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BIODESULFURIZATION OF FOSSIL FUELS BY Sulfolobus solfataricus P2
SUMMARY
Sulfur oxides emission upon fossil fuels combustion have been considered as a major
cause of environmental pollution and acid rain. The conventional
hydrodesulfurization (HDS) carried out with chemical catalysis at extremely high
temperature (290-450oC) and pressure (1-20 mPa) is the current method for sulfur
removal in fossil fuels, but it is not effective to remove heterocyclic organosulfur
compounds such as dibenzothiophene (DBT) and substituted DBTs from the fuels.
To overcome this problem biological desulfurization (BDS) has been proposed as an
attractive alternative or complementary method regarding such heterocyclic
organosulfur compounds for its low cost, mild reaction conditions and greater
reaction specificity.
The organism used in this study for BDS experiments is Sulfolobus solfataricus P2.
The ability of the hyperthermophilic archaeon, Sulfolobus solfataricus P2, to grow on
organic and inorganic sulfur sources such as dibenzothiophene (DBT), DBT-sulfone,
BT, 4,6-dimethyldibenzothiophene, sodium sulfite, potassium disulfite, sodium
sulfate, potassium persulfate and elemental sulfur were investigated. A sulfur free
mineral medium has been employed and supplemented with different sources of
carbon; glucose, arabinose, mannitol and ethanol, as well as different glucose
concentrations (2, 5, 10, 15 and 20 g.L-1), to investigate the optimal sulfur free
condition for the growth. Specific growth rate was increased and the length of the lag
phase was markedly shortened when 20 g.L-1 glucose was employed as a sole source
of carbon. Results showed that inorganic sulfur sources display a growth curve
pattern significantly different from the curves obtained with organic sulfur sources.
S. solfataricus P2 has an ability to utilize DBT and its derivatives, but it lacks BT
utilization. When, biodesulfurization of 0.1 mM DBT was investigated in a minimal
medium at 78oC, it was found that 88.5% of DBT was consumed by the
microorganism and maximum desulfurization rate was obtained as 1.23 µmol 2-HBP
h-1 g DCW-1 growing cells within 16.5 h. Isolation and characterization of a flavin
reductase homolog gene from S. solfataricus enabled us to further study its
contribution to biodesulfurization using recombinant technologies.
Therefore, S. solfataricus P2 offers beneficial properties than other desulfurizing
mesophilic and/or moderate thermophilic bacteria in the biodesulfurization process
of fossil fuels due to its capacity to effectively utilize DBT and its derivatives at
xxiii

hyperthermophilic conditions by the cleavage of carbon-sulfur bond, without
lowering the calorific value of fossil fuels.
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FOSİL YAKITLARIN Sulfolobus solfataricus P2 İLE
BİYODESÜLFÜRİZASYONU
ÖZET
Günümüzde petrol ve kömür gibi fosil yakıtlar oldukça geniş kulanım alanlarına
sahiptir. Fosil yakıt kullanımına dayalı olarak enerji üreten termik santraller,
endüstriyel faaliyetler, ısınma amaçlı kullanılan fosil yakıtlar SOx, NOx ve
hidrokarbon bileşiklerinin salınımına neden olmaktadır. Bu bileşikler atmosferde
taşınarak çeşitli kimyasal reaksiyonlara girer ve sülfürik asit (H2SO4) ve nitrik asit
(HNO3) bileşiklerinin oluşumuna neden olurlar. Bu asit bileşikleri yağmur sularıyla
birleşerek asit yağmuru şeklinde yeryüzüne ulaşır. Asit yağmurları toprak ve göl
sularının asidik hale gelmesine neden olarak bu ekosistemler üzerinde olumsuz etki
göstermektedir. En yaygın atmosfere salınan bileşik kükürt dioksit (SO2) gazıdır ve
salınımının yaklaşık olarak %80’i fosil yakıtların yanmasından kaynaklanmaktadır.
Fosil yakıtlarda kükürt, organik ve inorganik formlarda bulunmaktadır. İnorganik
kükürt bileşikleri sülfit veya sülfat halinde bulunurken, organik kükürt bileşikleri
tiyofenler, merkaptanlar, tiyoeterler, ditiyoeterler ve dibenzotiyofenler olarak
bulunurlar. Bu tür bağlı kükürdü gidermek için çeşitli fiziksel veya kimyasal işlemler
gerekir. İnorganik kükürt fiziksel yöntemlerle giderilebilmesine karşın organik
kükürdün uzaklaştırılması oldukça zordur ve fiziksel yöntemler bu konuda yetersiz
kalmaktadır. Günümüzde bu amaçla kimyasal yöntemler (hidrodesülfürizasyon
(HDS), kimyasal oksidasyon vb.) yaygın bir biçimde kullanılmaktadır. Ancak yüksek
sıcaklık ve basınç gerektiren bu işlemler (örn: HDS için 300oC sıcaklık ve 107 Pa
basınç) hem yüksek maliyetli hem de istenmeyen zararlı yan ürünlerin oluşmasına
neden olduğundan daha ekonomik ve verimli bir yöntem olan mikrobiyal
desulfürizasyon çalışmaları hız kazanmıştır.
Mikroorganizmaların veya enzimlerin kullanıldığı mikrobiyal desülfürizasyon işlemi,
termokimyasal yöntemlere göre daha düşük sıcaklık ve basınçta gerçekleşmesi ve
çok yüksek reaksiyon spesifitesine sahip olması bakımından oldukça etkili bir
alternatif olarak görülmektedir. Biyodesülfürizasyon (BDS) çalışmalarında model
olarak heterosiklik kükürt bileşikleri, özellikle desülfürizasyonu çok zor olan
dibenzotiyofen (DBT) ve alkillenmiş dibenzotiyonfenler (Cx-DBT), kullanılmaktadır
(Matsui ve diğerleri). Mikroorganizmalar bu bileşikleri çeşitli metabolik yollarla
kullanmaktadır. Bunlar bileşiklerin kısmen oksidize edildiği ve suda çözünebilen ara
ürünlerin oluştuğu ya da C-S bağının hedef alındığı metabolik yollardır. Bunlardan
en çok tercih edileni yakıtın termal değerinde azalmaya neden olmayan C-S bağ
kırılması yolu dolayısıyla bu bağa spesifik mikroorganizmaların kullanımıdır. 4S
yolağı olarak bilinen DBT’nin kükürt-spesifik bağ kırılması ile sonuçlanan
reaksiyonda son ürün olarak kükürtsüz bileşik 2-hydroxybiphenyl (HBP) ve sülfit/
sülfat oluşmaktadır. DBT biyodesülfürizasyonu yapabilen ve 4S metabolik yolunu
kullanan mikroorganizmalara örnek olarak; mezofilik bakteriler: Rhodococcus sp.
IGTS8; Rhodococcus erythropolis H-2; Corynebacterium sp.; Bacillus subtilis WUS2B ve termofilik olarak Mycobacterium pheli WU-F1 verilebilir. Bu bakteriler DBT
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desülfürizasyonundan sorumlu dszABC operonu ve dszD genlerini bulundurular. Her
bir gen ürünü 4S yolağında spesifik bir role sahiptir: DszC bir flavomonooksijenaz
olup DBT’nin DBT-sülfon’a oksidasyonundan sorumludur. Bu reaksiyon bir diğer
flavomonooksijenaz olan DszA ile 2-HBP-sülfinat bileşiğine dönüştürülür. Son
olarak DszB proteini ile sülfinat grubu 2-HBP-sülfinat bileşiğinden uzaklaştırılarak
son ürün 2-HBP olarak ortama verilir. Bir oksidareduktaz olan DszD ise DszC ve
DszA proteinlerinin aktivitelerine etki eder.
Bahsedilen desülfürizasyon genlerine ek olarak termofilik bakterilerde bulunan ve ilk
olarak Paenibacillus sp. A11-2’ten izole edilen tdsABC genleri dszABC genleri ile
sırasıyla 73%, 61% ve 52% homoloji göstermektedir. Mezofilik ve termofilik
mikroorganizmaların DBT desülfürizasyon aktiviteleri sırasıyla 30oC ve 50oC civarı
sıcaklık değerlerinde en yüksek değere sahip olması nedeniyle hidrodesülfürizasyon
sonrası kükürt giderimi için kullanıldıklarında ekstra bir soğutma işlemi
gerekmektedir. Bu nedenle, hipertermofilik mikrobiyal desülfürizasyonun
kullanılması soğutma işleminden tasarruf edilmesinin yanı sıra ham petrolün
vizkozitesini düşürerek biyodesülfürizasyon işlemini kolaylaştırmaktadır.
Hipertermofiller genellikle volkanik bölgelerden izole edilmekte ve çoğunlukla 60oC
üzeri
sıcaklıklarda
etkin
büyüme
gösteren
mikroorganizmalardır.
Hipertermoasidofilik bir arkea olan Sulfolobus solfataricus P2, 80-85°C arası
sıcaklıkta ve pH 2-4 aralığında optimum büyüme koşulları gösteren ekstrem bir
mikroorganizmadır.
Bu çalışmada çeşitli organik ve inorganik kükürt bileşiklerinin Sulfolobus
solfataricus P2 büyümesi üzerine etkileri ve kullanılma düzeyleri belirlenmiştir. Bu
amaçla kükürtsüz ve karbon kaynağının glikoz olarak belirlendiği besiyeri ortamı
geliştirilmiştir. Ayrıca bu organizmanın DBT desülfürizasyonunda hangi yolağı
kullandığı ve bu yolakta sorumlu olan genler belirlenmeye çalışılmıştır.
SFM besiyerinde tek sınırlayıcı faktör olarak kükürt kaynakları kullanılmıştır. Bu
amaçla en etkili kükürtsüz büyüme koşulları optimize edilmiştir. Uygun karbon
kaynağının belirlenmesi amacıyla son konsantrasyonları 2 g.L-1 olacak şekilde
arabinoz, glikoz, mannitol ve etanol kullanılmıştır. En etkili karbon kaynağının
glikoz olarak belirlenmesinin ardından glikozun 2, 5, 10, 15 and 20 g L-1
konsantrasyonları kullanılarak optimum glikoz konsantrasyonu belirlenmiştir. Hücre
kültürü işlemleri 78oC sıcaklıkta, 160-rpm’de ve 250 ml’lik erlen içerisinde 100 ml
besiyeri olacak şekilde yakalaşık olarak 300-350 saat sürdürülmüştür. SFM
besiyerinde tek sınırlayıcı faktör olarak kükürt kaynakları kullanılmıştır. Bu amaçla
en etkili kükürtsüz büyüme koşulları optimize edilmeye çalışılmıştır. Uygun karbon
kaynağının belirlenmesi amacıyla 2 g.L-1 olacak şekilde arabinoz, glikoz, mannitol ve
etanol kullanılmıştır. En etkili karbon kaynağının glikoz olarak belirlenmesinin
ardından optimal konsantrasyonu bulunmuştur. Hücre konsantrasyonları
spektrofotometrik, hücre sayımı ve hücre kuru ağırlığı ölçülerek hesaplanmıştır.
Arkeal büyüme üzerine kükürt kaynaklarının etkisini belirlemek amacıyla çeşitli
organik ve inorganik kükürt bileşikleri kullanılmış ve bunlara ait büyüme eğrileri
elde edilmiştir. Organik kükürt olarak DBT, DBT-sülfon, 4,6-dimetildibenzotiyofen
ve benzotiyofen (BT), inorganik kükürt kaynağı olarak elemental kükürt, sodyum
sülfit, sodyum sülfat, potasyum persülfat ve potasyum disülfit 0,3 mM
konsantrasyonda ve SFM besiyerinde kullanılmıştır. Kükürt kaynaklarının büyüme
üzerine etkilerini karşılaştırmak için mikroorganizmalar aynı konsantrasyonda glikoz
içeren SFM besiyerinde büyütülmüştür. DBT desülfürizasyon deneyleri için ayrıca
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DBT’nin farklı konsantrasyonları minimal besiyerine uygulanmıştır. Organik kükürt
tüketim miktarları ve ürün oluşumları gaz kromatografi cihazı ile ölçülmüştür.
Ayrıca DBT son ürünü olan HBP ölçümü gibbs reaksiyonu ile doğrulanmıştır.
Deneysel sonuçlar doğrultursunda en etkili karbon kaynağı olarak glikoz elde edilmiş
ve optimum konsantrasyonu 20 g.L-1 olarak belirlenmiştir. Öte yandan, ortamda
arabinoz, mannitol ve etanol varlığı hücre büyümesi üzerine önemli ölçüde etki
göstermemiştir. Organik kükürt kaynaklarının hücre büyümesi üzerine olumsuz
etkileri olması nedeyile bütün kükürt kaynakları ortama belirli hücre
konsantrasyonuna erişildikten sonra eklenmiştir. SFM besiyerine uygulanan kükürt
kaynaklarından DBT-sülfon ve 4,6-DMDBT büyüme üzerine olumlu etki göstermiş;
BT eklenmesi öncelikle hücre büyümesini durdurmuş sonrasında hücre ölümüne
neden olmuştur. DBT ise eklendiği andan itibaren büyümeyi durdurucu etki
göstermiştir. Kükürt içermeyen besiyeri ile karşılaştırıldığında 4,6-DMDBT ile 2.5
kat, DBT sülfon ile 1.4 kat fazla maksimum hücre yoğunluğu elde edilmiştir.
İnorganik kükürt eklenmesi ile hücre büyümesi 4 kata kadar artış göstermiştir.
Sodyum sülfit, sodyum sülfat, potasyum persülfat ve potasyum disülfit içeren
ortamlarda maksimum hücre büyümesine ulaşıldıktan sonra durağan bir faz
gözlenmemiş ve ani bir hücre ölümü gözlenmiştir. Elementel kükür içeren
besiyerinde ise logaritmik fazdan sonra uzun bir durağan faza geçiş elde edilmiştir.
SFM besiyerinden elde edilen sonuçlar doğrultusunda daha etkili bir desülfürizasyon
ve büyüme ortamının belirlenmesi amacıyla besiyerinde bir takım değişiklikler
yapılarak yeni bir minimal besiyeri elde edilmiştir. %0.15 oranında maya özütü
eklenmesi ve mineral kaynaklarında yapılan değişiklik ile optimal koşul elde
edildiklen sonra organik kükürt bileşiklerinin desülfürizasyon miktarları ölçülmüştür.
Minimal besiyeri kullanılarak DBT’nin tüketildiği gözlenmiştir. 0.1 mM DBT
kullanılarak elde edilen büyüme grafiğine göre maksimum hücre yoğunluğu DBT
içermeyen besiyerine göre daha fazla olmuş ve artan DBT konsantrasyonları ile
maksimum hücre konsantrasyonları ters orantı göstermiştir. Sonuçlar ayrıca DBT’nin
%89’unun ilk 16.5 saatte kullanıldığı ve buna karşılık gelen desülfürizasyon
aktivitesinin 1.23 µmol 2-HBP sa-1 g hücre kuru ağırlığı-1 olduğu bulunmuştur. DBT
ile yapılan desülfürizasyon çalışmaları sonucu son ürün olarak 2-HBP çıkışı
gözlenmiş ve S. solfataricus P2’nin 4S yolağını kullanarak DBT desülfürizasyonu
yapabileceği sonucu düşünülmüştür. Bu nedenle DBT desülfürizasyonunda rol alan
genlerin belirlenmesi yoluna gidilmiştir. 4S yolağında rol oynayan genler (dszA,
dszB, dszC ve dszD genleri) biyoinformatik çalışmalarıyla Sulfolobus sulfataricus P2
genomunda aranmıştır. Elde edilen sonuçlara göre aday bir dszD geni belirlenerek
(sso2055) bu genin karakterizasyonu yapılmıştır. Öncelikle ilgili 3 boyutlu yapı ITASSER algoritması kullanılarak modellenmiştir. Elde edilen yapı dszD proteini ile
yüksek benzerlik göstermişti. İlgili gen ekspresyon vektörüne aktarılarak Escherichia
coli’de ifade edilmiş ve SSO2055 proteininin purifikasyonu yapılmıştır. Elde edilen
sonuçlara göre ilgili proteinin bir NADH-FMN oksidoreduktaz olduğu belirlenmiştir.
2-HBP veriminin arttırılması amacıyla sso2055 geni maltoz promotoru içeren bir
vektöre aktarıldı. Bu şekilde S. solfataricus’a aktarılan vektör vasıtasıyla olası dszD
üretimi arttırlarak 2-HBP üretiminin arttırılması amaçlanmıştır.

xxviii

xxix

1. INTRODUCTION
1.1 Structure of Coal
Coal is a complex structure consisting of variously cross-linked networks (Figure
1.1). Coal formation begins when peat turns into lignite – a coal type with low
carbon content. As the heat and pressure increased over many millions of years,
further chemical and physical changes cause the lignite became mature and harder, at
which point it is classified as sub-bituminous coal. Under these conditions, the
progressive increase in the organic content continues from sub-bituminous,
bituminous to anthracite (Bunger et al., 1981).
When compared to other fossil fuels, petroleum and oil shale, coal has high surface
area and is not a uniform mixture of carbon, hydrogen, oxygen, sulfur and other
elements. Structure and reactivity of coal are mainly determined its organic oxygen
level that is 10 times higher than petroleum. The carbon to hydrogen ratio in coal is
approximately two fold higher than the petroleum, thus content of aromatic and
unsaturated substances in coal is higher than the other fossil fuels (Rayindra, et
al.,2008)

Figure 1.1: Chemical structure of coal matrix (Dorrestijn et al., 2000)
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Although coal is composed primarily carbon, hydrogen and oxygen, variable
quantities of other elements, chiefly sulfur and nitrogen are found in coal (Willis,
1985). Aromatic and naphthenic materials are connected to aliphatic chain or
heteroatoms by covalent, hydrogen bonds, etc. (Johnson et al., 2011).
1.2 Types of Sulfur in Fossil Fuels
Sulfur-containing materials in coal are generally divided into two major groups:
organic (mainly ring structures like dibenzothiophen and benzothiophen) and
inorganic sulfur (FeS2 etc.) (Figure 1.2). Total sulfur content in types of coal ranges
between 0,5-10% w/w. Inorganic form of sulfur predominantly consists of sulfite and
sulfate compounds. While sulfite minerals are found as pyrite (FeS2) which is
generally in the form of pyrite (cubic) and marcasite (orthorhombic) (Yasuo et al., n.
d.), sfalerit (ZnS), galen (PbS), arsenopyrite (FeAsS), sulfate minerals are found as
barite (BaSO4), gypsium (CaSO4.2H2O), anhydrite, calcium sulfate and other iron
sulfate compounds (Spiro et al., 1984). Pyrite is a chief inorganic sulfur compound
that shows random distribution in a crystal form but it does not bind to coal structure.
On the other hand, organic sulfur compounds covalently attach to complex coal
structure. Therefore, it is more difficult to remove organic compounds from coal than
inorganic sulfur compounds with physical and chemical processes (Konishi et al.,
2005). Organic sulfur is found in aliphatic, aromatic and heterocyclic forms and
classified under four main groups:
1-Aliphatic or aromatic thiols (mercaptans, thiophens)
2-Aliphatic, aromatic or mixed sulfides (thioethers)
3-Aliphatic, aromatic or mixed disulfides (dithioethers)
4-Heterocyclic compounds or thiophenes (dibenzothiophenes) (Wronski, 1974).
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Figure 1.2: Typical organic sulfur compounds in fossil fuels (Soleimani et al., 2007)
1.3 Sulfur Reduction Techniques
Until recently, coal cleaning techniques have been focused on removing the ashreforming materials from coal. Since, today there are more restrictions on SOx
emissions during coal combustion, sulfur removal techniques become a developing
area (Kim et al., 1999). To remove organic and inorganic sulfur in coal physical,
chemical and biotechnological techniques can be used (Konidaris, 2010).
1.3.1 Physical techniques
Physical cleaning methods includes differences in gravity, electrostatic or magnetic
properties or surface properties between organic materials and minerals. After the
mechanical crushing process, produced particles are classified as coarse (10-150 mm
in diameter), intermediate (0,5-10 mm) and fine (<100 μm). To separate coarse and
intermediate size of coal particles, gravity methods (jigs, dense-medium baths),
cyclone systems and concentration methods are used. A method based on surface
properties is used for further separation. By physical techniques, total sulfur content
can be removed from 40% to 90% but these do not include organic sulfur compounds
(Khoury, 1981). But these physical methods are not efficient for separation and not
used for removal of organic sulfur.
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1.3.2 Chemical techniques
As mentioned above, physical desulfurization methods have not been effective in
removing of organic sulfur because of well-established chemical stability of organic
compounds such as thiophenols, aryl sulfides and thiophenes. Thus, variety of
chemical desulfurization techniques has been developed.
One of the current technologies to lower the sulfur content in refined petroleum
products is known as hydrodesulfurization (HDS) which requires higher
temperatures and pressures ranging from 200 to 425°C and 150 to 250 psi,
respectively. In this process, hydrogenation reaction results in the cleavage of the CX bond, where X can be sulfur, nitrogen and oxygen atom. Typically, metal catalyst
consists of an alumina base with ruthenium disulfide (RuS2), or cobalt modified
molybdenum disulfide (MoS2) together with relatively low amount of other metals.
With an example, the HDS reaction can be demonstrated as below

Figure 1.3: A hydrodesulfurization cycle of thiophene (Satterfield, et al., 1980).
A study showed that oxydesulfurization combined by wood ash is a method for
organic desulfurization up to 25% of total sulfur content. Wood ash contained mainly
salts of potassium, calcium and magnesium and small amounts of iron, aluminium,
sodium, manganese and chlorides (Kabe et al., 1999). Yamashi and friends suggested
another chemical desulfurization method that includes irradiation combined with
chemical oxidation reagents. Specific chemical reagents for desulfurization can be
used as follows; hydroxide, potassium hydroxide (KOH), calcium hydroxide
(Ca(OH)2),

sodium

carbonate

(Na2CO3)

as

alkali

compounds,

potassium

permanganate (KMnO4), sodium hypochlorite (NaOCl), hydrogen peroxide (H2O2),
chlorine water and metal chlorides including CaCl2, FeCl2 etc. as oxidizing agents.
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Although, DBT shows least reactivity against electrophilic oxidants, a mild condition
was investigated for oxidization of DBT as follows;

Figure 1.4: Chemical oxidation of DBT with electrophilic oxidants (Aida, et al.,
1982).
It was found that using Cl2 is an effective way for electrophilic oxidation. This
process also includes Cl2 removal by KOH treatment (Aida, et al., 1982).
Another chemical oxidative desulfurization method for organic sulfur removal uses
hydrogen peroxide as the oxidant, but removal of organic sulfur ranges only between
2.6-25.4% (Ahnonkitpanit and Prasassarakich, 1989). An efficient and cheap
oxidative method which includes atmospheric oxygen at 90oC by combining acidic
and alkali solution, HCl and NaOH, yields about 73% organic sulfur removal (Liu, et
al., 2008). There is another study about the effects of pH, temperature and pressure
on organic sulfur removal in coal samples and it showed that the organic sulfur
removal was higher under alkaline contiditions than under acidic conditions and
increasing temperature and oxygen pressure causes high organic sulfur removal
(Chuang, et al., 1980). One another study on chemical desulfurization in which HI
was combined with heat treatment or microwave heating. The results showed that
desulfurization of thioethers and thiols which are resistant to HI was accomplished
by microwave heating. (Elsamak, et al., 2003).
Although chemical techniques are effective on both inorganic and organic sulfur
removal, these methods increases the cost and might cause dangerous unwanted
products. Structral composition of coal might be destroyed by chemical ways
(Zhang, et al., 1993).
1.3.3 Microbial techniques
Biological methods offer an alternative way to remove sulfur specifically form
organic compounds without altering the carbon skeleton. Biological methods are
benign processes due to the moderate conditions (temperature and pressure), give
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harmless products from desulfurization samples, and they do not affect the caloric
value of coal. Biodesulfurization means that sulfur from coal is turned to soluble
compounds as sulfate via oxidation of sulfur. It can be used as complementary to the
hydrodesulfurization after bulk sulfur is removed because it attacks specifically C-S
bonds of organic compounds.
1.4 Inorganic sulfur removal with biodesulfurization
It has been applied and proved that inorganic sulfur (i.e, pyritic sulfur) is removed by
microorganisms which are found in coal mine drainage ditches and release as
sulfuric acid (Klein et al., 1994). Kinetics of the disposal of minerals in grinded
pyritic suspensions are facilitated by the mesophilic or thermophlic microorganisms.
It is proposed that catalytic oxidation of pyrite by microorganisms use two types of
metabolic pathway: direct and indirect way. In direct way, existence of a physical
contact and between bacteria and sulfur mineral and various steps on the oxidation
reaction to metal sulfate were noted (Silverman, et al., 1963). Biological oxidation of
pyrite proceeds with the bacterial attack on sulfide crystal base where corrosion in
thin film between the outer membrane and surface of sulfide compounds takes place
without any intermediate products (Figure 1.5).

Figure 1.5: Microorganism and sulfide surface interaction in direct biological
oxidation of pyrite (Akçıl and Çiftçi, 2006)
Indirect way, in contrast, bacteria does not directly attack to the mineral and generate
powerful oxidizing reagent, ferric iron, by oxidizing soluble ferrous iron (Figure 1.6).
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Figure 1.6: Indirect biological oxidation of pyrite by oxidizing ferrous to ferric iron
(Akçıl and Çiftçi, 2006).
The formation of iron precipitates such as jarosite is a problem in pyrite oxidation.
Although, the chemical reactions in high temperatures that are suitable for
thermophilic microorganisms occur faster than mesophilic conditions, formation of
jarosites is increased even after the washing step under elevated temperatures.
1.5 Organic sulfur removal with biodesulfurization
Biodesulfurization constitutes one alternative option to remove sulfur from fossil
fuels. Since its high specificity to eliminate sulfur from recalcitrant organic sulfur
compounds, it is more preferable than the chemical process (Kertesz, 1999)
Biological desulfurization is noted for its greater sulfur removal potential under mild
temperature and pressure conditions due to the nature of biocatalysis. For these
reasons, biological desulfurization (BDS) using microorganisms and/or enzymes has
been proposed as an attractive alternative or complementary method to HDS used in
the refinary industry.
Early attempts on biodesulfurization of organic sulfur were reported in the 50s and
60s, but they resulted with the decrease of the fuel value and low specificity of sulfur
removal. Initial attention focused on BDS application has focused on keeping intact
the carbon structure of the fuels.
Dibenzothiophene (DBT) is a representative of the thiophenic sulfur compounds
chosen by researchers (Oldfield et al., 1997; Kilbane and Bielaga, 1988). BDS
studies have been focused on the selection of microorganisms capable of using DBT
as a sulfur source.
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1.5.1 Completely destructive pathway
In the completely destructive pathway, microorganisms that have the ability to
consume DBT as the energy source were first identified in the development of
microbial desulfurization process. However, this pathway seemed to fail because
bacteria could not specifically cleave the C-S bond from DBT instead DBT is
mineralized to CO2, H2O and sulfite (Laborde and Gibson, 1997).
1.5.2 Kodama pathway
The oxidative and carbon-carbon cleavage of DBT is known as the “Kodama
pathway” and consists of three main steps including lateral dioxygenation of one of
the homocyclic rings, ring cleavage, and hydrolysis yielding hydroxy-formylbenzothiophene as the end-product (Figure 1.7).

Figure 1.7: Kodama enzymatic pathway on DBT (Bressler and Fedorak,
2001)
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The oxidative and ring destructive pathway of DBT degradation is known as the
“Kodama pathway” where hydrophilic products are produced with a lost in the
calorific value of fuel. The peripheral aromatic ring of DBT is dioxigenated at the
first step. Subsequent steps progress with the ring cleavage, and hydrolysis leads to
the accumulation of 3-hydroxy-2-formylbenzothiophene as a water soluble end
product. In this pathway, neither sulfur is removed from the organosulfur substrate;
nor the carbon content is preserved (Kodama, et al., 1973).
1.5.3 Sulfur specific pathway (4S pathway)
A sulfur specific DBT desulfurization pathway was proposed as the 4S pathway due
to the 4 sulfur compounds production during the pathway; DBT-sulfoxide, DBTsulfone, DBT-sulfinate, hydroxybiphenyl (Kilbane 1990). According to 4S pathway,
microorganisms selectively remove the sulfur atom present in DBT, in which
thiophenic group is progressively oxidezed with no cleavage of C-C bonds (Bressler
et al., 1998).
Four enzyme associated with DBT desulfurization was found for the first time from
Rhodococcus erythropolis IGTS8. The genes involved in 4S pathway are called dsz
genes and these have been identified as dszA, dszB and dszC organized in an operon
and a separate dszD gene. Each gene has their own enzymatic activity.
In this pathway, the oxidation of DBT to DBT-sulfone is catalyzed by the
consecutive monooxygenation of DszC (DBT monooxygenase). Subsequently, DszA
(DBT-sulfone monooxygenase) catalyses DBT-sulfone to yield 2′-hydroxybiphenyl2-sulfinate (HBPS). In the final step, DszB (HBPS desulfinase) converts the HBPS to
2-HBP and sulfite/sufate (Figure 1.8). DszD (Flavin reductase) is necessary for
monooxygenase reactions catalyzed by DszC and DszA with the supplementation of
FMNH2. Flavin reductase catalyzes the reduction of the oxidated flavin using
NAD(P)H (Honda, et al., 1998; Huber, H., 1993; Kirimura et al., 2001).
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Figure 1.8: 4S pathway for the biodesulfurization of DBT by R.
erythropolis IGTS8 (Folsom, et al., 1999).
Various DBT desulfurizing microorganisms have been reported to date, for example,
Rhodococcus sp. IGTS8 (Kilbane, 1990); Rhodococcus erythropolis H-2 (Ohshiro,
1996); Corynebacterium sp.(Omori, 1992); Bacillus subtilis WU-S2B (Kirimura et
al., 2001) and Mycobacterium pheli WU-F1 (Furuya et al., 2001). Since these
mesophilic bacteria exhibit high DBT-desulfurizing ability around 30oC, cooling
process of fuel to ambient temperature following HDS is not economical. Thus,
hyperthermophilic microbial desulfurization is desirable and makes the crude oil
biodesulfurization process more practicable due to low viscosity of the crude at high
temperature (Le Borgne and Quintero, 2003).
1.6 Archaea
The domain Archaea recognized as a district phylogenetic group in the late 1970’s.
Until then, the Bacteria and Eukarya represented two phylogenetic lineage that
encompass all known life on earth (Woese et al., 1981). The Archaea was discoverev
by Dr. Carl woese and collegues while studying relationships among the prokaryotes

10

using 16S rRNAs. Although, the members of archaea share some features with
prokaryotes, they differ significantly from the typical bacteria 16S rRNA sequences
and are closer more to eukarya (Gutell et al., 1994). Single cell forms with bacterialike cell walls, flagella and genomic organization of them are similar to bacterial one,
whereas replication components, transcription and translation complexes show some
similarities with eurkaryotes. Moreover, they have intron sequences into some genes
and insensitive to some antibiotics related to inhibition of ribosomal complex.
Archaeal microorganisms also show several unique features, with no similarity to the
other domains of life, the structure and composition of cellular membrane and cell
wall being the most distinctive. Based on the 16S rRNA analysis, archaea are further
divided into four recognized subdomains; the euryarchaea (hyperthermophylic,
methanogenic and alophylic organisms), the crenarchaea (hyperthermophylic and
thermoacidophylic organisms), the korarchaea and the nanoarchaea (Figure 1.9).

Figure 1.9: The philogenetic tree of life. It can be noted all cellular life on earth
clasified as three different kingdoms: Bacteria, Eukarya and
Archaea (Gribaldo et al., 2006).
Initially, archaea were seen as extremophiles that lived in extereme conditions, like
high temperature (above 100oC) due to the fact that they were found in hot springs,
black smokers and salt lakes. Whereas, it is now apparent that they exist broad range
of habitats, including soils, oceans or marshlands (Rother et al., 2006).
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Besides the living conditions, there are subtle but significant differences between the
archaeal and bacterial cell walls. Bacteria have rigid peptidoglycan cell wall
composed of polysaccharide chains (N-acetyl glucoseamine β1-4 N-acetylmuramic
acid β1-4) connected by peptide cross bridges (Holtje, 1998). On the other hand,
archaea possess polysaccharide backbone (N-acetyl glucosamine β1-3 N-acetyl
talosaminuronic acid β1-3) is resistant to the lysozyme that damage bacterial cell
walls by catalyzing the hydrolysis of 1,4-beta-linkages between N-acetylmuramic
acid and N-acetyl-D-glucosamine residues in a peptidoglycans (Uchida and Aida,
1979). They possess also unique lipid structure of cell membrane (Figure 1.10).

Figure 1.10: Archaeal and bacterial lipids. Ether linkage in archaea: Main
glycophospholid of Thermoplasma acidophilum. Ester
linkage in bacteria: Phosphatidylglycerol (PG) from
Escherichia coli (Albers, S. V., 2000).
In the ether lipids, one or more of the carbon atoms on glycerol is bonded to an alkyl
chain via an ether linkage as opposed to the eubacteria that has the ester linkages (CH2-OCOR) between fatty acids and glycerol which usually present in membrane
glycerides. This structure provides increased chemical stability and resistance to
hydrolysis, and the hydrocarbon chains in the structure are composed of essential
polymers resulting from isoprene monomers (2-methylbut-1,3-diene). Isoprene is the
monomer unit of natural rubber and forms a hydrocarbon chain with regular methyl
branches. All these features result in increased thermal stability. Bilayers containing
glycerol ethers retain a stable liquid-crystalline state over a wide temperature range
(Edwards, 1990; Bullock, 2000).
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1.7 Sulfolobus solfataricus
Sulfolobus is an aerobic thermo acidophilic microorganism belonging to the
crenarchaeal branch of the archaeal domain, with optimal growth occurring at pH 2-3
and temperatures of 75-85°C. Sulfolobus species grow in geothermally active areas,
like volcanic springs and acidic pools. The organisms belonging to this genus can
grow either lithotrophically by oxidizing sulfur, or chemoheterotrophically using
sulfur to use complex organic substrates.
Cells have irregular shape and some can have flagella and a diameter ranging from
0.8 to 2 μm and length up to 100 μm (Figure 1.11).

Figure 1.11: Sulfolobus cells. A: A thin section of a S. acidocaldarius cell under
electron microscope. B: Diffential scanning electron microscopy of
a S. solfataricus cell.
These organisms have been choosen widely on biochemical and genetic studies
because they can grow to high cell densities on organic substrates; they are relatively
easy to cultivate; gene transfer can be applied by transduction, transformation or
conjugation (She et al., 2001).
Sulfolobus solfaticus P2 strain was the first crenarchaeal genome completely
sequenced. It consists of a single circular chromosome containing 2,992,245 base
pairs and ~3000 genes, 33% of which is archaeal, while small portions are homolog
in bacteria and eukarya (12 and 2.3% respectively). 25% of archeal genes are shared
with both bacteria and eukarya (bu ne demek?). It is one of the most widely studied
archaeal organism and a model for research on the mechanisms of DNA replication,
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repair, the cell cycle, transcriptome analysis, RNA processing, and translation
(Moracci et al., 2002; Kawarabayasi et al., 2001).
Sulfolobus solfataricus has a clockwise flagellum and spherical cell shape. It grows
optimally at temperatures between 55 and 90oC, and in a pH range of 0.9-5.8,
optimally at pH 2-3, whereas, its cytoplasmic pH is maintained at 6.5. Like all
members of its order, it can either oxidize sulfur and metabolize various
carbohydrates using sulfur.
1.8 Purpose of the Thesis
This thesis provides the characterization of growth characteristics of Sulfolobus
solfataricus P2 with employment of different types of sulfur compounds and further
analyses the biodesulfurization of model organic sulfur substrates that are found in
abundant amounts in fossil fuels using S. solfataricus P2. Optimization of sulfur free
mineral medium components for enhanced sulfur utilization was applied with the
supplementation of different carbon sources. In order to obtain high cell density and
desulfurization conditions, a minimal medium was optimized with proper
supplementations. Ability of S. solfataricus P2 to use organic sulfur compounds
found in most fossil fuels was studied. To check the DBT metabolism by the S.
solfataricus P2, products and their consumption rates were investigated.
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2. COMPARATIVE GROWTH STUDIES OF THE HYPERTHERMOPHILIC
ARCHAEON Sulfolobus solfataricus P2 ON SULFUR COMPOUNDS FOUND
IN FOSSIL FUELS AND ANALYSIS OF ITS BIODESULFURIZATION
CAPACITY
Combustion of fossil fuels leads to the atmospheric emission of sulfur oxides that
contribute to acid rain and air pollution (Monticello, 2000). Strict government
regulations throughout the world have been implemented to reduce these emissions
(EPA, 2000). Nowadays, the current technology used to reduce the sulfur
composition in fuels is hydrodesulfurization (HDS), which is the conventional
method carried out with chemical catalysis at high temperature (290-450oC) and
pressure (1-20 mPa) (Monticello, 2000). Significant quantities of sulfur (up to 70%)
in petroleum is found as heterocyclic organosulfur compounds [dibenzothiophene
(DBT) and substituted DBTs] which are particularly recalcitrant to HDS (Le Borgne
and

Quintero,

2003).

Therefore,

biological

desulfurization

(BDS)

using

microorganisms and/or enzymes has been proposed as an attractive alternative or
complementary method to HDS due to its low cost, mild reaction conditions and
greater reaction specificity (Chen et al., 2008). DBT has been widely used as the
model compound in research for desulfurization studies (Matsui et al., 2001). Sulfurspecific cleavage of DBT (4S pathway) is considered to be a preferable pathway, in
which DBT is selectively removed without carbon skeleton rupture. This pathway is
formed by four reactions through the conversion of DBT into a free sulfur product, 2hydroxybiphenyl (HBP) and sulfite/sulfate (Gray et al., 1996).
Various DBT desulfurizing microorganisms have been reported to date; for instance,
mesophilic bacteria such as Rhodococcus sp. IGTS8 (Patel et al., 1997);
Rhodococcus erythropolis H-2 (Ohshiro et al., 1996); Corynebacterium sp. (Wang et
al., 2004); Bacillus subtilis WU-S2B (Kirimura et al., 2001) and a moderately
thermophilic Mycobacterium pheli WU-F1 (Furuya et al., 2003) are known to use the
4S pathway in DBT desulfurization. All of these bacteria proved to have a
desulfurization gene cluster, dszABC operon and dszD gene (Mohebali and Ball,
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2008). Each gene product has a specific role in the 4S desulfurization metabolic
pathway: DszC is a flavomonooxygenase which catalyzes the stepwise oxidation of
DBT to DBT-sulfone (Lei and Tu, 1996; Oldfield et al., 1997). This reaction is
followed by the conversion of DBT-sulfone to 2-HBP-sulfinate by another
flavomonooxygenase, DszA. The slowest step is the release of 2-HBP and sulfite by
the DszB action on 2-HBP-sulfinate to remove the sulfinate group (Gray et al.,
1996). DszD, on the other hand, enhances the activity of both DszC and DszA. The
first isolated thermophilic microorganism with desulfurization ability was
Paenibacillus sp. A11-2 (Ishii et al., 2000). This strain were shown to have a
different desulfurization gene set (tdsABC), which was 73%, 61% and 52%
homologous with dszABC genes. Since these bacteria exhibit high DBTdesulfurizing ability at around 30oC and 50oC for mesophilic and moderately
themophilic bacteria, respectively; their usage in fossil fuel desulfurization as an
alternative or complementary with hydrodesulfurization requires additional cooling
process of fuel to ambient temperature following HDS. This additional cooling
process causes an economical burden when used for large scale fossil fuel
desulfurization. Thus, hyperthermophilic microbial desulfurization is desirable and
makes the crude oil biodesulfurization process more feasible due to low viscosity of
the crude at high temperature (Le Borgne and Quintero, 2003). Hyperthermophiles
have been isolated mainly from water containing volcanic areas such as solfataric
fields and hot springs in which they are unable to grow below 60oC. Sulfolobus
solfataricus P2 belonging to archaebacteria grows optimally at a temperature range
between 80-85°C and at low pH, pH 2-4, utilizing a wide range of carbon and energy
sources.
This study describes the potential of hyperthermophilic archaeon, S. solfataricus P2,
to utilize several inorganic and organic sources of sulfur for growth in sulfur free
mineral medium when glucose was supplemented as the sole carbon source. S.
solfataricus P2 possesses the ability to remove sulfur from DBT via the sulfurselective pathway. To the best of our knowledge, this is the first report showing the
DBT desulfurization kinetics analysis of S. solfataricus P2. Da
Asdasasdasadasdadadadd
sadadasdad
hjkhjkhlkh
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2.1 Materials & Methods
2.1.1 Chemicals
DBT (99%) was obtained from Acros Organics, DBT-sulfone (97%) was from
Sigma Aldrich, 4,6-Dimethyldibenzothiophene (97%), elemental sulfur (99%), were
from ABCR, DMF was from Riedel-de Haën. All other reagents were of the highest
grade commercially available.
2.1.2 Culture media and growth conditions
Sulfur-free mineral (SFM) culture medium was prepared by dissolving 70 mg of
CaCl2.2H2O, 1.3 g NH4Cl, 0.25 g MgCl2.6H2O, 0.28 g KH2PO4 and 0.5 mL trace
elements solution in 1 L of milli-Q water, and this mix was adjusted to pH 3 with
HCl. Trace elements solution (Alves et al. 2004) was prepared with 25 g.L-1 EDTA,
2.14 g.L-1 ZnCl2, 2.5 g.L-1 Mncl2.4H2O, 0.3 g.L-1 CoCl2.6H2O, 0.2 g.L-1 CuCl2.2H2O,
0.4 g.L-1 NaMoO4.2H2O, 4.5 g.L-1 CaCl2.2H2O, 2.9 g.L-1 FeCl3.6H2O, 1.0 g.L-1
H3BO3, 0.1 g.L-1 KI. Minimal medium (Brock et al. 1972) was adjusted to pH 3 with
H2SO4 and supplemented with yeast extract (0.15% w/v) and glucose (20 g.L-1). Cell
cultivation was carried out at 78oC in 250 ml flasks containing 100 ml of medium
with 160-rpm shaking for 310-350 hours.
2.1.3 Carbon utilization
SFM culture medium was employed as the base medium and was supplemented with
arabinose, ethanol, glucose and mannitol as different sources of carbon to a final
concentration of 2 g.L-1. To find out the optimum sulfur free growth condition,
various concentrations of the most effective carbon source, glucose, was performed
on SFM culture medium at concentrations of 2, 5, 10, 15 and 20 g L-1. Data are
represented as the means of triplicate cultures ± standard error.
2.1.4 Sulfur utilization
The ability of Sulfolobus solfataricus P2 to utilize organic and inorganic sulfur
sources was investigated. Several organic and inorganic sulfur compounds including
DBT, BT, DBT-sulfone, 4,6-dimethyldibenzothiophene (4,6-DMDBT), elemental
sulfur, sodium sulfide, sodium sulfate, potassium persulfate and potassium disulfite
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were added with an initial concentration of 0.3 mM to SFM culture as a sole source
of sulfur. In all of these media, 20 g.L-1 of glucose was used as the sole source of
carbon. SFM culture containing only the carbon source (20 g.L-1 of glucose) was
used as a control. Stock solutions of organic sulfur compounds, DBT, BT, 4,6DMDBT and DBT-sulfone were dissolved in N,N-dimethylformamide (100 mM). In
all of these experiments, organic sulfur compounds were added to the growth culture
after a certain exponential growth was achieved, corresponding to an OD600 value in
between 0.35-0.4. Data are represented as the means of triplicate cultures ± standard
error.
For desulfurization kinetics assay, the concentrations of 0.1, 0.2, 0.3 and 0.4 mM
DBT were applied to minimal medium supplemented with 0.15% w/v yeast extract
and glucose (20 g.L-1) to find out the maximum DBT utilization level. DBT was
added to the minimal culture at the mid-log phase of the cell growth (at OD600 1.5).
2.1.5 Analytical methods
Cell densities were measured at 600 nm wavelength by using a Shimadzu UV visible
spectrophotometer (model UV-1601). A correlation between the optical density at
600 nm and dry cell weight (DCW) was done to determine the concentration of cells.
One unit of optical density corresponded to 0.44 g (dry cell weight) L-1.
2.1.6 Analysis of organic sulfur compounds and metabolites
For gas chromatography (GC) experiments, aliquots of the culture during the course
of bacterial growth were acidified to pH <2.0 with 1 N HCl, then culture was
extracted with equal volumes of ethyl acetate during a 5 min vortex and 10 min
centrifugation at 2000 rpm. 2 µl of the organic fraction was used for the detection of
DBT and 2-HBP using a GC (HP-Agilent Technologies 6890N GC Systems,USA)
equipped with a flame ionization detector. Agilent JW Scientific DB-5 capillary 30.0
m × 0.25 mm × 0.25 µm column was used for the measurements. Temperature was
set to 50oC for 5 min followed by a 10oC min−1 rise up to 280oC and kept at this
temperature for 5 min. Injector and detector temperatures were both maintained at
280°C. Quantification of DBT and 2-HBP were performed using standard curves
with a series of dilutions of the pure DBT and 2-HBP compounds as a reference. All
the reaction mixtures were prepared as triplicates.
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2.1.7 Gibb’s assay / desulfurization assay
The Gibb’s assay was used in conjunction with GC analyses to detect and quantify
the conversion of DBT to 2-HBP produced by the Sulfolobus solfataricus P2. The
assay was carried out as follows: 1 ml of culture was adjusted to pH 8.0 with 10%
(w/v) Na2CO3, then 20 µl of freshly prepared Gibb’s reagent (2,6-dicholoroquinone4-chloroimide, 5 mM in ethanol) was added. The reaction mixtures were allowed to
incubate for 60 min at 30oC for color development. The mixtures were then
centrifuged at 5000 rpm for 10 min to remove cells, and absorbance of the
supernatant was determined at 610 nm (UV 1601, Shimadzu, Japan). Concentration
of produced 2-HBP from the Gibb’s assay results was determined from the standard
curve obtained by different concentrations of pure 2-HBP. Results correspond to the
means of three different experiments with the standard errors included.
2.2 Results & Discussion
2.2.1 Carbon source influence on the growth of S. solfataricus P2
The ability of S. solfataricus P2 to use several sources of carbon and sulfur was
investigated. For the study of the influence of carbon source on the growth of S.
solfataricus P2, four types of carbon sources have been applied to the SFM medium:
glucose, arabinose, mannitol and ethanol. All these experiments have been carried
out employing 2 g.L-1 as the initial concentration of carbon source. Figure 2.1 shows
the effects of different sources of carbon on archaeal growth. The highest growth
rate, 0.0164 h-1, and the maximum biomass density, 0.149 g dry weight L-1, were
observed when glucose was employed as a carbon source (Figure 2.1). On the other
hand, arabinose, mannitol and ethanol (at a concentration of 2 g.L-1) did not support
the growth (Figure 2.1). Our data in Figure 2.1 clearly showed that glucose is a better
carbon source for the growth of S. solfataricus P2 compared to the tested other
carbon sources, and to further determine the optimum growth condition of S.
solfataricus P2 in SFM medium when glucose is the source of carbon, various
concentrations of glucose ranging from 2 g.L-1 to 20 g.L-1 on SFM culture were
employed.
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Figure 2.1: Effects of different carbon compounds (concentrations of 2 g. L-1)
on the growth of S. solfataricus P2 in SFM. (○) mannitol, ()
arabinose, (▼) ethanol, (▽) glucose.
The results revealed that the highest growth rate; 0.0339 h-1and biomass
concentration; 0.157 g.L-1 were obtained when 20 g.L-1 of glucose was used (Figure
2.2). It can be affirmed that the higher the glucose concentration, the higher the
growth rate is (Table 2.1). Figure 2.2 also indicates that with increasing
concentrations of glucose, enhanced growth rate was observed, and the time required
to reach the maximum biomass value was decreased; however the maximum cell
densities obtained with increasing concentrations of glucose were similar for all the
concentrations (ranging from 0.14 to 0.157 g DCW L-1).

Figure 2.2: Glucose gradients from 2 g. L-1 to 20 g. L-1 were performed on
SFM medium. () 2, (○) 5, (▼) 10, (▵) 15 and () 20 g. L-1
glucose.
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At the same time, the lag time decreased with the highest concentration of glucose
application, and cells reached to the stationary phase faster as the concentration of
glucose was increased. As stated in table 2.1, doubling times were calculated and
results showed that increasing glucose concentration from 2 g. L-1 to 20 g. L-1 lead to
decrease in doubling time (from 42.2 to 20.0 h, respectively). After the 20 g. L-1
concentration of glucose, there were no significant result obtained.
Table 2.1: Calculated growth rates and maximum cell densities corresponding to
experimental growth data of S. solfataricus P2 cells when treated with
increasing glucose concentrations as the sole source of carbon

2 g. L-1 glucose
5 g. L-1 glucose
10 g. L-1 glucose
15 g. L-1 glucose
20 g. L-1 glucose

growth rate. h-1

doubling time. h

maximum cell density g. L-1

0.0164 ± 0.00063
0.0192 ± 0.00035
0.0217 ± 0.00063
0.0276 ± 0.00127
0.0345 ± 0.00106

42.2 ± 1.63
36.1 ± 0.67
31.9 ± 0.93
25.1 ± 1.15
20.0 ± 0.61

0.149 ± 0.0079
0.148 ± 0.0031
0.139 ± 0.0016
0.149 ± 0.0053
0.199 ± 0.0029

Although, an acceptable growth profile was observed when glucose was employed as
the carbon source; overall, in SFM medium, presence of glucose was not sufficient to
obtain an optimal growth, additional micronutrients were necessary to optimize the
growth conditions.
2.2.2 Organic sulfur compounds utilization
The ability of S. solfataricus P2 to utilize organic sulfur compounds was evaluated
toward 4,6-DMDBT, DBT sulfone, DBT and BT. Each was acted as the sole sources
of sulfur for growth with an initial concentration of 0.3 mM in SFM culture. Unless
otherwise noted, 20 g.L-1 of glucose was employed as a carbon source in SFM
medium. The effects of the organic sulfur compounds on the growth are shown in
Figure 3. When the cultures were incubated initially with DBT, DBT-sulfone, 4,6DMDBT and BT, there were no archaeal growth (data not shown). Instead of
employing organic compounds in the beginning of the growth, each organic sulfur
compound was separately added into SFM medium after a moderate optical density
(OD between 0.35 and 0.4, around the midst of log phase during S. solfataricus P2
growth) was attained. Thus, supplementation of organic compounds
In this way enabled S. solfataricus P2 cells to grow well on media containing DBTsulfone and 4,6-DMDBT as the sole sources of sulfur; but addition of BT resulted
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abrupt interruption of cell growth, and subsequently led the cells to death (Figure
2.3). DBT addition, on the other hand, progressively ceased the growth of the cells
(Figure 2.3).

Figure 2.3: Growth of Sulfolobus solfataricus P2 in the presence of 0.3 mM
organic sulfur sources in SFM medium supplemented with 20 g.L1
glucose. () BT, (○) 4-6 Dimethyldibenzothiophene, (▼)
DBTsulfone, (▽) DBT, (-) SFM. Sulfur sources were supplemented
to the growing cultures at OD600 near 0.4.
Maximum biomass densities and specific growth rates are given in Table 2.
Maximum cell density was achieved with 4,6-DMDBT, yielding 2.5 times higher
cell density compared to that of the control. DBT-sulfone presence enabled cells to
achieve 1.4 times higher cell density with respect to the control (Table 2.2).
Table 2.2: Various organic sulfur compound utilization by S. solfataricus P2 in
SFM medium

4.6 DMDBT
DBT-sulfone
BT
DBT

Growth rate. h-1

Doubling time. h

Max. cell density. g L-1

0.0296 ± 0.00113
0.0179 ± 0.0056
-

23.4 ± 0.89
40.75 ± 12.88
-

0.393 ± 0.027
0.281 ± 0.011
0.192 ± 0.009
0.183 ± 0.004

These results revealed that S. solfataricus P2 can utilize organic sulfur compounds
containing DBT and its derivatives; but, even among them, it has certain preference
to some types of organic molecules than the others. Results indicated that S.
solfataricus P2 cannot utilize BT. Since DBT and BT desulfurization pathways were
shown to be different for various desulfurizing bacteria (Alves et al., 2005; Brock et
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al., 1972; Oldfield et al., 1998), it can be concluded that S. solfataricus P2 has a
metabolic pathway specific for DBT and its derivatives.
2.2.3 Inorganic sulfur compounds utilization
To compare the effects of the organic and inorganic sulfur sources on growth, 0.3
mM inorganic sulfur sources as a sole sulfur source; elemental sulfur, sodium sulfite,
sodium sulfate, potassium persulfate and potassium disulfite were employed into the
SFM medium at OD600 around 0.32. Growth curve patterns of cultures containing
inorganic sulfur sources were similar except for the elemental sulfur case (Figure
2.4). All the growth curves reveal a short stationary period after supplementation of
the inorganic sulfur compounds, suggesting a certain adaptation time for the cells to
the new nutrient environment. This adaptation period may correlate to the immediate
uptake of inorganic sulfur molecules by the cells. A logarithmic enhancement in the
growth followed by this short stationary period shows that S. solfataricus P2 utilizes
the supplied inorganic sulfur sources. Similar growth rates were observed for the
sulfate and sulfite present cases (Table 2.3). Elemental sulfur supplemented growth
revealed a longer adaptation period and showed a slower growth rate,
0.0165±0.00127, compared to that of the sulfate and sulfite supplemented growths
(Table 2.3).

Figure 2.4: Growth of Sulfolobus solfataricus P2 in the presence of 0.3 mM inorganic
sulfur sources in SFM supplemented with 20 g.L-1glucose. (▼) elemental
sulfur, (○) sodium sulfite, () sodium sulfate, (▽) potassium persulfate
and () potassium disulfite on growth. (□) SFM. Sulfur sources were
supplemented to the growing cultures at OD600 near 0.4.
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The growth curves showed maximum cell densities with the sulfate compounds, a
very similar maximum cell density (0.651 g DCW L-1) with minor errors were
obtained (Table 3). Inorganic sulfur sources led to a rapid cell death after a maximum
biomass cell density was obtained except for the elemental sulfur employed case,
which showed a sustained stationary phase (Figure 2.4) after a maximum cell
density, 0.586±0.016 g DCW L-1was reached (Table 2.3). Rapid cell death after
sulfate and sulfite utilization could be explained by the excess uptake of these anions
by the cells leading to a demand for counter ion balance, which can be maintained by
excess accumulation of cations to cells causing an osmotic imbalance.
Table 2.3: Various inorganic sulfur compound utilization by S. solfataricus P2 in
SFM medium
Growth rate h-1

Doubling time h

Max. cell density g. L-1

Elemental S

0.0165 ± 0.00127

42.0 ± 1.51

0.586 ± 0.016

Sodium sulfite

0.0226 ± 0.00061

30.6 ± 1.68

0.628 ± 0.053

0.0254 ± 0.00049

27.2 ± 0.30

0.623 ± 0.008

0.0220 ± 0.00078

31.5 ± 1.10

0.651 ± 0.005

0.0222 ± 0.00028

31.2 ± 0.69

0.651 ± 0.001

Potassium
disulfite
Sodium sulfate
Potassium
persulfate

The observation of prolonged stationary phase in the elemental sulfur present case
was similar to that of the control growth where even after 150 h of growth in the
stationary phase still a certain cell density can be measured but the estimated cell
density for the control was almost 4 times less than the elemental sulfur
supplemented trial (Figure 2.4, Tables 2.2 and 2.3). In SFM medium, when inorganic
sulfur sources were used as the sole sulfur source instead of organic sulfur
compounds, faster growth rates and biomass concentrations were observed for S.
solfataricus P2. It is thought that not all glucose was used after cells reach to a cell
density of 0.157 g DCW L-1. At this point, sulfur became the growth limiting factor
and supplementation of inorganic sulfur sources led to faster growth and higher
biomass density.
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2.2.4 DBT consumption kinetics by S. solfataricus P2
Our results revealed that S. solfataricus P2 can utilize 4,6-DMDBT and DBT sulfone
efficiently, but DBT utilization was not as effective as the former compounds in
SFM culture medium. Since DBT has been used as the model molecule of the
thiophenic compounds present in fossil fuels, we aimed to optimize DBT utilization
levels of S. solfataricus P2 by changing the growth medium conditions. Addition of
0,15% yeast extract in the Brock’s minimal medium significantly enhanced the
utilization levels of DBT by S. solfataricus P2. The effect of different concentrations
of DBT was tested in the growth of S. solfataricus P2 (Figure 2.5 and Table 2.4); and
with 0.1 mM DBT supplementation, cell density was enhanced significantly
compared to the control where no DBT was added in the minimal medium, increased
DBT concentrations showed significantly lower maximum cell density with a very
little or none biodesulfurization ability.

Figure 2.5: Growth of Sulfolobus solfataricus P2 in the presence of different
concentrations of DBT from 0.1 to 0.4 mM. () minimal medium
(control), (▽) 0.1, () 0.2, (○) 0.3, (▼) 0.4 mM DBT. DBT was
supplemented to the growing cultures at OD600 1.5.
Therefore 0.1 mM of DBT was used in our DBT desulfurization kinetics studies
(Figure 2.6).
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Figure 2.6: : Effects of 0.1 mM DBT on growth and the formation of 2-HBP by
the growing cells of Sulfolobus solfataricus P2. DBT was
supplemented to growing cultures in minimal medium at 0.66 g dry
cell L-1. (▲) DCW, (○) concentration of DBT, () 2-HBP.
A continuous growth was observed until 89 h with a simultaneous production of 2HBP, which was determined by both Gibbs assay and GC analysis (Figure 2.5). It
was observed that 89% of DBT was utilized in the first 16.5 h and the corresponding
maximum desulfurization activity was estimated to be 1.23 µmol 2-HBP h-1 g DCW1

. Then, specific production rate of 2-HBP was decreased sharply after 16.5 h as can

be seen in Figure 2.6. Similar abrupt decrease in the production rate of 2-HBP was
observed earlier in most of the BDS studies (Luo et al., 2003; Konishi et al., 2000;
Ma et al., 2006; Caro et al., 2007), and was explained by the production of HBP in
the medium causes substrate inhibition type of enzyme kinetics (Honda et al., 1998).
Although almost all DBT disappeared within 39 h. (93% of DBT was utilized), 2HBP production was continued to increase up until 114 h to a concentration of 47.6
µM. Growth of S. solfataricus P2 stopped near the maximum levels of 2-HBP was
produced (Figure 2.5). Similar growth inhibition behavior by 2-HBP production was
also observed in previous BDS studies (Marzona et al., 1997; Li et al., 2007).
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Table 2.4: Utilization of increasing DBT concentrations by S. solfataricus P2.
Growth rate, h-1

Doubling time, h

Max. cell density, g L-1

0.1 mM DBT

0.0122 ± 0.00141

57.2 ± 6.8

2.19 ± 0.28

0.2 mM DBT

0,0061 ± 0.0

113.6 ± 1.3

2.13 ± 0.11

0.3mM DBT

0.002 ± 0.0

355.7 ± 12.9

0.87 ± 0.007

0.4 mM DBT

-

-

0.73 ± 0.01

yeast medium

0.051 ± 0.003

13.2 ± 0.88

1.57 ± 0.047

46.2 ± 4.5

1.57 ± 0.047

yeast medium
0.0149 ± 0.001
after OD 1.5

It was reported that 2-HBP above 200 μmol/L was toxic to the bacterial cells and
inhibitory to biodesulfurization (Ohshiro et al., 1996). Even though, the maximum
levels of produced 2-HBP concentration in our studies were not close to the toxic
level, but still a decrease in 2-HBP production rate was observed with cell death.
Another explanation may be the development of other products in the
biodesulfurization pathway became toxic to cells. As shown in Figure 2.5, the
formation of 2-HBP in the medium was less than DBT consumption and proposed to
be due to the intra and extracellular accumulation of 4S compounds (Caro et al.,
2007). The efficiency of 0.1 mM DBT desulfurization was estimated to be around
50% when only 2-HBP production amount was used in the percent efficiency
calculation.
It is evident that hyperthermophilic S. solfataricus P2 can degrade DBT into sulfur
free 2-HBP under growing cell conditions with an effective desulfurization rate. The
well characterized bacterial DBT degradation pathway is the 4S pathway (Kirimura
et al., 2003; Alves et al., 2005; Gallagher et al., 1993; Kayser et al., 2002), which
includes DBT degradation to first DBT-sulfone as an intermediate compound
yielding to 2-HBP and sulfate as final products (Bressler et al., 1998). These results,
thus, suggest that S. solfataricus P2 uses the 4S metabolic pathway for
desulfurization of DBT. To further verify this finding, DBT-sulfone was used as the
sulfur source in minimal medium, and results revealed the disappearance of DBTsulfone with the accumulation of 2-HBP (data not shown), supporting the presence of
enzymes having similar functions to the well-known 4S desulfurizationpathway
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proteins in S. solfataricus P2. Preliminary bioinformatics investigations revealed the
presence of a hypothetical protein that has 28% sequence similarity to flavin
reductase, so called the DszD protein in the 4S pathway; however, there were no
genes that are homologous to neither the other desulfurizing genes of mesophiles,
dszABC nor the other thermophilic bacterial genes, tdsABC.
It is necessary to emphasize that S. solfataricus P2 in SFM culture could desulfurize
DBT-sulfone, transition compound in the 4S pathway, more effectively than DBT
(Figure 3), suggesting that the protein, DszC, that is involved in DBT oxidation to
DBT-sulfone may be completely absent in S. solfataricus P2 and instead another
enzyme with lower enzymatic efficiency exists. Molecular biological approaches are
underway to isolate and characterize the gene encoding hypothetical flavin reductase
like protein (Dinler et al., unpublished results). Since archaeal proteome varies
substantially from bacterial,and archaeal genome has sequences that code for
hypothetical proteins whose functions are not yet determined, it is, thus, expected to
observe variations in the desulfurizing pathway elements. Ongoing proteomics
studies will allow the determination of the proteins responsible for desulfurization in
S. solfataricus P2 metabolic pathway. All of these efforts will help in the long run to
optimize a biodesulfurization method that occurs under thermophilic conditions, in
which enhanced biodesulfurization rate can be achieved. In the meantime,
thermophilic BDS process will allow for dual application with HDS in fossil fuel
desulfurization, eliminating cooling time required after HDS, thus accelerating the
overall process additionally.
2.2.5 Factors affecting 2-HBP yields in DBT metabolic pathway
In literature, it has always been shown that low yields of 2-HBP formation in DBT
metabolism such as in Bacillus subtilis WU- S2B (Kirimura et al., 2001) is obtained
and in Nocardia sp. Strain CYKS2 (Chang et al., 1998; Alves et al., 2007) suggested
that formation of 2-HBP in the cell might be transient. On the other hand, volatile
characteristics of 2-HBP might be an explanation of its low yields (Wang and
Krawiec, 1994).
To overcome this problem, we checked the ability of S. solfataricus P2 to use the
metabolites in DBT pathway after the first reaction (DBT to DBT sulfone). At the
first step, DBT utilization was 93% within 39 h as stated in the section 2.2.4 in detail.
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When DBT sulfone was applied to minimal culture in the same conditions in which
DBT was performed, it was observed that DBT sulfone consumption was near 50%
(Figure 2.7). The result showed that the limiting step on the conversion of DBT to 22D Graph 2

HBP is DBT sulfone utilization by S. solfataricus P2.
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On the other hand, utilizations of BT and 4,6 DMDBT were checked to compare the
the organic sulfur usage by S. solfataricus P2. Except DBT sulfone, all of the
compounds were effectively utilized at the end of the growths (Figure 2.7). After the
organic sulfur supplementation to the growing cells in the minimal medium, the cells
in the culture contained the compounds (BT and DBT) that were utilized fast
showing slower growth rates (0.0108 and 0.0153 h-1, respectively) and lower cell
density when compared to 4,6 DMDBT and DBT sulfone contained cultures.
It can be concluded that fast utilization of these compounds have negative effects on
the growth (Figures 2.7 and 2.8). In addition, decreases in the pH are relatively lower
in DBT and BT containing medium than the others (Figure 2.9).
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Production of phenolic metabolites resulted from 4,6 DMDBT, DBT, DBT-sulfone
and BT were quenatified. At first 15 h. when the rates of utilization of the organic
compounds were maxiumum, the phenol production rates were also maximum level,
especially the rate in the medium contained DBT-sulfone was relatively higher (1.77
µmol DCW-1 h-1) than the others. Amount of the first metabolites we identified
decreased over time. Eventhough, the amounts of the phenolic products showed little
differences among the organic sulfur sources, the production patterns were almost
same (Figure 2.10).
In addition, phenolic metabolite productions from organic sulfur compounds were
observed. When the utilizations rate of them were maximum (15 h), the rate of
phenolic metabolite production was also highest level. Figure 2.10 clearly shows that
the amount of 2-HBP formation was 10 µM higher in DBTsulfone containing
medium than the DBT containing medium. In 4S pathway of DBT, DBTsulfone is
the second step and formed by the oxidation of DBT. Thus, the differences in 2-HBP
formation between DBT and DBTulfone contained media may result from the time

Concentraions of phenolic compounds (µM)

required for transition from DBT to DBTsulfone.
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2.3 Conclusion
Present study reports the growth statistics against carbon and sulfur sources of an
archaeon S. solfatirucus P2. The results showed that the highest growth rate for S.
solfataricus P2 is obtained in SFM medium when glucose is employed as the carbon
source. DBT, BT, DBT-sulfone, 4,6-DMDBT were applied as a sole sulfur source in
S. solfataricus P2 SFM growth medium, and the order of organic compound
utilization capacity decreases from 4,6-DMDBT, DBT-sulfone to DBT. S.
solfataricus P2 was unable to utilize BT, which had a toxic effect to cells. The
addition of inorganic sulfur sources to the growing cells in SFM culture improved the
cell density by 4–fold. Sulfate and sulfite compounds are good sources of sulfur for
S. solfataricus P2 growth in SFM medium, however, when high doses were uptaken
by the cells immediate cell death was observed. On the other hand, elemental sulfur
resulted with relatively slow growth rate and lesser cell biomass with a prolonged
stationary phase.
BDS results indicated that S. solfataricus P2 takes 114 h to desulfurize 50% of DBT
into 2-HBP. The highest desulfurization activity was observed in the first 16.5 h in
which the specific desulfurization activity was 1.23 µmol 2-HBP h-1 g DCW-1. The
reason for low yield of 2-HBP (50%) formation is transition from DBTsulfone to 2HBP. Although ~95,8% of DBT was utilized in 15 h., 5% of DBTsulfone was utlized
in this time interval. It means that DBTsulfone is rate limiting step for 2-HBP
formation in this pathway. 10 µM difference in 2-HBP formation between DBT and
DBTsulfone containing medium also shows that only 81.15% of DBT is converted to
DBTsulfone in first 15 h.
In addition, S. solfataricus P2 was able to desulfurize a wide range of organosulfur
compounds. Further studies including optimization of the DBT desulfurization
activity and characterization of the genes responsible for DBT desulfurization are
under investigation.
In conclusion, since biodesulfurization done under high temperature offers a
potential for an alternative/complementary method for lowering the sulfur content of
fossil fuels, in that respect, hyperthermophilic S. solfataricus P2 with its potential
DBT-desulfurization ability can serve as a model system for efficient
biodesulfurization of fossil fuels.
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NADH-FMN

OXIDOREDUCTASE

HYPERTHERMOPHILIC

ENZYME

FROM

A

DIBENZOTHIOPHENE-DESULFURIZING

ARCHAEON, SULFOLOBUS SOLFATAICUS

P2:

IDENTIFICATION,

PURIFICATION, CHARACTERIZATION AND OVEREXPRESSION
Sulfur oxides emission upon fossil fuels combustion have been considered as a major
cause of environmental pollution such as acid rain and air pollution. The
conventional hydrodesulfurization (HDS) process carried out with chemical catalysis
at extremely high temperature (290-450oC) and pressure (1-20 mPa) is used to
reduce the sulfur composition in fossil fuels, but it is not effective to remove
heterocyclic organosulfur compounds such as dibenzothiophene (DBT) and
substituted DBTs from the fuels. To overcome this problem biological
desulfurization (BDS) using microorganisms and/or enzymes has been proposed as
an attractive alternative or complementary method regarding such heterocyclic
organosulfur compounds desulfurization, and is a promising method due to its low
cost, mild reaction conditions and greater reaction specificity (Chen et al., 2008).
DBT and its derivatives are widely recognized as the model compounds in research
for biodesulfurization studies. Many kinds of DBT-desulfurizing microorganisms
have been identified to remove sulfur from DBT through the sulfur-specific pathway
(4S pathway), in which sulfur-carbon bond is selectively cleaved to obtain nutritional
sulfur from DBT and 2-hydroxybiphenyl (HBP) is produced as the final sulfur free
product without a decrease in calorific value of the fuels.
Many kinds of DBT-desulfurizing microorganisms have been reported to date; for
example, mesophilic bacteria such as Rhodococcus sp. IGTS8 (Patel et al., 1997);
Rhodococcus erythropolis H-2 (Ohshiro et al., 1996); Corynebacterium sp. (Wang et
al., 2004); Bacillus subtilis WU-S2B (Kirimura et al., 2001) and a moderately
thermophilic Mycobacterium pheli WU-F1 (Furuya et al., 2003) are known to use the
4S pathway in DBT desulfurization. Particularly, the Rhodococcus sp. IGTS8 has
been extensively studied in this sulfur-specific pathway, and the genes encoding
enzymes involved in 4S pathway have been identified as dszA, dszB and dszC
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organized in an operon and dszD gene. In this pathway for the conversion of DBT to
2-HBP, three enzymes are involved in that order; DBT monooxygenase (DszC),
DBT-sulfone monooxygenase (DszA) and HBPS desulfinase (DszB). The oxidation
of DBT to DBT-sulfone is catalyzed by the consecutive monooxygenation of DszC.
Subsequently, DszA catalyses DBT-sulfone to yield 2′-hydroxybiphenyl-2-sulfinate
(HBPS). In the final step, DszB converts the HBPS to 2-HBP and sulfite/sufate. On
the other hand, Flavin reductase (DszD) is necessary for monooxygenase reactions
catalyzed by DszC and DszA (Figure 3.1). Paenibacillus sp. A11-2 and Bacillus
subtilis WU-S2B have also been reported as a moderate thermophilic DBTdesulfurizing bacteria, and the genes corresponding to dszABC were identified as
tdsABC and bdsABC, respectively.

Figure 3.1: The metabolic pathway of DBT desulfurization. DBT is desulfurized
to HBP via DszC and DszA and DszB. The first two steps requires
the oxidative contidion with the help of FMNH2 (Xi et al., 1997).
Flavin reductase from these microorganisms was also characterized. Flavin
reductases (NAD(P)H:flavin oxidoreductase) catalyze the reduction of oxidated
flavins, such as flavin mononucleotide (FMN), flavin adenine dinucleotide (FAD) to
FMNH2 and FADH2, respectively and NAD(P)H is used as an electron donor. Then,
the reduced form of flavins are used for the activities of the flavin-dependent
monooxygenases (dszA/tszA/bszA and dszC/tszC/bszC) (Fonrecave et al., 1994;
Kendrew et al., 1995; Filisetti et al., 2003; Galan et al., 2000).
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Figure 3.2: Proposed mechanism of Fre, a NADH dependent flavin reductase
(Fieschi et al., 1995).
Since enzymes from the mesophilic and the moderately thermophilic microorganisms
exhibit optimal biodesulfurization activity at 30oC and 50 oC, respectively; the use of
these microorganisms is not practical if it were applied in fossil fuel desulfurization
following the cooling HDS products to ambient temperature. Thus, the use of
microorganism which has ability to biodesulfurize fossil fuels at higher temperature
is more desirable and makes the crude oil biodesulfurization process more feasible
due to low viscosity of the crude at high temperature (Borgneand and Quintero,
2003). However, a study related to the hyperthermophilic biodesulfurization enzymes
has not been reported yet. One of the best candidate organism is the Sulfolobus
genus, because they live at temperatues between 55 and 90oC. Sulfolobus solfataricus
P2 is an hyperthermophilic archaeon which grows well on DBT, DBT-sulfone, 4,6dimethyldibenzothiophene (4,6-DMDBT) and produce 2-HBP from DBT at 780C
(Gun et al., under review). Flavin reductase of S. solfataricus P2 can be isolated and
further adopted to be used as an enzyme in biodesulfurization reactions of coal.
In this study, we describe the isolation, purification and enzymatic characterization
of a hypothetical protein sso2055 (accession no. NP_343450) which belongs to
“FlaRed superfamily”, and thought to be the flavin reductase of S. solfataricus P2.
The deduced amino acid sequence of SSO2055 shares 65%, 31% and 26% sequence
identity with that of NADH-dependent FMN oxidoreductase genes from Sulfolobus
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tokodaii str. 7, Mycobacterium phlei and Rhodococcus erythropolis, respectively. To
our knowledge, this enzyme is the first hyperthermostable NADH dependent flavin
oxidoreductase functionally characterized. The gene cloned from the S. solfataricus
P2 was verified with sequencing, and its product is overexpressed in Escherichia coli
E. coli BL21(DE3)pLysS cells.
3.1 Materials & Methods
3.1.1 Materials
3.1.1.1 Laboratory equipments
Equipments used in the study are given in the Appendix A.
3.1.1.2 Chemicals and enzymes
Chemicals and enzymes used in the study are given in the Appendix B.
3.1.1.3 Commercial kits
Commercial kits used in this study are given in the Table 3.1.
Table 3.1 Commercial kits used in the study
Kit

Supplier Company

PureLink® Genomic DNA Kit

İnvitrogen K1820-02

QIAquick PCR purification Kit

Qiagen, 28104

QiaPrep Spin Miniprep Kit

Qiagen, 27106

QIAquick Gel Extraction Kit

Qiagen, 28706

3.1.1.4 Buffers and solutions
TBE buffer (10x)
10x TBE buffer was used in agarose gel electrophoresis to prepare the agarose gel
that DNA was loaded on and as the tank buffer. 10x TBE buffer was used by diluting
to 1x TBE buffer with dH2O. Preparation of 10x TBE is shown in Table 3.2
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Table 3.2: Preparation of 10x TBE buffer
Content

Concentration

Amount

Tris Base

890 mM

108 g

Boric Acid

890 mM

55 g

EDTA

20 mM

5.84 g

H2O

1L

TAE buffer (50x)
50x TAE buffer was used in agarose gel electrophoresis to prepare the agarose gel
that DNA was loaded on and as the tank buffer. 50x TAE buffer was used by diluting
to 1x TAE buffer with dH2O. Preparation of 50x TAE is shown in Table 2.5.
Table 3.3: Preparation of 50x TAE buffer
Content

Concentration

Amount

Tris Base

2M

242 g

Glacial Acetic Acid
EDTA

57.1 mL
50 mM

14,6 g

H2O

1L

Protein purification buffers
Protein purification buffers were used for purifying proteins from bacterial pellet by
metal affinity chromatography and ion-exchange chromatography. Buffer types and
their preparations are given below:
Lysis buffer: 6.9 gram (g) NaH2PO4.2H2O (50mM), 17.54 g NaCl (300 mM) and
0.68 g imidazole (10 mM) were dissolved in 1 L dH2O and pH was adjusted to 8.0
using NaOH.
Wash buffer: 6.9 gram (g) NaH2PO4.2H2O (50 mM), 17.54 g NaCl (300 mM) and
1.36 g imidazole (20 mM) were dissolved in 1 L dH2O and pH was adjusted to 8.0
using NaOH.
Elution buffer: 39 mg NaH2PO4.2H2O (50 mM), 87.7 mg NaCl (300 mM) and 17.0
g (250 mM) were dissolved in 1 L: dH2O and pH was adjusted to 8.0 using NaOH.
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Resuspension buffer
Resuspension buffer was used for suspension of E. coli BL21 cell pellets. In order to
prepare, 20 mM Tris, 50 mM NaCl, 0.1 mM EDTA were dissolved in 1 L dH2O)and
pH is adjusted to 6.0. Then, it was filtered by 0.2 µm filter to obtain sterilization.
Buffer A was used in the last step of SSO2055 purification by DEAE–Sephacel ionexchange column. In order to preparation, 20 mM Tris-HCl, 1 mM EDTA were
dissolved in 1 L dH2O and pH is adjusted to 6.0. Then, it was filtered by 0.2 µm filter
to obtain sterilization.
Buffer B was also in the last step of SSO2055 purification by DEAE–Sephacel ionexchange column. In order to preparation, 20 mM Tris-HCl, 1 mM EDTA and 1 M
NaCl were dissolved in 1 L dH2O and pH is adjusted to 6.0. Then, it was filtered by
0.2 µm filter to obtain sterilization.
Buffers and solutions for SDS-PAGE analysis
6x sample buffer: 6x sample buffer was used to denature protein samples which
were loaded on SDS- polyacrylamide gel. Preparation of 6x sample buffer is shown
in Table 3.4.
Table 3.4: Preparation of 6x sample buffer
Content

Concentration

Amount

Tris- HCl pH:6.8

0.3 M

1.25 ml (of 1 M)

SDS

6%

6 ml (of 10%)

Glycerol

20 %

2 ml (of 100 %)

Bromophenol blue

0.05 %

5 mg

DTT

0.15 M

231 mg

dH2O

up to 10 ml

Tris-Tricine Running Buffer (10x)
Tris-Tricine SDS Buffer (10x) is used as the electrophoresis running buffer during
the stacking and resolve process of SDS-PAGE. Preparation of Tris-Tricine buffer is
shown Table 3.5.
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It was only used one type of buffer instead of by using anode and cathode buffer
which has different pH. Using one type of buffer gives good resolution and
seperation to visualize small proteins.
Table 3.5: Preparation of Tris-Tricine buffer
Content

Concentration

Amount

Tris Base

1M

60.55 g

Tricine

1M

89.60 g

SDS

1%

5g

dH2O

up to 0.5 liter

Coomassie Brilliant Blue (CBB) stain solution: CBB stain solution was used to
visualize separated protein bands on SDS polyacrylamide gel. Preparation of CBB
stain solution is shown below:
Table 3.6: Preparation of CBB stain solution
Content

Concentration

Volume

CBB R-250

0.1 %

0.5 g

Methanol

45 %

450 ml

Acetic acid

10 %

100 ml

dH2O

45%

450 ml

Destain solution: Destain solution was used to visualize protein bands clearly by
removing the background on SDS polyacrylamide gel. Preparations of CBB destain
solution is shown below:
Table 3.7: Preparation of destain solution
Content

Concentration

Volume

Methanol

45 %

450 ml

Acetic acid

10 %

100 ml

dH2O

45 %

450 ml

3.1.1.5 Organisms
Sulfolobus

solfataricus

P2.

Escherichia

coli

(E.coli)

DH5α

strain

[F-,

φ80dlacZΔM15, Δ(lacZYA-argF)U169, deoR, recA1, endA1, hsdR17(rk-, mk+),

39

phoA, supE44, λ-, thi-1, gyrA96, relA1], Invitrogen. Escherichia coli strain
BL21(DE3)pLysS [F– dcm ompT hsdS(rB– mB–) gal (DE3)[pLysS Camr], Novagen.
3.1.1.6 Bacterial culture media
LB medium was prepared by dissolving 10 g tryptone, 5 g yeast extract, and 10 g
NaCl in 1 liter distilled water. The media was sterilized by autoclaving at 121oC for 8
minutes (min). After sterilization, antibiotic was added when needed in order to
select plasmids as follows: ampicillin, 100 mg/ml; chloramphenicol, 34 mg/ml.
LB- agar plate was prepared by adding 15 g/L of agar to LB medium and sterilized
autoclaving as describe above.
SOC medium was used to cultivate E. coli cells for 1 hour after heat shock and
electroshock during transformation. It was prepared by dissolving 2 g tryptone, 5 g
yeast extract, 0.058 g NaCl, 0.0186 g KCl, 0.095 g MgCl2, 0.23 MgSO4 and 0.36 g
glucose in 100 ml distilled water and sterilized at 121 °C with autoclaving for 8 min.
3.1.1.7 Brock’s basal salt medium
Brock’s basal salt medium solutions are listed in Table 3.8.
Table 3.8: Preparation of Brock’s basal salt medium solutions
Content

Concentration

Type

CaCl2.2H2O

70 g/L

Brock I

(NH4)2SO4

130 g/L

Brock II

MgSO4.7H2O

25 g/L

Brock II

KH2PO4

130 g/L

Brock III

Trace Elements (TEs)

100 mL

Brock III

MnCl2.4H2O

3.60 g/L

TEs

Na2B4O7.10H2O

9.0 mg/L

TEs

ZnSO4.7H2O

0.44 g/L

TEs

CuCl2.2H2O

0.10 g/L

TEs

NaMoO4.2H2O

0.06 g/L

TEs

VOSO4.2H2O

0.06 g/L

TEs

CoSO4.7H2O

0.02 g/L

TEs

Na2MoO4

0.06 g/L

TEs

FeCl2

20 g/L

Fe+2-solution
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S. solfataricus Final Brock Liquid Growth Media was prepared as described in Table
3.9.
Table 3.9: S. solfataricus Final Brock Liquid Growth Media.
Solution

Amount for 1 L

Brock I

1 mL

Brock II

10 mL

Brock III

5 mL

Fe2+

1 mL

20% Glucose

100 mL

10% Yeast Extract

15 mL

The pH of S. solfataricus final Brock liquid growth media and solid growth media
need to be adjusted to 3 with H2SO4.
For solid media plates, 6.4 g Gelrite is dissolved in 0.5 L dH2O and autoclaved, then
mixed with 0.5 L autoclaved S. solfataricus final Brock liquid growth media
supported with 0.3 M Ca2+ and Mg2+ and poured in plates.
3.1.1.8 Cloning and expression vectors
pGEM®-T Easy Vector System I
pGEM®-T Vector System I (Promega) is a linearized vector with a T (thymine)
added to both 3'-ends. It is 3015 bp long and it has multiple cloning site located
inside its lacZ gene (Figure 3.3), which is in the lac operon. This construction helps
the use of Blue/White Screening technique, allows for the detection of successful
ligations in vector-based gene cloning. A gene of interest can be inserted into a
plasmid with ligation and then the plasmid is transformed into competent E. coli
cells. The transformation efficiency is not 100% and not all the transformants have
desired gene insert. Therefore, all of the individual colonies have to be checked for
the presence of the insert and it is very time-consuming. The insert detection can be
observed via Blue/White (b/w) screening method, allows for identification of
successful cloning reactions through the color of the bacterial colony. The lacZ
product, β-galactosidase, is a tetramer, and each monomer is made of two parts lacZ-alpha, and lacZ-omega (Jacobson et al., 1994). If the alpha fragment is deleted,
the omega fragment becomes non-functional, however, alpha fragment functionality
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can be restored in via plasmid, this phenomenon is called alpha-complementation.
b/w screening interrupts the alpha-complementation. The lacZα gene can be digested
with restriction endonucleases by the multiple cloning site in pGEM-T Vector,
therefore allowing foreign DNA fragments to be inserted in the lacZα gene, thereby
disrupting the gene and thus production of α-peptide. Hence, the cells containing the
plasmid with an insert are not able to produce β-galactosidase. If an insert does not
interrupt the gene, an active β-galactosidase can be produced and X-gal, a colorless
analog of lactose, can detect it. β-galactosidase is able to hydrolyze X-gal to form a
bright blue insoluble pigment 5,5'-dibromo-4,4'-dichloro-indigo. Thus, the cells not
containing an insert become blue, whereas the ones containing an insert become
white.

Figure 3.3: pGEM-T Easy Vector Map
pET-16b expression vector
The pET-16b is a 5.7 kb expression vector having an N-terminal His•Taq sequence
with a following Factor Xa site and three cloning sites (Figure 3.5). It has an
inducible T7 promoter site, so the host has to have an IPTG inducible T7 polymerase
gene. Therefore, E. coli DH5α cells cannot be used, as it does not have an embedded
T7 polymerase gene. The pET-16b vector also ampicillin resistance gene and lacI
coding sequence, which maintains tight control (Figure 3.4). The Xa site is a serine
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endopeptidase composed of two disulfide-linked subunits, whose specificity makes it
particular useful in cleaving 6xHis tags from engineered His-tagged fusion proteins
after the last amino acid in the sequence Ile-Glu-Gly-Arg.
E. coli BL21(DE3)pLysS strain provides a tight control of protein expression for
expression of toxic proteins and is resistant to chloramphenicol. E. coli
BL21(DE3)pLysS strain is lacks both the lon protease and the ompT membrane
protease which may degrade expressed proteins. BL21(DE3)pLysS is lysogenic for
λ-DE3, which contains the T7 bacteriophage gene I, encoding T7 RNA polymerase
under the control of the lacUV5 promoter in its chromosomal DNA. T7 RNA
polymerase is expressed upon IPTG induction, which induces a high-level protein
expression from T7 promoter driven expression vectors, such as pET vectors.
BL21(DE3)pLysS also contains a plasmid, pLysS. The lacI gene codes for lac
repressor, which represses the lacUV5 promoter, therefore inhibiting the expression
of T7 RNA polymerase. pLysS constitutively expresses low levels of T7 lysozyme,
which reduces basal expression of recombinant gene of interest by suppressing the
possible activity of T7 RNA polymerase but does not interfere with the level of
expression achieved following induction by IPTG. The pLysS plasmid also contains
a chloramphenicol resistant gene, which maintains the plasmid in the cell. If the
protein is toxic to the E. coli cells, the presence of T7 lysozyme increases the
tolerance of the E. coli cells against the toxicity.
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Figure 3.4: pET-16b vector map

Figure 3.5: pET-16b cloning/expression region
pCmalLacS shuttle vector
There are two available selectable markers for Sulfobales species: uracil auxotrophy
and growth on lactose. Growth on lactose selection is very time consuming (7-14
days in liquid medium before plating). The uracil auxotrophic S. solfataricus P1
strain PH1-16, which is the first strain used for the expression of proteins in
Sulfolobus, contains an IS element in the β-galactosidase (lacS) gene that is
necessary for S. solfataricus to grow in minimal medium containing lactose (Leigh et
al., 2011).
For genetic manipulations in prokaryotes and lower eukaryotes, uracil biosynthetic
pathway genes have been successfully used (Vonstein et al., 1995). The toxic
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substrate analogue 5`fluoroorotic acid (5-FOA) can be used to isolate uracil
auxotrophic Sulfolobus strains. These mutants have mutation in their pyrE (orotate
phosphoribosyl transferases) or pyrF (orotidine-5`-phosphate decarboxylase) gene
sequences, of which their enzymes catalyze the last two steps of the uridine
monophosphate de novo synthesis pathway in Sulfolobus. Therefore, mutant strains
are only able to grow when uracil is supplied at 10–20 µg/ml to their growth
medium. As selective medium an uracil free medium is used and the intact pyrEF
genes are supplied as selectable marker genes (Berkner and Lipps, 2008).
Lactose selection or enrichment can also be used for selection. The lacS gene
mutants, which the lacS gene is either inactivated or deleted, are unable to grow on a
medium containing only lactose as sole carbon and energy source. This form of
selection has been used for S. solfataricus and S. islandicus as they are the only
Sulfolobus species that are able to grow on lactose medium (Berkner and Lipps,
2008).
For post-translational modifications or determination of the localization of the
protein in the native host or individual protein is difficult to express in functional
form in mesophilic expression systems, shuttle vectors preferred to express proteins
of interest in the native host. Thus, shuttle vectors are very useful tools for
biotechnological applications, such as for the production of heat shock proteins
(Berkner and Lipps, 2008).
The pRN1 based shuttle vectors, pA-pN, also contain the pyrEF genes as selective
marker for Sulfolobus (Berkner and Lipps, 2008). The vector consists of at least
three parts: a replicon for Sulfolobus, a selectable marker for Sulfolobus and an
origin of replication and a selectable marker for E. coli (Berkner and Lipps, 2008).
The pRN1 plasmid is a small multicopy plasmid, which was isolated from a
Sulfolobus strain by Zillig et al. (Lipps et al., 2001), and it has a small size (~5.4 kb)
(Figure 3.6). It also is the first crenarchaeal plasmid which was sequenced (accession
no. U36383) and it replicates via a rolling circle (Keeling et al., 1996). pRN1
belongs to the archaeal pRN plasmid family, which comprises the plasmids pRN1,
pRN2, pSSVx, pHEN7 and pDL10 (Lipps et al., 2001).
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Figure 3.6: Plasmid map of pRN1 (Lipps, 2009)
The copy number of pRN1 ranges from 10 to 20 in mid-log phase and it has the
genes orf56, orf80 and orf904, which are conserved in other Sulfolobus plasmids and
the numbers indicate the length of the proteins they encode (Berkner et al., 2007). It
has also small and not conserved open reading frames, orf72, orf90a and orf90b,
which are probably not translated into proteins. ORF56 DNA-binding site is an
inverted repeat upstream of its own gene and ORF56 assembles as a tetramer at this
site, down regulating the expression of co-transcript orf56/orf904 (Berkner and
Lipps, 2007; Lipps, 2009). Orf904 is a multifunctional protein, as it encodes the
initiator protein of plasmid replication; it has helicase activity and highly sequencespecific primase activity, and with the co-transcription and negative feedback control
of orf56, orf56 is thought to regulate the copy number of pRN1 (Lipps, 2009; Lipps
et al., 2001). As orf904 has these two characteristics, the replication enzyme could
melt the replication origin and synthesize the primers at the replication bubble
(Lipps, 2009). Apart from pRN plasmid family, the orf80 gene is found in viruses
and conjugative plasmids of Crenarchaeota. Its protein is a sequence specific DNAbinding protein with the palindromic motif of TTAAN7TTAA. ORF80 is shown to
be not essential for plasmid replication (Lipps, 2009).
(Berkner et al., 2007)(Berkner et al., 2007)(Berkner et al., 2007) It was shown that
13 possible shuttle plasmids (pA to pN) with the backbone of pRN1 plasmid, can be
used. The plasmid pC later improved by the addition of maltose inducible promoter
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(mal promoter), and lacS gene, designated pCmalLacS plasmid which is about 10.8
kb (Berkner et al., 2010) (Figure 3.7). pCmalLacS plasmid can be induced with
either maltose or dextrin at concentrations of 0.2-0.4% and the increase in the
expressions could be up to 17 fold after 30-50h of the addition of dextrin (Berkner et
al., 2010).

Figure 3.7: Vector map of the pRN1-based reporter gene shuttle vector pCmalLacS
3.1.2 Methods
3.1.2.1 Basic local alignment search tool (BLAST)
The Basic Local Alignment Search Tool (BLAST) is a program, which compares
nucleotide or protein sequences to sequence databases and calculates the statistical
significance of matches, finds the similarity between sequences. BLAST can be used
to determine evolutionary and functional relationships between sequences. BLAST is
used for protein and nucleotide similarity searches.
3.1.2.2 Conserved domain database (CDD)
Conserved Domain Database is a protein annotation resource that consists of a
collection of well-annotated multiple sequence alignment models for ancient
domains and full-length proteins. CDD is used for conserved domain searches.
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3.1.2.3 Homology modeling
X-ray or NMR structure data of proteins for comparison and modeling were obtained
by Protein Data Bank (Url-1). I-TASSER algorithm (Url-2) was used to obtain a
reliable full-length structure model of SSO2055 protein. PyMOL open source
moleculer visualization tool was used to compare proteins that are homologs of
SSO2055. iPBA was used to compare the protein structures based on similarity in the
conformation (Url-3).
3.1.2.4 Growth of S. solfataricus P2
S. solfataricus is grown at 78°C and pH 3 in Brock’s basal salt medium at 160 rpm in
liquid media at 78°C and pH 3 in Brock’s basal salt medium supplemented with
Gelrite for solid media.
3.1.2.5 DNA isolation
Invitrogen PureLink Genomik DNA Kit is used for DNA isolation from S.
solfataricus P2.
The cells were harvested by centrifugation and resuspended in 180 μl lysozyme
digestion buffer (25 mM Tris-HCl, pH 8.0, 2.5 mM EDTA, 1% Triton X-100),
containing lysozyme (for ~200 μl lysozyme digestion buffer/sample, fresh lysozyme
is added a final lysozyme concentration of 20 mg/ml) and vortexed briefly, then
incubated at 37ºC for 30 minutes. 20 μl Proteinase K was added. 200 μl PureLink™
Genomic Lysis/Binding Buffer is added. The mixture is incubated at 55°C for 30
minutes. 200 μl 96-100% ethanol is added to the lysate and mix by vortexing. The
lysate is added to the PureLink™ Spin Column in a Collection Tube and centrifuge
at 10,000 × g for 1 minute at room temperature. The column is placed into a clean
PureLink™ Collection Tube supplied with the kit. 500 μl Wash Buffer 1 is added to
the column and centrifuged at 10,000 × g for 1 minute at room temperature. The
collection tube is discarded and the spin column is placed into a clean collection
tube. 500 μl Wash Buffer 2 is added and centrifuged at maximum speed for 3
minutes at room temperature. Collection tube is discarded. The spin column is placed
in a sterile 1.5-mL microcentrifuge tube. 30 μl of PureLink™ Genomic Elution
Buffer is added to the column and incubated at room temperature for 1 minute. The
column is centrifuge at maximum speed for 1.5 minutes at room temperature.
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3.1.2.6 Plasmid isolation
Qiagen QIAPrep Spin Miniprep Kit is used for plasmid isolation.
One single colony of E. coli BL21(DE3)pLysS or DH5α cells from overnighted plate
was taken into 5 ml LB medium containing the appropriate antibiotic (100 µg ml-1
ampicillin and/or 35 µg ml-1 chloramphenicol). Then, it was incubated for 16 h. at
37oC with shaking at 225-250 rpm. The bacterial cells from 5 mL of E. coli DH5α
culture is centrifuged for 10 min at 5000 rpm. and the supernatant is discarded. 250
µl Suspension Buffer + RNase Buffer is added to the centrifuge tube containing the
bacterial pellet. The bacterial pellet is resuspended and mixed. 250 µl Lysis Buffer is
added and mixed gently by inverting the tube 3 to 6 times and incubate for 5 min
max at room temperature. 350 µl cold Binding Buffer is added and mixed gently by
inverting the tube 3 to 6 times. The mixture is incubated on ice for 5 min. The
solution is centrifuged for 10 min at 13,000 x g (full speed) in a tabletop
microcentrifuge. High Pure Filter Tube is inserted into a Collection Tube and the
entire supernatant is transferred into upper buffer reservoir of the Filter Tube and
centrifuged for 1 min at full speed. Filter Tube from the Collection Tube is removed
and flow through liquid is discarded, and the Filter Tube is inserted in the same
Collection Tube. 700 µl Wash Buffer II is added to the upper reservoir of the Filter
Tube and centrifuged for 1 min at full speed and the flow through is discarded. The
entire High Pure tube is centrifuged again for 1 min and the Filter Tube is inserted
into a clean, sterile 1.5 ml microcentrifuge tube. 30 µl Elution Buffer or double
distilled water (pH adjusted to 8.0 - 8.5) is added to the upper reservoir of the Filter
Tube and the tube incubated for 10 min at room temperature. The tube is centrifuged
for 1 min at full speed. Afterwards, isolated plasmid DNA was stored at -20oC.
To isolate plasmids from S. solfataricus P2, 10 µl cell form -80oC cell stock is taken
into 20 ml brock’s medium for 3 days (see section 3.1.2.4 fro growth conditions).
Cells from 20 mL of culture is centrifuged for 10 min at 5000 rpm. Other steps are
applied as bacterial plasmid isolation protocol.
3.1.2.7 Polimerase chain reaction (PCR)
In order to amplify sso2055 gene, following PCR reaction and PCR program were
applied.
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Table 3.10: PCR reaction set up for sso2055 gene cloning
Content

Volume

Template vector

50 – 100 ng

Forward primer (25 µM)

0.5 µl

Reverse primer (25 µM)

0.5 µl

10X DreamTaq Buffer

2.5 µl

dNTP (2mM)

2.5 µl

DreamTaq DNA polymerase (2.5u/µl)

0.5 µl

dH2O

Up tp 25 µl

Total reaction:

25 µl

Table 3.11: PCR program for amplification
Temperature

Time

Initial denaturation

95 oC

2 min

Denaturation

95 oC

30 seconds (sec)

Annealing

Depends

on 30 sec
35 cycles
each

primer
temperature
(Appendix C)
Extension

72 oC

30

sec

to

1

min

(depends on amplicon)
Final extension

72 oC

5 min

3.1.2.8 Agarose gel electrophoresis
To separate DNA fragments based on their size, agarose gel electrophoresis is used.
In this project, 1 % or 1,5 % agarose gels were used to estimate the size of DNA
molecules following PCR reaction and restriction enzyme digestion.
To prepare 1 % agarose gel, 1 g agarose was dissolved in 50 ml (small gel) 1x TBE
(Tris/Borate/EDTA) or 1x TAE (Tris/Acetic Acid/EDTA) buffer. The agarose was
solubilized by heating until the agarose was completely dissolved. Gel was cooled to
≤ 45ºC and ethidium bromide was added to a final concentration of 0.5 µg/ ml and
mixed through gentle swirling. The agarose gel was then poured into a horizontal gel
tray, and a comb for forming the sample slots was placed into the gel. Approximately
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15 min later the gel was solidified and then placed into an electrophoresis tank,
where the gel was covered with 1x TBE buffer. The DNA was mixed with 6x
loading dye in the proportion of 5:1 and the sample was placed into a well on the
agarose gel. Electrophoretic separation was achieved by constant voltage at 100 V
for 30 min. DNA within agarose gels were visualized under UV light The size of the
DNA was determined by comparing their mobility with the fragments of the DNA
ladder.
3.1.2.9 Purification of PCR product
Qiagen QIAquick PCR Purification Kit is used for PCR purifications.
After PCR and digestion steps, an additionally purification step was applied to
remove all enzymatic reactions from DNA. To purify for 1 volume of PCR product,
5 volumes of binding buffer (3 M guanidine-thiocyanate, 10 mM Tris-HCl, 5%
ethanol (v/v), 2 mg RNase) were added to the sample. One QIAquick spin column is
inserted into one Collection Tube and the mixture is transferred into the upper
reservoir of the Filter Tube. The tube is centrifuge for 1 min at maximum speed in a
tabletop centrifuge at room temperature. The flow through solution is discarded and
the Filter Tube is reconnected to the same Collection Tube. 2 volume of Wash Buffer
(20 mM NaCl, 2 mM Tris-HCl, 80% ethanol) is added and centrifuged for 1 min at
maximum speed. The flow through solution and Collection Tube are discarded. The
Filter Tube is inserted into a clean 1.5 ml microcentrifuge tube. 30 µl of Elution
Buffer (10 mM Tris-HCl, pH 8.5) is added to the upper reservoir of the Filter Tube
and centrifuged for 1 min at maximum speed.
3.1.2.10 Determination of DNA concentration
Recovery,

purity

and

concentration

of

nucleic

acids

were

determined

spectrophotometrically with NanoDrop 2000. The ratio of absorptions at 260 nm vs
280 nm is commonly used to assess the purity of DNA with respect to protein
contamination, since protein (in particular, the aromatic amino acids) tends to absorb
at 280 nm. According to the literature, the ratio of absorbance (A260/A280) of a pure
DNA solution is between 1.8 and 2.0. As protein contamination increases, the ratio
decreases.
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3.1.2.11 Restriction enzyme digestion
Restriction enzymes used in this study were NcoI and EagI for cloning vector
pGEM-T easy and pCmalLacs; NdeI and BamHI-HF for expression vector pET-16b.
Plasmid vectors and insert were cut at 37oC for 3 - 4 hours with 1x buffer (#3) or
buffer(#4) (supplied by the manufacturer). Restriction reaction was completed by
inactivation at 65oC for 20 min and then DNA was purified from restriction mixture
by using QIAquick PCR purification kit. Restriction reaction mixtures are given in
table 3.12.
Table 3.12: Restriction reaction mixture
Content

Amount

Volume

Plasmid Vector (pGEM-T ~3 µg

Depends

easy)

10 - 20 units

concentration

NcoI

10 - 20 units

1 - 2 µl

EagI

1X

1 - 2 µl

Buffer (#3)

1.5 µl

dH2O

Up to 15 ul

Total Reaction Volume

15 µl

Plasmid Vector (pET-16b)

~3 µg

Depends

NdeI

10 - 20 units

concentration

BamHI-HF

10 - 20 units

1 - 2 µl

Buffer (#4)

1X

1 - 2 µl

on

on

1.5 µl

dH2O

Up to 15 ul
15 µl

Total Reaction Volume
3.1.2.12 Gel extraction

The digested vectors and insert are run on agarose gel for conformation and gel
extraction. The DNA fragments from the agarose gel are cut with a scalpel and
weighed the in a colorless tube. 3 volumes of Buffer QG is added to 1 volume of gel
(for 100 mg of gel, 300 μl of Buffer QG is added) and incubated at 50°C until the gel
slice has completely dissolved, and mixed by vortexing the tube every 2–3 min
during the incubation. After the gel slice has dissolved completely, 1 gel volume of
isopropanol is added to the sample and mix. QIAquick spin column is placed in a
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provided 2 ml collection tube. The sample is put to the QIAquick column for DNA
binding, and centrifuged for 1 min. The flow-through is discarded and QIAquick
column is placed back in the same collection tube. 0.5 ml of Buffer QG is added to
QIAquick column and centrifuged for 1 min. For washing, 0.75 ml of Buffer PE is
added to QIAquick column and centrifuged for 1 min. The flow-through is discarded
and the QIAquick column is centrifuged for an additional 1 min at 13,000 g. The
QIAquick column is put into a clean 1.5 ml microcentrifuge tube. In addition, eluted
with Buffer EB (10 mM Tris·Cl, pH 8.5) or water (pH 7.0–8.5) to 30 μl with 1 min
centrifugation.
3.1.2.13 Ligation
The insert sso2055 was ligated to cleaved expression vectors and cloning vector
(pET-16b, pCmallacS and pGEM-T easy, respectively) by T4 ligase. The ratio of
vector and DNA fragment 1:3 (vector versus insert DNA) was used in ligation
processes.
Ligation was performed overnight at room temperature. After overnight incubation,
T4 DNA ligase was inactivated by incubation for 10 min at 65°C. Ligation reaction
mixture is shown in Table 3.13 was used.
Table 3.13 Ligation reaction mixtures
Content

Amount

Volume

Plasmid vector

30 ng

Depends on concentration

Insert DNA

90 ng

Depends on concentration

10 X T4 Buffer

1X

1,5 µl

T4 Ligase

1 unit

1 µl
up to15 µl

dH2O
Total

15 µl

Reaction

Volume
3.1.2.14 Competent cell preparation- CaCl2 method
Competent cells were prepared according to the following protocol:
E.coli – DH5α or E.coli-BL21(DE3)LysS cells were taken from a glycerol stock
culture by scraping with a tip and it was directly put in a falcon containing 5 ml LB
medium and incubated overnight at 37°C in an orbital shaker.The following day, 100
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ml LB medium was inoculated with 5 ml of overnight culture solution and was
incubated at 37°C in an orbital shaker. Cell density was measured several times by a
spectrophotometer at OD600. When the OD600 reached to 0.6 the bacteria were
transferred to 50 ml prechilled sterile ultracentrifuge tubes and incubated on ice for
10 min. The cells were spun down at 1600 x g for 7 min at 4ºC, the supernatant was
discarded. Each bacterial pellet was resuspended in 10 ml ice-cold CaCl2 and
centrifuged for 5 min at 1600 x g at 4ºC, the supernatant was discarded. Each
bacterial pellet was resuspended in 10 ml ice-cold CaCl2 and they were incubated on
ice for 30 min. Centrifugation was performed again at 1600 x g for 5 min at 4ºC.
Each pellet was resuspended completely in 2 ml of CaCl2. The competent cells were
distributed into prechilled sterile microfuge tubes each contains 50 μl and they were
stored at – 80ºC. For 50 ml CaCl2 solution following contents with mentioned
concentrations and amounts in Table 3.14 were used.
Table 3.14: CaCl2 solution preparation
Content

Concentration Amount

CaCl2.2H2O

60 mM

0.442 g

Glycerol

15 %

7.5 ml (from 100

dH2O

X

%)
up to 50 ml

3.1.2.15 Electrocompetent method for S. solfataricus P2
Competent cells were prepared according to the following protocol:
Cells are taken from a glycerol stock culture by scraping with a tip and it was
directly put in a falcon containing 25 ml brock’s medium and incubated 3 days.
When optical density of culture is ~1.0 at 600 nm, the culture is cooled on ice at least
15 min. Then, culture is spinned for 10 min at 3000 rpm and discarded supernant.
Pellet is resuspended in 20 ml cold 20 mM 20% sucrose with pipette and centrifuged
for 10 min. This step is repeated for 4 times by using 25, 10, 1 and 0.4 ml cold
sucrose in resuspestion step. After final resuspesion step, cells were kept on ice and
ready to electroporation process by the addition of proper amount of DNA.
Electrocompetent cells should be used freshly after electocompetent cells are
prepared.
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3.1.2.16 Transformation of competent bacterial cells
To introduce the DNA into the host following protocol was applied;
The competent cells were taken from –80oC and were thawed on ice. 2 μl of purified
plasmid DNA or 15 μl of ligation mixture was added to 20 μl of competent cells and
the eppendorf tube containing the cells was incubated on ice for 30 min. Then, heat
shock was done by putting the cells in water bath at 42o C for 45 sec and they were
then immediately incubated on ice for 2 min. 80 μl of SOC medium was added to
competent cells and the eppendorf tube was vigorously shaked at 37o C for 1 hour.
The cells were then spread onto LB plate containing the appropriate antibiotic
(ampicillin or and chloramphenicol). The plates were incubated at 37o C overnight.
3.1.2.17 Transformation of electrocompetent S. solfataricus P2
To introduce the DNA into the S. solfatariucs P2 following protocol was applied;
4 μl of purified plasmid DNA is added to 50 μl of competent cells in cold
electroporation cuvette (0.1 cm). DNA amounts are generally used from 100 ng to 1
μg. Then, 1800 V is applied to the cuvette and 1 ml of hot (78oC) brock’s medium is
immediately added to the mixture. After, the culture is incubated at 78oC for one
hour, the cells are spread onto solid plate (plate preparation are described in section
3.1.1.1). Then plates are incubated at 78o C for 3 days. To prevent the evaporation of
water from plates, plates should be placed into incubator in which humidity is at least
90%.
3.1.2.18 Colony PCR
After transformation of ligated plasmids, colony PCR was performed to be sure of
selecting right colonies which were carrying inserts.
10 µl of sterile dH2O was put into PCR tubes for each colony that was taken from the
replica plate by sterile tips and incubated at room temperature for 5 min to drop into
water. Tubes containing water and a piece of colony were incubated at 85oC for 5
min to blow up cells and release plasmids. Then, PCR mixture mentioned in table
3.15 was added into tubes. The PCR program was the same as given before in Table
3.11.
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Table 3.15: Colony PCR reaction
Content
Template + water
Forward
primer
Reverse
primer
(25
10XµM)
Taq Buffer
(25
µM)
dNTP
mix (2 mM)
Taq polymerase
dH2O
Total reaction

Volume
10 µl
0.5 µl
0.5 µl
2.5 µl
2.5 µl
0.3 µl
8.7 µl
25 µl

3.1.2.19 Expression of SSO2055 protein
pET-16b vector with cloned sso2055 gene was transformed into BL21(DE3)pLysS
competent cells, they were spread on LB agar plate containing ampicillin and
chloramphenicol and incubated overnight at 37oC. The next day, a single colony
from each plate was taken into 5 ml LB media (with ampicillin and chloramphenicol)
in falcon tube and left for 12 hour growth at vigorous shaking at 37oC. Then, 1 ml of
overnight culture was diluted with LB media and placed into 350 ml LB media.
Culture was incubated with shaking at 37°C for 13 hours. The culture was
centrifuged at 5000 rpm for 10 minute. Finally, pellets of the 350 mL culture were
stored at −80°C.
3.1.2.20 SDS-polyacrylamide gel electrophoresis of proteins (SDS-PAGE)
Tricine/polyacrylamide gel with 15 % acrylamide concentration was prepared for
expressed SSO2055 which was expected to be around 17-23 kDa. Preparations of
each part of gels were mentioned below:
Table 3.16 : 15 % separating gel solution (10ml)
Contents

Volume

40% acrylamide bisacrylamide

3.75 ml

Tris-HCl (pH 8.8, 1.2 M)

3.125 ml

10% SDS

100 µl

10 % APS

100 µl

TEMED

5 µl

dH20

2.925 ml
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Table 3.17 : 5 % separating gel solution (4 ml)
Contents

Volume

40% acrylamide bisacrylamide

0.5 ml

Tris-HCl (pH 6.8, 1.5M)

0.333 ml

10% SDS

40 µl

10 % APS

40 µl

TEMED

5 µl

dH20

3.086 ml

The separating gel solution was applied into the gel cassette up to ± 6.5 cm, and, the
last ± 2.5 cm of the cassette was filled with isopropanol, immediately. After the gel
was polymerized for at least 3 min, the isopropanol was carefully removed by filter
papers. The stacking gel solution was directly poured into the gel cassette, and the
gel comb was placed to form the slots. The stacking gel was polymerized for at least
1 h.
The samples, which were denaturated for 5 min at 95ºC, were loaded on the SDS
PAGE gel. As molecular weight marker, Unstained Protein Molecular Weight
Marker (Thermo Scientific), containing 7 unstained protein bands in the range of
14.4-116 kDa, was loaded on the gel.
Electrophoresis was carried out in anode and cathode buffers at constant 100 V.
After electrophoresis, SDS-PAGE was stained in CBB stain solution. To reduce the
time gel heated in a microwave oven for ~30 sec then placed on a shaker and then, it
was destained in destain solution.
3.1.2.21 Preparation of cell extract
Soluble cell extract was prepared by lysozyme treatment and sonication. The steps
for cell extract were applied as the following; cell pellet from 350 ml culture was
suspended with resuspension buffer. Then, cells were treated with lysosyme (0.2
mg/ml), DNase I (0.15 mg/ml) and several protease inhibitors [PMSF (0.5 mM),
leupeptin (5 g/mL), aprotinin (2.5 g/mL) and pepstatin A (1 g/mL)]. This
mixture was incubated on ice for 30 minute. Then, sonication process was applied 5
min. (20 sec bursts and 10 sec pauses) on ice. Finally, lysate was cleared by
centrifugation for 10 minute, at 10.000 rpm and 4oC.
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3.1.2.22 Heat treatment of soluble cell extracts
To eliminate heat unstable proteins from cell extracts, heat treatment was applied to
the soluble fraction of cell lysate after procedure mentioned in section 3.1.2.20.
Sample was heated in water bath for 20 min (up to 1 h) at 90oC. Then, unsoluble
proteins was removed by centrifugation for 20 min at 10.000 rpm and 4oC.
3.1.2.23 Nİ-NTA purification of 6xHis tagged SSO2055 protein
Purification protocol of recombinant proteins was applied as follows; protein sample
(~7 ml) after heat treatment from 350 ml cell growth was concentrated and dialyzed
in lysis buffer. 350 µl of 50% Ni-NTA agarose was added to lysates and the mixture
was gently mixed for an hour in eppendorf tubes at +4oC. Then it was poured into
column and flow through was transferred to fresh tubes for SDS-PAGE analysis. The
resin was washed appropriate times with 1 ml of wash buffer (for buffer content see
section 3.1.1.4.3 ) until sample does not change the colour of Bradford reagent.
Finally, the protein was eluted appropriate times times with 300 µl elution buffer (see
section 3.1.1.4.3 )
3.1.2.24 Ion-exchange chromatography
Since Ni-NTA affinity purification does not give pure protein result for SSO2055,
we used ion-exchange chromatography for further purification.
DEAE Sephacel is an anion exchanger based on beaded form of cellulose. In this
column process, negatively charged molecules are attracted to positively charged
beads (DEAE) which are ion-exchanger groups. Before starting purification, column
was always cleared with 4 column volumes of 2 M NaCl solution, 2 column volumes
of 50% EtOH, and 2 column volumes of dH2O, respectively. This cleaning process
was applied to remove hydrophobically bound proteins, lipoproteins and lipids and
also to prevent contamination. Before running, column was equilibrated with 5
column volumes of Buffer A (see section 3.1.1.4.3 ). After the equilibration step,
soluble cell extract was loaded on DEAE Sephacel column. Then, the column was
washed with ~4 column volumes of buffer A to remove nonspecifically bound
proteins. Then, SSO2055 protein was eluted with 100 ml of Buffer B (see section
3.1.1.4.3 ).
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3.1.2.25 SSO2055 protein activity assay
Oxidoreductase activity of SSO2055 protein was measured by using NAD(P)H and
FAD or FMN coupled assay. SSO2055 activity was determined at temperature
between 30°C to 140°C by measuring the decrease in absorbance at 340 nm due to
the oxidation of NAD(P)H.
The reaction mixture contained 100 mM appropriate buffer: citrate-phosphate buffer
(pH 4.5, 5.0, 5.5, 6.0, 6.5, 7.0, 7.5); potassium-phosphate buffer (pH 6.5, 7.0, 7.5,
8.0, 8.5); Tris-HCl (pH 7.5, 8.0, 8.5, 9.0); glycine-NaOH buffer (9.0, 9.5, 10.0, 10.5,
11.0), 0.01 mM FMN or FAD, 0.5 mM NAD(P)H, and the enzyme in a total volume
of 0.2 ml. One unit of enzyme activity was defined as the amount of enzyme that
consumed 1µmol of NAD(P)H per minute.
Enzyme assay was performed by using Biorad Benchmark Plus microplate
spectrophotometer. The assays were carried out in a 200 μl sample reaction for 10
min. In addition, an autohydrolysis reaction was also carried out which is devoid of
protein. Protein concentration was determined by the method of Bradford using a
Bio-Rad protein assay reagent with bovine serum albumin as a standard protein.
To calculate the activity, initially absorbance data was plotted and slope was
calculated using linear regression equation. Then, slope of the autohydrolysis
reaction was subtracted from slope of the reaction. As a result, activity was
determined as following equation.
Volume activity [

]=-

(OD/min) x Vt x 6.22-1 x df-1 x Vs

Weight activity (U/mg) = (U/ml) x c-1
Vt is total volume (0.2 ml); Vs is Sample volume (1 µl); 6.22 is milimolar extinction
coefficient of NADH; df is light path (0.522); c is enzyme concentration in solution
(mg / ml).
3.2 Results
3.2.1 Identification of dszD gene in S. solfataricus
We assessed that with further development of the applied experimental conditions,
improved rates for organic sulfur usage will be obtained. Yet, the desulfurization
pathway of S. solfataricus has not been defined. One known class of desulfurizing
bacteria, Rhodococcus, uses thiophenic-ring scission (4S) desulfurization pathway
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which expresses dszABC genes from an operon in the presence of organic sulfur.
dszD gene, also known as flavin reductase is simultaneously expressed in the
utilization of organic sulfur molecules to enhance the rate of desulfurization (Folsom
et al., 1999). Since the complete genome of S. solfataricus P2 is available (She et al.,
2001), through preliminary bioinformatics applications using known desulfurizing
bacterial genomes we found out that there is only one candidate gene, sso2055
(accession no. NP_343450), which codes a protein that has an unknown function, in
the S. solfataricus P2 genome. Amino acid sequence alignment result showed that
the protein coded by the sso2055 (nucleotide accession locus NC_002754.1, Region
1874110..1874577; Gene ID: 1453567; protein accession no: NP_343450) gene from
S. solfataricus shares 33% and 31% similarity with that of the dszD from
Mycobacterium phlei and Rhodococcus erythropolis PR4, respectively, and 65%
similarity with NADH-dependent FMN oxydoreductase from Sulfolobus tokodaii str.
7 as shown in Figure 3.3.

Figure 3.8: Amino acid sequence alignment of flavin oxidoreductase proteins.
The amino acid sequence for the dszD gene of M. phlei is;
MSAIDLSPSTLREAFGHFPSGVIAIAAEVEGVRVGLAASTFVPVSLDPPLVSFC
VQNTSETWPKLRDLPALGISVLGEAHDVAARTLAAKTGDRFAGLETVSRDS
GALFIEGTSVWLESSVEQLVPAGDHTIVILRVLDITMNPEVAPIVFHRSTFRRL
GTA
This amino acid sequence shares 33% identitiy and gives 49% similarity result with
SSO2055.
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The amino acid sequence for the dszD gene of R. erythropolis PR4 is;
MSDKPNAVSSHTTPDVPEVAATPELSTGICAGDYRAALRRHPAGVTVVTLDS
GTGPVGFTATSFSSVSLEPPLVSFNIAETSSSINALKAAESLVIHLLGEHQQHL
AQRFARSADQRFADESLWAVLDTGEPVLHGTPSWMRVKVDQLIPVGDHTL
VIGLVTRVHAEEDDESAAAPLLYHEGKYYRPTPLGQ
This amino acid sequence shares 31% identitiy and gives 50% similarity result with
SSO2055.
The amino acid sequence for the NADH-dependent FMN oxydoreductase of
Sulfolobus tokodaii str. 7 is;
MAEVIKSIMRKFPLGVAIVTTNWKGELVGMTVNTFNSLSLNPPLVSFFADRM
KGNDIPYKESKYFVVNFTDNEELFNIFALKPVKERFREIKYKEGIGGCPILYDS
YAYIEAKLYDTIDVGDHSIIVGEVIDGYQIRDNFTPLVYMNRKYYKLSSL
This amino acid sequence shares 65% identity and gives 81% identity results with
SSO2055. Conserved domain analysis also revealed that SSO2055 belongs to the
superfamily of flavin reductases. Figure 3.8 shows the highly conserved regions for
the flavin reductase family, which are also found in the predicted DszD protein of S.
solfataricus, as
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PPLV45 and

121

GDHT124 (amino acid numbering is based on

SSO2055 protein sequence). No further sequence homology was determined for the
other dsz genes in S. solfataricus P2 genome.
3.2.2 Homology modelling
I-TASSER (Url-2), a protein structure prediction algorithm, was used to construct a
model structure of SSO2055. The model built in this way exhibits a high structural
similarity with the NADH-dependent FMN oxydoreductase of Sulfolobus tokodaii
str. 7 (pdb accession no. 2D38). Since X-ray or NMR structure of dszD belongs to
the R. erythropolis PR4 and M. phlei were not exist, 3D-structure homology
comparison was analyzed by using 2D38. Protein structures were superimposed
using pymol and iPBA tool for structural alignments and visualisation of proteins
(Figure 3.9). RMSD (root mean square deviation) values, GDT-TS (global distance
test total score) and the fraction of aligned residues were calculated at the server
(URL-3). The results showed that, RMSD is low (1.50 Ao) with 98.09% of the
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residues aligned, the two proteins have related protein folds. As expected, GDT-TS
is also high (76.15).

Figure 3.9: Predicted 3D structure of sso2055 protein. Green model, sso2055,
blue model, NADH-dependent FMN oxydoreductase of Sulfolobus
tokodaii str. 7
3.2.3 Isolation of SSO2055 gene from S. solfataricus P2
sso2055 gene (500 bp) was amplified from purified S. solfataricus P2 DNA with
PCR. The resultant PCR products were run on agarose gel and the expected DNA
fragments were detected (Figure 3.10). Following PCR, DNA fragments were
purified with QIAquick PCR purification kit.
M

1

500 bp

Figure 3.10: PCR amplification of sso2055. M) Marker 1) sso2055
3.2.4 Cloning of sso2055 gene to pGEM-T easy vector
Amplified PCR pruducts were prepared to be inserted into pGEM-T easy bacterial
cloning vector. After enzyme cleavage, restricted products were purified by
QIAquick PCR purification kit. Ligation procedure was performed with Roche T4
DNA ligase overnight at room temperature and the ligation mixture was then
transformed into competent DH55α cells. Transformed colonies were selected from
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selective antibiotic (ampicillin) plates and colonies including sso2055 were checked
with colony PCR using forward and reverse primers of the vector to verify accuracy.
Agarose gel results indicated that the insert were successfully ligated into vector
(Figure 3.11).
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Figure 3.11: Colony PCR result of pGEM-T easy and sso2055 ligation. M) marker,
lanes 1 to 17) pcr of random colonies.
After confirming the success of ligation, the remaining colony that was used in
colony PCR, was selected and plasmid purification procedure was performed to
collect plasmids. Collected plasmid DNA was subjected to sequence analysis to
confirm inframe insertion and correct orientation. To confirm before suquence
analysis, collected plasmid was checked with restriction enzyme digestion (NcoI and
EagI) (Figure 3.12).
2
M

M
1

3
pGEM-T
Easy ~ 3kb

~ 500 bp

Figure 3.12: Digestion of pGEM-T Easy + sso2055 . M) Marker 1) digested
products
3.2.5 Cloning of sso2055 gene to pET-16b bacterial expression vector
Amplified PCR pruducts by using pET-16bFor and pET-16bRev (see Appendix C.)
were designed to be inserted into pET-16b bacterial expression vector. After enzyme
cleavage, restricted products were purified by QIAquick PCR purification kit.
Ligation procedure was performed with Roche T4 DNA ligase overnight at room
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temperature and the ligation mixture was then transformed into competent DH55α
cells. Transformed colonies were selected from selective antibiotic (ampicillin)
plates and colonies including sso2055 were checked with colony PCR using forward
and reverse primers of the vector to verify accuracy. The resultant PCR products
were run on agarose gel and the expected DNA fragments were detected (Figure
3.13).
M
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4

~ 500 bp

Figure 3.13: Colony PCR result of ET-16b easy and sso2055 ligation. M) marker,
*lanes 1 to 4) pcr of random colonies.
Following PCR, DNA fragments were2 purified
PCR purification kit
M with QIAquick
3
and digested with appropriate restriction enzymes (NdeI and BamHI-HF) (Figure
3.14).
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pGEM-T
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~ 500 bp

Figure 3.14: Digestion of pGEM-T Easy + sso2055 . M) Marker lane 2 and 5)
digested products lane 1,3 and 4) undigested plasmids.
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3.2.6 Expression of SSO2055 protein in pET-16b vector
In order to express SSO2055 protein, obtained construct of pET-16b + sso2055 was
transformed into expression strain of E.coli BL21 (DE3)pLysS. A colony was picked
from LB agar plate containing the selective antibiotic and dropped into LB medium.
When OD600 reached 0.8, final concentration of 0.5 mM IPTG was added to bacterial
culture growing in LB at 37oC to induce protein expression.
In order to determine the effect of sso2055 on E.coli BL21 (DE3)pLysS, the growth
curve of uninduced, induced and wild type cells were analyzed. Figure 3.15 shows
that growth curves obtained from IPTG induced or uninduced cells were same as
wild type E. coli BL21(DE3)pLysS.
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To determine the expression of SSO2055 with IPTG induction, total cell lysate were
analyzed by SDS-PAGE method. The results showed that IPTG induction gives a
waived band around 21 kDa (Figure 3.16). This may be due to the toxic efects or
overproduction of SSO2055 that can lead to aggregation of the protein.
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M

1

2

21 kDa

Figure 3.16: SDS-PAGE analysis of total protein samples for SSO2055
expression. M) Marker, 1) induced cells, 2) uninduced cells.
To overcome this problem, IPTG gradient from 0.1 mM to 1 mM were applied to the
growing cells at 25 oC and 37oC. However, all the IPTG concentration gave the same
result and led to the aggregation of SSO2055. Protein samples were obtained from
cell pellets and soluble fractions loaded into 15% Tricine/polyacrylamide gel (Figure.
3.17 and 3.18).
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Figure 3.17: SDS- PAGE analysis of total protein samples for SSO2055
expression. M) Marker 1) 1 mM IPTG at 25 oC, 2) 0.5 mM IPTG
at 25 oC 3) 0.1 mM IPTG at 25 oC, 4) 1 mM IPTG at 37 oC, 5) 0.5
mM IPTG at 37 oC, 6) 0.1 mM IPTG at 37 oC, 7) uninduced at 25
o
C 8) uninduced at 37 oC
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Figure 3.18:SDS-PAGE analysis of soluble protein samples for SSO2055
expression. M) Marker 1) uninduced at 25 oC, 2) 0.1 mM IPTG at 25
o
C, 3) 0.5 mM IPTG at 25 oC, 4) 1 mM IPTG at 25 oC, 5) 0.1 mM
IPTG at 37 oC, 6) 0.5 mM IPTG at 37 oC, 7) 1 mM IPTG at 37 oC, 8)
uninduced at 37 oC.
To overexpress and solubilize the SSO2055 product, cells were grown for 12 h and 1
ml aliquotwere transferred into 350 ml fresh medium. Although IPTG was not added
to the medium, growing time was prolonged to 13 h to decrease fast overproduction.
Protein samples were obtained from cell pellets and soluble fractions loaded into
15% Tricine/polyacrylamide gel (Figure. 3.19 and 3.20).
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Figure 3.19: SDS-PAGE analysis of total protein samples for SSO2055
expression.M) Marker, 1) overnighed cells, lane 2 to 9) overexpression without IPTG induction.
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21 kDa

Figure 3.20: SDS-PAGE analysis of soluble protein samples of SSO2055
expression. M) Marker 1) over-expression without IPTG
induction, 2) IPTG induction.
3.2.7

Purification of SSO2055

All purification steps were given in detail in the Materials and Methods part. At each
purification step, the samples were taken and were further analyzed by SDS-PAGE
method (see Figure 3.21, 3.22 and 3.23).
Protein bands seen in heat treated fraction represents heat stable proteins belonging
to E. coli and SSO2055.

1

2

M

21 kDa

Figure 3.21: SDS-PAGE analysis of heat treatment. M) Marker, 1) heat stable
proteins after heat treatment at 90oC for 20 min., 2) proteins before
heat treatment.
68

When heat stable fraction was apllied to the Ni-NTA agarose, high amount of
contaminant proteins and low amount of SSO2055 were observed in the elution
fraction. It was observed that high amount of SSO2055 could not bind to the Ni-NTA
when all fractions analyzed by SDS-PAGE (Figure 3.22).
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Figure 3.22: SDS- PAGE analysis of Ni-NTA purification for heat stable protein
sample. M) Marker 1) Flow through (unbound proteins) 2) 3rd wash
3) 4th wash 4) 1st elution 5) 2nd elution.
It can be seen that high amount of SSO2055 protein did not bind to Ni-NTA.
Although SSO2055 was obtained in the elution fraction, high amount of different
proteins also exist in all of the fractions. Flow through and elution fractions were
applied to enzyme activity assay to check if SSO2055 was exist, or not. Results
showed that both of the fractions gave the positive result for the NADH and FMN
containing assay. When only the NADH was used as an electron donor without FMN
or FAD, only flow through showed the enzymatic activity. However, elution did not
give the oxidation reaction without an electron acceptor (FMN or FAD).
To increase the binding capacity of SSO2055 to the Ni-NTA beads, NaCl
concentrations of buffers was increased from 300 mM to 1 M and 2 M to decrease
the ionic interactions of proteins in the sample. 20% glycerol was also added to the
Ni-NTA buffers to prevent the hydrophobic interactions of proteins. However, none
of these changes provide any yield in the purification of SSO2055.
The unbound or heat treated proteins were applied to the ion-excange
chromatography to eliminate other contaminants from the sample. Since SSO2055 is
negatively charged at pH 6.0 (its type of charge was determined with trials by ion-
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exhnage), it was purified with a salt gradient (Figure 3.23). SDS-PAGE analysis of
purified protein sample is shown in Figure 3.24.

SSO2055

Negatively charged
proteins

Positively charged
proteins

Figure 3.23: Ion-exchange chromatography results. Blue line) absorbance
values of proteins (A280), red line) salinity (mS/cm).
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Figure 3.24: SDS- PAGE analysis of ion-exchange fractions. M) Marker, 1)
SSO2055, 2) empty, 3) negatively charged heat stable proteins.
3.2.8

Enzyme activity assay

The substrate utilization of sso2055 was analyzed by measuring SSO2055
activity with FMN or FAD as the electron acceptor and NADH or NADPH as
the electron donor. When FAD served as the electron acceptor of NADH, the
specific activity was high at almost all pH values. Enzyme activity could not be
measured except Glycine-NaOH buffer at pH 9.0 when NADPH was used as the
electron donor instead of NADH (Table 3.1).
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Table 3.18: SSO2055 activities with different substrates
Substratea
NADH + FMN
NADH + FAD
NADPH + FMN
NADPH + FAD

Specific activity (U mg-1)
34.05 ± 0.84
40.04 ± 3.13
0.55 ± 2.72
3.05 ± 3.45

a

All samples were assayed in 100 mM Glycine-NaOH buffer (pH 9.0) at 80oC, and the
protein concentration was 0.5 µg/mg. Substrate concentrations were 10 µM for FMN or FAD, and
500 µM for NADH or NADPH.

The optimal pH for SSO2055 was determined as 6.5 by measuring the enzyme
activity in 100 mM of different buffers at varying pH with FMN as the electron
acceptor and NADH as the electron donor (Figure 3.25).
NADH:FMN
46,3

Activity (U/mg)

36,3

26,3

16,3

6,3

-3,7
4

5

6

7

8

9

10

11

pH
Figure 3.25: Effects of pH on the activity of SSO2055. Substrates were NADH
and FMN. Blue line, citrate–phosphate buffer; orange line,
potassium–phosphate buffer; green line, Tris–HCl buffer; purple
line, glycine–NaOH buffers. Error bars represent standard deviation
from three or more experiments.
Enzyme activities were measured also with NADH-FAD coupled assay at different
pH values. When FAD served as the electron acceptor of NADH, the specific activity
was higher (43.6 U/mg) than that of FMN as the electron acceptor (38.4 U/mg). The
activity patterns obtained were similar (Figure 3.26 and Figure 3.27).
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Figure 3.26:Effects of pH on the activity of SSO2055. Substrates were NADH
and FAD. Blue line, citrate–phosphate buffer; orange line,
potassium–phosphate buffer; green line, Tris–HCl buffer; purple
line, glycine–NaOH buffers. Error bars represent standard deviation
from three or more experiments.
Although activities of SO2055 was also examined when FMN or FAD as electron
acceptor, and NAD(P)H as electron donor, significant activities could not be
measured (data not shown).
The activity profile of SSO2055 as a function of temperature was studied by
measuring activity at temperatures ranging from 30 to 140oC at pH 6.5 in PPB. As
shown in Figure 3.26, the optimal temperature for SSO2055 activity was measured
at 120oC. This is higher than that of the temperature that S. solfataricus P2 grows
optimally (80oC).
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Figure 3.27: Effects of temperature on the activity of SSO2055. Substrates were
NADH and FMN. Error bars represent standard deviation from three
or more experiments.
Activity after 120oC, was decreased to 35.2 U/mg which is similar to the activity
measured at 70 oC (35.2 U/mg). It can be seen that SSO2055 shows activity in a wide
range of pH and temperature.
3.2.9

Cloning of sso2055 gene to pCmalLacS vector

Amplified PCR pruducts were designed to be inserted into pCmalLacS shuttle
vector. After enzyme cleavage, restricted products were purified by QIAquick PCR
purification kit. Ligation procedure was performed with Roche T4 DNA ligase
overnight at room temperature and the ligation mixture was then transformed into
competent DH55α cells. Transformed colonies were selected from selective
antibiotic (ampicillin) plates and colonies including SSO2055 were checked with
colony PCR using forward and reverse primers of the vector to verify accuracy.
Agarose gel results indicated that the insert were successfully ligated into vector.
After confirming the success of ligation, the remaining colony that was used in
colony PCR, was selected and plasmid purification procedure was performed to
collect plasmids. Collected plasmid DNA was subjected to sequence analysis to
confirm inframe insertion and correct orientation. To confirm before suquence
analysis, collected plasmid was checked with restriction enzyme digestion (NcoI and
EagI).
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Obtained

plasmid

pCmalLacS

and

SSO2055

was

transformed

to

the

electorcompetent S. solfataricus P2 by electroporation. Transformed colonies was
selected randomly and checked by colony PCR using pCmalLacS vector primers.
Agarose gel results indicated that plasmids were successfully trasformed to S.
solfataricus P2 (Figure 3.28).
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Figure 3.28: Colony PCR result of pCmalLacS + sso2055 transformation. M)
marker, lanes 1 to 15) pcr of random colonies of S. solfataricus P2
After confirming the transformation, 2the remaining
colony
that was used in colony
M
3
PCR, was selected and plasmid purification procedure was performed to collect
plasmids. Collected plasmid DNA was subjected to sequence analysis to confirm
inframe insertion and correct orientation. To confirm before suquence analysis,
collected plasmid was checked with restriction enzyme digestion (NcoI and EagI)
(Figure 3.29).
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Figure 3.29: Digestion of pCmalLacS and sso2055. M) Marker, 1) digested
products, 2) digested products.
3.2.10 Utilization of DBTsulfone by recombinant Sulfolobus solfataricus P2
We suggested that second step of DBT desulfurization pathway is the rate limiting
step on the formation of 2-HBP. To increase the rate of the second step (DBTsulfone
utilization), probable dszD gene, sso2055, was introduced into S. solfataricus P2 by a
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maltose inducible promoter containing vector. To induce the SSO2055 expression,
media will be supplemented with dextrin or maltose.
After the proper contidions are optimized with the supplememtataion of appropriate
concentration of dextrin or maltose, induction will be checked by SDS-PAGE. The
effects of overexpression on DBT and DBTsulfone utilization and 2-HBP formation
will be measured.
3.3 Conclusions
Characterization of probable dszD gene, sso2055, was identified by amino acid
sequence alingnments with other organisms, Mycobacterium phlei, Rhodococcus
erythropolis PR4 and Sulfolobus tokodaii str. 7. It was observed that sequence
similarities were high enough to decide sso2055 as a candidate gene.
Before the cloning experiments, homology modeling of SSO2055 helped to get
information about the characteristics of SSO2055. Since the X-ray or NMR
structures of dszD belonging to the Mycobacterium phlei and Rhodococcus
erythropolis PR4 do not exist, comparative homology modeling was applied for the
NADH:FMN oxidoreductase of Sulfolobus tokodaii str. 7 (2D38). The amino acid
sequences of SSO2055 and 2D38 shows 65% of identity and 81% of similarity over
a total length of 155 amino acids. A consequence of this high sequence homology
was that general folding patterns were similar. Since, Sulfolobus solfataricus P2 and
Sulfolobus Tokodaii str. 7 belong to same genus, the models of SSO2055 and 2D38
share high structure homology.
Expression of SSO2055 in E. coli BL21(DE3)pLysS host cells was tested. Although,
growth characteristics of SSO2055 containing and IPTG induced hosts did not show
any differences with wild type. SSO2055 protein was overexpressed, and during the
induction period the protein aggregated in the host. When we checked its solubility,
low amount of yield was obtained even the production of the protein was high. To
overcome this problem, IPTG was not added and the length of time on the production
of SSO2055 was increased to 13 hour after the growing cells transferred to the fresh
culture. As a result, expression and recovery of the SSO2055 was high to continue
with the purification. For the purification of SSO2055, we performed Ni-NTA
purification system to the recombinant 6xHis-tagged SSO2055, but it did not bind
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well under the conditions suggested by the manufacturers. To decrease nonspecific
binding and increase yield, following adjustments were applied; salt concentrations
was increased up to 1 and 2 M to prevent ionic interactions; 20% glycerol was added
to the buffers to prevent hydrophobic interactions between proteins and wash steps
were increased to decrease the nonspecific bindings. Since these adjustments did not
help to get good purification result, heat treatment was applied to the soluble E. coli
lysates to remove any nonspecific proteins before Ni-NTA purification. Such a
strategy enabled to denature high proportion of the bacterial proteins and for
simplifying protein purification. After thermosensitive proteins of E. coli were
removed by a heat treatment at 90oC, ion-exchange chromatography were performed
to the resultant thermoresistant proteins. Since the net charge of the SSO2055 was
not known, all fractions obtained from the anion-exchange chromatography were
collected and analyzed by SDS-PAGE to find appropriate salt concentration to get
the pure SSO2055. Results showed that SSO2055 has relatively lower negative
charge than the other negatively charged proteins. Results of the SDS-PAGE analysis
were showed that high amount of heat resistant proteins was negatively charged
when when compared to the negatively charged proteins. After the charge of
SSO2055 was estimated, the thermostable proteins were subjected to the anionexchange chromatography and SSO2055 protein was yielded in a pure form.
Furher characterization of SSO2055 protein was tested by using enzyme activity
assay. The substrate utilization of SSO2055 was analyzed by measuring
SSO2055

activity with FMN or FAD as the electron acceptor and NADH or

NADPH as the electron donor. Our results showed that SSO2055 has high NADH
specificity. FAD specificity of the protein was higher than the FMN but both of the
electron acceptors were used effectively. When NADPH used in activity assays, no
significant result wasobtained at almost all pHs and buffers.
We obtained an interesting result in SSO2055 activity assays when we examined the
temperature dependence of the protein in a temperature range from 30 to 140oC. At
120oC, the SSO2055 reached its maximum value with specific activity of about 66.5
U/mg. The rate of reaction increased with increasing temperature up to 120oC and
above this temperature the rate of the reaction had dropped. It can be concluded that
the incubation time for SSO2055 before activity assays can be increased from 3 min
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to at least 30 min Overall, we observed that SSO2055 has a wide range of
temperature and pH.
The enzyme activity assays helped us to characterize the SSO2055. The results
indicated that SSO2055 had a NADH:FMN/FAD oxidoreductase activity. After the
characterization of the SSO2055, we introduced it into the Solfolobus solfataricus P2
by using a maltose incucible promoter. Our results showed that while DBT was
utilized at high level, DBT sulfone utilization was low by S. solfataricus P2. Since
dszD which is an NADH-dependent FMN oxidoreductase is responsible for
supplying reducing equivalents in the form of FMNH2 to monooxygenase (DszA)
which takes place in DBTsulfone utilization, we supposed to increase the
DBTsulfone utilization via the overexpression of SSO2055. If 4S desulfurization
pathway exists in S. solfataricus P2, it can be anticipated that homologs of the other
desulfurization enzymes should be present in the 4S desulfurization pathway but due
to potential dramatic variations through evolution in extremophilic archeal species,
these genes could have been altered and could not be analyzed through bioinformatic
tools. To identify probable enymes in DBT desulfurization, enzyme assay might be
used.

Some

chromatography

techniques

(ion-exchange,

size

exlusion

chromatography etc.) are used to seperate the proteins. Each fraction is appied to
enzymatic assay, for instance; when a fraction gives a positive result to the DBT or
DBTsulfone contained assays, responsible protein can be determined with further
purification, 2D gel electrophoresis and mass spectroscophy.
As a result of the SSO2055 identification, we succesfully transformed probable dszD
gene, sso2055, with a maltose inducible promotor into the S. solfataricus P2. The
effect of SSO2055 on 4S pathway will be analyzed after the proper conditions are
optimized.
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APPENDIX A
Table A.1: Laboratory equipment used in the study
Supplier Company
Equipment
Centrifuges

High pressure steam sterilizer
Magnetic stirrer
pH Meter
UVIPhoto MW Version 99.05 for Windows
95 & 98
UV Transilluminator
Electrophoresis equipments

Biolab SIGMA 6K15, Beckman Coulter
Microfuge®18, Beckman Coulter AvantiTM J-30 I,
IECCL10 Centrifuge,
Thermo Electron Corporation, Labnet, Labnet
International C1301-230V
TOMY SX-700E
Labworld Standard Unit
Mettler Toledo MP220
UVItec Ltd.

Power supply

Biorad UV Transilluminator 2000
ThermoEC MiniCell® PrimoTM
EC320 Electrophoretic Gel System
EC250-90 Apparatus Corporation

Microwave

Arçelik MD582

Ice machine

Scotsman AF 10

Vortex
Heidolph, Reaxtop
Water Baths
Memmert, Elektro-mag M 96 KP
Thermomixer
Eppendorf Thermomixer Comfort
Laminar air flow cabinets
FASTER BH-EN 2003
UVIPhoto MW Version 99.05 for Windows UVItec Ltd.
95 & 98
Thermal Cycler
Techne TC-3000
SDS-PAGE gel electrophoresis system
BIO-RAD MiniProtean
Power supply
Thermo Electron Corporation EC250-90
Shaker
Forma Orbital Shaker,
Thermo Electron Corporation
UV-Visible Spectrophotometers
uv-1700 PharmaSpec Shimadzu, Thermo scientific
NanoDrop 2000
Microplate Spectrophotometer
BIORAD Benchmark Plus
Pure water system
TKA Wasseraufbereitungssysteme
Syringe filters
0.22µm, TPP
Vacuum filtration- system
150ml, TPP
Pipettes
2.5µl, 10µl, 100µl, 200µl, Eppendorf 1000µl,
Finnpipette Thermo
Electronic pipette
Finnpipette Thermo
Microfuge tubes
1.5ml, 2ml, Axygen
Centrifuge tubes
15ml, 50ml Avant Plus
Hemacytometer
Fisher Scientific
Injectors
2ml, inject, 1ml, tuberculin
Serological pipette
TPP
Nitrocellulose membrane
Roche
3MM Whatman Filter Paper
Whatman
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APPENDIX B
Table B.1: Chemicals used in the study
Material
NcoI restriction enzyme
EagI restriction enzyme
NdeI restriction enzyme
BamHI-HF restriction enzyme
Mass Ruler Low Range DNA Ladder (80-1031 bp)
10 mM dNTP mix
2 mM dNTP mix
10 X Pfu DNA polymerase Buffer (with MgCl2)
25 Mm MgCl2
6X Loading dye
T4 DNA Ligase Buffer
T4 Ligase
SeeBlue Plus2 Prestained Protein Ladder
IPTG
TEMED
NaH2PO4.2H2O
KH2PO4
K2HPO4
Tryptone
Isopopanol
Glycerol
Coomassie Brilliant Blue
NADH
NADPH
FAD
FMN
Ampicillin
Kanamycin
Albumine, bovine (BSA)
N,N’- Dimethyl- bis- Acrylamide
4-Nitrophenyl phosphate di (tris) salt
Anti-His penta monoclonal Mouse antibody
50% Ni-NTA agarose suspension
Tris Base
Acrylamide
DMSO
Absolute methanol
Absolute ethanol
Boric acid
APS
CaCl2.2H2O
EDTA
SDS
Glucose
Ethidium bromide
Yeast Extract
Agar
KCl
Imidazole
DTT
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Supplier Company

Fermentas

Roche
Invitrogen
AppliChem
J.T. Baker
Lab M TM

Fluka

Sigma
Qiagen
BDH Laboratory
Riedel- de Haёn

Merck

APPENDIX C
Table C.1: Primers used in the study
Annealin
g
Tempera
ture

Restrict
ion
Enzyme

Primer Name

Sequence

pCmalLacSSSO2
055For

5’TCATCCATGGTATGAGCGAGACGAT
AAGGAATAT3’

59.8 °C

NcoI

pCmalLacSSSO2
055Rev

5’CCGTCGGCCGTTATCTACATAACTTC
CAATAATT3’

59.8 °C

EagI

FpCmalLacSColo
nyPCR

5′AAGAATTCCATGGGATCCCATATGA
GTGA3’

57.5 °C

-

RpCmalLacSColo
nyPCR

5′GCCGTGACGAACTCCTGTGACTCGA
GCTCAACC3’.

57.6 °C

-

F
pCmalLacSseqen
d

5’CTGTACAAGTTGCCTCCAC3’

57.5 °C

-

F
pCmalLacSseqbe
g

5’GGTCTATAGACTATCAACCTC3’

57.5 °C

-

R pCmalLacSseq

5’TCTTATACACATCTGGATCCA3’

57.5 °C

-

pET16bSSO2055
For

5’TCAACATATGAAATGAGCGAGACGA
TAAGGAAT3’

60.2 °C

NdeI

pET16bSSO2055
Rev

5’CCGAGGATCCTTATCTACATAACTTC
CAATAAT3’

60.2 °C

BamHIHF

pET16bSeqFor

5’TCACAGCAGCGGCCATATC3’

54.5 °C

-

pET16bSeqRev

5’CAGCTTCCTTTCGGGCTTTG3’

55.5 °C

-
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Purpos
e
Cloning
of
pCmalL
acS
Cloning
of
pCmalL
acS
Colony
PCR of
pCmalL
acS
Colony
PCR of
pCmalL
acS
Sequenc
ing of
pCmalL
acS
Sequenc
ing of
pCmalL
acS
Sequenc
ing of
pCmalL
acS
Cloning
of pET16b
Cloning
of pET16b
Sequenc
ing of
pET16b
Sequenc
ing of
pET16b

APPENDIX D

Forward
45
sso2055
60

---------------AATTAATTAATGAGATTATTTCCACTATGGATAGTAGTAGTTACA
ATGAGCGAGACGATAAGGAATATAATGAGATTATTTCCACTAGGAATAGTAGTAGTTACA
*. :*::******************** *.***************

Forward
105
sso2055
120

ACTAAATGGAGTGATAATTTAGTAGGAATGACGGTCAACACATTTAATTCGCTTTCTTTA
ACTAAATGGAGTGATAATTTAGTAGGAATGACGGTCAACACATTTAATTCGCTTTCTTTA
************************************************************

Forward
165
sso2055
180

AATCCACCATTAGTTATGTTTACCGCAGATAAAACTAAGGGTAATGATGTACCTTTTATC
AATCCACCATTAGTTATGTTTACCGCAGATAAAACTAAGGGTAATGATGTACCTTTTATC
************************************************************

Forward
225
sso2055
240

GAGAGTAATGGTTTTATAGTAAATTTTGTCGATGACGAAAAAATCTTCAATACATTTGCC
GAGAGTAATGGTTTTATAGTAAATTTTGTCGATGACGAAAAAATCTTCAATACATTTGCC
************************************************************

Forward
285
sso2055
300

TTTAAGCCCATAAAGGAGAGATTCAAGGAGGCAAAGTTCTTCGAAGGTTTAGATGGAATA
TTTAAGCCCATAAAGGAGAGATTCAAGGAGGCAAAGTTCTTCGAAGGTTTAGATGGAATA
************************************************************

Forward
345

CCCGTATTGGCTGACAGTTACGCTTACATGGAAGTTAAGAAGTATAAGACTATTGATATT

89

sso2055
360

CCCGTATTGGCTGACAGTTACGCTTACATGGAAGTTAAGAAGTATAAGACTATTGATATT
************************************************************

Forward
405
sso2055
420

GGTGATCACACCATTGTAGTTGGTGAGGTAATTAATGGAAAGATTGTTAGAGATAATTTC
GGTGATCACACCATTGTAGTTGGTGAGGTAATTAATGGAAAGATTGTTAGAGATAATTTC
************************************************************

Forward
465
sso2055
468

TCACCCTTAGTCTATTACAATAGAAATTATTGGAAGTTATGTAGATAAGGATCCGGCTGC
TCACCCTTAGTCTATTACAATAGAAATTATTGGAAGTTATGTAGATAA-----------************************************************

Figure D.1: Sequencing results of pET-16b + sso2055 by using forward primer
pET16bSSO2055For

90

Reverse
960
sso2055
Reverse
1020
sso2055
57

CCATCATCATCATCATCATCATCATCATCACAGCAGCGGCCATATCGAAGGTCGTCATAT
-----------------------------------------------------------GAAATGAGCGAGACGATAAGGAATATAATGAGATTATTTCCACTAGGAATAGTAGTAGTT
---ATGAGCGAGACGATAAGGAATATAATGAGATTATTTCCACTAGGAATAGTAGTAGTT
*********************************************************

Reverse
1080
sso2055
117

ACAACTAAATGGAGTGATAATTTAGTAGGAATGACGGTCAACACATTTAATTCGCTTTCT
ACAACTAAATGGAGTGATAATTTAGTAGGAATGACGGTCAACACATTTAATTCGCTTTCT
************************************************************

Reverse
1140
sso2055
177

TTAAATCCACCATTAGTTATGTTTACCGCAGATAAAACTAAGGGTAATGATGTACCTTTT
TTAAATCCACCATTAGTTATGTTTACCGCAGATAAAACTAAGGGTAATGATGTACCTTTT
************************************************************

Reverse
1200
sso2055
237

ATCGAGAGTAATGGTTTTATAGTAAATTTTGTCGATGACGAAAAAATCTTCAATACATTT
ATCGAGAGTAATGGTTTTATAGTAAATTTTGTCGATGACGAAAAAATCTTCAATACATTT
************************************************************

Reverse
1260
sso2055
297

GCCTTTAAGCCCATAAAGGAGAGATTCAAGGAGGCAAAGTTCTTCGAAGGTTTAGATGGA
GCCTTTAAGCCCATAAAGGAGAGATTCAAGGAGGCAAAGTTCTTCGAAGGTTTAGATGGA
************************************************************

Reverse
1320
sso2055
357

ATACCCGTATTGGCTGACAGTTACGCTTACATGGAAGTTAAGAAGTATAAGACTATTGAT
ATACCCGTATTGGCTGACAGTTACGCTTACATGGAAGTTAAGAAGTATAAGACTATTGAT
************************************************************

Reverse
1378
sso2055
417

ATTGGTGATCACACCATTGTAGTTGGTGAGGTAATTAATGGAAAGATT-TTAGAGAT-AT
ATTGGTGATCACACCATTGTAGTTGGTGAGGTAATTAATGGAAAGATTGTTAGAGATAAT
************************************************ ******** **

Reverse
sso2055

TTCTCACCCTTTAGTCTATTACAAAAAAGAA--------------------- 1409
TTCTCACCCTT-AGTCTATTACAATAGAAATTATTGGAAGTTATGTAGATAA 468
*********** ************:*.*.*:

Figure D.2: Sequencing results of pET-16b + sso2055 by using reverse primer
*pET16bSSO2055Rev
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