters results in
FMN reduction (Vanoni et al.,1992).

2e 2e
Fd,.qg = 3Fe-45 cluster — FMM 4 1.1

On the contrary, aff heterooligomer formation is required for the reduction of FMN,
it can not be achieved only via the FMN- binding domain of alpha subunit of
NAD(P)H-GItS. The B subunit of NAD(P)H-GItS catalyzes the reduction of the FAD
and then, iron-sulfur clusters which are present in the a3 protomer take role during

the transfer of the reducing equivalents to FMN (Vanoni et al., 1992).

I ¥ ; v N >+ 7
MADPH + FAD. MADI b FADeq (1.2)

a subunit

B subunit

Figure 1.14: NADPH-dependent and Fd-dependent GOGAT reaction mechanisms
(Vanoni and Curti, 2005).

In the Figure 1.14, [4Fe—4S] clusters of NADPH-dependent GOGAT and [2Fe-2S]
center of Fd-dependent GOGAT are shown via cubes covered with small dashes. The
possible electron transfer path from FAD (two linked ovals) to FMN (oval) through
one of the [4Fe—4S] clusters (in the [ subunit) and the [3Fe—4S] center of the a
subunit of NADPH-GItS (cube) are shown with open headed arrows. Between FAD
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and the [3Fe—4S] cluster, there is the second [4Fe—4S] of NADPH-GItS. A possible
electron-transfer path between Fd and Fd-GItS is also presented (Vanoni and Curti,
2005).

1.2.3.1. Catalytic Mechanism of Fd-Dependent Glutamate Synthase

In Fd-dependent GItS, wasteful consumption of L-glutamine is prevented by its
noticable characteristic of coordinating its catalytic centers when there is not any
FAD and 2-oxoglutarate in the environment (Heuvel et al., 2002; Heuvel et al.,
2003). The amidotransferase domain is only activated when the reduced FMN
binding domain interacts with the reduced ferredoxin molecule and the ammonia
acceptor subsrate 2-OG (Figure 1.14). The activation process is controlled by two
enzyme conformations. The 2-OG, reduced cofactors and reduced ferredoxin
stabilizes the active conformation of the enzyme (Heuvel et al., 2002). There is a
strickly conserved polypeptide loop 4 (Figure 1.15) in the FMN binding domain
providing organization between the catalytic centers and ferredoxin binding. This
region of GItS protein is a strictly conserved part of the protein. As a result of the
structural studies of the Synechocystis ferrodixin-dependent GItS, it has been found
that there is a close proximity between the N-terminal region of loop 4 and the Fd
loop and 3Fe-4S cluster. Moreover the OH of Tyr-987 (loop4) directly contacts with
the OD1 of Asp-907 (Fd loop). Loop 4 also makes three hydrogen bonds with the
substrate, 2-oxoglutarate. Moreover, it forms the walls of the ammonia tunnel at the
C terminal part of itself (Figure 1.15). Stabilization of Cys-1 conformation via
hydrogen bonding is achieved by its Glu-1013 C terminal residue (Heuvel et al.,
2002).

A conformational change in loop 4 is thought to occur as Fd and 2-oxoglutarate are
bound to the FMN binding domain of Fd-GItS. This conformational change may lead
a hydrogen bond break between Cys-1 and Loop4 making a suitable condition for the
L-glutamine to bind to Cys-1. This conformational change also triggers more
changes that give rise to first molecule of L-glutamate and ammonia to be formed
after the hydrolization of L-glutamine. The produced L-glutamate and ammonia is
then sent through the channel to 2-oxoglutarate-binding site. In summary, after the
interaction between the 2-oxoglutarate and FMN binding domain, a conformational

change occurs in loop 4 and Cys-1 moves in the amidotransferase domain. The
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simultaneous operation between Fd and Fd-dependent GItS provides these critical
steps. As a result of this kind of simultaneous progression in the transfer of activatory
signals which are Fd and 2-oxoglutarate, L-glutamine binding of the enzyme is

achieved in a controlled manner (Heuvel et al., 2002).

Loop 4 (968-1013)
Glumm“ 4 L Ferredoxin loop (907-933)

-

.
y ?‘*f/{a' _ 3Fe-4S

L3 ;
y (?fﬁ 5 cluster

L—Gin

Figure 1.15: Three dimensional structure of Fd-dependent glutamate synthase of
Synechococcus sp. PCC 6301 showing activatory signals transfers among domains
leading simultaneous operation. The red balls indicate the location of the ammonia
tunnel (Heuvel et al., 2002).

1.2.3.2. Catalytic Mechanism of NADPH-Dependent Glutamate Synthase

There are three different catalytic sites in the NADPH-GItS. Firstly, NADPH
oxidation occurs at the pyridine nucleotide site which is present in the beta subunit,
and then, hydroquinone form of FAD is produced as a result of its reduction (Figure
1.14). At least two of the three iron sulfur clusters of GItS (the [3Fe-4S] cluster in the
o subunit and one of the two low potential [4Fe-4S] clusters in the holoenzyme)
transmit reducing equivalents from FAD which is present on the beta subunit to
FMN which is present on the alpha subunit (Vanoni et al., 1992, Vanoni et al., 1998,
Ravasio et al., 2001). After ammonia addition, 2-iminoglutarate intermediate is
produced from the bound 2-OG in the FMN domain of the o subunit (Figure 1.14).
The N-terminal glutamine amidotransferase (GAT) domain of the GItS a subunit is

the place where the ammonia is produced from the hydrolysis of glutamine (Figure
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1.14). Intramolecular tunnel (Binda et al., 2000) is involved in the transfer of the
ammonia to the FMN/2-OG-binding site. L-Glu is formed after the reduction of 2-
iminoglutarate intermediate via the participation of FMN cofactor (Ravasio et al.,

2001).

The crystal structures of the NADPH-GItS af protomer, of the isolated [ subunit
have not been elucidated yet, however, Binda et al. (2000) elucidated the three-
dimensional structure of NADPH-GItS o subunit of Azospirillum brasilense (Figure

1.16).

Figure 1.16: Three-dimensional structure of NADPH-GItS o subunit from
Azospirillum brasilense.

In the Figurel.16, the enzyme glutamine amidotransferase site (blue) contains the
bound L-Methionine sulfone which is presented via sticks. The synthase domain
(green) includes FMN, the [3Fe—4S] cluster and 2-OG which are presented via sticks.
The red part is the central domain and the purple part is the C-terminal 3 helix.
(Binda et al., 2000)

1.2.4. Properties of GOGAT f subunit

The catalytic core is on the a subunit of GItS containing FMN cofactor and the 3Fe-
4S cluster. This is the part where L-Gln hydrolysis, 2-iminoglutarate synthesis and

reduction occur. On the contrary, briefly, transmisson of electrons produced as a
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result of NADPH oxidation; to the FMN via using Fe-S clusters is the main function

of the FAD containing [ subunit (Binda et al., 2000)

It has been suggested that the interaction of the o subunit with 3 subunit to yield the
holoenzyme, triggers conformational changes in the o subunit. This conformational
changes lead to a tight link between glutamine hydrolysis at the glutamine
amidotransferase (GAT) site and glutamate synthesis at the synthase site of the a
subunit (Vanoni et al., 1998). Thus, the sole role of the 3 subunit of the enzyme does
not seem to be reducing equivalents supply for the overall oxidoreduction reaction.
This seems to be effective on the 3Fe-4S center and the FMN cofactor association
and therefore is expected to be effective for the reactions to occur in a synchronic
manner: amide transfer from glutamine to 2-oxoglutarate and L-glutamate production

as a result of iminoglutarate intermediate reduction (Vanoni et al., 1996; Vanoni et

al., 1998).

The interaction between o and 3 subunit triggers conformational change on the a
subunit. Moreover, association between Fe/S centers II and III of GItS is likely to
require the [ subunit. The communication between the redox cofactors on the a
subunit is provided by the centers II and III (Vanoni, 1998). At least one of the 4Fe-
4S clusters of the GItS holoenzyme, is required for electron transfer between the

flavin sites of the enzyme (Vanoni et al., 1992; Stabile et al., 2000)

The B subunit is the first identified member of a novel class of FAD-dependent
NAD(P)H oxidoreductases. These classes of enzymes take role as a subunit or a
domain of a complex enzyme. It seems that the decision of presence of low redox
potential having Fe-S clusters is also achieved by the [ subunit-like polypeptides.
(Vanoni et al., 1999; Rosenbaum et al., 1998; Hagen et al., 2000)

Intramolecular electron transfer pathway can be determined via measuring the
midpoint potential values. As a result of observations of the midpoint potential
values , the association of the o and 3 subunits of the enzyme only has an influence
on the midpoint potential of FAD which is taking a less negative value, indicating
an environment that supports the reduction of GItS by NADPH (Ravasio et al.,2001).
This result is conceivable with the supposed occurence of conformational changes
after the combination of the two subunits in order to make an active holoenzyme.

The electrons flow route is assumed to be from NADPH to FAD which is at GItS 3
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subunit and through FMN to the 2-iminoglutarate intermediate on the o subunit
(Ravasio et al., 2001). This asumption is also conceivable with the caluculated
midpoint potential values of GItS flavins and the 3Fe-4S cluster which takes part in

the intramolecular electron transfer system (Ravasio et al., 2001).

1.3. Evolutionary Analysis of GOGAT

Most early studies assumed that species evolved only by vertical inheritance from
parents. However, horizontal inheritance which is the process where genes are shared
among genomes of different species due to lateral transfer (LGT) rather than vertical
(inheritance) transfer is now considered to be quite common among bacteria and
archaea. The term “tree of life” is exchanged with the term“web of life” in this
perpective (Doolittle, 1999). Complete genome analyses are performed in order to
search for the LGTs among organisms. For instance, it was discovered that over 200
lateral gene transfer processes occured between E. coli and Salmonella sp. 100
million years ago, which gave rise to 10 % of the present E. coli genome (Lawrence
and Ochman, 1998). After the genome of Thermotaga maritama is sequenced, the
high percentage similarity (24 %) of the 7. maritama’s putative open reading frames
to archaeal genes ratherthan to other bacterial genes, suggested the occurence of
extensive lateral gene transfer between archaea and 7. maritama (Nelson et al.,
1999). Some of these ORFs are present as clusters at specific regions in the genome
and these regions show a different GC pattern than other parts of the genome (Nelson

etal., 1999).

Such differences in GC contents indicate that such clusters may have been laterally
transferred. As a result of protein sequence analysis of GOGATSs, eukaryotic NADH-
GItS which is encoded by a single gene contains sequences resembling to both
subunits of bacterial NADPH-GItS which are encoded by two separate genes, gl/tB
and g/tD. It has been seen that there is a high homology between the a subunit of the
bacterial NADPH-GItS (GltB) and N-terminal region of eukaryotic NADH-GItS and
also between the B subunit of the bacterial NADPH-GItS (GItD) and the C-terminal
region of eukaryotic NADH-GItS (Figure 1.3) (Gregerson et al., 1993). Therefore, it
can be speculated that there may be a common evolutinary origin among them
suggesting an LGT event from prokaryotes to a eukaryotic ancestor. Furthermore,

previously, it was thought that either a joining event of these two subunits or
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separation of these two subunits from an ancestory single gene occured during
evolution (Gregerson et al., 1993). However, a conserved gene pair changing into a
single fused gene in eukaryotes would make it more favourable for eukaryotic
organisms to control the gene regulation by leaving behind the operon structure
(Andersson and Roger, 2002). Evolution scenarios about NADH-GOGATS involve a
possible gene transfer from a prokaryotic endosymbiont to the nucleus. A gene
transfer from prokaryotes to eukaryotic nucleus may also have occured when
eukaryotes were feeding on prokaryotes. Such a mechanism could also explain the
putative genetic exchange of glutamate synthase between a Gram-positive
eubacterium to a single celled common ancestor of fungi, animals, and plants which
later ended with the gene fusion of two subunit encoding genes (Andersson and

Roger, 2002).

Moreover, the presence Fd-GOGAT (generally found in photosynthetic tissues like
chloroplasts) together with NADH-GOGAT (generally found in non-photosynthetic
tissues like roots and nodules) in plants is another factor to consider (Gregerson et
al., 1993). The Fd-GOGAT is found in higher plants (maize, rice and Arabidopsis),
two red algae species (Porphyra purpurea and Antithamnion sp.) and two
cyanobacteria (Synechocystis sp. and Plectonema boryanum). The sequence analysis
of these Fd-GOGATS revealed that there is a close relation between eukaryotic Fd-
GOGAT and bacterial Fd-GOGAT. This finding supports the assumption that the
eubacterial precursors of chloroplasts can be the ancestral sources for the genes
encoding Fd-GOGATs (Temple et al., 1998). In addition, according to a widely
accepted hypothesis, plastids may have evolved from endosymbiotic relationships
between eubacteria and eukaryotic organisms. The presence of the Fd-GOGAT gene
in the plastid genomes of the red algae supports this assumption (Temple et al.,
1998). The fact that nuclear genome of higher plants containing GOGAT genes is
consistent with the hypothesis of endosymbiont ancestral source of plastids and gene

transfer between the endosymbiont genome and the host (Temple et al., 1998).

Furthermore, there are also some proteins containing the conservative sites of the
glutamate synthase B subunit, and therefore called as GItS B subunit like proteins,
however, their C-terminal and N-terminal parts show difference from one another.
Moreover, there are no open reading frames, which may code for a large subunit

adjacent to these small subunit homologue ORFs. The ORFs which are encoding
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GItS B subunit like proteins are DsrL from Allochromatium vinosum (Dahl et al.,
2005), SudA from P. furiosus (Schut et al., 2003), GltA from Thermococcus
kodakaerensis (Jongsareejit et al., 1997), GltX from C. saccharobutylicum NCP262
(Stutz and Reid., 2004).

1.4. Properties of Glutamate Synthase 3 Subunit-like Proteins

Two flavin cofactors (FAD and FMN) and three distinct Fe-S centers: one
[3Fe-4S] %' cluster (Center 1) and two [4Fe-4S]""" clusters (Centers II and III) are
among characteristics of glutamate synthase which is an iron sulfur flavoprotein
(Reid and Stutz, 2004). The function of the B subunit is to transfer electrons into the
o subunit for reductive glutamate synthesis (Vanoni et al., 1999). The reduction of
FAD occurs as NAD(P)H binds to the  subunit. The Fe-S centers conduct electrons
through to FMN, this transmission give rise to a reduction of this second flavin
present on the o subunit (Vanoni et al., 1999). There are two consensus sequences
for the formation of ADP-binding folds in the GItS 3 subunits, one of which is for
NAD(P)H binding and the other is for FAD (Stutz and Reid, 2004).

Electron transfer between a reduced pyridine nucleotide and a second protein or
protein domain is probably the role of GItS B subunits, putative B subunits and 3
subunit-like proteins as they contain conservative sites for FAD and Fe/S cluster(s)
encoded from their N-terminal sequence. DNA sequence homology studies revealed
many genes which are considered as glutamate synthase 3 subunit-like genes in Gene
Bank databases. However, none of them are adjacent to a gene possibly encoding a

GItS o subunit (Stutz and Reid, 2004).

Recently, an open reading frame showing striking homology with GOGAT small
subunit from Clostridium saccharobutylicum NCP262 was cloned and named as gltX
(Stutz and Reid, 2004). The translated gene product showed homology to GOGAT f3
subunits and B subunit-like genes varying from 27% to 77% homology at the protein
level. This protein comprises all the basic structural characteristics of GOGAT J3
subunits. There are two N-terminal cysteines which may be the ligands for the [4Fe-
48S] clusters; CX2CX4CX3P (residues 15-27) and CX3CX5CX3C (residues 62-76)
(Vanoni et al., 1999, Pelanda et al., 1993, Curti et al., 1995). Moreover, this

translated gene product contains possible ADP-binding regions involved in FAD and
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NAD(P)H binding which are conserved in all GOGAT [ subunits. There are also
common sites between the A. brasilense GItS B subunit protein and GltX, differing
from NADH GItS B subunit like region, which are proposed to be involved in
NADPH binding. For instance, there is an A instead of G in the last position of the
motif GXGXX(G/A/P) and an arginine residue at position 271. Moreover, there is a
mismatch in the second position of the second consensus FAD binding sequence at
the COOH-terminus of GltX like S. cerevisiae GItS B subunit (Stutz and Reid, 2004).
There is not any a subunit homologue adjacent to GItX protein, and the transcription
of gltX occurs independently. In addition, the hyperthermophilic Aquifex aeolicus
(Deckert et al., 1998), and the archaeon P. furiosus (Schut et al., 2003) contain o and
B subunit homologues of GOGAT, respectively. In both situations there is not an
adjacent homologue of other subunit. However, enzyme activity assays have not

been performed yet.

Because of the the striking homology between the predicted amino acid sequence of
GltX and GOGAT beta subunit protein sequences, and because of the presence of
predictable FAD and NADPH binding conserved regions, this protein is expected to
be responsible for electron transmission utilizing NADPH and FAD. However, the
Fe-S centres II and/or III which are forming second cystein-rich domains in the GItX
does not comprise some highly conserved residues. As a result of the studies
performed with A4. brasilense GItS, it has been found that not only do the Fe-S
centers II and III supply reducing elements for oxidoreduction reaction but also they
were shown to be involved in the formation of accurate interaction between the two
subunits of GItS which is important for conformational changes activating catalytic
activities. These conformational changes lead to an association of the glutaminase
and glutamate synthase activities and also electron transmission between the redox

centers (Vanoni et al., 1999).

After enzyme activity assays were performed as described by Jongsareejit et.al.
(1997), it has been shown that gl/tX product does not show a glutamate synthase
activity (Stutz and Reid, 2004). GItX found in C. saccharobutylicum NCP262 is
proposed to be a member of B subunit like proteins, which may have an electron

transmission role (Stutz and Reid, 2004).
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There is a controversial report that a small subunit-like ORF in Thermococcus
kodakaerensis (formerly known as Pyrococcus KOD1) can show GOGAT activity
without the large subunit by forming a homotetramer structure (Jongsareejit et al.,
1997). Primers designed on the basis of conserved motifs in non-archaeal glutamate
synthases were used in order to find the structural gene for this protein by
Jongsareejit et al (1997). Thermococcus kodakaraensis small subunit-like ORF
shows similarities ranging from 41% to 49% when compared to the small subunits of
the NADPH-dependent bacterial glutamate synthases and to the second domain of

the yeast, rice and alfalfa glutamate synthases.

It has been claimed that KOD1-g/t4 gene product shows GOGAT catalytic activity,
only depending on the NADPH dependent electron transfer reaction and amino acid
sequence homology (Jongsareejit ef al., 1997). Such a result could not be repeated by
any other group and the recently published Thermococcus kodakaraensis genome by
the same group do not report the presence of a glutamate synthase large subunit gene

within the genome (Fukui et.al, 2005).
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Figure 1.17: The homology between o subunit of sulfide dehydrogenase (SudA)
and KODI1-GItA.
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A later report suggested that KOD1-g/t4 product is a not a glutamate synthase, but a
part of the sulfide dehyrogenase (SudH) enzyme (Hagen et al/, 2000) (Figure 1.17),
which is also a ferrodoxin: NADP+ oxidoreductase (FNOR) (Schut et al., 2003).
These enzymes are responsible for the interconvention of the reductants produced
from amino acid catabolism: ferrodoxin and NAD(P)H. (Schut et al., 2003) SudH
encoding gene is composed of two structural genes; a subunit, sudA4 and 3 subunit,
sudB. Three Fe-S clusters which are one [2Fe-2S] cluster with asparagine as a ligand,
one [3Fe-4S] cluster, one low potential [4Fe-4S] cluster and, two FADs and two
putative binding sites for NADPH were identified as a result of sequence analysis of
SudH (Hagen et al., 2000). One putative FAD binding site and a putative nucleotide
binding site for NADPH, and a [2Fe-2S]*"" prosthetic group is found in o subunit,
SudA. As a result of the sequence analysis, sudA product showed high homology to
GOGAT small subunit while SudB is highly homologous to HydG, the y-subunit of
P. furiosus sulthydrogenase (Ni-Fe hydrogenase) which is another sulfide
dehydrogenase (Hagen et al., 2000). There are also SudB subsequences in the
genomes of hyperthermophilc archaea Pyrococcus horikoshii and Pyrococcus abysii
and of the hyperthermophilic bacteria Thermotoga maritima and Aquifex aelicus
(Hagen et al., 2000). The sudA product was shown to be one of the subunits of
sulfide dehydrogenase enzyme (SudH), and it did not show any glutamate synthase
activity. An ORF, which is highly homologous to sud4B, was also named as sudXY
(PF1901 and PF1911) (Hagen et al, 2000). However, it was later reported that sudAB
and sudXY was homologous only at the sequence level because microarray data
showed different upregulation in carbohydrate and peptide grown cells (Schut ez al.,
2003). In addition, PF1852, which also shows homology to the small subunit, was
upregulated in maltose-grown cells (Schut et al., 2003).

Another GItS [ subunit-like open reading frame is DsrL from Allochromatium
vinosum as it contains the conserved sites belonging to GItD (Dahl et al., 2005).
There are two regions (GXGXXG/A/P, adenylate binding) which are expected to be
involved in FAD and pyridine nucleotide factor binding (Vanoni et al., 1996;
Morandi et al., 2000). NADP(H) binding proteins (Scrutton et al, 1990) contains an
alanine or serine at the terminal position and, this feature is also seen in DsrL. There
are two putative [Fe-S] clusters one of which is with four and the other is with three

or four [Fe-S] binding cysteine residues at the N terminus of the small subunits of
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glutamate synthases (Hagen et al., 2000). However, DsrL. does not contain the
second cysteine of the first cluster (Dahl et al., 2005). There is a ferredoxin extension
at the C-terminal of DsrL unlikely to glutamate synthase beta subunit (g/tD encoding
protein) or SudA. Moreover, dsrL is not adjacent either to a gl¢tB-like or to a sudB-
like gene. Because of the two properties of DsrL together with results of the
pyhlogenetic studies, it can be suggested that DsrL has a distinct catalytic activity
than both glutamate synthase and from sulfide dehydrogenase (Dahl et al., 2005).
According to its amino acid sequence, DsrL can most probably transfer electrons
between NADPH /NADP" and an unknown acceptor/donor with the aid of FAD
cofactor. The C-terminal ferredoxin domain may be involved in a NADPH:

ferredoxin oxidoreductase reaction (Dahl et al., 2005).

1.5. Aim of the Study

According to the comparative analysis of protein primary structures, open reading
frames (ORFs) which are encoding proteins similar to both a subunit domains and 3

subunits of GOGAT have been found in some archaea.

In Methanocaldococcus jannaschii, there are three ORFs (ORFs MJ1350-MJ1351-
MJ1351.1) which are highly homologous to the three domains of the large subunit of
GOGAT while no ORF has been detected for a small subunit homologue. MJ1351.1
shows homology to glutamine aminotransferase domain, MJ1351 to FMN binding
synthase domain and MJ1350 to B-helix domain. However, the genomes of three
Pyrococcus species, P. horikoshii (Figure 1.18), P. furiosus and P. abyssi, harbour

two open reading frames which show homology with the small subunit of GOGAT.

The genomes of Pyrococcus species, P. horikoshii, P. abyssi, harbour two, P.
furiosus three open reading frames which show homology to the small subunit of
glutumate synthase (GOGAT). The regions encoding P-subunit like proteins in P.
horkoshii are ORFs PH0876 and PH1873. There are no open reading frames which
may be coding for a large subunit which is responsible for the glutamate formation in
the genome of P. horikoshii. The presences of two putative GOGAT small subunits,
which are showing high homology to each other (Figure 1.18), raise the possibility of
gene duplication. Evolution of glutamate synthase might have occured via lateral

gene transfer via the combination of two subunits in the higher organisms (Dingtlirk,
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2001, Andersson & Roger, 2002). It seems likely that these open reading frames are
the early forms of an electron transfer domain in archaea which may have later

contributed to many electron transfer enzymes.

PH1873 NPELIFERVFTPERFVEERIFD FDEVN LGYTWELALEEAERC LACPVEYAPC IKGCPVNI 60

PHOSTG MPELIKERVPTPERPYEERIKD FEEVN LGYTFELAKKEAERC LQCPPEYAPCIKGCPVHI 60
EEEEEEERSREDGFEREFTRED S SRERTHL g AHF FFAFFFETFTS AAEEETRTH SH 0 &

PH1873 HNIPGFIEALLRENFDNPEEAVFE ALEVIWACNI LPATTGENVCE QEDQCEGACYVEEV GDEV 120

PHOET 6 NIPAFTAKTIFEGD------ IEGALRITWNDHNT LFAITGREVCE QEDQCEGACYWVGEVGDEV 114
LI L L E R EE K RAAAEARRRRFFEEFEEEREARARAEAL

PH1G73 NIGKLERFVADYARQHGIDDEL LMEE I ENIFFNGEEVAVIGAGPAGL TCALE LAFMGYDY 180
PHOG76 NIGELERFVADY AREHGIEEEL LEEFTEECD G 3K GEVAYVGL GPAGLTCAGE LAFMGYEV 174

FHARRERRREXNE AR T g% oo o . FERAR g AFFTRTLERT wwHATTS *

PH1E73 TITEALHE PGGVLATGIFEFRL FEEILRFELFEELSILGYEIETDPHIVGRTVTIFEL LEEY 240
FHOG7E TIFEALHEFGGVLATGIFEFRL FEEILDHE LEELFEML GYEIRTDHVV GETVTLDELLOEY 234

FE L RERR g FEXTRAXXLATXLLELELE o XENXL o FF R F o FF T T HovdF s FhFFF

PH1573 DATFIGTGAGTPELLEI PGINLNGITS ANEFL TRINLMFAYE FPEYD TPIIVGEREYIVIG 300
PHOSTG DAVFIGTGAGTPELLNI PGILLDRIYS ANEFL TRINLMEAYE FPEYD TPIAVGEEVIVIG 294
TEAAAARAXTTTRRRTFTT T FEEEEEEESELELTTDT; TAXTTXAS ST FX o HHFHT

PH1573 AGHTAMDAARSAIRLGAEVITAYRRGEEDMTARIEEV JHAFEEGYEFMFFYNIVEFIGDE 360
PHOSTE AGHTAMDAARSALRLGAEVTIAYRRGREDMTAREEEIFHAREEGYEFEFFLOPYEFIGDE 354
EEEAAAANAAATAAARTNT THFEET, KEEEES ALy AT ATTTTT AW TRATAANT

PH1E73 NGRYFAYE FEFMEFLEERD SEGFREII GTGEY VIVETDTWWIATIGOT FNEIIWETTFGLE 420
FHOG7G NGRVEAVEFERTEF LEERD SEGEREIVGTGEYVTLEADTVIIAIGLE FNEIITEDGE- LK 413

FHARRERREEAT s AR ER NI T EEAN g AHNNT AT F o WHAFTHTTN EHLEE .

PH1873 VRENGTIVVDENLMTSI PGVFAGGDAI RGEATVILAMGD GREAAFATHEYLIFKSA-—-- 476

PHOGTG THRDGTIVVDENLMTSI PGVEAGGDAI RGEATVILAM GDGFRAAKATDEYIRRERGONS 472
R L LR L L T RrE

Figure 1.18: Clustal W multiple protein sequence alignment of PH0876 and PH1873.
Identical residues are indicated by stars. Dashes indicate gaps introduced to maximize
sequence similarity. The two putative GOGAT small subunits have raised the
speculation of gene duplication since they show very high homology.

To further analyze this hypothesis, two open reading frames PH0876 and PH1873
from P. horikoshii have been cloned and successfully expressed in E. coli and the
presence of the proteins have been confirmed with Western Blot analysis. Both
proteins have been obtained in the soluble fraction of the cell and purified with the
aid of His-Tag present upstream the coding region. The glutamate synthase small
subunit of Medicago sativa has also been cloned and expressed in E. coli to be used
as a control in activity analysis. Activity analyses are on progress to further

characterize the proteins in our laboratory.
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2. MATERIALS AND METHODS

2.1. Materials

2.1.1. Bacterial strains

e FEscherichia coli strain XL1 Blue [recAl endAl gyrA96 thi-1 hsdR17 supE44
relAl lac [F' proAB lacl?ZAM15 Tnl0 (Tet")]].

e Escherichia coli strain Rosetta(DE3)pLysS [F ompT hsdSg(ry my) gal dem

lacYl (DE3) pLysSRARE2 (CmR)] was purchased within the Rosetta™
Competent Cell Set from Novagen.

2.1.2. Bacterial culture media and antibiotics

2.1.2.1. LB broth medium

LB medium contains was prepared by dissolving 10 g tryptone, 5 g NaCl and 5 g
yeast extract in 1 It. distilled water. The pH was adjusted to 7.0-7.5 using 10 M
NaOH..

2.1.2.2. LB agar medium

LB agar medium contains was prepared by addition of 15 gr agar to the recipe given

for LB medium.

2.1.2.3. Antibiotics

Kanamycin, Chloramphenicol, Tetracycline and Ampicilin were used in this study at

final concentrations of 50ug/ml, 34ug/ml, 12pug/ml and 100pg/ml, respectively.
2.1.3. Chemicals and Enzymes

2.1.3.1. Chemicals

Chemicals were obtained from Sigma and Fluka. Restriction enzymes were

purchased from Fermentas and Takara.
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2.1.3.2. Enzymes
Restriction Enzymes
The restriction enzymes used in this study and are shown below. They were

purchased from Fermentas.

Table 2.1: Restriction enzymes used in this study

EcoRI 5'—=G"AATTC —-3" 10 units/ pl, Fermentas

Xbal 5'-T"CTAGA —3' 10 units/ pl, Fermentas

BamHI 5 - G"GATCC-3' 10 units/ pl, Fermentas

Sacl 5’-GAGCTAC-3' 10 units/ pl, Fermentas

Sall 5'-G"TCGAC-3' 10 units/ pl, Fermentas
DNA Modifying Enzymes

TaKaRa Ex Taq™

The enzyme, which is 5 units/ul, was purchased from Takara Biomedicals Inc. It was
preserved at -20°C in its storage buffer containing 20 mM Tris HCI (pHS8.0), 100
mM KCI, 0.1 mM EDTA, 1 mM DTT, 0.5% Tween 20, 0.5% Nonidet P-40, 50%
Glycerol. 10X reaction buffer containing 100 mM Tris-HCI (pH: 8.5), 500 mM KCI

was used at 1X final concentration for the reaction.
Pfu DNA Polymerase

The enzyme, which is 2.5u/ul, was purchased from Fermentas. It was preserved at -
20°C in its storage buffer containing 20mM Tris-HCl (pH 8.2), ImM DTT,
0.ImM EDTA, 100mM KCI, 0.1% (v/v) Nonidet P40, 0.1% (v/v) Tween 20 and
50% (v/v) glycerol. 10X reaction buffer containing 200mM Tris-HCl (pH 8.8 at
25°C), 100mM (NH4),SO4, 100mM KCl, 1% (v/v) Triton X-100, 1mg/ml BSA was

used at 1X final concentration for the reaction.
T4 DNA Ligase

The enzyme, which is 5 units /ul, was purchased from Fermentas. It was preserved at
-20°C in its storage buffer containing 20mM Tris-HCl (pH 7.5), ImM DTT,
50mM KCIl, 0.1mM EDTA and 50% (v/v) glycerol. 10X reaction buffer containing
400mM Tris- HCI (pH 7.8), 100mM MgCl, 100mM DDT, SmM ATP. It was used at

1X final concentration for the reaction.
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Lysozyme (from chicken egg white)

Lysozyme was supplied as a lyophilized powder from Sigma-Aldrich. 50 mg/ml

lysozyme stock solutions were prepared and stored at -20°C.

2.1.4. pET30b Expression vector

There is an N-terminal HiseTag®/thrombin/SeTag™/enterokinase configuration plus
an optional C-terminal HiseTag sequence on this vector. The circular map (Figure

2.1.a) and the MCS are shown below (Figure 2.1.b). The vector is 5422 bp long.

Xho 1{158)
MNet li166)
Eag li168)
Hinel 1Ii173)
Sal 179
Sac l190)
EcoR 1{192)
BamH [{198)
EcoR Vi20E)
Neo li212)
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Bal 11 241)

Bpu1102 ka0)
Msp Wi268)
Mda li346)
Xba 1{384)

Sarf 11495
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.
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5 @
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BstE [1{1257)
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Figure 2.1: Vector map (A) and, cloning/expression region of the coding strand of
pET30b (B) (http://www.novagen.com).
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TT promoter primer #69348-2

PET upstream primer #59214-3 T7 promater lac operatar ooy .
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Figure 2.1: Continuing. Vector map (A) and, cloning/expression region of the
coding strand of pET30b (B) (http://www.novagen.com).

2.1.5. T/A cloning vector pTZ57R/T

Plasmid pTZ57R/T, which is 2886 bp in length, has 3’-ddT overhangs at both ends.
These 3°-ddT overhangs make it possible to directly ligate a PCR fragment with 3’-
dA overhangs into this vector. InsT/Aclone™ PCR Product Cloning Kit including
T/A cloning vector pTZ57R/T was purchased from Fermentas (Figure 2.2).

Pdil 127
/ Adel, Bsahl 230

Alol 279
Psil 358

_ Pdml 2554
Himll 2505
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Gsil 2054
Ecod1l 2036 —

Eanm105] 1064 —
. Sapl 953

Aflll, BspLUT11 1076

.'| Cail 1437

A)

Figure 2.2: Vector map (A) and, multiple cloning site of pTZ57R/T (B) Source:
http://www.fermentas.com.

37



615

Lac? Mva1269l
(_
AR : i AATGCATCTAGAT ddT
/I 1
BspGsl
EcoRl Een3Bl g cees i Mpm 1031 P8 foosa)

Kpnl
IATCGGATCCCGGGCCCGTCGACTGCAGAGGCCTGCATGCAA
T 1 L'I_

BamH Bsp1 20 Pstl Pael
oot T crrdl Aral Hincll Eco1471 Hindll 695
co32 Ecogal Sall
Smal Xmil
B)

Figure 2.2: Continuing. Vector map (A) and, multiple cloning site of pTZ57R/T (B)

2.1.6. Protein and DNA Molecular Weight Markers

2.1.6.1. Protein Molecular Weight Marker

The Protein Molecular Weight Markers used in this study are presented below
(Figure 2.3).

kDa
beta-galactosidase e 116 kD3 Beta-galactosidase s 120
Bovine Serum albumin 662 kDa Bovine Serum albumin s -56

Ovalbumin s 45kDa

Ovalbumin s .7

Lactate dehydrogenase W 30405

RE Bspdg| e 05 kDga Carbonic anhydrase gy -34
~25
beta-lactoglobuin e 184 kDa Beta-lactoglobulin "

L | 144 kD
b i ? Lysozyme S -20

A) B)

Figure 2.3: Protein molecular weight markers used in this study. A) Protein
Molecular Weight Marker, 12% SDS-PAGE, Comassie Brilliant Blue R-250 stained.
B) Prestained Protein Molecular Weight Marker, 8% SDS-PAGE. Source:
http://www.fermentas.com.
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2.1.6.2. DNA Molecular Weight Markers

The DNA Molecular Weight Markers used in this study are Lambda
DNA/EcoRI+HindIIl Marker 3 (Figure 2.5.a), MassRuler™ DNA Ladder, Mix,
ready-to-use (Figure 2.5.b), FastRuler™ DNA Ladder, High Range (Figure 2.5.c),
FastRuler™ DNA Ladder, Middle Range (Figure 2.5.d). They were purchased from

Fermentas.
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Figure 2.4: DNA markers used in this study. A) A DNA EcoRI and HindIII digested
marker, 1.0% agarose, 0.5png/lane, 8cm length gel, 1X TAE, 7V/cm. B) MassRuler™
DNA Ladder, Mix, ready-to-use, 1.0% agarose, 0.5pg/lane, 8cm length gel, 1X TAE,
7V/cm Source: http://www.fermentas.com. C) FastRuler™ DNA Ladder, High
Range, ready-to-use, 1.0% agarose, 1X TAE, 7V/cm. D) FastRuler™ DNA
Ladder, Middle Range, ready-to-use, 1.0% agarose, 1X TAE, 7V/cm
(http://www.fermentas.com.)
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2.1.7. Oligonucleotide primers

The oligonucleotide primers were purchased from GIBCO-BR and IONTEK shown
below. FIPH0876 and R2PHO0876 are the first forward and reverse primers for ORF
PHO876 respectively. CommonF2 primer is the second forward primer for both of
the ORFs, PH0876 and PH1873, it carries BamHI restriction site. R2ZPH0876 is the
second reverse primer for PH0876 and it carries Sac/ restriction site. RPH1873 is the
second reverse primer for ORF PHI1873 and it carries Sacl restriction site. The

restriction sites present on the primers are underlined.

Table 2.2: List of primers used in this study

F1PHO0876 5’- GGG GAA TTC ATG CCT AAG CTT ATT AAT GAG-3’ 30 mer
R1PHO0876 5’- CCA AGC TTG TTA GGA ATT CTG ACC TCT CTT-3* 30 mer
CommonF2 primer 5'- CGC GGA TCC GCG GAT GCCTAAGCTTATT-3' 28 mer
R2PH0876 5'- ACG CGA GCT CGT TAGGAATTCTGACCTC-3' 28 mer
R2PH1873 5’- CGC GAG CTC GTCAGG CACTCTTITTGCT-3> 28 mer

2.1.8. Buffers and Solutions

e 10x EcoRI Buffer: 50mM Tris-HCI {pH:7.5}, 10mM MgCl,, 100mM NacCl, 0.1
mg/ml BSA, 0.02 % TritonX-100.

e 10x Sacl Buffer: 10mM Bis-Tris Propane-HCI (pH:6.5), 10mM MgCl12, 0.1 mg/
ml BSA.

e 10x BamHI Buffer: 10mM Tris-HCI (pH:8.0), 5SmM MgCl12, 100mM KCI, ImM
2-mercaptoethanol, 0.02%Triton X-100, 0.1mg/ml BSA.

e 10x O' Buffer: 50mM Tris-HCl {pH:7.5}, 10mM MgCl,, 100mM NaCl, 0.1
mg/ml BSA.

e 10x Taq polymerase Buffer: 100mM Tris-HCI {pH:8.8 at 25° C}, 500mM KCl,
0.8 % nonidet P40.

e 10X Ex Taq Buffer (MgZJr free): The full buffer composition of the Ex Tag™
buffer is proprietary.

e 10X Pfu Buffer with MgSOy4: 200 mM Tris-HCI (pH:8.8), 20 mM MgSOs, 100
mM KCI1, 100 mM (NH4)>2SO4, 1% Triton® X-100, 1 mg/ml nuclease-free BSA

e 10x Ligation Buffer: 400mM Tris- HCI, 100mM MgCl, 100mM DDT, 5SmM
ATP, pH 7.8 at 25° C.
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50x TAE (Tris, acetic acid, EDTA) buffer: Stock solution containing 2.0 M
Tris base, 5.71% v/v acetic acid, 10% v/v 0.5 M EDTA (pH 8.0). To make 1.0 L
of 50X TAE, mix 242.2 g of Tris base, 57.1 ml glacial acetic acid, and 100 ml of
0.5 M EDTA (pH 8.0) stock solution in a one-liter container. Add MBG water to

1 liter. Store at room temperature.
1 % agarose: 1 gram agarose is boiled to dissolve in 100 ml 1x TAE buffer.

Plasmid Purification - Cell resuspension solution: 50mM Tris-HCl1 {pH 7.5},
10mM EDTA, 100 pg/ml RNaseA.

Plasmid Purification - Cell lysis solution: 0.2 N NaOH, 1 % sodium dodecyl
sulfate (SDS).

Plasmid Purification - Cell neutralization solution: 1.32 M potassium acetate,

pH4.8.

DNA binding resin solution: 4.2 M guanidine HCI.

DNA Elution buffer: 10mM Tris-HCI (pH 8.5)

dNTP mix solution: 2mM of each dATP, dCTP, dGTP, dTTP.

RF1 Buffer: 100mM RbCl,, 50 mM MnCl,, 30mM KAc (pH: 7.5), 10mM
CaCl,, Glycerol 15 % (w/v); adjust pH to 5.8 with 0.2 M Acetic acid solution,
sterilize with 0.22um filter.

RF2 Buffer: 10mM MOPS (0.5 M stock, pH: 6.9), 10mM RbCl,,75 mM CaCly,
Glycerol 15 % (w/v); adjust pH to 6.8 with NaOH, sterilize with 0.22pum filter.

5X sequencing buffer: The full buffer composition is proprietary.

Cell solubilization buffer: 50mM NaH,PO4, 300 mM NaCl, pH=8 adjusted via
NaOH

Ni-NTA Agarose Wash Buffer: 50mM NaH,PO4, 300 mM NaCl, 20 mM
imidazole, pH=8 adjusted via NaOH

Ni-NTA Agarose Elution Buffer: 50mM NaH,PO4, 300 mM NaCl, 250 mM
imidazole, pH=8 adjusted via NaOH

1X SDS-PAGE sample buffer: 50 mM Tris-CI (pH 6.8), 100 mM DTT, 2%
SDS, 0.1% bromophenol blue, 10% glycerol
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SDS-PAGE stain solution: 10% Acetic acid, 45% Methanol, 0.2% g/ml CBB-
R250 or CBB-G250 dissolved in 1 L dH,O

SDS-PAGE Destain solution: 10% Methanol and 10% Acetic acid mixed in
dH,»0

Transfer buffer for Western Blot Analysis: 39 mM Glycine, 48 mM Tris, %
0.037 SDS, % 20 Methanol in deionized water.

Blocking Solution: TBS containing 3% gelatin (w/v).

TBS for Western Blot Analysis: 20 mM Tris, 500 mM NaCl, pH 7.5 in

deionized water.
TTBS for Western Blot Analysis: 0.05% Tween 20 containing TBS.
Antibody dissolving buffers: 1% gelatin (w/v) containing TTBS.

AP color development buffer: pH: 9.5 100 mM Tris-HCI.

2.1.9. Computer software

Homology search: Basic Local Alignment Search Tool, BLAST. Standard
protein-protein BLAST (blastp) (Altschul ef al. 1990; Nakamura et al., 2000).
Available at http://www.ncbi.nlm.nih.gov/BLAST/

Nucleotide alignments: Multiple sequence alignment tool, ClustalW (Higgins et

al., 1996). Available at http://www.ebi.ac.uk/clustalw/index.html
Translator tool: JustBio Translator tool. Available at www.justbio.com.

Primer feasibility tool: IDT BioTools Oligo Analyser 3.0. Available at
http://207.32.43.70/analyzer/oligocalc.asp.

ProtCalc: Tool for determining statistical, theoretical MW, pl and extinction

data from protein sequence. Available at http:// www .justbio.com/ protcalc/index.

php
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2.2. Methods

2.2.1. Homology search with BLAST and alignment of sequences

Homology search of desired protein sequences with the protein databases was
achieved via BLAST (Basic Local Alignment Search Tool) (Altschul ez al. 1990;
Nakamura et al., 2000). Multiple sequence alignments were performed via Clustal W

(Higgins et al., 1996) in order to determine homologies.

2.2.2. PCR reactions

The following components were combined in each reaction tube and conditions of

the thermal cycler were adjusted as shown below.

Table 2.3: Reaction mixture for PCR with TaKaRa Ex Taq Polymerase (total 50 ul)

Stock Volume Final Conc.
TaKaRa Ex Tag™ 5 units/pl 0.5 ul 2.5u
10x Ex Tag Buffer (Mg™" free) 10X 5ul 1X
MgCl, 25 mM Sul 2.5 mM
dNTP Mixture 2.5 mM 2 ul 0.1 mM
Template variable variable 50 ng
Primer 1 10 picomole/ pl I ul 0.1 picomole
Primer 2 10 picomole/ pl 1ul 0.1 picomole
Sterilized distilled water - upto 50 pl -

Table2.4: Reaction mixture for PCR with Pfu DNA Polymerase (total 50 ul)

Stock Volume Final Conc.
Pfu DNA Polymerase 2.5 units/pl 0.5 ul 1.25u
10x Pfu buffer with MgSO, 10X Sul 1X
dNTP Mixture 2.5 mM 2l 0.1mM
Template variable variable 50 ng
Primer 1 10 picomole/ pl 1 ul 0.1 picomole
Primer 2 10 picomole/ pl lul 0.1picomole
Sterilized distilled water - upto 50 pul -
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Table 2.5: Conditions of PCR reactions

94°C. 3 min.

94°C 1 min. | 35
58°C 1 min. | cycle
72 °C 2 min

72 °C 10 min

4°C 0

2.2.3. Gel Extraction Procedure

The gel extraction was carried out via “QIAquick Gel Extraction Kit” (QIAGEN
Inc.) protocol. The PCR fragment was excised from the gel and placed in a sterile
Eppendorf tube. The gel slice is weighed and 3 volumes of Binding Buffer (QG,
commercially available) was added into the tube. The mixture was incubated at 50°C
for 10 min and the solution was vortexed 2 times during incubation period. After the
gel is disolved completely, one volume of isopropanol was added and the sample was
applied to the QIAquick column and centrifuged at 14000 x g for 1 minute. The flow
through was discarded and the QIAquick column was placed back into the same
collection tube. 0.5 ml of buffer QG was added to the column and centrifuged at
10000xg for 1 minute. The flow through was discarded and the column was washed
with 0.75 ml of Column Wash Buffer (PE, commercially available). The column was
then centrifuged at 14000 x g for 1 minute. In the end, the column was placed into a
clean 1.5 ml microfuge tube and 30 pl of Elution Buffer (10 mM Tris-Cl, pH 8.5)
was added to the centre of the QIAquick membrane within the column. After 1 min
of incubation at room temperature, the column was centrifuged at 14000xg for 1

minute. The eluted DNA was run on 1 % agarose gel and analysed.
2.2.4. Ligation

2.2.4.1. Ligation of the PCR Products into T/A Cloning vector

Purified DNA fragments were inserted into the T/A cloning vector, pTZ57R. The

ligation rections were set up as in the Table 2.8.
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Table 2.6: Reaction ingredients for ligation of the PCR products into T/A Cloning
vector

Plasmid Vector (0.055pg, 0.06pmol ends) 1 pl
pTZ57R/T

DNA (approx. 0.18pmol ends) 2-4pl
10xBuffer 1.5 pl
Ligase (5u/ ul) 1 ul
Distilled Water upto 15 pl
Total Volume 15 pul

Reaction mixture was incubated at 16°C in thermal cycler for overnight then ligase

was denatured at 65°C for 10 minutes.

2.2.4.2. Ligation of the Insert into the Expression Vector

The desired inserts were cloned to an expression vector with a T4 DNA ligase. The

ligation reaction ingredients are as shown in Table 2.9.

Table 2.7: Reaction ingredients for ligation of the insert into the expression vector

Vector (pET30b) 50-100ng
DNA 3-10 fold molar excess
10xBuffer 1 ul
Ligase 1 ul
Distilled Water upto 10 ul
Total Volume 10 pl

The mixture was incubated overnight at 16°C in a thermal cycler. Then, T4 DNA
Ligase was inactivated by incubation at 65°C for 10 minutes. Then, the mixture was

used for transformation or kept at -20°C for later use.

2.2.5. Competent cell preparation

E. coli overnight inoculum was diluted 1:100 fold and used to inoculate 100 ml LB
broth and incubated at 37°C in water bath with 250 rpm shaking. When the ODggo
(Optical Density at 600 nm) of the culture was between 0.2-0.3, cells were collected
via centrifugation for 10 minutes at 4000x g at 4° C. Supernatant was discarded and
pellet was resuspended in 9 ml ice-cold RF1 solution (Section 2.1.8). Then, cells
were again centrifuged for 10 minutes at 4000 x g at 4° C. Supernatant was discarded

and the cells were gently resuspended in 1 ml ice-cold RF2 solution (Section 2.1.8).
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After keeping on ice for 1-2 hours, they were dispensed into aliquots of 30 ul into 1.5
ml Ependorf tubes. Aliquots were stored at -80°C.

2.2.6. Transformation

5 pl of ligation mix was added to competent cells which were thawed on ice
previously and were incubated on ice for 30 minutes. Heat pulse was applied for 42
seconds in 42°C in water bath, then cells were again put on ice and incubated for
further 10 minutes on ice. 0.5 ml of LB liquid medium was added to competent cells
and was incubated at 37° C for 45 minutes. The culture was then spread out onto LB

plate containing appropriate antibiotics.

For the transformation of T/A cloning ligation mix, the incubated cultures were
spread on a ampicillin (at a final concentration of 100ug/ml) containing LB plate
onto which 40 pl 20 mg/ml X-Gal and 4 pl 20% (w/v) IPTG were spread previously.

They were incubated overnight at 37°C.

2.2.7. Colony Screening

Plasmid minipreps were prepared for each colony which appeared on LB + antibiotic
plates after overnight incubation at 37°C. Restriction enzyme analysis was performed

for further analysis.

Alpha-complementation test was used to select the recombinant colonies from LB
Agar+Ampicillin plates onto which pTZ57R+gene of interest constructs containing

cells were spread.

2.2.8. Plasmid DNA isolation (Mini-prep)

Plasmid DNA isolation was performed bu using Promega Wizard Plus miniprep
DNA purification system. 1.5 ml of overnight culture was centrifuged at 10000 xg
for 10 minutes. 200 ul Cell Resuspension Solution (Section 2.1.8) was used to
resuspend the cell pellet after the supernatant was discarded. 200 pl of cell lysis
solution (Section 2.1.8) was added and inverted 4 times. Then, 200 pl Neutralization
Solution (Section 2.1.8) was added and mixed by inverting gently. The sample was
incubated for 15 minutes on ice and then centrifuged at 10000 x g for 15 minutes.
The supernatant was transferred to a new fresh tube. 1 ml DNA Purification Resin

was added to the supernatant. The resin and supernatant mix was applied into the

46



minicolumn and vacuum was applied. The column was washed with 2 ml of Column
Wash Solution (Section 2.1.8) and was dried by centrifugation for 30 sec. at 10000 x
g. The column was transfered to a new microcentrifuge tube and 50 pl of deionized
water (preheated to 70°C) was added. It was left at room temperature for 1 minute.
The column was centrifuged at 10000 x g for 30 seconds. The isolated DNA was run
on 1 % agarose gel and the DNA was stored at -20°C.

2.2.9. Restriction endonuclease digestions

Restriction enzyme buffer was supplied as 10X buffers and the final concentration of
the 10X reaction buffer was adjusted as 1X or 2X according to the requirements of
the used restriction enzyme. Final glycerol concentration in the digest mixture was
adjusted to be less than 10% of the total digest volume. Moreover, one unit of
enzyme is defined as the amount of enzyme required to digest 1 pg DNA. Therefore,
previously determined amount of plasmid DNA was digested with appropriate
amount of restriction enzyme according to this rule. The total reaction volume was
brought to 20 ul to 40 pl with sterile deionized H,O. The restriction enzyme

digestion was performed at 37 °C for 4 hours.

2.2.10. Large scale plasmid DNA isolation (Midi-prep)

Promega Wizard Plus midiprep DNA purification system was used to obtain plasmid
DNA in large scale. 100 ml of culture was centrifuged at 4000 x g for 10 minutes, at
4° C. 3ml Cell Resuspension Solution was used to resuspend the pellet after the
supernatant was discarded. 3ml of Cell Lysis Solution and 3ml of Neutralization
Solution was added and the tubes were inverted 4 times to mix. Then, the tubes were
centrifuged at 10000xg for 5 minutes and the supernatant was transferred to a new
fresh tube. The transferred sample was mixed with 15 ml of resin solution. The
solution was poured into midicolumn/syringe assembly on the vacuum manifold.
Vacuum was applied in order to let the solution pass through the midicolumn. The
column was washed with the Column Wash Solution and midicolumn was dried by
centrifugation for 2 min. at 10000xG. The column was transfered to a new

microcentrifuge tube and 300 pl of deionized water (preheated to 70°C) was added.

47



It was left at room temperature for 1 minute. The column was centrifuged at 10000 x
g for 30 seconds. The isolated DNA was run on 1 % agarose gel and the DNA was
stored at -20°C.

2.2.11. Preparation of the vector-target ORF constructs

The genomic clones including open reading frames PHO0876 and PH1873 of
Pyrococcus horikoshii were kindly provided by Dr. Yutaka Kawarabayasi of
National Institute of Advanced Industry and Technology, Japan.

PHO876 was amplified from genomic clones of Pyrococcus horikoshii via PCR using the
primers F1IPHO876 and R1PH0876 (Section 2.1.7), and cloned into a T/A cloning vector
pTZ57R/T. The construct (pTZ57R+ PHO0876) was then digested with Sac/ and Sall
restriction enzymes and inserted into Sac/ and Sall digested pET30b.

PHO876 was amplified from genomic clones of Pyrococcus horikoshii using
CommonF2_ primer and R2PHO0876 (Section 2.2.1), PCR product was digested with
BamHI and Sall and ligated directly into pET30b. E. coli Rosetta(DE3)pLysS was
transformed with this construct, pPH7630 Histag, and expression studies were

carried out. The presence of protein was confirmed with Western Blotting.

PH1873 was amplified from a genomic clone of Pyrococcus horikoshii via PCR using
the primers CommonF2 Primer and R2PH1873 (Section 2.2.1), PCR product was
digested with BamHI and Sall then ligated directly into pET30b by Assoc. Prof. Dr.
Dingtiirk Botofte behind the N-terminal HiseTag. The construct was named as
pPH7330 Histag. Cells of E. coli Rosetta(DE3)pLysS was transformed with this
constructs and expression studies of this construct was carried out in this study. The

presence of protein was confirmed with Western Blot.

Glutamate synthase B-subunit like region 3’ region of NADH-GItS from Medicago
sativa was amplified with appropriate primers and cloned by HBD from the
monomeric full length cDNA clone provided by Carol Vance of University of
Minnesota, USA. The construct was named as pGEM alfa3’. In this study, the
construct pGEM alfa3’ was digested with EcoRI and the product was then subcloned
into EcoRI digested pET30b, behind the N-terminal His-Tag. Transformation into
available expression host cell (RosettaDE3pLysS) was achieved and expression

studies of the construct, pET alfa3’ were carried out in this study. To ensure that it
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was a His-Tag fusion protein, Western Blot analysis was performed using His Tag

monoclonal antibody as the first antibody.

2.2.12. DNA Sequencing

ABI 3100 Avant (PE, Applied Biosystem, CA) automated sequencer was used for

DNA sequencing. The conditions for sequence PCR were as following.

Table 2.8: Sequencing PCR reaction mixture and PCR reaction conditions

PCR Reaction Mixture PCR Reaction Conditions
Big dye reaction mix 2l 95 °C 2’
5X ing buffer 1 pl
sequencing buffer 1 p 95 °C 107
Template dSDNA 1 ul
(200ng) 55 °C (M13 forward primer) or 25
Appropriate primer 3.2 ul 50 °C (T7 forward primer) 10
dH,0 2.8 ul cycle
Total volume 10 pl 60°C 4

2.2.13. Purification of Sequencing PCR products

A mixture of 1 pl of Sodium acetate (3M, pH 5.2) buffer and 25 pl of cold 95%
ethanol was added to each sample and incubated on ice for 30 min. After the
incubation, samples were centrifuged at 15000 x g for 30 min. Then, the supernatant
was discarded and the pellet was washed with 250 pl 70% ethanol and centrifuged at
15000 x g for 30 min. The supernatant was again discarded and the residual ethanol
was evaporated via incubation at 95 °C. DNA was dissolved in 20 ul diformamide

and denatured by incubation at 95 °C for 5 min and -20 °C for 2 min, respectively.

2.2.14. Protein expression induction

5 ml LB medium containing appropriate antibiotic was inoculated from glycerol
stocks of RosettaDE3pLysS which harbours the appropriate plasmid for induction to
analyze expression of the target protein and its solubility. For the purification of the
proteins, 50 ml LB in 250 ml Erlenmeyer flasks were inoculated with the overnight
starter cultures. Cultures were grown at 37°C or 30°C with constant shaking until

ODggo reaches 0.6. After that, cells were induced with 0.1-1 mM IPTG for 4 hours.
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2.2.15. Cell Fractionation Analysis

2.2.15.1. Total cell protein analysis

1 ml of cell culture was harvested by centrifugation, 100 pl 1x SDS-PAGE sample
buffer (Material Method Part, Section 2.1.8) was used to resuspend the pellet. Total
cell protein samples were stored at -20°C until they were run on sodium dodecyl

sulfate-polyacrylamide gel (SDS-PAGE).

2.2.15.2. Soluble total cell protein analysis

Pelleted (200 ml culture) and freeze-thawed cells were resuspended in 1 ml cold
20mM Tris-HCI solution, pH7.5. The sample was concentrated 10X. Cells were
lysed by both Lyzozyme treatment (at a final concentration of 10ug/ml, incubation
on ice for 30 min) and sonication. Sonication was applied by using three 20 seconds
bursts at 200 Watt with a 1 min. cooling period between each bursts. After the
sonication, the lysate was centrifugated at 14,000 x g for 10 min at 4°C to precipitate
the cellular debris and the supernatant was saved. Then, an equal amount 2X SDS-
PAGE sample buffer was added to the supernatant which would be analyzed by
SDS-PAGE and remaining part of the soluble fraction was stored at — 20°C for the

following purification procedure.

2.2.15.3. Insoluble total cell protein analysis

Insoluble cell fraction is the pellet fraction obtained during the separation of the
soluble protein fraction. 250ul SDS sample buffer was added to this fraction and the
sample was boiled for 3 min in water bath and the samples were run on SDS-PAGE

or kept at —20°C or kept for later use.
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2.2.16. SDS-PAGE

Table 2.9: Ingredients of separating and stacking gel for SDS-PAGE
SFPARATING GEL

10%% Gel Sml
dHa O (ml) 1.9 ml
A0% actrylatnide tnix 1.7 ml
1.5 Tris (Hydrozymethyl) aminomethane (Tns) (pHEE) 1.3 ml
10% Sodium n-Dedecyl Sulfate (503 0.05 ml
10% APS 0.05 tmnl
AN NN Tatraetind ethyiensdiamine (Tamed) 0.002 ml
12% Gel Sl
dHa O (L) 1.6 ml
A0% acrylamide mix 2 ml
1.5 Triz (Hydrozymethyl) aminomethane (Tns) (pH B8 1.3 ml
10% Sedium n-Dodecy]l Sulfate (513 0.05 ml
10% ATS 0.05 tml
MM N N Tatraethyl ethvilenedicmine (Tamed) 0.002 ml
5% STACKING GEL

dHa O (L) 1.4 ml

A0% acrylamide mix (giml) 0.23ml

1M TrispHER 0.25 ml

10% 5D3 0.02 tml

10% ATS 0.02 ml

TEMED 0.002 ml

SDS-PAGE protocol was performed with the BioRad Protean II electrophoresis
apparatus. After the samples were loaded, the gel was run at 110 V until dye front is
about 1 mm from bottom of gel. The gel was stained via Comassie Blue at room

temperature for 30 min and destained overnight.

2.2.17. Protein purification under native conditions

Protein purification studies were performed under native conditions using Qiagen
Nickel-Nitriloaceticacid (Ni-NTA). 100 pl of the 50% Ni-NTA slurry was added to 1
ml cleared lysate and mixed by mixing at 4°C for 60 min. Then, the lysate—Ni-NTA

mixture was centrifuged at 14000 x g for Smin. The supernatant was discarded and
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the pellet washed three times via 1 ml wash buffer (Section 2.1.8) The protein bound
to the Ni-Ag was eluted 4 times with 100 pl elution buffer (Section 2.1.8) and
analyzed by SDS-PAGE.

2.2.18. Western blotting

The proteins fractionated by SDS-PAGE were transferred to the PVDF membrane by
electroblotting. In this transfer, a sandwich of gel and PVDF membrane was
compressed in a cassette and immersed in buffer between two parallel electrodes.
The system for the transfer from the SDS-gel containing the antigens to the PVDF
membrane was set according to the following instructions. Firstly, PVDF transfer
membrane was incubated in methanol for 3-4 sec. and then, in deionized water. The
acrylamide gel was soaked for 5 minutes in transfer buffer without SDS prior to
transfer. Also the filter papers and sponges were soaked in transfer buffer. Then, the
transfer system containing gel and the membrane was assembled. All air bubbles
between the gel and the membrane were removed. The separated polypeptides were
transfered at 40 V at 4°C for 12-16 hours. After the transfer, the membrane was
incubated in blocking solution (Material Methods Part, Section 2.1.8) for two hours.
The membrane was then incubated in primary antibody solution (Anti His Tag
Monoclonal Antibody, Novagen) for 2 hours at room temperature. Following
incubation in primary antibody, the blot was washed three times with TTBS (Section
2.1.8). Then, the membrane was incubated in secondary antibody (Goat Anti-Mouse
IgG, H & L Chain Specific Alkaline Phosphatase Conjugate, Novagen) for 1.30 hour
at room temperature. Before signal detection step, membrane was washed in TBS for
5 minutes at RT. Detection step was achieved through the conversion of a
colorimetric substrate (NBT/BCIP) to a colored precipitate. 25X AP color
development buffer (Material Methods Part, Section 2.1.8), purchased from Bio-Rad
Inc., and was diluted to obtain 1 X color development buffer. 200 ul NBT/BCIP
(Bromochloroindolyl Phosphate-Nitro blue Tetrazolium) mixture (Section 2.1.8),
which is purchased from Bio-Rad Inc. within the Immun-Blot Colorimetric Assay
Kit, was added to the 1X AP color development buffer. The membrane was
submerged in the freshly prepared color development buffer. The membrane was

dried on filter paper and kept in dark for long term storage.
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3. RESULTS

3.1. Determination of Putative Glutamate Synthase Small Subunit Coding

Regions

Deduced amino acid sequences of PHO876 and PH1873 ORFs were analyzed with
Comparative Domain Display (CDD) analysis (Figure 3.1), BLASTP (Figure 3.2 and
Figure 3.3; summary of BLAST results) and ClustalW (Figure 3.4) alignment tools. They
both showed highest homology to the GItD domain which is a conserved small

glutamate synthase domain.

The CDD analysis revealed that PH1873 and PH0876 show highest homology to
GItD type of protein family consisting of NADPH-dependent glutamate synthase
beta chain and related oxidoreductases (Figure 3.2). The second high homology
sharing protein family was pyridine nucleotide-disulphide oxidoreductase protein
family (PyR_redox) which includes both class I and class II oxidoreductases and also

NADH oxidases and peroxidases.

As a result of the BLAST N analysis of the ORFs which are present upsream and
downstream of the PHO876 and PH1873, it was seen that upstream and downstream
regions of PHO876 and PHI1873 contain several putative oxidoreductase- and
hydrogenase-like genes (Figure 3.3 and Figure 3.4). For instance, PH0878 shows
high homology with oxidoreductase of Pyrococcus abyssi and hydrogenase of
Pyrococcus furiosus whereas PHO874 showed high homology with beta lactamase of
Pyrococcus abyssi. In addition, there is not any region showing significant homology
to GItB upstream or downstream of these ORFs PH0876 and PH1873. (Figure 3.3
and Figure 3.4).
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FHO=1ike

Figure 3.1: Comparative Domain Display analysis of deduced amino acid sequences
of PHO876 and PH1873. a) CDD analysis of deduced amino acid sequence of ORF
PHO876. b) CDD analysis of deduced amino acid sequence of ORF PH1873.

In Figure 3.1 the nomenclature is as following. PyR redox: pyridine nucleotide-
disulphide oxidoreductase protein family; FMO-like: Flavin-binding monooxygenase
-like; TrxB: Thioredoxin reductase; Lpd: Pyruvate/2-oxoglutarate dehydrogenase
complex, dihydrolipoamide dehydrogenase (E3) component, and related enzymes;
HcaD: Uncharacterized NAD(FAD)-dependent dehydrogenases; TrkA: Predicted
flavoprotein involved in K+ transport; NirB, NAD(P)H-nitrite reductase; Ndh:
NADH dehydrogenase, FAD-containing subunit .
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Figure 3.2: The figure presents the upstream and downstream regions of PH0876.
The proteins are placed according to their protein sizes and the relative positions of
ORFs encoding them on the genome.

“Hydrogenase
“Hypothetival glutarmate gamrma subumit
syrthase swaall chain™ like protein”
PH1873 PH1874
BAA3I0995.1 BAAI0996.1
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PH1870 PH1871 PHI872 PH1875 PH1876
BAA30992.1 BAA3I0993.1  BAA3I0D94.1 BAA3099T.1 BAA30998.1
174 aa 288 aa 112 aa 432 aa 154 aa
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protein’” protein” protein” syTthetase like protein”™ protein”

Figure 3.3: The figure presents the upstream and downstream regions of PH1873.
The proteins are placed according to their protein sizes and the relative positions of
ORFs encoding them on the genome.

The small subunits ( subunit) of the NADPH-dependent bacterial glutamate
synthase, the C terminal regions of NADH-dependent glutamate synthases share two
conservative ADP binding folds one of which is for NAD(P)H and the other is for
flavin adenine dinucleotide (FAD) (Vanoni et al., 1996). In order to identify
potential flavin cofactor binding and NAD(P)H binding regions, CLUSTAL W
multiple amino acid sequence alignment of PHO876 and PH1873 with some of the
small subunits of the NADPH-dependent bacterial glutamate synthase (£. coli and
Azospirillium brasilense) and C terminal region of NADH-dependent glutamate
synthase from Medicago sativa and Synechosystis sp. PCC 6803 was performed
(Figure 3.4).

55



THOE7: ————MPFELIEERVPTP-ERPVEERTFD FEEVILEY TF E-LAFKFEAERCLOCP PEYALP -C 52
DH1 872 ————MNPFELIEERVPT P-ERPVEERTFD FDEVH LY TWE-LALFEAERCLICPWVEYLP -C 52
E. coliGleD —ME QNI FID LOFVD PPEFP LETRKIEFVETT EPF SE G-Q A AQADRCL SCCHNPY——-C BB
A . brasilaass GZeD MANQPMLGFVHTAQFMPDERP AL ERR D FAETTAPF 2D E-FPANEQANBCS QCCVPF——-C 56
M sative Cterminal —-————————————————— - INVELNDIMEVITMET FF GPL LK TQ2 ARCHMDCGTP FCHOE 41
H w8 £ - 88 RIS H
EE g
THOE7: IFGCPVHINIPAF TAF THECD ————— -IHGALRITWHDNTLPATTGREYCPOED QCEGACY 106
DH1 872 IFGCPYNINIF GF IFALRENEDN PPFAWHFEA LEVTWACHSL PATTGREYCRPQED QCEGACY 112
E. coliGleD ETECPVHN T I PN LEL ANEGRE ——-——-TFEA AR LEHQTNTLREWCGEVCPDELCEGECT 102
A .brasilemse oD QVHCPY SMHNIPDITLEL TEEGRE ——-——-LEEATEVEQATHNNF PEICGRICP(DELCEGICY 110
M_sativa Cterminal NEGCPLFIP EFHEL VY QME—————-TIQEALEPLL ETHNF PEFTGEVCPAP--CEGECW 23
B Exa D o = = -® mEm-ew I
E E B C]
—-—-——-————-FAD-I-
PHOS7E WEH-VCDPUNI GELERFVADTAREHGETEEEL LREFT EFCD G AK CENAVWGAGPAGL TCAS 165
DH1373 WEH-VCDPENI CHLERFWADTARQHE D DEL LMEETFN TEFMGFEVAVTCAGPACL TC AL 171
K. oc2liGleD LMD -EF GANTICHIERTIHDEAF EMGE——-—— TEFLMECVED TECFEVAT IGAGPACLAC AT 163
A . brasilaase GEeD IEQSTHEANTI CEFEETIND T AL QG —————TIWEPETP SRE LELEW G IGAGPACLARAE 165
M.sativa_t‘te?minsl LEI-TENPWSTIFNIECAT IDEAFEEG—-—— THMIPRPPVER TCEEWATVESGE SCLAR AT 147
- __*_*_:ﬂ' ﬂ‘*: - ﬂ'_::*:rk:*ﬂ':_*
++ + + + + +
-——FAD-I-———-
DHOE7E ELAFMGTENTI FEALHF P GEWLAYEI PEFPL PFE-EI LDHELFELFMLEGVE IRTDHVWEET 224
DH137= ELAFMGTDUTIVEALHER GEWLAYET PEFPL FE-EI LEEELFELEI LEVE TETDHIVERET 230
K. caliGleD VLT BMGVEAVWFD PHP ET GEL LT FEI PAFEL EE-EVMT ERPEET FTCMGIEFELNT EWGED 222
A bresilaase FeD ELRAFGTEWVHWYD FYT FMEEL LVEIET PG FEL EE - 5UVWE EPVEL LAD AGWT YHPNF EWGED 224
M.sativ&_Cte?minal QINFMGCHIFTWFE PAD PTGELMITYEAS FRHMET DEVD I WO EPVHLMAE EC T FYVHANIGLD 207
* oL ooz oI oorE oo F ool *: -
+ + + +
DHOE7E —-WTLDELLOEYDAWF IGTEAGT PEL LN TPCILLDETY SANEF LTE——-TNLMELYEFPE 272
DH137= —-WTIPELLFEYDATF IGTEACGT PEL LETPCE T LNGIV SANEF LTE——-TINLMELYEFPE Z35
K. caliGleD —-VLLDL LEDYDAWF LEVET ¥0 SME CE LEN ED AD AT AAL PELTANTEQLM=-FCETED 273
A brasilaasa GleD —-ASLPEL FEFHYVAVL WA TEVYEARD THAPGSC LA IVAALDYLTT SNEVALGDTVEAYE 232
M.setiv&_ﬂte?minal PLYSLERL PEENDATVLAVEL TEPED LPVPEEE LEGVHEAMEF LHAN- -TESLLD SHLOD 2565
- - e - - - - - - -
—-———————--MAD{PF ) H-————————
PHOS7E TDTPTAVEEEY IV IGA G TAMDA ARS AT, PL.GA- EVT TAYRRCREDMTARE————-———— 328
DH1373 TDTPIIVEERY IV IGA G TANDA ARS AT, ELGA- EVT TAYPRCEEDM TART ——— 334
K. ocliCGleD EPFVEMECERWY LECED TAMD CWET S EQCARHVT CATERDE MM PGSR ——— 2ES
A brasilaass GleD NZ8 LA ACEHVWY LECED TAMD CVRT AT PQGAT SVE CLYRRDPFMNMPZS] ———-—————— 33E
M_sative Coerminal GNY I3AFGER Y IGED TCTDC IGT ST FHGCT AVVHL ELLPOQPPP TRAP PR QWP BT 325
**:*:*:*_*:*_ *_ :::* 'A'_ - =
++ + + + ¢+ + + + +
DHOE7: —---——EETIFHAE EEGVEFEF FLOFVEF ICD ENGEVFANVEF ERTEP LEERDEF G E-F IV 381
PH1 872 ——————EEVWHAFEEGVEFMF FWt[FEF TG0 EMGEWEANEF EEMEP LEERDSRCGHE-EIT 387
E. coliGleD —- PEVEINAR EECVE FEFNWOPL GT BV G GEN SCUVEITVE TE-MZEPDAE CRRRLET 38Z
A brasilaassa GleD ————-——PEVAHAEEEGVEFIM QLA LAPE G—-FT G0 TV TCHEAVE TH- LGYADAT GROQTP O 383
M sativa Cterminal FEVTTGEH) EAE TEFEFDE R EW LTE EF WED ENGVWECLEVYEYVC— —ITEFKDET GEFQFEE 383
- - - - - - - -* -
-FAD-IT-
DHOS?: GCIGETVTLEAD TWITATCLEPMETIIT ED GR- —LETNFD GTIVVDEN ——--LMTSIPETFL 435
DH137= GCIGETVTVETD TWVIATEOTENEITWET TPG-LEVEENGTIVVDEN ———-LMTSIPEVEL 442
K. caliGleD VAGSEHTYV PAD AT THMA FGFEPHINMEWN LAFHS -WELD S0 GETIAPEGEDMAFOTSNIFTIFA 441
A brasilaase GlED TEGSEF TV AR LW THALGFEP ED LENAFDEF ELEVT FIMETL LVDHE. TE---MTIMDETEL 440
M.setiv&_Cte?minal TEGSEETTEAD IVLLAMEFLGPEATI AREFLG—WERDHNE SNFEADYG——-RFSTEVDETEL 439
. Do R ErE T P . .
- e
DHOE7E GO ATRCEATH IL AMGDEERA B AT B TRE KR GO S - ——— ————— —————————————— 477F
PH1373 476
K. caliGleD GED VRS DLYWT ATAEG FHA AL CTMMW LEY — ——— —— —————————————————————— 477
A . brasilaass GlED LD TWEGE SLUWITAT DG PO A B CTH A AFA KL EA PR VAL E-————-————————————— 48}
M.satiw_t?te?minal LD CRRG) SLUWITATS EG RO AL QWD 55 L TH EDHCIDENOD EFVER QQDLNFFHSFHT VM 432

= Emm e

. = . =

b

Figure 3.4: CLUSTAL W multiple amino acid sequence alignment of PHO876 and
PH1873 with some of the other GItS B subunit proteins. (+) is used to indicate the
consensus sequence matching regions required for an adenylate binding fold
formation. (*) is used to show the second consensus sequence matching region.
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In Figure 3.4, the gray shading represent residues conserved in >70% of the
sequences aligned and the Cys residues that may be responsible for 4Fe-4S clusters

are showed with the letter (C).

There are also some proteins containing the conservative sites of the glutamate
synthase B subunit, and therefore called as GItS B subunit like proteins. The ORFs
which are encoding GItS B subunit like proteins are DsrL from Allochromatium
vinosum (Dahl et al., 2005), SudA from P. furiosus (Schut et al., 2003), Glt4 from
(Jongsareejit et al., 1997), GitX from C.
saccharobutylicum NCP262 (Stutz et al., 2004). CLUSTAL W multiple amino acid
sequence alignment of PHO876 and PH1873 was also performed with GOGAT f3

Thermococcus kodakaerensis

subunit-like proteins found in various organisms (Figure 3.5).
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Figure 3.5: CLUSTAL W multiple sequence alignment of GItS [ subunit-like
proteins. (NAD(P)H and FAD binding regions containing part of CLUSTAL W
result). The Cys residues that may be responsible for 4Fe-4S clusters are showed
with the letter (C). (+) is used to indicate the consensus sequence matching regions
required for an adenylate binding fold formation. (*) is used to show the second
consensus sequence matching region.
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Figure 3.5: Continuing. CLUSTAL W multiple sequence alignment of GItS 3
subunit-like proteins. (NAD(P)H and FAD binding regions containing part of

CLUSTAL W result).

3.2. Cloning

ORFs PH0876 and PH1873 were amplified from two genomic clones of Pyrococcus

horikoshii, which were kindly provided by Dr. Yutaka Kawarabayasi of National

Institute of Advanced Industry and Technology, Japan. Beta- subunit like 3’ region
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of glutamate synthase was cloned into pGEM easy cloning vector by HBD from the
monomeric full length cDNA clone provided by Carol Vance of University of
Minnesota, USA. In this study, it was subcloned into pET30b expression vector in

order to be used as control in activity analysis.

3.2.1. Cloning of PH0876 in the Native Form

PHO0876 was amplified from a genomic clone of Pyrococcus horikoshii via PCR using
the primers F1_PHO0876 and R1 PHO876 (Figure 3.7.a) as indicated in Materials and
Methods (Section 2.2.2), and cloned into a T/A cloning vector pTZ57R/T (Figure 3.7.b).

1

ATGCCTALGC TTATTAAGGAGAGAGTTCCAAC TCCCGAGAGGCCCGTTGAGGALLGSATT — a0
- P KL I E E R ¥ P T P E R F ¥V E E R I
AAGGATTTCALGGAGGTCAACTTGGGTTATACCTTTGAGC TTGCCAAGALGGALGCAGAT - 120
-K b F K E Vv N L ¢ ¥ TVTF E L o EKE K E 4 E

gl

Figure 3.6: The nucleotide sequence of the DNA encoding the 5° end of native form
of PH0876 small subunit-like region and the translated sequence of the protein.
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Figure 3.7: 1% agarose gel analysis of amplified PCR product of ORF PH0876 and
potential recombinant colony minipreps containing pTZ57R PHO0876 construct.

In the Figure 3.7, the lane ingredients on the first gel are as follows: M: Fermentas
Mass Ruler Mix Range Marker, Lane 1; Amplified PCR product of ORF PH0876
(~1445 bp). The lane ingredients on the second gel are as follows: M; Fermentas Mass

Ruler Mix Range Marker, Lanel-5; Potential recombinant colony minipreps of

pTZ57R_PHO0876, Lane 6; Undigested pTZ57R.
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The construct (pTZ57R+ PHO0876) was then digested with Sacl and Sall restriction
enzymes (Figure 3.8.b) and inserted into Sac/ and Sall digested pET30b (Figure 3.8.a).
The obtained DNA fragment to be ligated in Figure 3.8.b was expected to be ~1484 bp

with the sequences coming from pTZ57R and primers.

The ligation mixture was used to transform E. coli strain XL1Blue competent cells
and transformants were selected on LB agar plates containing kanamycin to a final

concentration of 50 pg/ml.

LOCK O
3000bp
a000bp
S000bp —
JO00bp
I00bp
2500bp
2000bp
1500bp
1031byp

SO0bp
S00bp
700bp
GOObp
00
100bp
00bp -
EI]-IZII:-E -
100bp
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5000bp
4000bp
3000bp
2500bp
2000bp

A. B.

Figure 3.8: 1% agarose gel analysis of Sall & Sacl digested pET30b vector and
pTZ57R_PHO0876 construct.

In the Figure 3.8, the lane ingredients on the first gel are as follows: M; Fermentas
Mass Ruler Mix Range Marker, Lane 1-2; Linearized pET30b after Sacl and Sall
digestion, and the lane ingredients on the second gel are as follows: M; Fermentas Mass

Ruler High Range Marker, Sacll and Sa/l digested pTZ57R_PHO0876.

The transformant colonies were inoculated into LB broth containing Kanamycin to a
final concentration of 50 pg/ml and incubated overnight at 37°C. DNA minipreps
were done from the overnight cultures of individual transformants (Figure 3.9).
Recombinants were screened by digestion with Sacl and Sall restriction enzymes
(Figure 3.10). Positive clones were sequenced to confirm the 5° end of the vector and
insert joining region. The construct was then named as pPH7630 Native, and used in

expression studies.
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Figure 3.9: 1% agarose gel analysis of potential recombinant colony minipreps for
PHO876 cloning into pET30b in its native form. M; Fermentas Mass Ruler Mix Range
Marker. Lane 1; Undigested pET30b. Lane2-8; Potential recombinant colony minipreps of
pET30b_PHO876.
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Figure 3.10: 1% agarose gel analysis of the restriction screen of the colony minipreps for
PHO0876 cloning in its native form. M; Fermentas Mass Ruler Mix Range Marker. Lane
1-7; Sacl and Sall digestion of the recombinant colony minipreps of pET30b PHO0876.
Lane 8; Sacl and Sall digested pET30b.
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3.2.2. Cloning of PH0876 in His-Tagged form into pET30b with BamHI and

Sacl sites

This time, PHO876 was amplified from genomic clones of Pyrococcus horikoshii, using
the primers CommonF2 Primer and R2 PHO0876 which harbor BamHI and Sacl

restriction sites, respectively (Figure 3.11).

M
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500bp

Figure 3.11: 1% agarose gel analysis of the resulting PHO876 ORF PCR products of
PCR reaction done by using Pfu DNA polymerase. M: Fermentas Mass Ruler Mix
Range Marker. Lane 1-2; Amplified ORF PHO876 ( ~1443 bp)

In order to clone PH0876, the obtained PCR fragment was digested with Sacl and
BamHI restriction enzymes (Figure 3.12.b.) and ligated directly from the PCR
product into pET30b digested with the same enzymes (Figure 3.12.a.). The ligation
mixture was used to transform E. coli strain XL1Blue competent cells and
transformants were selected on LB agar plates containing kanamycin to a final

concentration of 50 pg/ml.
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Figure 3.12: 1% agarose gel analysis of BamHI & Sacl digested and gel extracted
pET30b vector and PHO876 PCR product.

In the Figure 3.12, the lane ingredients on the first gel are as follows: M; Fermentas
Mass Ruler High Range Marker, Lane 1; Undigested pET30b, Lane 2-5: BamHI & Sacl
digested and gel extracted pET30b, and the lane ingredients on the second gel are as
follows: M; Fermentas Mass Ruler High Range Marker, Lane 1; BamHI & Sacl
digested and gel extracted PHO876 PCR product.

The transformant colonies were inoculated into LB broth containing Kanamycin to a
final concentration of 50 pug/ml and incubated overnight at 37°C. DNA minipreps
were done from the overnight cultures of individual transformants (Figure 3.13).
Recombinants were screened by HindIII restriction enzyme digestion. The fragments
that should be appearing after HindIIl digestion of recombinant colony minipreps
would be 815bp, 612bp and 5412bp and the restriction of colony minipreps gave
DNA fragments with expected sizes (as seen in Figure 3.14, on Lane 1-2). Positive
clones were sequenced to confirm the 5’ end of the vector and insert joining region.

The construct was then named as pPH7630 Histag and used in expression studies.
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Figure 3.13: 1% agarose gel analysis of colony minipreps for PHO876 cloning in His-
Tagged form. M; Fermentas Fast Ruler High Range Marker. Lane 1-2; Potential
recombinant colony minipreps of pET30b_PHO0876. Lane 3; Undigested pET30b.
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Figure 3.14: 1% agarose gel analysis of the Hindlll digestion screen of the colony
minipreps for PHO876 cloning in His-Tagged form.

The explanation of the lane ingredients in the Figure 3.14 are as follows: M;
Fermentas Mass Ruler High Range Marker, Lane 1-2; HindIIl digestion of the
recombinant colony minipreps of pET30b PH0876, Lane 3; HindIll digested pET30b,
Lane 5; Fast Ruler Middle Range.

3.2.3. Cloning of PH1873

PH1873 was amplified from a genomic clone of Pyrococcus horikoshii via PCR using

the primers CommonF2 Primer and R2PH1873. The resulting PCR product was then
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digested with BamHI and Sacl and subcloned into BamHI and Sacl digested pET30b by
HBD. The final construct was named pPH7330 Histag.

3.2.4. Cloning of Glutamate synthase 3 subunit-like 3’ region of NADH-GItS

from Medicago sativa

Glutamate synthase B-subunit like region 3’ region of NADH-GItS from Medicago
sativa was amplified with appropriate primers and cloned by HBD from the
monomeric full length cDNA clone provided by Carol Vance of University of
Minnesota, USA. The construct was named as pGEM alfa3’.

In order to clone the 3’ region of NADH-GItS from Medicago sativa into pET30b
expression vector, the pGEM alfa3’ construct and pET30b was separately digested by
EcoRI restriction enzyme (Figure 3.15) and pET30b was further treated with CIAP in
order to prevent recircularization of the pET30b during cloning. As a result, -

subunit like 3’ region of NADH-GItS from Medicago sativa was cloned into pET30b.

M1

6000bp

2000bp
1500bp—

A. B.

Figure 3.15: 1% agarose gel analysis of the EcoRI digestion of pET30b and the gel
extracted DNA fragment after EcoRI digestion of pGEM alfa3’ construct.

In the Figure 3.15, the lane ingredients on the first gel are as follows: M; Fermentas
Mass Ruler High Range Marker, Lane 1; EcoRI digested and CIAP treated pET30b,
and the lane ingredients on the second gel are as follows: Gel extracted DNA fragment

after EcoRI digestion of pPGEM_alfa3’ construct.

Ligation mixture was used to transform E. coli strain XL1Blue competent cells and
transformants were selected on LB agar plates containing kanamycin to a final

concentration of 50 pug/ml. The transformants were inoculated and DNA minipreps
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were performed from the overnight cultures of individual transformants (Figure
3.16). As a result of the 1% agarose gel analysis of the potential recombinant colony
minipreps for cloning of  subunit-like 3° region of NADH-GItS from Medicago
sativa, the colonies whose minipreps were loaded to Lane 2, 4 and 9 were chosen for

further analysis (Figure 3.16).

10000bp
5000bp

6000bp

Figure 3.16: 1% agarose gel analysis of screening the potential recombinant colonies of
pET alfa3’. M; Fermentas Mass Ruler Mix Range Marker. Lane 1; Undigested
pET30b. Lane 2-12; Colony minipreps of pET alfa3’.

Recombinants were screened by digestion with some restriction enzymes, separately,
to select the clone with correct orientation. The restriction sites for the selected
enzymes (Xbal, Pstl and EcoRI) which are used in determination of the correct
orientation of M. sativa clone and the expected fragments after digestion are shown
in Figure 3.17. Pstl digestion was done in order to prove the presence of insert since
only the insert contains Pst/ restriction site, there is not any Pst/ site on the pET30b
vector. Therefore, it was expected to linearize the construct (as seen in Figure 3.18;
on Lane 3, 6 and 9). Furthermore, EcoRI digestion of the colony minipreps gave the
whole insert which was cloned (as seen in Figure 3.18; on Lane 4, 7 and 10). In
addition, Xbal digestion would determine whether the gene was inserted in its correct
orientation. If the gene was inserted into pET30b in its correct orientation, digestion
with Xbal should give 5827 bp and 1101 bp DNA fragments (Figure 3.17). However,
if it was not in its correct orientation, digestion with Xbal should give 786bp+6142bp
DNA fragments (Figure 3.17). According to the result of the Xbal digestion of the

selected colony minipreps, it can be concluded that two of the colonies includes the
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insert in correct orientation (Lane 2 and 5 in Figure 3.18). Positive clones were

sequenced to confirm the 5’ end of the vector and insert joining region. The new

construct was named as pET alfa3’.

EcoRI-G'AATT C

Xbal- T'CTAG _A

Pstl-C_TGCA'G._g

| PET30b + Glutamate synthase beta
subunit-like 3' region of NADH-GItS
from Medicago sativa ]

{in correct orientation)

EcoRI-G'AATT C

Xbal- T'CTAG_A—

EcoRI -G'AATT _C

Pitl-C_ TGCA'G
A

Xbal- T'CTAG_A._4

PET30b + Glutamate synthase beta |
subunit-like 3" region of NADH-GItS
from Medicago sativa [

{in reverse orientation)

EcoRI -G'AATT C
Xbal- T'CTAG_A— R
T7 pmmuter '

Fragments after Xbal digestion
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5827 bp+1101 bp
785bp+6142bp

Figure 3.17: Maps of pET alfa3’ constructs containing the insert in correct
orientation and in reverse orientation, respectively.

14I|K|l’l|:|p_
00 T
GOMp =
UL TY
A0
SO
25300
20

1500l

1031 by
S0bp

B0bp —2
THbp—""__
d0bp —"__
S00bp —_
J00bp = _-
00bp -~ _-
200bp =

1101bp

M 12 34567 89 10

X.!’#af l Xf?a!l

FooRi

1101bp

786bp

BamH
FeoR

BamH
FeoR

Figure 3.18: 1% gel analysis for determination of the correct orientation of M. sativa

clone.
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The explanation of the lane ingredients in the Figure 3.18 is as follows: M;
MassRuler DNA Ladder, Mix, ready-to-use, Lane 1; pET30b digested with EcoRI,
Lane2-5-8; Colony Minipreps digested with Xbal, Lane 3-6-9; Colony Minipreps
digested with Pst, Lane 4-7-10; Colony Minipreps digested with EcoRI.

3.3. Expression Studies

Rosetta (DE3) pLysS, derivative of BL21 (DE3), was chosen as an expression host
cell because it contains rare tRNA genes on the pLysSRARE plasmid which
overcomes the codon usage bias difference between P. horikoshii and E. coli (Novy
et al.,, 2001). Therefore, the usage of Rosetta (DE3) pLysS can prevent possible
amino acid misincorporation, translation termination, translation frame-shifting
during protein expression. This strain of E.coli also includes the lon, cytoplasmic
protease and ompT, periplasmic protease deficiencies which increase protein
stability. In addition, before using Rosetta series E. coli expression strains, E. coli
BL21 (DE3) expression strain was tested by our group. However, expression of the

archaeal protein could not be obtained using this strain (Demir and Dincturk, 2006).

The constructs, pPH7630 Native, pPH7630 and pPH7330 gave high or very high
expression when Rosetta (DE3) pLysS cells were used as host cell. In addition, all of

the expressed proteins were all found in the soluble part of the cell.

3.3.1. Construction and the expression of PH0876 native protein

A stop codon downstream of the His-tag region of pET30b and 19 bp of the pTZ57R,
followed by a purine rich sequence prior to the initiator ATG, resulted in a construct,

which successfully produced the native PHO876 protein (Figure 3.19)

“ATG CAC CAT CAT CAT CAT CAT TCT TCT GGT CTG GTG CCA CGC
GGT TCT GGT ATG AAA GAA ACC GCT GCT GCT AAA TTC GAA CGC
CAG CAC ATG GAC AGC CCA GAT CTG GGT ACC GAC GAC GAC
GAC AAG GCC ATG GCG ATA TCG GAT CCG AAT TCG BEEIEG GTA
CCT CGC GAA TGC ATC (TAG)ATT GGG GAA TTC ATG CCT AAG
CTT ATT AAG GAG AGA GTT CCA ACT CCC GAG..”

Figure 3.19: Construction of the pPH7630 Native.
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In the figure 3.19, black sequences are the fusion part encoding region of pET30b.
Pink sequences are the Sacl restriciton site used for cloning. Blue sequences come
from the initial cloning into pTZ57R. The green region represents the EcoRV site of
pTZ57R. Gray T is the extra sequence in the TA vector. Yellow region shows the
primer sequence. Underlined black sequence shows the coding region of the native

protein. The location of the stop codon is indicated between two parentheses.

Rosetta (DE3) pLysS was transformed by the resulting plasmid pPH7630 Native to
express PHO876 Native protein. A single colony of the transformed strain Rosetta
(DE3) pLysS was used to check the expression of the proteins, 4 h after the addition
of 0.1 mM IPTG (isopropyl-B-D-thiogalactopyranoside) (Figure 3.20). The
approximate molecular weights of the protein PHO876 Native was calculated via the
ProtCalc bioinformatic tool as 51.9 kDa. The bacterial strain which harbours only
pET30b vector was used as the negative expression control. Also uninduced cultures
were analyzed via SDS-PAGE as a control of induced cultures. LB broth was used
as growth medium and induction of Rosetta (DE3) pLysS E. coli strain containing

plasmid pPH7630 Native was performed at 37°C.

Figure 3.20: 10% SDS-PAGE analysis of induction of pET30b + PHO0876
(pPH7630 Native).

The explanation of the lane ingredients in the Figure 3.18 is as follows: Lanel;
Protein Molecular Weight Marker, Lane 2; Total cell protein harbouring vector only
(uninduced), Lane 3; Total cell protein harbouring vector only (induced), Lane 4;
Total cell protein harbouring pPH7630 Native (induced), Lane 5; Total cell protein
harbouring pPH7630 Native (uninduced).
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In order to check if overexpressed PHO876 Native protein is in the soluble fraction,
cells were disrupted both by lysozyme treatment and sonication. Soluble and
insoluble fractions were separated by centrifugation (Section 2.2.15) and samples
were analyzed with SDS-PAGE. The electrophoresis of the collected fractions reveal
that the overexpressed protein is in the soluble fraction of the cell lysate (Figure
3.21). An overexpressed band of ~51,9 kDa was observed at the soluble cell fraction

after seperation of soluble and insoluble parts of the cell lysate.

Marker 1 2 3 4 5 6 7 8 9

166 kDa—

66 kDa— .

) B e 519kDa
45 kDa— Ed

35 kDa—

25 kDa—

Figure 3.21: 10% SDS-PAGE analysis of soluble and insoluble fraction after
induction of pPH7630 Native.

The explanation of the lane ingredients in the Figure 3.21 is as follows: Lane 1;
Soluble fraction of lysate of E. coli harbouring vector only (uninduced), Lane 2;
Insoluble fraction of lysate of E. coli harbouring vector only (uninduced), Lane 3;
Soluble fraction of lysate of E. coli harbouring vector only (induced), Lane 4;
Insoluble fraction of lysate of E. coli harbouring vector only (induced), M; Protein
molecular weight marker, Lane 6; Soluble fraction of lysate of E. coli harbouring
pPH7630 Native (induced), Lane 7; Insoluble fraction of lysate of E. coli harbouring
pPH7630 Native (induced), Lane 8; Soluble fraction of lysate of E. coli harbouring
pPH7630 Native (uninduced), Lane 9; Insoluble fraction of lysate of E. coli
harbouring pPH7630 Native (uninduced).

To determine the N-terminal protein sequence of the protein, the overexpressed band
was excised from the SDS-PAGE (HBD). The N-terminal sequencing was kindly
performed in Université Mons-Hainaut, Belgium (in Dr. Ruddy Wattiez laboratory)
by Edman degradation (Edman, 1950), and I would like to acknowledge Dr.
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Raymond Cunin (in Vrije Universitet, Brussel) for providing the possibility of this
experiment. The data showed that the overexpressed band represents the N-terminal

of the native PHO876 product (Figure 3.22).

N-Terminal Protein Sequence Result for

PHO876_native PHO876 N-Terminal Protein Sequence

N'- MPKLIKERVPTPERPVEER N’-MPKLIKERVPTPERPVEERIKDFK

Figure 3.22: Comparison of the N-Terminal Protein Sequence Result with the actual
PHO0876 N-Terminal Protein Sequence.

PHO0876 native protein was succesfully expressed using pET expression system in E.
coli in spite of the presence of a stop codon downstream of the His-tag region of
pET30b (Figure 3.19). The protein initiation site upstream of the PH0876 coding

region on the pPH7630 Native construct was analyzed.

“AUG CAC CAU CAU CAU CAU CAU UCU UCU GGU CUG GUG CCA
CGC GGU UCU GGU AUG AAA GAA ACC GCU GCU GCU AAA UUC
GAACGC CAG CAC AUG GAC AGC CCA GAU CUG GGU ACC GAC
GAC GACGAC AAG GCC AUG GCG AUA UCG GAU CCG AAU UCG
AGC UCG GUA CCU CGC GAA UGC AUC (UAG) AUU GG G GAA
UUC #AUG# CCU AAG CUU AUU AAG GAG AGA GUU CCA ACU
CCC GAG...”

Figure 3.23: Deduced mRNA sequence transcribed from the pPH7630 Native. Blue
sequences are the transcribed region which is coming from the easy cloning vector
pTZ57R. Gray regions may act as conservative nucleotides for the protein initiation
site. Underlined black sequence shows the coding region of the native protein. The
stop codon is indicated by two parentheses.

The sequence belongs to first 234 nucleotide sequence of the deduced mRNA
sequence transcribed from the pPH7630 Native (Figure 3.23). The components of
the transcription and translation machinery of E. coli are used during expression of
this native protein. Therefore, this deduced mRNA sequence was compared with
some of the initiation sites for protein synthesis found in E. coli. In bacterial mRNA,
ribosome binding site plays an important role for translation initiation. Ribosome
binding site containing purine rich sequence is where the 30S small subunit of
bacterial ribosome binds first on mRNA (Figure 3.24). This site is called Shine-
Dalgarno (SD) sequence (Shine and Dalgarno, 1975). There is a region on 5’ side of
the initiator codon of the PH0876 which is marked by grey color seems to have acted
as a Shine-Dalgarno sequence (Berg et al., 2002). The efficiency of Shine-Dalgarno

sequence depends on the length of the complementarity and the distance between the
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Shine-Dalgarno sequence and the initiator codon. When the interaction involves the
most favored region of 16S rRNA (GGAGG), a three-base-pair interaction is
enough( complete SD 5-UAAGGAGGU-3") The deduced mRNA sequence
transcribed from the pPH7630 Native contains for GGGG nucleotide on the 5’
region of the start codon in an appropriate distance from the start codon. This part is
complementary to the most favored region of Shine-Dalgarno sequence (GGAGG) except
the missing A nucleotide between the G nucleotides. Since this is the most important part

of the Shine-Dalgarno sequence, the missing A nucleotide may be compensated.

=10 +1
5 Purine-rich AUG mRMA
Base-pairs with fMet = Protein
riposomal RMA
Prokaryotic start signal

Figure 3.24: Initiation of protein synthesis in prokaryotes (Berg et al., 2002).

3.3.2. Expression of PH0876_HisTag and PH1873 proteins

Rosetta (DE3) pLysS was transformed by the resulting plasmids pPH7630 Histag
and pPH7330 to express proteins PHO876 HisTag and PH1873. A single colony of
each of the transformed strain Rosetta (DE3) pLysS was used to check the expression
of the proteins, 4 h after the addition of 1 mM IPTG (isopropyl-B-p-thiogalactopyra
noside). The bacterial strain which harbours only pET30b vector was used as the
negative expression controls. Also uninduced cultures were analyzed via SDS-PAGE

as a control of induced cultures.

LB broth was used as the growth medium and induction of Rosetta (DE3) pLysS E.
coli strains containing plasmids pPH7630 Histag and pPH7330 were performed at
30°C. Induction at 30°C slows down the generation speed of cells and providing

sufficient time for the proper folding of the protein.
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Figure 3.25: 10% SDS-PAGE analysis of induction of pET30b + PHO876 native
(pPH7630 native), pET30b+PHO0876 with HisTag (pPH7630 HisTag) and pET30b
+PH1873 (pPH7330).

The explanation of the lane ingredients in the Figure 3.25 is as follows: Lanel; Total
cell protein harbouring pPH7330 (uninduced), Lane 2; Total cell protein harbouring
pPH7330 (induced), Lane 3; Total cell protein harbouring vector only (induced),
Lane 4; Total cell protein harbouring pPH7630 HisTag (uninduced). Lane 5; Total
cell protein harbouring pPH7630 HisTag (induced), Lane 6; Total cell protein
harbouring vector only (induced), Lane 7; Total cell protein harbouring pPH7630
Native (induced), Lane §;Total cell protein harbouring pPH7630 Native
(uninduced), M; Protein Molecular Weight Marker. Arrows indicate expressed

proteins.

“ATG CAC CAT CAT CAT CAT CAT TCT TCT GGT CTG GTG CCA CGC
GGT TCT GGT ATG AAA GAA ACC GCT GCT GCT AAA TTC GAA CGC
CAG CAC ATG GAC AGC CCA GAT CTG GGT ACC GAC GAC GAC
GAC AAG GCC ATG GCG ATA TCG GAT CCG CGG ATG CCT AAG CTT
ATT AAG GAG AGA GTT CCA ACT CCC GAG AGG CCC GTT GAG
GAA AGG ATT AAG GAT”

Figure 3.26: Construction of the pPH7630 HisTag. Black sequences are the fusion
protein part encoding region of pET30b. Red sequence is the BamHI restriciton site
used for cloning. Yellow region shows the primer sequence. The forward primer is
same for both PHO876 and PH1873. Underlined black sequence shows the coding
region of the native protein.
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“ATG CAC CAT CAT CAT CAT CAT TCT TCT GGT CTG GTG CCA CGC
GGT TCT GGT ATG AAA GAA ACC GCT GCT GCT AAA TTC GAA CGC
CAG CAC ATG GAC AGC CCA GAT CTG GGT ACC GAC GAC GAC
GAC AAG GCC ATG GCG ATA TCG GAT CCG CGG ATG CCT AAG CTT
ATT AAG GAG AGA GTT CCA ACT CCC GAG AGG CCC GTT GAG
GAG AGA ATA AAA GAT TTT GAT GAA GTT AAT CTT GGT TAC ACC
TGG GAG CTA GCTTTA A”

Figure 3.27: Construction of the pPH7330 HisTag. Black sequences are the fusion
protein part encoding region of pET30b. Red sequence is the BamHI restriciton site
used for cloning. Yellow region shows the primer sequence. The forward primer is
same for both PH0876 and PH1873. Underlined black sequence shows the coding
region of the native protein.

The approximate molecular weights of the PHO876 and PH1873 protein products
were calculated via the ProtCalc bioinformatic tool as 51.9 kDa and 52.4 kDa,
respectively. However, because of the extra sequences which comes from pET30b
vector, their molecular weights rise to 57.5 kDa for PHO876 HisTag and 58 kDa for
PH1873 Histag fusion protein (Figure 3.26 and Figure 3.27). The expressed protein
bands were at expected molecular weights with respect to the protein marker on the
gel (Figure 3.25 and Figure 3.28). In addition, the basal expression was observed in
uninduced cultures which indicates that the expression was not tightly regulated by

the addition of IPTG.

M 1 2 3 4 5 6
116 KDa——+
00 kDa—
45 kDa——
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Figure 3.28: Comparison of the molecular weights among the proteins,
PHO0876 native, PHO876 HisTag and PH1873 via 10% SDS-PAGE analysis.
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The explanation of the lane ingredients in the Figure 3.28 is as follows: M; Protein
Molecular Weight Marker, Lane 1; Total cell protein harbouring vector only
(uninduced), Lane 2; Total cell protein harbouring vector only (induced), Lane3;
Total cell protein harbouring pPH7330 (uninduced), Lane 4; Total cell protein
harbouring pPH7330 (induced), Lane 5; Total cell protein harbouring
pPH7630 HisTag (induced), Lane 6; Total cell protein harbouring pPH7630 Native
(induced).

All of the constructs in Rosetta (DE3) pLysS, which were tested, gave high
expression. In order to check if overexpressed PH0O876 and PH1873 His Tag fusion
proteins are in the soluble fraction, cells were disrupted both by lysozyme treatment
and sonication. Soluble and insoluble fractions were separated by centrifugation
(Section 2.2.15) and samples were analyzed with SDS-PAGE. Electrophoresis of the
collected fractions reveals that the PHO876 and PH1873 His Tag fusion proteins
were found in the soluble fraction (Lane2 and Lane3) of the cell lysate (Figure 3.29).

1 2 3 4 5 6 7 M

—116 kDa

\ —66 kDa

S1.9KkDa i P'— —
=

58 kDa
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— i

Figure 3.29: 10% SDS-PAGE analysis of soluble fraction after induction of
pPH7630 Native and pPH7630 Histag and pPH7330. The proteins were run longer
in order to observe the molecular weight difference of proteins more easily.

The explanation of the lane ingredients in the Figure 3.29 is as follows: Lane 1I;
Soluble fraction of lysate of E. coli harbouring pPH7630 Native (induced), Lane2;
Soluble fraction of lysate of E. coli harbouring pPH7330 (induced), Lane3; Soluble
fraction of lysate of E. coli harbouring pPH7630 Histag (induced), Lane4; Total cell
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protein harbouring pPH7330 (induced), Lane 5; Total cell protein harbouring
pPH7630 Native (induced), Lane 6; Total cell protein harbouring pPH7630 HisTag

(induced), Lane 7; Total cell protein harbouring vector only (induced).

3.3.3. Expression of C terminal region of NADH-dependent Glutamate Synthase

from Medicago sativa

Rosetta (DE3) pLysS was transformed by the resulting plasmid pPET30alfa to
express B subunit-like C terminal region of NADH-dependent glutamate synthase
from Medicago sativa. A single colony of the transformed strain Rosetta (DE3)
pLysS was used to check the expression of the proteins, 4 h after the addition of 1
mM IPTG. The bacterial strain which harbours only pET30b vector was as the
negative expression control. Also uninduced cultures were analyzed via SDS-PAGE
as a control of induced cultures. LB broth was used as growth medium and induction
of Rosetta (DE3) pLysS E. coli strain containing plasmid pPET30alfa was performed
at 30°C. Induction at 30°C slows down the generation speed of cells for efficient

folding of the recombinant protein.

The approximate molecular weight of the B-subunit like C terminal region of
NADH-dependent glutamate synthase from Medicago sativa was calculated via the
ProtCalc bioinformatic tool as 55.4 kDa. However, because of the extra sequences
that come from pET30b vector, its molecular weights rise to ~60.5 kDa. The
expressed protein bands were at expected molecular weights with respect to the

protein marker on the gel (Figure 3.30).
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Figure 3.30: 10% SDS-PAGE analysis of induction of pET30b + B-subunit like C

terminal region of NADH-dependent glutamate synthase from Medicago sativa. Red

arrow indicates the location of the expressed protein on the gel. "\ is used to mark
the lanes.

The explanation of the lane ingredients in the Figure 3.30 is as follows: Lane 1;
Total cell protein harbouring pET30b + B-subunit like C terminal region of NADH-
dependent glutamate synthase from Medicago sativa (induced), Lane 2; Total cell

protein harbouring vector only (induced), M; Protein Molecular Weight Marker.

3.4. Purification of proteins under native conditions

Nucleotide sequencing of each plasmid have confirmed that the 6-residue histidine
tag of pET30Db, are in the correct frame upstream of the ORFs of interest. Successful
purification of intact fusion proteins from total culture extracts was achieved using
slurry nickel resin (Ni-NTA) which binds histidine residues. During the purification
of the proteins PHO876 and PH1873, Ni-NTA became yellow in color. This may
because of the FAD binding to these proteins if these proteins are flavoproteins as

expected.

3.4.1. Purification of His Tag fusion protein PH0876 under native conditions
with Ni-NTA

A concentration range varying from 20 mM to 350 mM imidazole was used during
purification. The amount of purified proteins on Lanes 6, 7 and 8 are relatively

higher than others (Figure 3.31). Therefore, the yield of proteins increase when there
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1s 200-300 mM imidazole is present in the elution buffer. This result is in agreement
with the suggested concentration which is 250 mM (The QIAexpressionist

catalogue).

Although the protein content bound on the resin decreases during each elution step, it
was seen that elution with 300 mM imidazole concentration yielded a lot amount of
protein. This indicates a strong binding of the fusion protein to the Ni-NTA with its
His Tag region. It may be suggested that the folding of the protein enables His Tags
to bind to the Ni-NTA freely or almost freely.

116 kDa—

00 kDa—

45 kDa—

35 kDa—

Figure 3.31: 10% SDS-PAGE analysis of protein purification of PH0876 HisTag
(57.5 kDa) under native conditions with Ni-NTA.

The explanation of the lane ingredients in the Figure 3.31 is as follows: M; Protein
Molecular Weight Marker, Lane 1; Flow-through of unbound proteins to Ni-NTA,
Lane 2; Elution with 20 mM imidazole concentration, Lane 3; Elution with 50 mM
imidazole concentration, Lane 4; Elution with 100 mM imidazole concentration,
Lane 5; Elution with 150 mM imidazole concentration, Lane 6; Elution with 200 mM
imidazole concentration, Lane 7; Elution with 250 mM imidazole concentration,
Lane 8; Elution with 300 mM imidazole concentration, Lane 9; Elution with 350 mM

imidazole concentration.

3.4.2. Purification of His Tag fusion protein PH1873 under native conditions

with Ni-NTA

A concentration range varying from 20 mM to 350 mM imidazole was used during
purification. The amount of purified proteins on Lanes 4, 5 and 6 are relatively
higher than others (Figure 3.32). Therefore, sufficient amount of the PH1873 fusion

protein can be obtained when there is 150-200 mM imidazole is present in the elution
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buffer. This indicates a moderate binding of the fusion protein to the Ni-NTA with its
His Tag region. It may be suggested that the folding of the protein interferes with the
His Tag binding to the Ni-NTA.

M 1 2 3 4 5 6 7 8 9
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Figure 3.32: 10% SDS-PAGE analysis of protein purification of PH1873 HisTag
(58 kDa) under native conditions with Ni-NTA.

The explanation of the lane ingredients in the Figure 3.32 is as follows: M; Protein
Molecular Weight Marker, Lane 1; Flow-through of unbound proteins to Ni-NTA,
Lane 2; Elution with 20 mM imidazole concentration, Lane 3; Elution with 50 mM
imidazole concentration, Lane 4; Elution with 100 mM imidazole concentration,
Lane 5; Elution with 150 mM imidazole concentration, Lane 6; Elution with 200 mM
imidazole concentration, Lane 7; Elution with 250 mM imidazole concentration,
Lane 8; Elution with 300 mM imidazole concentration, Lane 9; Elution with 350 mM

imidazole concentration.

3.5. Western-Blotting of the expressed proteins

For Western blotting total cell protein fractions from induced cultures of cells which
harbour pPH7630 and pPH7330 were used. HisTag monoclonal antibody was used
as primary antibody. Electro-blotting membrane transfer was applied to transfer
proteins from SDS-PAGE. The total protein cell samples, which were disrupted by
SDS sample buffer, were used for Western blotting of the proteins.

3.5.1. Western Blotting of PH0876_Histag and PH1873_ HisTag Proteins

Rosetta (DE3) pLsyS cells containing constructs pPH7630 and pPH7330 were induced
with 1 mM IPTG at ODg(p=0.6 for four hours, using LB broth as the growth media at
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37°C. Duplicate gels were run on SDS-PAGE in order to compare the antibody
signals with the protein bands (Figure 3.33). While one gel was stained with

Coomassie Blue, the other one was used for immunoblotting.

120kDa
- [ e
86kDa

58 kDa
57,5 kDa

47kDa

Figure 3.33: Western-blot of PH0876 and PH1873 proteins.

The explanation of the lane ingredients of the SDS-PAGE in the Figure 3.33 is as
follows: Lanel; Total cell protein harbouring vector only (induced), Lane2; Total
cell protein harbouring pPH7630 Histag (induced), Lane 3; Total cell protein
harbouring pPH7330 (induced), M; Prestained Protein Molecular Weight Marker.
Observed signals can be seen for PHO876 (Lane 3) and PHI1873 (Lane2),

respectively. Marker bands were not transfered to the membrane.

Membrane was treated firstly with His Tag monoclonal antibody and then treated
with Goat Anti-Mouse AP (Alkaline Phosphatase) Conjugate, as the second
antibody. Two positive signals for the induced bands of PHO0876 (Lane3) and
PH1873 (Lane 2) were obtained on the membrane (Figure 3.33).

3.5.2. Western Blotting of B-subunit like C terminal region of NADH-dependent

glutamate synthase from Medicago sativa

Rosetta (DE3) pLsyS cells containing construct pET alfa3” were induced with 1 mM
IPTG at ODgp=0.6 for four hours, using LB broth as the media at 37°C. Duplicate
gels were run on SDS-PAGE in order to compare the signal bands with protein bands

(Figure 3.34). One of the gels was stained with Coomassie Blue while the other one
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was used for immunoblotting. Membrane was treated first with anti-Histag
monoclonal antibody and then treated with anti- His-tag mAb (Novagen) conjugated
to alkaline phosphatase, as second antibody. There is a signal on Lane 5 at the region
corresponding to the area between 66 kDa and 45 kDa protein marker bands (Figure
3.34). The signal is on the same line with expressed protein band of the B-subunit
like C terminal region of NADH-dependent glutamate synthase from Medicago
sativa in lane 5 on SDS-PAGE which is ~60.5 kDa (Figure 3.34). The overexpressed
protein bands observed on Lane 1 and 2 belongs to proteins expressed from the
constructs named as pET30b+MJ1351 and pET30b+MJ1350, respectively for
another project on M. jannaschii glutamate synthases in our laboratory (Figure 3.34).
These proteins were used as positive controls and as markers for determination of the

accurate molecular weight of the protein expressed from pET alfa3’ (Figure 3.34).

Figure 3.34: Western-blot of B-subunit like C terminal region of NADH-dependent
glutamate synthase from Medicago sativa. a) Membrane treated with His tag
antibody. b) Duplicate SDS-PAGE gel.

The explanation of the lane ingredients of the SDS-PAGE in the Figure 3.34 is as
follows: Lane 1; Total cell protein harbouring pET30b+MJ1351 (induced), Lane 2;
Total cell protein harbouring pET30b+MJ1350 (induced), Lane4; Total cell protein
harbouring pPH7630 Native (induced), Lane 5; Total cell protein harbouring
pET alfa3’ (induced), Lane 6-7; Total cell protein harbouring vector only (induced).

3.6. Thermal Stability of the PH0876 and PH1873 Proteins from Pyrococcus

horikoshii

To examine the thermal stability of the PHO876 and PH1873, heat inactivation tests

were carried out. After lysozyme treatment and sonication, soluble total cell proteins
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of induced cultures were heat denaturated for 15 minutes at 85°C. Heat treatment
denaturated most of the host proteins and caused them to precipitate. PH0876 and
PH1873 were obtained in the soluble part after heat denaturation for 15 minutes at

85°C as expected since P. horikoshii proteins are thermostable (Figure3.35 and 3.36,

respectively).
W 116 kDa
e 66 KDa
W45 kDa
SN 5 Da

Figure 3.35: Heat inactivation test result for PHO876. The test was performed using
soluble fraction of cell lysate.

The explanation of the lane ingredients in the Figure 3.35 is as follows: Lane 1;
Insoluble protein fraction of cell protein harbouring pPH0876-His Tag after heat
inactivation test (induced), Lane 2; Soluble fraction of cell protein harbouring
pPHO876-His Tag after heat inactivation test (induced), Lane 3; Insoluble fraction of
cell protein harbouring only vector after heat inactivation test (induced), Lane 4;
Soluble fraction of cell protein harbouring only vector after heat inactivation test

(induced), M; Protein Molecular Weight Marker.
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Figure 3.36: Heat inactivation test result for PH1873. The test was performed using
soluble fraction of cell lysate.

The explanation of the lane ingredients in the Figure 3.36 is as follows: Lane 1;
Insoluble fraction of cell protein harbouring pPH1873 after heat inactivation test
(induced), Lane 2; Soluble fraction of cell protein harbouring pPH1873 after heat
inactivation test (induced), Lane 3; Insoluble fraction of cell protein harbouring only
vector after heat inactivation test (induced), Lane 4; Soluble fraction of cell protein
harbouring only vector after heat inactivation test (induced), M; Protein Molecular

Weight Marker.
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4. DISCUSSION

The availability of the whole genome sequence of several hyperthermophilic archaea,
provide a large mass of data which requires a long time for processing. The overall
information is valuable not only for the commercialization of industrially important
enzymes with high temperature stability, but, at the same time, from many
perspectives such as the elucidation of metabolisms of these organisms in such heavy
selective pressures and reveal information about important evolutionary turns.
However, sequence information alone can be misleading when such ancient
organisms are concerned as the evolution of new genes raise from mutations and
gene duplications of the existing ones as well as the transfer of genes via insertion

elements.

Glutamate synthase is an interesting enzyme to work on to solve such puzzles as
several subunits of the enzyme are found as separate ORFs in archaeal genomes. To
elucidate the role, activity and evolutionary importance of archaeal glutamate
synthase small- subunit-like genes, which show high homology to small subunit of
bacterial glutamate synthases and the C-terminal regions of the monomeric NADH-
dependent glutamate synthases, it was necessary to clone and express them in

Escherichia coli so that a large quantity was available for activity analyses.

The two open reading frames PH0876 and PH1873 of the hypertermophilic archaea,
Pyrococcus horikoshii, which show very high homology to the glutamate synthase
small subunits from many bacterial species, have been cloned and successfully
expressed in E. coli. The hyperthermophile characteristic of the organism and the
difficulty of culturing conditions was also one of the reasons for cloning and
expressing the proteins in a heterologous system, as well as the requirement for large
quantities in a purified form. Both proteins are expressed in soluble fractions and

purified via His-tag purification systems.

These small subunit-like ORFs are interesting from three major perspectives. The

first one is that, there are no open reading frames which may be coding for a large
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subunit which is responsible for the glutamate formation neither upstream nor
downstream of these ORFs and neither anywhere else in the genome of P. horikoshii
(Figure 1.11). Although there is a very high sequence homology, the activity of the

protein may be different. As archaea are earlier in evolution in comparison to

bacteria and plants, such an ORF can well be initially coding for a different enzyme,
which may later be adapted as a subunit to glutamate synthases. The second
perspective is that, these two putative GOGAT small subunit-like regions show

above 90% homology to one another, which raises the possibility of gene duplication

(Figure 1.17). As an important mechanism for the evolution of new genes, gene
duplication may enhance the likeliness of the argument above. Therefore, many
copies of the gene are present in different parts of the genome and such a domain

may have been used by several different proteins for a similar purpose, such as being

an electron transfer domain.

The third perspective raise from an interesting observation of three
Methanocaldococcus jannaschii ORFs (MJ1350-MJ1351- MJ1351.1) which may be
coding for the large subunit of GOGAT while no ORF has been detected for a small
subunit homologue. However, the genomes of three Pyrococcus species, P.
horikoshii, and P. abyssi harbour two, P. furiosus three open reading frames which
show homology with the small subunit of GOGAT. This brings the possibility of

lateral gene transfer via the combination of two subunits in the higher organisms

(Dingtiirk, 2001, Andersson & Roger, 2002). It seems likely that these open reading
frames are the early forms of an electron transfer domain in archaea which may have
later contributed to many electron transfer enzymes. There are other enzymes where
the role as an electron transfer domain is likely such as sulphide dehydrogenase

(Hagen et.al, 2000) as well as PHO876 and PH1873 presented in this work.

The electron transfer between a reduced pyridine nucleotide and a second protein or
protein domain is probably the role of putative 8 subunits and 3 subunit-like proteins
as they contain conservative sites for ADP binding folds and Fe/S cluster(s). Both
NAD(P)H and FAD binding regions are also conserved in PHO876 and PH1873
(Figure 3.4). The cystein-rich domains forming Fe-S clusters which provide reducing
elements for oxidation-reduction reaction are also conserved in both PH0876 and
PH1873. Thus, observation of an NAD(P)H dependent oxidoreductase activity can

be a probable expected result for these proteins.
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In addition, Morandi et al. (2000) investigated potential ADP binding region
responsible for NADPH binding in the [ subunit of Azospirillum brasilense
glutamate synthase by a G298A substitution. This substitution was introduced in the
second glycine of the presumed NADPH binding site motif GXGXXA. This change
affected the binding of the pyridine nucleotide substrate negatively (Morandi et al.,
2000). As a result, ADP binding fold at the C terminal of the GItS [ subunit was
found to be the NADPH binding site (Morandi et al., 2000). This ADP binding fold
involved in NAD(P)H binding is also present in both PHO876 and PH1873 (Figure
3.4). Moreover, the C-terminal pyridine nucleotide binding glycine-rich regions of
PHO0876 and PH1873 are differing from that of the C-terminal consensus sequence of
NADH-GItS beta subunit amino acid sequences (Figure 3.5). The existence of an A
instead of G in the last position of the motif GXGXX(G/A/P) which is proposed to
be involved in NADPH binding (Morandi et al., 2000) is also valid for PH0876 and
PH1873 (Figure 3.5). This may suggest that the proteins encoded by these open
reading frames may utilize NADPH as pyridine nucleotide. However, these have to
be confirmed experimentally. Activity analyses of the His-tag purified PH0O876 and
PH1873 and native PHO876 are on progress.

a4 F. horikoshil PH1873
gI_E T kodakarensis Citd
100 F horikosiii PHOE76

a4 — P furiosus Sudd
C saccharobui}t’h’cum Gt

100 | M safive ORD like region

Shnechocysfis sp. (strain POC 6303
GltD like region

A brasiliense GUtD
99 E coli GItD

A vinosum Dail

1

05 0.4 0.3 0.z 01 n.a

Figure 4.1: Phylogenetic tree of glutamate synthase small subunits and small
subunit-like regions drawn by MEGA 3.1 (Kumar et.al, 2004). The bar represents
changes per amino acid.

Parsimony analysis of glutamate synthase small subunits and small subunit-like
ORFs showed three major branches. A. vinosum DsrL which harbours a C-terminal
extension followed by a CXXC motif formed an outgroup. It is interesting to observe

that the characterized bacterial glutamate synthases and the plant C-terminal small
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subunit-like regions and yet uncharacterized small subunit homologues from archaea
and a Clostridium species formed two distinct groups. In the latter one,
comparatively different Clostridium species may be considered as an outgroup for
the archael species. None of the species in this group has a large subunit homologue
which harbours an amidotransferase domain upstream or downstream of the gene.
Neither SudA of P. furiosus (Hagen et.al., 2000) nor GlItX of C. saccharobutylicum
(Stutz and Reid, 2004) from this branch showed any GOGAT activity.

It is not surprising that two NADH dependent forms, cyanobacterial and plant
GOGAT C-terminal regions branched with a 100% of bootstrap value. This is also
valid for the NADPH dependent two bacterial GOGAT small subunits.

The phylogenetic tree shows that the species in both of the major branches are
similar but yet sufficiently different from one another. It seems like they may have
had similar evolutionary origins but have differed to serve for different functional
roles, possibly by means of gene duplication. The similarity of NADPH binding
regions and the presence of flavins show that they are still involved in electron

transfer.
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APPENDIX

Hyperthermophilic Archaea

Cienus Species Taax (°C)  Heterofauto  Aerobe’anasrobe
A cidiaris irferes G A FAN
Aerop v Jrermix 1040 H AE
Archaeoglobus Selgicus 93 FA AN
Jrrofuiridus ) A AN
Caldivirga migguilingensis 92 H FAN
Caldocoeeus liroraflis 10 H AN
mohoriherus L H AN
Desulfirococcns amtylodyticts 97 H AN
mrabilis a7 H AN
HILICHELE a7 H AN
Ferroglobus prlercides Q5 FA AN
Hyperthermis Brirylicus 104 H AN
Metharoe oecus Jervens 2 A AN
igHens 91 A AN
irferrs 41 A AN
Jarmaschii a4 A AN
Metharopyvrus Fearedleri 110 A AN
Methanathe rrius JFervidus 47 A AN
s iafilis a7 A AN
Pyrobaculum aeraphilum 104 FA FAN
ixlandicum 102 FA AN
arganotropiim 102 H AN
Pyrococeus abyii 108 H AN
endeavori (E54) 110 H AN
Fhiriosus 103 H AN
horikoshii 102 H AN
wigesef 104 H AN
Pyrodictium abryssi 110 H AN
Broe ki 110 A AN
accilium 110 A AN
Pyrolobus Firrigrii 113 A FAN
Staphviothersms LI LS a8 H AN
Stetteria hydrogenophila 102 H AN
Sulfophobococeus zilligii 45 H AN

Figure A: Taxonomy of hyperthermophilic organisms and their metabolic properties
(Amend and Shock, 2001).
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Figure A: Continuing. Taxonomy of hyperthermophilic organisms and their
metabolic properties (Amend and Shock, 2001).
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