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ABSTRACT

RECOMBINANT PRODUCTION AND
BIOCHEMICAL ANALYSIS OF
1-DEOXY-D-XYLULOSE 5-PHOSPHATE
REDUCTOISOMERASE FOR DRUG
DEVELOPMENT STUDIES

Maria ORLENCO

Department of Bioengineering

Master of Science Thesis

Supervisor: Prof. Dr. Dilek BALIK
Co-supervisor: Prof. Dr. Bjorn WINDSHUGEL

Antimicrobial resistance, has the potential to become a primary leading cause
of death, with an estimated 10 million deaths per year by 2050. To increase
awareness and emphasize the urgency of the problem, the WHO published a
list of pathogens that urgently need the development of new antimicrobials and
the causative agent of gonorrhea, Neisseria gonorrhoeae, was categorized as
a high-priority pathogen. Distinct pathways are involved in the synthesis of
vital cellular isoprenoid precursors in higher eukaryotes and bacteria, enabling
biosynthetic pathways to be used as drug targets. Most bacteria, including N.
gonorrhoeae, utilize the methylerythritol 4-phosphate pathway (MEP). The second
step in the pathway involves the conversion of 1-deoxy-D-xylulose 5-phosphate
to 2-C-methyl-D-erythritol 4-phosphate by 1-deoxy-D-xylulose 5-phosphate
reductoisomerase (DXR). This study aims recombinant production and biochemical
analysis of N. gonorrhoeae DXR with the ultimate purpose of being used in
high-throughput screening. C-terminal His-tagged NgDXR was expressed in Es-
cherichia coli BL21(DE3) using the pLATE31 expression vector system. Although
the protein produced was obtained in low amounts in soluble form, it was mainly
observed in the pellet fraction. Numerous strategies were applied to improve the

expression yield of the soluble protein; nevertheless, the expressed protein was

Xix



still insufficient for biochemical analysis. Based on the literature review and
multiple sequence alignment analysis of DXR amino acids sequences, the active
site functional residues of E. coli DXR were observed to be conserved in NgDXR.
Consequently, the recombinant production of EcDXR was aimed, and protein
expression using the pLATE31 vector system in E. coli BL21(DE3) host strain
was performed with 0.5 mM IPTG induction at 30°C, for 3 hours. The EcDXR
with purity over 95% was subjected to biochemical analysis, the K,,, and V4.
values were determined as 103.4£17.05 M and 0.5985+0.03497 pmol/min.mg,
respectively. As a result of the inhibition study with fosmidomycin (FSM), the I1C5
value of FSM against EcDXR was determined as 160 nM.

Within the scope of the thesis, it was concluded that recombinantly produced
EcDXR, which has no equivalent in humans and can be obtained at high

concentrations, may be used in drug development studies.

Keywords: Antimicrobial resistance, Sexually transmitted infection, Neisse-
ria gonorrhoeae, Methylerythritol 4-phosphate pathway, 1-deoxy-D-xylulose
5-phosphate reductoisomerase

YILDIZ TECHNICAL UNIVERSITY
GRADUATE SCHOOL OF SCIENCE AND ENGINEERING
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OZET

ILAC GELISTIRME CALISMALARI ICIN
1-DEOKSI-D-SELULOZ 5-FOSFAT
REDUKTOIZOMERAZIN REKOMBINANT
URETIMI VE BIYOKIMYASAL ANALIZI

Maria ORLENCO

Biyomiihendislik Anabilim Dali
Yiiksek Lisans Tezi

Danigsman: Prof. Dr. Dilek BALIK
Es-Danisman: Prof. Dr. Bjorn WINDSHUGEL

Antimikrobiyal direng, 2050 yilina kadar yilda tahmini 10 milyon 6liimle, 6nde
gelen oliim nedenlerinden biri olma potansiyeline sahiptir. Farkindaligi artirmak
ve sorunun aciliyetini vurgulamak amaciyla DSO, acilen yeni antimikrobiyallerin
gelistirilmesine ihtiya¢ duyan patojenlerin bir listesini yaymlamis ve belsoguklugu
etkeni Neisseria gonorrhoeae, yiikksek oncelikli patojen olarak kategorize edilmistir.
Yiiksek Okaryotlarda ve bakterilerde hayati 6nem tasiyan hiicresel izoprenoid
onciillerinin sentezinde farkli yolaklar yer alir ve bu da biyosentetik yolaklarin
ila¢g hedefi olarak kullamilmasim saglar. N. gonorrhoeae dahil olmak iizere
cogu bakteri metil eritritol 4-fosfat yolagim1 (MEP) kullanir. Yolaktaki ikinci
adim, 1-deoksi-D-ksiliiloz 5-fosfatin 1-deoksi-D-ksiliiloz 5-fosfat rediiktoizomeraz
(DXR) tarafindan 2-C-metil-D-eritritol 4-fosfata doniistiiriilmesini icerir. Bu
calisma, yiiksek verimli taramada kullanilmak iizere N. gonorrhoeae DXR’nin
rekombinant {iiretimini ve biyokimyasal analizini amag¢lamaktadir. C-terminal
His etiketli NgDXR, pLATE31 ifade vektor sistemi kullamlarak Escherichia coli
BL21(DE3)’te ifade edilmistir. Uretilen protein, ¢oziiniir formda diisiik miktarlarda
elde edilmesine ragmen, esas olarak pelet fraksiyonunda gozlenmistir. Coziiniir
proteinin ekspresyon verimini artirmak icin ¢ok sayida strateji uygulanmasina
ragmen, eksprese edilen proteinin biyokimyasal analiz i¢in yeterli olmadigi

belirlenmigtir. ~ Literatiir taramasina ve DXR amino asit dizilerinin c¢oklu
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dizi hizalama analizine dayanarak, E. coli DXR’nin aktif bolge fonksiyonel
kalintilarmin NgDXR’de korundugu goézlenmistir.  Sonug¢ olarak, EcDXR’nin
rekombinant iiretimi amaglanmis ve E. coli BL21(DE3) konak susunda pLATE31
vektor sistemi kullanilarak protein ekspresyonu 30°C’de 3 saat boyunca 0,5
mM IPTG indiiksiyonu ile gerceklestirilmistir. % 95’in {lizeri saflikta elde
edilen EcDXR, biyokimyasal analize tabi tutulmus, K,, ve V,,.. degerleri
sirastyla 103,4+17,05 uM ve 0,5985+0,03497 pmol/dk.mg olarak belirlenmistir.
Fosmidomisin (FSM) ile yapilan inhibisyon c¢alismasi sonucunda, FSM’nin
EcDXR’ye kars1 IC5( degeri 160 nM olarak belirlenmigtir.

Tez kapsaminda, insanlarda esdegeri bulunmayan ve yiiksek konsantrasyonlarda
elde edilebilen rekombinant olarak iiretilmis EcDXR’nin ilag gelistirme

calismalarinda kullanilabilecegi sonucuna varilmustir.

Anahtar Kelimeler: Antimikrobiyal direng, Cinsel yolla bulasan enfeksiyon,
Neisseria gonorrhoeae, Metil eritritol 4-fosfat yolagi, 1-deoksi-D-ksiliiloz 5-fosfat

rediiktoizomeraz

YILDIZ TEKNIK UNIVERSITESI
FEN BILIMLERI ENSTITUSU
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1

INTRODUCTION

1.1 Literature Review

Antimicrobial resistance, poses a significant public health risk, with a predicted
10 million deaths per year by 2050 [1, 2]. The importance of bacterial
antimicrobial resistance is of particular concern, emphasized by the the World
Health Organization’s list of priority pathogens that urgently need the development
of new antibiotics [3, 4]. The sexually transmitted infections are the growing
public concern facing humanity. More than 1 million new cases of sexually
transmitted infections emerges worldwide daily, arising from any of the four curable
infections [5]. Gonorrhea is the second most common bacterial sexually transmitted
infection caused by the bacterium Neisseria gonorrhoeae, which is categorized by
the WHO as a high-priority pathogen based on the developed multidrug resistance
[4, 6]. N. gonorrhoeae penetrates the mucosa of different vulnerable anatomical
locations, such as the urogenital tract, rectum, pharynx, and conjunctivae [7]. The
delayed identification or inadequate treatment of infection leads to complications
such as epididymitis in males and cervical inflammation, endometriosis, and pelvic
inflammatory disease in women [8, 9]. Besides being transmitted by sexual contact,
the infection can be transmitted from the infected mother to the newborn, potentially

leading to neonatal blindness [10].

Sulfonamide, penicillin, tetracycline, spectinomycin, macrolides, fluoroquinolones,
and cephalosporins were implemented as monotherapy for gonorrhea treatment.
However, N. gonorrhoeae developed resistance against all applied therapies over
the years [9, 11, 12]. Due to the emergence of resistance to all antibiotics used
as a monotherapy treatment, dual therapy has been suggested as a solution [13].
However, the reported ineffectiveness of dual therapy highlights the severity of
infection [6, 13]. The rapid evolution of antimicrobial resistance has driven
scientists to search for specific targets within the vital metabolic pathways found

in causative agents of infections [14].



Isoprenoids are a diverse group of compounds that play a vital role in sustaining
essential biological activities such as cell wall formation, electron transportation,
intracellular signaling, defence, and photosynthesis. Irrespective of their variations
in structure and function, all isoprenoids are synthesized from the isopentenyl
diphosphate (IPP) and dimethylallyl diphosphate (DMAPP) precursors [15-17].
Two distinct biosynthetic pathways with identical end products are utilized
by organisms for isoprenoid precursor biosynthesis [18]. Higher eukaryotes
employ the six-step mevalonate (MVA) pathway, whereas most bacteria use the
seven-step methylerythritol 4-phosphate (MEP) pathway [19]. Enzymes of the
MEP pathway are considered as potential therapeutic targets due to absence in
humans and their vital role in the survival of pathogens [14]. The second
rate-limiting step of the MEP pathway comprises the reductive isomerization
of 1-deoxy-D-xylulose 5-phosphate (DXP) substrate to 2-C-methyl-D-erythritol
4-phosphat (MEP) product by 1-deoxy-D-xylulose 5-phosphate reductoisomerase
(DXR) enzyme in the presence of a divalent cation and NADPH cofactor [20]. DXR
exhibits a homodimeric structure. Each V-like monomer of the enzyme consists of
three domains: an N-terminal domain, a central catalytic domain, and a C-terminal
domain [21, 22]. The isomerization of DXP into intermediate aldehyde occurs
in a divalent metal ion-dependent reaction, and the NADPH cofactor mediates
subsequent reduction to MEP [20, 23]. The antibiotic fosmidomycin (FSM) has
an inhibitory effect against the DXR of many bacteria (Escherichia coli [24],
Yersinia pestis [25], Mycobacterium tuberculosis [26], and Francisella tularensis
[27]) and apicomplexan parasites (Babesia microti [15], Plasmodium falciparum
[28]). However, there are no reported drug discovery studies targeting DXR of N.

gonorrhoeae.

1.2 Objective of the Thesis

Multi-drug resistant Neisseria gonorrhoeae, the causative agent of sexually
transmitted gonorrhea infection, is classified as a high-priority pathogen by the
WHO for research and development of new antimicrobials. The ability of N. gonor-
rhoeae to develop resistance to all treatments implemented to date raises concerns

about incurable gonorrhea.

In this study, the methylerythritol 4-phosphate pathway (MEP), which is absent in
the human host and is used by N. gonorrhoeae in biosynthesis of vital bacterial
isoprenoid precursors, was selected for potential drug targeting to overcome
the problem. The study aims recombinant production and biochemical analysis

of second rate-limiting 1-deoxy-D-xylulose 5-phosphate-reductoisomerase in the



MEP pathway to be used in high-throughput screening with the ultimate aim of
small molecules and natural products identification as initial structures for drug

development against N. gonorrhoeae.



2

GENERAL INFORMATION

2.1 Antimicrobial Drug Resistance

Antimicrobials are the therapeutic agents used in the management of infections
driven by bacteria, viruses, fungi, and parasites [29]. The ability of microorganisms
to overcome the effect of therapeutic agents by different mechanisms [30] is known
as antimicrobial resistance (AMR) [31]. Although AMR can be considered as
natural phenomenon that arises over time, factors such as overuse and misuse of
antimicrobials may speed up its development [32, 33]. AMR poses a significant
threat to human health, emerging as a silent pandemic that renders antibiotics
and other antimicrobials ineffective in tackling diseases [1]. AMR is defined as
one of the top 10 public health threats [34] and is estimated to cause 10 million
deaths annually by 2050 [2]. The problem of AMR poses a particular importance
related to antibiotic resistance in bacteria [3]. Based on the data analysis study in
2019, 4.95 million deaths were associated with bacterial AMR, with 1.27 million
directly accounting for bacterial AMR [35]. In 2017, the World Health Organization
(WHO) published a list of priority pathogens that need new antibiotics, indicating
the urgency of the situation [4].

2.2 Sexually Transmitted Infections

Sexually transmitted infections (STIs) are bacterial, viral, and parasitic causative
conditions that are transmitted through sexual behavior [36]. In addition, there are
nonsexual routes of STI transmission by blood or from mother to child [37]. Young
age, multiple sexual partners, and uncontrolled sexual conduct are the main risk
factors associated with the case increase in STIs [38—40]. A substantial impact on
STI incidences is maintained by four incurable (hepatitis B, herpes simplex virus,
human immunodeficiency virus (HIV), human papillomavirus) and four curable

(syphilis, gonorrhea, chlamydia, trichomoniasis) STIs [5, 37].
In 2020, the WHO predicted 374.3 million new cases of four curable STIs across
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adults, with the highest number of incidences attributed to protozoan-caused
trichomoniasis (156.3 million), followed by bacterial-caused infections: chlamydia
(128.5 million), gonorrhea (82.4 million) and syphilis (7.1 million) [5]. STIs are
generally asymptomatic and can lead to serious health implications as a result of
remaining undiagnosed [36, 41]. Even though both men and women are prone to
developing STIs, female anatomy facilitates greater susceptibility to infections [38,
42].

2.3 Gonorrhea

Gonorrhea is the second most prevalent bacterial sexually transmitted infection
caused by Neisseria gonorrhoeae. The term "gonorrhea" denoting "uncontrolled
seminal discharge" was initially employed by the Greek physician Galen in the
second century to describe a condition observed in males [6, 43]. Despite being

classified as a treatable STI, gonorrhea can cause serious health complications [41].

2.3.1 Epidemiology of Gonorrhea
Based on the incidence estimates provided by the WHO in 2020, out of the reported

incidences of curable sexually transmitted infections, 82.4 million cases were
attributed to gonorrhea among individuals aged 15-49 [44]. Regarding the WHO
regional data, the Western Pacific Region exhibited the highest recorded number
of 23.2 million gonorrhea cases in 2020 [5]. The latest report [44] indicates a
significant incidence increase over eight years compared to the estimated 78 million
cases in 2012 [30]. According to information on gonorrhea provided by the Centre
for Disease Control and Prevention, an estimated 1.6 million cases occurred in the
United States in 2018, leading to a significant economic impact of approximately
270 million United States dollars [41]. N. gonorrhoeae has been included in the
list of prioritized targets in the global strategy effort to eliminate STIs, and goals
have been established to accomplish a 90% reduction in the number of gonorrhea
cases by the year 2030 [45]. The progress line toward the targets by 2030 is given
in Figure 2.1.
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Figure 2.1 Progress towards 2030 targets to reduce the number of gonorrhea cases

[5]

2.3.2 Route of Transmission and Gonorrhea Qutcomes

The epithelia of the urogenital tract is the primary colonization site of the etiological
agent of the infection [8]. The ability of N. gonorrhoeae to attach to sperm allows
it to be transmitted from men to women during sexual contact [46]. The predicted
risk of transfer from a male genital organ to a female genital organ is about 50%
per sexual contact, whereas the contrary transmission chance is approximately
20% [7]. Transmission of the infection between individuals occurs through the
transfer of infected mucosal secretions to uninfected mucosa [47]. The risk of
transmission as a result of a single sexual contact with an infected individual is
thought to be between 30% and 70% [48]. In women, the epithelial cells of the
endocervix are the primary target invaded by N. gonorrhoeae after the transmission
from the carrier. The potential of N. gonorrhoeae to invade vaginal cells has
not been observed [49, 50]. From a clinical perspective, as a result of infection,
men may experience distinct and characteristic symptoms such as purulent exudate
from the penis and resultant painful urination; in contrast, unnoticed symptoms
may be encountered in women [46]. Late detection or insufficient infection
treatment causes the spread of the etiological agent to the upper regions of the
urogenital tract. The bacterial dissemination can give rise to severe outcomes
such as epididymitis in men and cervical inflammation, endometriosis and pelvic
inflammatory disease in women [8, 9]. At least 90% of men exhibit symptoms
within 2-5 days after infection [51, 52]. In addition to urogenital invasion, N. gon-
orrhoeae can also be detected in extra-genital sites as a result of unprotected oral
and anal sexual activity [53]. Although the dissemination of N. gonorrhoeae via the
bloodstream from the primary site of infection is uncommon, the developed spread

leads to life-threatening disseminated gonococcal infection (DGI) [8, 54]. DGI,



seen in 0.5-3% of infected individuals, causes clinical symptoms such as arthritis,
endocarditis and meningitis [54, 55]. Infections observed in pregnant women can
impact the progression of pregnancy and lead to consequences such as spontaneous
abortion, early birth and intraamniotic infection [10]. Neonatal blindness is another
consequence of gonorrhea caused by transmission from infected mother to child
during birth [10, 46]. Furthermore, gonorrhea may contribute to the development

and spread of several sexually transmitted infections, such as HIV [56, 57].

2.3.3 Prevention and Treatment Options for Gonorrhea

In the Medieval era, many natural compounds such as honey mixed with water or
milk, goat or breast milk, an extract derived from the Spanish fly, and mercury were
utilized to combat gonorrhea [11]. The antibiotic era in gonorrhea started with the
introduction of sulfonamide as the treatment agent, with cure rates of 80%-90%
[58]. Based on the emergence of bacterial resistance to sulfonamide, penicillin
was employed to treat the infection [12]. In response to the decreasing efficacy of
penicillin against gonorrhea, several classes of antibiotics, including tetracycline,
spectinomycin, macrolides, fluoroquinolones, and cephalosporins, have been used
as monotherapy at different times to deal with the infection [9, 11, 12]. However,
resistance was observed to all antibiotics applied [57, 59]. According to the failure
of monotherapies, dual therapy against gonococcal infections was introduced to
overcome the increasing antibiotic resistance developed by N. gonorrhoeae [10,
56]. Dual therapy, recommended by the WHO and other health organizations
around the world comprises the use of a broad spectrum of cephalosporins
along with azithromycin for the management of gonorrhea [60—62]. Timeline of

recommended treatments and AMR developments is given in Figure 2.2.
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Figure 2.2 Chronological order of recommended therapies and AMR
developments (adapted from [9])



2.4 The Bacterium Neisseria gonorrhoeae

N. gonorrhoeae, the causative agent of gonorrhea, was identified by Albert L. S.
Neisser in 1879 [54]. N. gonorrhoeae is the human-specific pathogenic species of
the genus Neisseria belonging to the family Neisseriaceae of the betaproteobacteria
phylogenetic group [50, 63]. The Gram-negative aerobic bacterium with the
morphology of diplococcus (Figure 2.3) invades mucosal surfaces and exhibits
structural similarities with other Gram-negative bacteria [64, 65]. The N. gon-
orrhoeae genome has an approximate size of 2 megabases. Nevertheless, N.
gonorrhoeae can obtain DNA material, such as penicillinase-encoding plasmids,
by horizontal genetic transfer from other Neisseria species. The cell envelope
comprises an inner cytoplasmic membrane and an outer membrane separated by
a peptidoglycan cell wall [9]. Along with the lipooligosaccharides (LOS) and
phospholipids, the outer membrane has other proteins that participate in cell
adhesion, invasion, and defense against the immune response of the host [66]. Five
target-specific efflux pumps at the surface of N. gonorrhoeae, MtrC-MtrD-MtrE,
MacA-MacB-MtrE, NorM, FarA-FarB-MtrE and MuF provide the ability to
remove toxic compounds from bacteria and excreting antimicrobial agents from
the cell [9].

Figure 2.3 3D image of N. gonorrhoeae (James Archer, Centers for Disease
Control and Prevention, USA) [67]

2.4.1 Pathogenesis of Neisseria gonorrhoeae

As the bacteria has been transmitted, the attachment to the epithelium is maintained
primarily by type IV pili, opacity and LOS proteins in the outer membrane [9,
46, 66]. The initial interaction is established by type IV pili with CD46 and
CR3 receptors of the host cell, followed by the interaction of opacity proteins
with carcinoembryonic antigen-related cell adhesion molecule receptors and other

cell surface molecules, such as heparin sulfate [41, 46]. In addition to the



abovementioned interactions, bacterial binding is also mediated by LOS attachment
to the asialoglycoprotein receptor of the host [41]. Once binding to the epithelium
is achieved, bacteria undergo replication and invade the cell through transcytosis.
During the invasion process, the bacteria release peptidoglycan fragments, outer
membrane vesicles and LOS that stimulate the immunological response of the host
cell [9, 10, 41, 46].

2.4.2 Antimicrobial Resistance of Neisseria gonorrhoeae

The emergence of antimicrobial resistance in N. gonorrhoeae was first observed
in the mid-1930s with the introduction of sulfonamides as therapeutic agents
and subsequently, N. gonorrhoeae continued to develop resistance to all
antimicrobial classes applied [9, 56, 59]. N. gonorrhoeae exhibited all known
processes associated with AMR, including elimination of the antimicrobial agent,
modification of the antimicrobial target, and enhanced or reduced antimicrobial
efflux [46, 59]. Although AMR in N. gonorrhoeae is caused predominantly
by mutated chromosomal genes, plasmid-mediated resistance is observed against

penicillin and tetracyclines [68].

The effect of sulfonamides targeting bacterial dihydropteroate synthase on N.
gonorrhoeae has been overcome by mutation in the encoding folP gene or by
excessive expression of p-aminobenzoic acid, which has a diluting potential on the
antimicrobial [69].

Cephalosporins and penicillins are S-lactam antibiotics that mainly target
penicillin-binding proteins to ensure the destabilization of the cell wall.
Chromosomal mutation-induced changes in the target protein provide resistance
to cephalosporins, while resistance to penicillins is mediated by chromosomal
mutations and (-lactamase (plasmid-mediated resistance) [70]. [-lactamase
directly breaks down penicillin, however resistance through gene mutations affects
processes such as binding to the target, influx or efflux of the antibiotic [56].
Resistance to fluoroquinolones, which have an inhibitory effect on the
topoisomerase II (gyrase) and topoisomerase IV enzymes, is developed by bacteria
through alteration of the amino acid sequence of the enzymes [70]. Bacteria
develop both chromosomal and plasmid-mediated resistance to tetracycline in order
to prevent ribosomal 30S subunit targeting from tetracycline. The plasmid-encoded
TetM protein binds to the 30S subunit of the ribosome, hence inhibiting the
association of tetracycline with the target. However, chromosomal mutations lead
to increased efflux of tetracycline from the cell, decreased entry into the cell and
sequence changes in the ribosomal S10 protein [69, 70].

Resistance to spectinomycin targeting 16S rRNA is related to the single nucleotide

9



polymorphism in the binding site of the antimicrobial agent [56, 69]. The
development of resistance to macrolides, used to prevent protein synthesis, is
achieved by structural changes in the target or by overexpression of the efflux pump
responsible for the excretion of inhibitors out of the cell [69]. The tendency of N.
gonorrhoeae to develop resistance to all antibiotics utilized for treatment, poses a

threat to the emergence of untreatable gonorrhea [6, 46].

2.5 Biosynthetic Pathways as Drug Targets

Isoprenoids are the most diverse group of natural compounds, containing more
than 80,000 identified molecules with a broad range of functionalities [71,
72]. Synthesized by all organisms, isoprenoids play a role in maintaining vital
biological processes such as cell wall synthesis, electron transport, intracellular
signalling, defence, and photosynthesis [16, 17, 73]. Regardless of their structural
and functional differences, all isoprenoids are formed from the isopentenyl
diphosphate (IPP) and dimethylallyl diphosphate (DMAPP) building blocks [74,
75].  The synthesis of 5-carbon isoprenoid precursors is committed by two
distinct biosynthetic pathways: mevalonate pathway (MVA) and methylerythritol
4-phosphate (MEP) [18, 76]. Although their end products are identical, MVA
or MEP utilization is organism-dependent [18, 72]. The MVA pathway is
predominantly used by archaea and eukaryotes, including humans, however, the
presence of the pathway in some Gram-positive bacteria, such as Staphylococcus
aureus and Streptococcus pneumoniae, has also been reported [19, 72, 74]. Most
bacteria and photosynthetic eukaryotes harbour the MEP pathway, nevertheless,
plants possess both pathways in different cellular compartments [19, 77].

2.5.1 The Mevalonate Pathway

For a long time, isoprenoid precursors were thought to be synthesized in all
organisms by the six enzymatic-stepped MVA pathways [20]. IPP and DMAPP
synthesis through the MEP pathway initiates with acetyl-CoA conversion to
acetoacetyl-CoA via acetyl CoA acetyltransferase carried reaction. The obtained
product is then transformed into 3-hydroxy-3-methylglutaryl-CoA (HMG-CoA),
which is subsequently reduced to mevalonate. Mevalonate is subjected to
phosphorylation, and the generated mevalonic-5-monophosphate (MVA-P). In
the next step, the obtained product is converted by phosphorylation into
mevalonic-5-diphosphate (MVA-PP). At the last step of the reaction, IPP and
DMAPP are produced as a result of decarboxylation of MVA-PP using an adenosine
triphosphate (ATP) [74, 78].
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2.5.2 The Methylerythritol 4-Phosphate Pathway

MEP pathway with different starter compounds, intermediate molecules and
enzymes was identified in 1993 by Rohmer et al. [79, 80]. The biosynthesis
of IPP and DMAPP precursors by the MEP pathway is carried out in
seven enzymatic steps (Figure 2.4), initiated by the conversion of pyruvate
and glyceraldehyde-3-phosphate to 1-deoxy-D-xylulose 5-phosphate (DXP)
maintained by DXP synthase (DXS) and a molecule of carbon dioxide releases
along with DXP [81]. Following DXP generation, 1-deoxy-D-xylulose
S-phosphate  reductoisomerase (DXR) enables single-stepped reductive
isomerization of DXP to 2-C-methyl-D-erythritol 4-phosphate (MEP) in the
presence of NADPH and divalent cations (Mg?*, Mn2?*, or Co?") [82].
Then, 4-diphosphocytidyl-2C-methyl-D-erythritol synthase (IspD) catalyzed,
cytidine triphosphate (CTP)-dependent reaction step converts MEP to 4-
diphosphocytidyl-2C-methyl-D-erythritol (CDP-ME), which is subsequently
phosphorylated using ATP to generate 4-diphosphocytidyl-2C-methyl-D-erythritol
2-phosphate  (CDP-MEP) by 4-Di-phosphocytidyl-2C-methyl-D-erythritol
kinase (IspE) catalyzed reaction [81]. In the 2C-methyl-D-erythritol
2,4-cyclodiphosphate synthase (IspF) performed reaction, CDP-MEP is
transformed to the cyclic product 2C-methyl-D-erythritol-2,4-cyclo-diphosphate
(MEcPP) and accompanied with the release of cytidine monophosphate
(CMP). Consequently, the reductive deoxygenation of MEcCPP by
I-hydroxy-2- methyl-2(E)-butenyl-4-diphosphate synthase (IspG) leads to
1-hydroxy-2-methyl-2-(E)-butenyl 4-diphosphate (HMBPP) production. At the
final step of the reaction, the generation of IPP and DMAPP from HMBPP is
mediated by 1-hydroxy-2-methyl-2(E)-butenyl-4-diphosphate reductase (IspH)
[20, 83].

11
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Figure 2.4 The methylerythritol 4-phosphate pathway [20]

The fact that the MEP pathway, vital for pathogens, is not found in humans makes
it essential for drug targeting [19, 84].

2.6 1-Deoxy-D-Xylulose 5-Phosphate Reductoisomerase as a
Drug Target

2.6.1 Structure and Function

DXR possesses an overall homodimer structure, with V-shaped monomers
composed of an N-terminal, a central catalytic, and a C-terminal domains [21,
22]. The N-terminal domain is involved in the binding of NADPH cofactor [85].
The central catalytic domain, along with active site functional residues for binding
catalytically essential divalent metal ion (Mg?*, Mn?*, or Co?*) and substrate
or inhibitor, contains a flexible loop region that covers the active site by the
substrate/inhibitor binding [86, 87]. The a-helical C-terminal domain provides
structural support to the catalytic domain [85, 88].

The second step of the MEP pathway, mediated by DXR, comprises the
transformation of DXP to MEP. The conversion reaction consists of divalent
metal ion-dependent intramolecular isomerization followed by an NADPH

cofactor-assisted reduction (Figure 2.5) [81, 89].
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Figure 2.5 DXR-catalyzed reaction steps [23]

Conformational changes induced by NADPH binding facilitate the substrate and
inhibitor binding to the enzyme [86, 90]. The catalysis reaction occurs within the
enclosed catalytic pocket of the enzyme, created by a flexible loop folding over the
active site as a result of substrate or inhibitor binding [21, 91, 92]. Substrate binding
to DXR triggers the isomerization step of the reaction, which occurs through
either proposed a-ketol-rearrangement or retro-aldol/aldol mechanisms, resulting
in intermediate aldehyde generation [23, 92, 93]. The subsequent reduction step
involves transfer of pro-S hydride ion from NADPH to re face of the formed
intermediate [23, 78], and according to the exhibited stereochemical features
related to NADPH-mediated reduction, DXR has been categorized as a class B
dehydrogenase [78, 94].

2.6.2 Fosmidomycin an Inhibitor of 1-Deoxy-D-Xylulose 5-Phosphate Reduc-

toisomerase

Fosmidomycin is a natural compound isolated from Streptomyces lavendulae [81].
Although its mechanism of action has not been identified, fosmidomycin was tested
up to early phase II research as a potential treatment for urinary tract infections
in the early 1980s [95]. The better antimicrobial activity against Gram-negative
bacteria compared to Gram-positive bacteria elucidated the potential inhibitory
effect of fosmidomycin on the MEP pathway [81]. According to the structural
similarities observed between DXP and fosmidomycin, it has been proposed
that fosmidomycin specifically targets the DXR in the MEP pathway [96, 97].
Initially, mixed and competitive mechanisms of fosmidomycin inhibition against
DXR were reported [98]. Further study revealed that fosmidomycin inhibits
DXR in a competitive mode with DXP but also demonstrates a non-competitive
mode with respect to NADPH cofactor. This work conducted by Koppisch et al.
describes fosmidomycin as a non-classical competitive inhibitor for DXP based on

its observed slow, tight binding action [99].
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3

MATERIALS AND METHODS

3.1 Materials

3.1.1 Enzymes, Kits and Chemicals

Tag DNA Polymerase (A.B.T Laboratory Industry, Tiirkiye, #cat. no. E01-01-50),
Phusion High-Fidelity DNA Polymerase (Thermo Fisher Scientific, Lithuania,
#cat. no. F-530L), their buffer solutions and MgCl, solution were used in
polymerase chain reaction (PCR) for DNA amplification.

Primers designed for PCR were commercially synthesized by Triogen
Biotechnology. PCR product purification was performed by Wizard SV Gel
and PCR Clean-up System (Promega, USA, #cat. no. A9281). Plasmid isolation
was executed by Wizard Plus SV Miniprep DNA Purification System (Promega,
USA, #cat. no. A1330).

The presence of DNA and the length of PCR products were determined in agarose
gel electrophoresis by GeneRuler DNA Ladder Mix (Thermo Scientific, USA, #cat.
no. SMO0333). DNA product concentration was determined in agarose gel by
Lambda DNA HindIll Digest which was purchased from Amersham Pharmacia
Biotech (USA, #cat. no. 27-4048-01). PageRuler Prestained Protein Ladder
(Thermo Scientific, USA, #cat. no. 26616) and Spectra Multicolor Broad Range
Protein Ladder (Thermo Scientific, USA, #cat. no. 26634) were used to assess the
molecular weight of the proteins in SDS-PAGE gel electrophoresis.

Ndel and HindllI restriction endonucleases and corresponding buffers (Promega)
were used in digestion reactions during the thesis. T4 DNA Ligase and Buffer
solution of T4 DNA Ligase for ligation reaction were supplied from Promega (#cat.
no. M1801). Immobilon-P Polyvinylidene Difluoride Membranes (Sigma-Aldrich,
Germany, #cat. no. P2938-1ROL) and Extra Thick Blot Paper (Bio-Rad, USA,
#cat. no. 1703967) were used in Western Blot analysis.
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All other chemicals used in the experimental studies were supplied by Aldrich,
BDH, Bio-Rad, BioFroxx, Sigma, Sigma-Aldrich, Roche, Merck, Eschelon

Biosciences, and Invitrogen.

3.1.2 Cloning and Expression Vector Systems

In this thesis study, alLICator Ligation Independent Cloning and Expression Kit
3, Kit 1, Kit 2 (Thermo Scientific, USA); TAGZyme pQE-2; pQE-9, pQE-30,
pQE-40 (QIAGEN, Germany); pET101/D-TOPO (Invitrogen, USA); pET-40b(+),

pET-41a(+) (Novagen, USA) expression vector systems were used.

3.1.2.1 aLICator Ligation Independent Cloning and Expression Vector Sys-

tems

aL.ICator Ligation Independent Cloning and Expression Systems ensure rapid
and effective directional ligation-independent cloning of the target gene and
the high-yield expression of encoded protein under the control of the
bacteriophage T7 promoter. Protein expression is stimulated by isopropyl
[B-D-1-thiogalactopyranoside (IPTG) [100]. Each alLICator Ligation Independent
Cloning and Expression System Kit provides unique features for bacterial protein

expression. The main features of the Kits used in this thesis were described below.

aLLICator Ligation Independent Cloning and Expression Kit 3 pLATE31 vector
system encodes a C-terminal 6xHis tag, Kit 1 pLATE11 ensures untagged protein
expression, Kit 2 pLATES1 encodes an N-terminal 6xHis tag and enterokinase

cleavage site. The structures of ampicillin-resistant vectors are given in Figure 3.1.
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Figure 3.1 al.ICator Ligation Independent Cloning and Expression Kit 3, Kit 1,
Kit 2 vector constructs [100]

3.1.2.2 pET Expression Vector System

pET expression vector systems provide recombinant protein expression in E. coli
under the control of the IPTG-inducible T7 promoter. A wide variety of pET vector
systems offer distinct properties for protein production. The main features of the
pET-40b(+) and pET-41a(+) vector systems used in this thesis were mentioned

below.

The pET-40b(+) expression vector system encodes an N-terminal DsbC sequence.
Target protein fusion with DsbC enables periplasmic translocation of the protein
and the isomerization of disulfide bonds in the periplasmic space. The pET-41a(+)
expression vector system encodes an N-terminal Glutathione S-transferase (GST)
protein sequence, which is known to enhance the solubility of the fusion protein.

Both vector systems encode C-terminal His tags [101]. The kanamycin-resistant
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pET-40b(+) and pET-41a(+) vector maps are given in Figure 3.2.
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Figure 3.2 pET expression vector maps; A. pET-40b(+) expression vector [102],
B. pET-41a(+) expression vector [103]

3.1.2.3 TAGZyme and pQE Expression Vector Systems

The high-yield production of 6xHis-tagged proteins with pQE vector systems
in E. coli is controlled by the TS promoter. T5 promoter suppression in pQE
vector systems is coordinated by two lac operator sequences [104]. The general

representation of the pQE vector systems is given in Figure 3.3.

Xho 1 (0/3416)

promoter/ operator

Bgl1 (2544)

polylinker/
6xHis tag

T
ori  Xbal(1118)

Figure 3.3 pQE expression vector map [104]

Qiagen offers a range of pQE vector sets with different features. pQE vectors used
in this thesis study were detailed below. The TAGZyme pQE-2 expression vector
derived from pQE-80 vectors ensures high-level N-terminal 6xHis-tagged protein
expression and permits exopeptidase tag removal [104, 105]. pQE-9, pQE-30, and
pQE-40 expression vector systems encode 6xHis tag on their N-terminal. pQE-40

expression vector also contains a sequence encoding dihydrofolate reductase
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(DHFR) fusion protein (6xHis-DHFR tag) for efficient protein translation, correct
folding, and stability of peptides. The elements of ampicillin-resistant vectors are

given in Figure 3.4.

A. TAGZyme pQE-2 expression vector system B. pQE-9 expression vector system
.3
RIET

P15 locO s RES- ATG | LU= 18 Stop Codons
\ 1 s

C. pQE-30 expression vector system D. pQE-40 expression vector system
E NN 2rETT-_3
153838l Fads<3es
- P15 locO lacO RES (ATG LS TS Siop Codons|
[FS)- 1560 e S (w1 i BTG Siop Codons| , &} e codox]
* pQE30
POE3] AC
POE32 -G

£ PGE40

_{ PQE-30, pQE-31
aaE a2 40kb

3.4kb

Figure 3.4 TAGZyme pQE-2 (A); pQE-9 (B), pQE-30 (C), pQE-40 (D) vector
constructs [104, 105]

3.1.2.4 pET101/D-TOPO Expression Vector System

pET101/D-TOPO expression vector system permits directional cloning of the
target gene. The IPTG-inducible T7 promoter enables high-level target protein
expression by the pET101/D-TOPO vector system. The expression vector system
encodes a C-terminal 6xHis tag for protein purification and detection. In addition,
a C-terminal V5 epitope sequence ensures protein detection by the Anti-V5

antibodies [106]. The vector construct is given in Figure 3.5.

_ i3> -
N 77 Jieco Bl vos [cc I coc e s s o 7 o]
Py

Comments for pET101/D-TOPO®
5753 nucleotides

T7 promoter: bases 209-225
T7 promoter priming site: bases 209-228
lac operator (lacO): bases 228-252
Ribosome binding site (RBS): bases 282-288, 292-296
TOPO® cloning site (directional): bases 297-310

V5 epitope: bases 333-374

Polyhistidine (6xHis) region: bases 384-401

T7 reverse priming site: bases 455-474

T7 transcription termination region: bases 416-544

bla promoter: bases 845-943

Ampicillin (bla) resistance gene (ORF): bases 944-1804
pBR322 origin: bases 1949-2622

ROP ORF: bases 2990-3181 (complementary strand)
lacl ORF: bases 4493-5584 (complementary strand)

Figure 3.5 pET101/D-TOPO vector elements [106]

18



3.1.3 Chaperone Plasmids

Chaperone expression in TAKARA chaperone plasmids is controlled by the
L-arabinose-inducible araB and tetracycline-inducible Pzz-1 promoters. The
chaperone plasmids used in this study, the encoded chaperones, and their promoters
are mentioned in Table 3.1.

Table 3.1 TAKARA chaperone plasmids [107]

Plasmid Chaperone Promoter
pG-KIES8 | dnaK-dnaJ-grpE-groES-groEL aPZ_B;
pGro7 groES-groEL araB
pG-Tf2 groES-groEL-tig Pzt-1

These chaperone plasmids comprise an origin of replication derived from pACYC
and a chloramphenicol resistance gene as a marker. The specified features of the
chaperone plasmids enable their utilization in combination with E. coli expression
systems that employ ColEl-type plasmids and possess the ampicillin resistance
gene [107].
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3.1.4 Primers

Specially designed and commercially synthesized primers for gene cloning studies

were listed in Table 3.2.

Table 3.2 Primers used in cloning studies
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3.1.5 Escherichia coli Host Strains

BL21(DE3), BL21(DE3) Codon Plus, SHuffle T7 (25 pg/mL streptomycin),
XL1-Blue (1 pg/mL tetracycline), JIM105 (1 pg/mL tetracycline).

3.1.6 Bacterial Culture Media
Luria-Bertani Medium 100 mL

Table 3.3 Components of Luria-Bertani medium

Ingredient Amount (g)
Yeast Extract 0.5
Sodium chloride 1
Tryptone 1

All ingredients were dissolved in dH50 and sterilized by autoclave at 121°C.

Luria-Bertani Agar 100 mL

Table 3.4 Components of Luria-Bertani agar

Ingredient Amount (g)
Yeast Extract 0.5
Sodium chloride 1
Tryptone 1
Agar 1.5

All ingredients were dissolved in dH»0 and sterilized by autoclave at 121°C.

Super Optimal broth with Catabolite repression Media 100 mL

Table 3.5 Composition of SOC media

Ingredient Stock Concentration | Amount
Yeast Extract* 2g
Tryptone* 05¢g
Sodium chloride* IM 1 mL
KCI* IM 0.25 mL
Mg ™2 (filtered)** 2M 1 mL
Glucose (filtered)** 2M 1 mL

Step 1: * Ingredients were dissolved in 97 mL of sterile water, then autoclaved and
cooled to ambient temperature.
Step 2: ** Ingredients were added to the prepared sterile solution, in step 1, before

use.
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Terrific Broth 1 L

Table 3.6 Components of Terrific Broth

Ingredient | Working Concentration | Amount
Yeast Extract* 24 g/l 24 ¢
Tryptone* 20 g/LL 20¢g
Glycerol* 4 mL/L 4 mL
KH,PO,** 0.017M 23¢g
KoHPO** 0.094 M 164 ¢

Step 1: * Ingredients at the mentioned amount in Table 3.6 were dissolved in 896
mL of dH,0 and autoclaved.
Step 2: ** Ingredients at the mentioned amount in Table 3.6 were dissolved in 100
mL of dH,0 and autoclaved.

Step 3: Prepared solutions (*, **) were combined.

3.1.7 Stock Solutions and Buffers

Ampicillin (100 mg/mL), Streptomycin (50 mg/mL), Tetracycline (1 mg/mL),
Kanamycin (50 mg/mL), Carbenicillin (100 mg/mL), L-arabinose (100 mg/mL),
Isopropyl 3-D-1-thiogalactopyranoside (20 mg/mL) were dissolved in sterile water
and Chloramphenicol (50 mg/mL) was dissolved in 95% ethanol, all prepared stock
solutions were sterilized by filtering, and stored at -20°C.

CacCl, Solution 100 ml

Table 3.7 Components of CaCl; solution

Ingredient Amount
100 mM CaCl,.2H,0 147 ¢
5 mM MgCl,.6H,0 0.1017 g
5 mM Tris HCI (pH: 7.6) | 500 uL

All ingredients were dissolved in dH50 and sterilized by autoclave at 121°C.

1% Agarose Gel 100 mL

Table 3.8 Components of 1% agarose gel

Ingredient Amount
Agarose lg
1x TAE 100 mL
Ethidium bromide | 3.5 uL.
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30% Acrylamide/Bis-acrylamide 10 mL

Table 3.9 Components of 30% acrylamide/bis-acrylamide

Ingredient Amount (g)
Acrylamide 2.9
N,N’-Methylene-bis-acrylamide 0.1

Ingredients were dissolved in dH,0.

SDS-PAGE Separating Gel (12%) 20 mL

Table 3.10 Components of SDS-PAGE separating gel

Ingredient Stock Concentration | Amount
Tris-HCI (pH: 8.8) 1.5M 5 mL
SDS 10% 200 pL
Acrylamide/Bis 30% 8 mL
Ammonium Persulfate 10% 150 uLL
TEMED 30 uL

SDS-PAGE Stacking Gel (4%) 10 mL

Table 3.11 Components of SDS-PAGE Stacking Gel

Ingredient Stock Concentration | Amount
dH,O 6.1 mL
Tris-HCI (pH: 6.8) 0.5M 2.5 mL
SDS 10% 100 pL
Acrylamide/Bis 30% 1.3 mL
Ammonium Persulfate 10% 60 uL
TEMED 12 pL

Sample Application Buffer for SDS-PAGE 20 mL

Table 3.12 Components of sample application buffer for SDS-PAGE

Ingredient Working Concentration | Amount
SDS 10% 2¢
Tris-HCl (pH: 6.8) 0.5M 17.5 mL
Glycerol 5% 1 mL
2-Mercaptoethanol 2.5% 500 L
Bromphenol blue 0.05% 0.0lg
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5x SDS-PAGE Tank Buffer 500 mL

Table 3.13 Components of 5x SDS-PAGE tank buffer

Ingredient | Working Concentration | Amount (g)
Trizma Base 0.025 M 7.5
Glycine 0.192 M 36
SDS 0.1% 2.5

Ingredients were dissolved in dH50.

Protein Staining Solution 50 mL

Table 3.14 Components of protein staining solution

Ingredient Working Concentration | Amount
Coomassie Brilliant Blue 0.1% 0.05¢
Methanol 40% 20 mL
Glacial Acetic Acid 10% 5 mL

Final volume was adjusted with dH5O.

Protein Destaining Solution 500 mL

Table 3.15 Composition of protein destaining solution

Ingredient Working Concentration | Amount
Methanol 5% 25 mL
Glacial Acetic Acid 7% 35 mL

Final volume was adjusted with dH5O.

3.1.7.1 Lysis Buffers

Lysis buffer A (pH: 8.0) 1 L

Table 3.16 Composition and preparation instruction of lysis buffer A

Ingredient Working Concentration | Amount Application
NaH,PO, 50 mM 5998 ¢
Sodium chloride 300 mM 17.54 g | pH is adjusted with NaOH
Imidazole 10 mM 0.68 g

Final volume was adjusted with dH5O.
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Lysis buffer B (pH: 8.0) 50 mL

Table 3.17 Composition and preparation instruction of lysis buffer B

Ingredient Working Concentration | Amount Application
Sodium chloride 100 mM 0.292 g
Tris-HCI (pH: 8.0) 10 mM 500 pL. | pH is adjusted with HCI
2-mercaptoethanol 2mM 7 uL

3.1.7.2 Purification Buffers
Equilibration Buffer (pH: 8.0) 500 mL

Table 3.18 Composition and preparation instruction of equilibration buffer

Ingredient Working Concentration | Amount (g) Application
NaH;PO, 50 mM 2.999
Sodium chloride 300 mM 8.77 pH is adjusted with NaOH
Imidazole 10 mM 0.34

Wash buffer (pH: 8.0) 500 mL

Table 3.19 Composition and preparation instruction of wash buffer

Ingredient Working Concentration | Amount (g) Application
NaH,PO, 50 mM 2.999
Sodium chloride 300 mM 8.77 pH is adjusted with NaOH
Imidazole 20 mM 0.68

Elution buffer (pH: 8.0) 500 mL

Table 3.20 Composition and preparation instruction of elution buffer

Ingredient Working Concentration | Amount (g) Application
NaH,PO, 50 mM 2.999
Sodium chloride 300 mM 8.77 pH is adjusted with NaOH
Imidazole 150 mM 5.1
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3.1.7.3 Western-Blot Buffers
Phosphate Buffered Saline 1 L

Table 3.21 Composition of phosphate buffered saline

Ingredient Working Concentration | Amount
Sodium chloride 0.15M 900 mL
Nay,HPO, (pH: 7.4)* 0.1 M 100 mL

* pH adjustment of Na,HPO, was carried out with KH5PO,.

Phosphate Buffered Saline-Tween-20

Table 3.22 Composition of phosphate buffered saline-Tween-20

Ingredient | Amount
PBS 1000 mL
Tween-20 2 mL

Ingredients were mixed.

Transfer Buffer 1 L

Table 3.23 Composition of transfer buffer

Ingredient | Working Concentration | Amount
Glycine* 39 mM 293¢
Trisma-Base* 48 mM 58l¢g
SDS* 1.3 mM 0375¢
Methanol 20% 200 mL

Step 1: * Ingredients were dissolved in 800 mL of dH0.
Step 2: Methanol was added to the solution just before application.

Blocking Buffer (5%)

Table 3.24 Composition of 5% blocking buffer

Ingredient Amount
Non-fat milk powder 5¢g
PBS-Tween 20 100 mL

3.1.7.4 Buffer Solutions for Enzyme Activity and Inhibition Studies

Tris-HCI Buffer (pH: 8.0)
The reaction stock solution of 108 mM Tris-HCI (pH: 8.0) was prepared by diluting
the 0.5 M Tris-HCI. HCI was used for pH adjustment.
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Substrate Stock Solution (DXP)
50 mM stock DXP solution, prepared using sterile dH»O.

Cofactor Stock Solution (NADPH)
50 mM stock NADPH solution, prepared using sterile dH5O.

MgCl, Stock Solution
833.33 mM stock MgCl, solution, prepared using sterile dH5O.

Inhibitor Stock Solution (Fosmidomycin)

200 mM stock FSM solution, prepared using sterile dH5O.

3.1.7.5 Laboratory Equipments Used in Experiments
Table 3.25 List of laboratory equipment used in the study

Equipment Purpose of use
Thermal cycler - Eppendorf Amplification of target DNA sequences
Horizontal electrophoresis system - Bio-Rad | Analyzing and size-based separation of DNA
Vertical electrophoresis system - Bio-Rad Size-based separation and analyzing of proteins
UV-Visible spectrophotometer - Shimadzu OD measurement
Autoclave - Systec Material and equipment sterilization
Incubator - Binder Microbial culture development
Microcentrifuge - Sigma Substance precipitation and separation
Vortex - Heidolph Substance mixing
pH meter - Cyberscan pH measurement
Water bath - Kerman Heat shock transformation
Magnetic stirrer - Heidolph Substance mixing
Refrigerated centrifuge - Sigma Temperature-depended separation
Sonicator - Bandelin Cell disruption
Shaking incubator - GFL Microbial culture development, protein expression
Refrigerator (-80°C) - Heto Storage of culture stocks
Refrigerator (-20°C) - Beko Storage
Refrigerator (+4°C) - Arcelik Storage
Microplate reader - Epoch Activity, Kinetic, Inhibition studies
Transfer Cell - Bio-Rad Western Blot
Ice maker machine - Optic ivymen system Transformation
Shaker - Labnet Western Blot

3.2 Methods

Unless otherwise stated, all experimental procedures were applied according to
Sambrook et al [108].

3.2.1 Target Gene Identification

The dxr gene was the target for cloning and expression studies in this thesis. In the

first stage of the thesis, the DXR-encoding gene sequence of Neisseria gonorrhoeae
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(ATCC 49226) was downloaded from the NCBI database [109] and synthesized
commercially. In the next stage, the DXR-encoding gene sequence of Neisseria
gonorrhoeae (ATCC 49226) was synthesized as a codon-optimized and harmonized
gene sequence. Then, cloning and expression studies were carried out for the dxr
gene encoded by E. coli ATCC 25922 [110]. DNA of E. coli ATCC 25922 from
the laboratory infrastructure was used as a template for E. coli-encoded dxr gene
cloning. The genes were named for traceability throughout the thesis and mentioned
in Table 3.26.

Table 3.26 Gene sequence accession numbers and nomenclatures

Gene NCBIID | ATCC Bank | Nomenclature
Neisseria gonorrhoeae (ATCC 49226) dxr | CP045728.1 - WTNgdxr
Neisseria gonorrhoeae (ATCC 49226) dxr

— codon optimized and harmonized i i OptNgdxr
Escherichia coli (ATCC 25922) dxr - ATCC 25922 Ecdxr

3.2.2 Cloning of Target Gene into the Expression Vector Systems
3.2.2.1 Design of Oligonucleotide Primers
Specific primers were designed according to the target gene sequence and the vector

manufacturer’s instructions [100, 101, 104-106]. All designed primers are given in
Table 3.2.

3.2.2.2 Polymerase Chain Reaction

Polymerase chain reaction (PCR) for a gene to be cloned was performed
with the Phusion High-Fidelity DNA Polymerase. = Phusion High-Fidelity
DNA Polymerase performed reaction components were mentioned based on the
WTNgdxr amplification reaction with forward (NgdxrF) and reverse (NgdxrR)
primers and were given in Table 3.27. First, the components listed in Table 3.27,

except the enzyme, were added to the tube.

Table 3.27 PCR components

Reagent Amount/Concentration
dH,O 29.5 uL.
5XPhusion HF buffer 10 L
2 mM dNTP mix 0.2 mM
20 uM Forward Primer 0.5 uM
20 uM Reverse Primer 0.5 uM
Template DNA (1 ng/pL) 1 ng
DMSO 1.5 uL
Phusion High-Fidelity DNA Polymerase lu
(stok 2u/ul)
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The reaction was subjected to pre-denaturation at 95°C for 5 min. After enzyme
addition, the reaction was carried out for 30 cycles: denaturation at 94°C for
90 seconds, annealing at 55°C for 120 seconds, and elongation at 72°C for 120
seconds. Finally, the reaction was terminated by a final elongation step at 72°C for

10 minutes.

3.2.2.3 Agarose Gel Electrophoresis

DNA sequence analyses were carried out using agarose gel electrophoresis. 1%
agarose gel preparation and analysis procedure are described below. 1 g agarose
was mixed with 100 mL 1x TAE and dissolved by heating for 5 minutes in the
microwave. Then, 3.5 pL of ethidium bromide was added to the solution. The
solution was poured into the gel mold after comb insertion. The process of gelation
was conducted for 30 minutes. After gel solidification, enough buffer was added to
cover the gel surface, and the combs were removed. Samples were treated with SAB
and loaded onto the gel. In addition, GeneRuler DNA Ladder Mix and Lambda
DNA HindIll Digest were also loaded onto the gel. Samples were exposed to a
constant electric field of 45 mA for 1 hour. The gel was visualized under UV light

at the end of the electrophoresis.

3.2.2.4 Preparation of Competent Host Cells Using CaCl,
The cells from -80°C stock were streaked on LB agar by streak plate technique.

Plates were incubated overnight at 37°C. A single bacterial colony was collected
from agar with a sterile toothpick and inoculated into 5 mL LB broth for overnight
incubation at 37°C, 180 rpm. 500 uL of an overnight culture was transferred into 50
mL LB broth. The culture was incubated at 37°C, 180 rpm until an optical density
at a wavelength of 600 nanometers (ODgggy,,,) range of 0.3-0.4. 50 mL of culture
was divided into two sterile tubes and centrifuged at 4°C, 5000 rpm for 5 minutes.
The supernatant fraction was discarded from the tubes the pellets were resuspended
in 25 mL of CaCl, and kept on ice for 30 minutes. Cells were subjected to the
second centrifugation for 5 minutes at 4°C, 5000 rpm. Finally, supernatants were
discarded; pellets were resuspended in 1 mL of CaCl, solution and placed on ice
for 2 hours [108].

3.2.2.5 Target Gene Cloning into the alLICator Ligation Independent Cloning

and Expression Vector System

The PCR products were purified with Promega Wizard SV Gel and PCR Cleaning
System according to the manufacturer’s instructions [111]. The concentration
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of purified PCR product before gene cloning into pLATE31, pLATEl1, and
pLATES1 aLICator Ligation Independent Cloning and Expression Vector Systems
was determined by agarose gel electrophoresis. The optimal amount of PCR
product for Ligation Independent Cloning (LIC) reaction was calculated according
to the vector system handbook. Based on the LIC reaction similarities, only the
LIC reaction of the WTNgdxr gene to the pLATE31 system will be detailed in
this section to avoid repetition. The components of the LIC reaction for WTNgdxr

cloning into pLATE31 were presented in Table 3.28.

Table 3.28 LIC reaction components for WTNgdxr gene cloning into pLATE31

Component Amount
5X LIC Buffer 2 uL
Purified PCR product (100 ng/uL) | 77 ng
Water, nuclease-free 6.23 uL
T4 DNA Polymerase (1u/uL) lu

The prepared mixture was incubated at room temperature for 5 minutes. 0.5 M
EDTA at a volume of 6 pL. was added to the mixture for reaction termination.
Adding 1 pL (60 ng) of the pLATE vector to the reaction provides the target gene
annealing into the vector system. The final mixture was mixed well and incubated

at room temperature for 5 minutes [100].

3.2.2.6 OptNgdxr Cloning into the pQE and pET Expression Vector Systems
Cloning the target gene into the pQE and pET expression vector systems was
performed by restriction digestion of the insert and vector and subsequent ligation
with T4 ligase (Promega, #cat. no. MI180B) [108]. Appropriate restriction
endonucleases were selected according to the gene sequence and vector multiple
cloning site analysis. Due to the more than one pQE/pET vector system usage
in this thesis, to avoid confusion, digestion ligation reactions only for TAGZyme
pQE-2 and the target OptNgdxr gene were presented in this section. The target
gene cloning into the pQE and pET vector systems was performed similarly. The
TAGZyme pQE-2 vector and target OptNgdxr gene digestion reaction components

were given in Table 3.29.
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Table 3.29 Digestion reaction components

Reagent Working Amount
Vector Digestion | Gene Digestion

Sterile, deionized water - 6.8 uL
MULTI-CORE Buffer 2 ul 2 ul
Acetylated BSA (10 pug/pl) 0.1 ug 0.1 ug
TAGZyme pQE-2 miniprep (0.05 pg/uL) 0.048 ug -
OptNgdxr clean-up (0.1 pg/pl) - 0.05 pg
Ndel (10 u/uL) 0.25u 0.25u
HindIll (10 u/pL) 0.25u 0.25u

Nuclease-free water was added to a final volume of 20 ul

The prepared reaction mixtures were incubated at 37°C for 1 hour. Clean-up was
executed for digestion products, and the product concentration before ligation was
determined by agarose gel electrophoresis. Ligation reactions at different molar

ratios (insert:vector) were prepared according to the T4 DNA ligase manufacturer’s

instructions [112], and reaction components were provided in Table 3.30.

Table 3.30 Ligation reaction components

Reagent Working Amount
1:1 1:3 3:1
Vector DNA (55 ng/uL) | 5.5ng | 5.5ng 5.5 ng
Insert DNA (55 ng/pLl) | 13.7ng | 457 ng | 41.09 ng
Ligase 10X Buffer 1 pl 1 pl 1pl
T4 DNA Ligase 1l 1 ul Ll
Nuclease-free water was added to a final volume of 10 ul

The ligation reaction was carried out for 3 hours at room temperature.

3.2.2.7 Target Gene Cloning into the pET101/D-TOPO Expression Vector

Systems

The target gene cloning into the pET101/D-TOPO vector system was conducted
according to the manufacturer’s instructions [106].

prepared in two ratios (Table 3.31) according to the protocol indicated for

The cloning reaction was

subsequent E. coli Chemically Competent Cell transformation.

Table 3.31 pET101/D-TOPO cloning reaction components

Reagent Working Amount
1:2 2:1
Clean-up (45 ng/ul) | 20.43 ng 81.72 ng
Salt Solution 1 pl 1 pl
Sterile water 3.546 ul 2.14 pl
TOPO vector 1l 1l
Sterile water was added to a final volume of 6 ul
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3.2.2.8 Transformation of the Recombinant Plasmid into the E. coli Cells

200 pL of competent E. coli cells were mixed with samples from LIC/ligation
reactions. The recombinant plasmid and competent cell mixture was incubated on
ice for 30 minutes. After being incubated on ice, the sample was exposed to heat
shock at 42°C for 90 seconds in a water bath. Then, the sample was gently placed
on ice and held for 2 minutes. 800 L. SOC medium was added to the sample and
incubated at 37°C for 30 minutes. Transformed cells were spread onto LB agar
plates supplemented with appropriate antibiotics and incubated overnight at 37°C.
Recombinant pET101/D-TOPO vector system transformation into the BL21
Star(DE3) One Shot Chemically Competent E. coli host strain was performed
according to the manufacturer’s instructions [106].

3.2.2.9 Transformation of the Recombinant Plasmid into the Chaperone-

competent E. coli Cells

The transformation of recombinant pLATE31 (WTNgdxr in pLATE31) into the
chaperone-competent E. coli BL21(DE3) host strain was performed according to
the TAKARA Chaperone Plasmid System manual [107]. Briefly, the isolated
recombinant pLATE31 vector at a volume of 2 pL was added to 50 pL of
chaperone-competent E. coli BL21(DE3) cells. The recombinant vector and
chaperone-competent E. coli BL21(DE3) cell mixture was incubated for 30 minutes
on ice and then subjected to heat shock at 42°C for 90 seconds. The samples
were incubated on ice for 2 minutes. 350 pLL SOC medium was introduced to
the sample, and the sample was incubated for 30 minutes at 37°C, 180 rpm.
Transformed cells were spread onto 20 pg/mL chloramphenicol and 100 pg/mL

ampicillin-supplemented LB agar and incubated overnight at 37°C.

3.2.2.10 Genomic DNA isolation

100 pL of overnight culture was centrifuged for 7 minutes at 13000 rpm
under ambient conditions (all centrifugation steps were performed under ambient
conditions). The obtained pellet was dissolved in 100 pL of sterile dH,O and then
boiled for 10 minutes. The sample was centrifugated for 15 minutes at 13000 rpm,

and the collected supernatant was used as the DNA template.

3.2.2.11 Recombinant Plasmid DNA Isolation
The Wizard Plus SV Minipreps DNA Purification System was used to isolate the

recombinant plasmid from the host cell. All steps were performed according to the
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manufacturer’s instructions [113]. The pure recombinant vector was eluted with 40

pL of nuclease-free water.

3.2.2.12 Colony PCR for the Analysis of Recombinant Clones

Colony PCR was carried out with 7ag DNA Polymerase. First, the components
listed in Table 3.32, except the enzyme, were introduced into the tube.

Table 3.32 Colony PCR components

Reagent Amount/Concentration

dH,O 13.5 uL
10x PCR Buffer 2.5 uL
2 mM dNTP mix 0.2 mM
20 uM Forward Primer 0.5 uM
20 uM Reverse Primer 0.5 uM
Template DNA (Miniprep DNA) S5 pL

Tag DNA Polymerase (2.5 u/uL) 0.625u

The reaction was subjected to pre-denaturation at 95°C for 5 min. Then, the reaction
was carried out in 30 cycles by enzyme addition, each comprising denaturation at
95°C for 30 seconds, binding at 55°C for 30 seconds, and elongation at 72°C for 60
seconds. The final elongation step was performed at 72°C for 5 minutes.

T7 Promoter primer (TAATACGACTCACTATAGGG) was used to control the
availability of the target gene in pET vector systems. In addition to the T7 Promoter
primer, the T7 Terminal primer (GCTAGTTATTGCTCAGCGG) was used in cloned
gene confirmation in pQE expression vector systems. However, colony PCR for

other clones was carried out using gene-specific primers.

3.2.2.13 Gene Sequencing for the Analysis of Recombinant Clones
The WTNgdxr cloned pLATE31 vector system was isolated from the host cell

[113], and bidirectionally sequenced for target gene confirmation. Bidirectional
sequencing was performed by the Sanger sequencing method using the universal
T7 promoter (Forward) (5’TAATACGACTCACTATAGGG3’) and MI13/pUC
(Reverse) (5’ AGCGGATAACAATTTCACAGG3’) primers. Gene sequencing was
performed only for WTNgdxr in pLATE31; all other clones were confirmed by
colony PCR.
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3.2.3 Expression Studies of 1-Deoxy-D-Xylulose 5-Phosphate Reductoiso-

merase

Recombinant E. coli BL21(DE3) cells were incubated overnight in 5 mL LB
broth supplemented with appropriate antibiotic at 37°C, 180 rpm. 500 uL of the
overnight culture was introduced into 50 mL of LB broth supplemented with the
same antibiotic. The recombinant cells were incubated at 37°C, 180 rpm, until
the ODggo,m reached a range of 0.5-0.6. The gene expression was induced by the
addition of 0.5 mM IPTG. Sample collection at a volume of 3 mL was carried out
at the 3" hour, 5'* hour, and overnight. Samples were centrifuged for 20 minutes
at 4°C, 500 rpm. The obtained cell pellets were resuspended in 500 pL of lysis
buffer. The cells were lysed by sonication for 2 minutes (10 sec on, 10 sec off) at
20% amplitude and then harvested by centrifugation at 14000 rpm for 20 minutes at
4°C. Supernatants were gently separated from pellets, and pellets were resuspended
in 200 pL of sterile dH>O. The standard protocol for protein expression is detailed
above. Any changes/optimizations will be specified in the Results and Discussion
chapter.

3.2.3.1 Co-expression with Chaperone Plasmids

Co-expression of WTNgdxr in pLATE31 with the chaperone plasmids in the E.
coli BL21(DE3) host strain was performed according to the TAKARA Chaperone
Plasmid System manual [107]. Briefly, chaperone-competent E. coli BL21(DE3)
cells containing recombinant pLATE31 were overnight incubated in 5 mL LB Broth
supplemented with 20 pug/mL chloramphenicol and 100 pg/mL ampicillin at 37°C,
180 rpm. 500 pL from the overnight culture was inoculated into the 50 mL of LB
broth supplemented with the relevant antibiotics, as well as 0.5 mg/mL L-arabinose
and 1 ng/ml tetracycline for induction of chaperone expression. The culture was
incubated at 37°C, 180 rpm, until the ODgg,.,,, reached about 0.5-0.6. At this stage,
recombinant protein induction was performed with IPTG at a final concentration of
0.5 mM. All subsequent steps applied after IPTG induction were the same as those
mentioned in subsection 3.2.3.

3.2.4 Molecular Weight Calculation

The estimated molecular weight of the target protein was calculated by the Expasy
ProtParam tool [114] and the AAT Bioquest Peptide and Protein Molecular Weight
Calculator[115].
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3.2.5 Recombinant Protein Purification

The recombinant 6xHis-tagged proteins were purified by the HisTALON Gravity
Column (Clontech, #cat. no. 635655) [116]. The column was initially equilibrated
with 10 mL of equilibration buffer. The cell lysate was loaded into the column.
Upon the flow of the cell lysate through the column, the column was equilibrated
with 8 mL equilibration buffer and washed with 7 mL wash buffer. His-tagged
protein was eluted from the column with the 5 mL of elution buffer. For each
purification step, the flow through, wash (W1-W3), and elution (E1-E8) samples
were collected. At the end of purification, column regeneration was performed with

a 20 mL equilibration buffer.

3.2.6 Sodium Dodecyl Sulphate Polyacrylamide Gel Electrophoresis
Expressed and purified proteins were confirmed by SDS-PAGE analysis. 12%

separating and 4% stacking gels were prepared using the components indicated in
Table 3.10 and Table 3.11. The collected supernatants and resuspended pellets were
prepared by mixing with the SDS sample application buffer at a 1:1 ratio. Then,
samples were kept in boiled water for 5 minutes before loading onto the gel. The
SDS-PAGE tank was filled with 1x SDS-PAGE Tank Buffer and an electric field at
85 V was applied for sample migration. After running, the gel was stained in protein
staining solution at 60°C, 70 rpm for 15 minutes. Treatment with the destaining
solution was performed twice for 10 minutes at 60°C, 70 rpm, and 37°C, 70 rpm,
respectively. Protein bands were visualized as a consequence of the applied steps
[117].

3.2.7 Western Blot Analysis
The prepared samples were separated on SDS-PAGE and were blotted from the

gel onto the nitrocellulose extra blotting membranes with transfer buffer at 15 V
for 15 min. After 10 minutes of washing in PBS-Tween 20, the membrane was
blocked overnight at 4°C in a 5% blocking solution. The blocking step was followed
with membrane washing within PBS-Tween 20 for 10 minutes. The membrane was
incubated for 1 hour with primary Anti-6-His antibody produced in rabbit (#cat.
no. SAB4301134) diluted in blocking solution at a ratio of 1:250. The primary
antibody-treated membrane was washed 3 times with PBS-Tween 20. Subsequently,
the membrane was incubated for 1 hour with a Goat Anti-Rabbit IgG (H+L) (Human
IgG Adsorbed) Horseradish Peroxidase Conjugate (#cat. no. 170-6515) secondary
antibody diluted in blocking solution at 1:5000. The membrane was washed twice
with PBS-Tween 20, once with PBS and once with dH5O, respectively. In the
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last step, the membrane was immersed in the 3,3'-Diaminobenzidine (DAB) colour
development solution to visualize the protein band, and finally reaction was stopped
with dH,O.

3.2.8 Bradford Assay

The protein concentration in the collected elution samples was determined with the
Bradford Assay. BSA samples were used as standards, and the reaction mixture at
the final volume of 200 pL (194 L 1x dye reagent was gently mixed with 4 pL BSA
standards) was prepared. Samples were incubated in the dark for 5 minutes at room
temperature. At the end of the incubation, prepared samples were gently shaken,
and absorbance measurement was carried out at 595 nm with a microplate reader
spectrophotometer. A graph of the concentration versus absorbance was generated.
The procedure described above was applied to determine the protein concentration
in the collected eluate samples, and the absorbance-based protein concentration was

calculated using the standard curve equation (y=ax+b).

3.2.9 Enzyme Activity and Inhibition Studies

The absorbance measurements for all procedures detailed below were performed at
340 nm with a Biotek Epoch UV Plate Reader in a 96-well plate.

3.2.9.1 Enzyme Activity Assay

The activity of the target enzyme was determined by measuring the oxidation of
the NADPH cofactor. The reaction mixture was prepared at a volume of 200 uL, as
follows: firstly, 100 mM Tris-HCI (pH: 8.0), 10 mM MgCl,, 0.5 mM NADPH, 2 L.
(4.49 mg/mL) DXR were incubated at room temperature for 10 minutes by shaking
at 300 rpm and the reaction was started with 0.5 mM DXP substrate. Then, short
shaking was applied, and the absorbance was measured for 2 minutes. The reaction

activity was calculated using equation 3.1.

The specific activity of the enzyme (3.2) was determined by taking into account
the calculated enzyme activity value, the molar absorption coefficient of NADPH
(enappr=6200 M~! cm™1) [118] , the total reaction volume (V7), 96-well corning
UV plates pathlength (0.56 cm) and the amount of enzyme (mg). The specific

activity of the enzyme in the units of u/mg was established using equation 3.2.
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(AAsqo/min x V) / (enappm X Pathlengthof the Light)
The Amount of Enzyme Usedinthe Reaction

u/mg = (3.2)

3.2.9.2 Kinetic Parameters Determination

The reaction mixture for kinetic parameters determination was prepared at a
volume of 200 pL containing 100 mM Tris-HCI, 10 mM MgCl,, 0.15 mM
NADPH, 2 pL (3.949 mg/mL) enzymes, and variable concentrations of DXP
(0.5-0.25-0.125-0.0625-0.03125 mM). The prepared mixture was incubated at room
temperature for 10 minutes by shaking at 300 rpm. The reaction was initiated with
DXP, and measurement was carried out in triplicate for 5 minutes. The steady-state
kinetic graph was generated in GraphPad Prism 6.0 (GraphPad Software Ltd., La
Jalla, USA), and K,,, and V,,,, values were calculated using the enzyme kinetics

module of the software.

3.2.9.3 Half-Maximal Inhibitory Concentration Determination

For inhibition studies with fosmidomycin (FSM), the reaction mixture was prepared
at a volume of 200 pL: 100 mM Tris-HCI (pH: 8.0), 10 mM MgCl,, 0.5 mM
NADPH, 2 pL (4.49 mg/mL) enzyme, and dilution series of FSM (125 nM, 156.25
nM, 187.5 nM, 250 nM). The prepared mixture was incubated for 10 minutes at
room temperature by shaking at 300 rpm. Then, the reaction was initiated with DXP
at a final concentration of 0.5 mM, and the absorbance measurement was performed
for 2 minutes. The sample substituted with water instead of fosmidomycin was used
as a negative control. The percentage of fosmidomycin inhibition was calculated

using equation 3.3.

Adgioc — AA
Inhibition (%) = 340: — 3105 1 100 (3.3)
340

Asyoc: absorbance of the control sample

Asyps: absorbance of the analyzed sample

The IC;, value of fosmidomycin was calculated by plotting the percentage
inhibition values against the natural logarithmic values of four different
concentrations of the inhibitor using GraphPad Prism 6.0 (GraphPad Software Ltd.,
La Jalla, USA).
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4

RESULTS AND DISCUSSION

Within the scope of the thesis, studies on 1-deoxy-D-xylulose 5-phosphate
reductoisomerase production were performed in two stages. The first
stage comprises Neisseria gonorrhoeae 1-deoxy-D-xylulose S-phosphate
reductoisomerase (NgDXR) production, while the second includes production of
Escherichia coli 1-deoxy-D-xylulose 5-phosphate reductoisomerase (EcDXR) and
studies performed will be given, respectively.

The methods applied for the recombinant production of Neisseria gonorrhoeae
1-deoxy-D-xylulose 5-phosphate reductoisomerase (NgDXR) during the thesis

period, were summarized in Figure 4.1 to facilitate follow-up.

Expression strategies for NgDXR production were categorized according to the

gene used. Each study indicated in Figure 4.1 will be discussed below.
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Figure 4.1 Studies applied for recombinant production of NgDXR
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4.1 Control of Commercially Synthesized WTNgdxr by Agarose
Gel Electrophoresis

The 1-deoxy-D-xylulose 5-phosphate reductoisomerase gene (dxr) sequence of
Neisseria gonorrhoeae American Type Culture Collection (ATCC) 49226 strain
(WTNgdxr) was downloaded from NCBI (CP045728.1:1701541-1702725) and
synthesized commercially. The WTNgdxr gene sequence is given in Figure 4.2

ATGACACCACAAGTCCTGACCATATTAGGCAGTACCGGCAGCATAGGCGAAAGCACGC
TGGACGTTGTCTCCCGCCATCCCGAAAAATTCCGCGTATTCGCGCTGGCAGGGCATAAG
CAGGTCOAGAAACTGGCOGCTCAATGTCAAACGTTCCGCCCCOAATATGCCGTCGTTG
CCGATGCOGAACACGCOGCCCGGCTTGAAGCCCTGTTGAAACGCGACGGCACGGOGA
CTCAGATTTTACACGGCGCOCAGGCATTGGTTGACGTTGCGTCTGCCGACGAAGTCAG
COGCGTCATGTGCGCCATCGTCGGOGCGGCGGOGCTGCCTTCCGOGCTCGCAGOGGCG
CAAAAAGGCAAAACCATTTATCTGGCAAACAAAGAAACGCTGGTGGTTTCCGGOGCG
TTGTTTATGGAAACCGCCCGCGCAAACGGCGCGGCAGTGTTGCCCGTCGACAGCGAAC
ACAACGCCATTITCCAAGTTTTGCCGOCGUGATTACACAGACCGTCTGAACGAACACGG
CATCGATTCGATTATCCTGACCGCTTCCGGCGGCCCGTTTTTAACAACCGATTTAAGCA
CGTTCGACAGCATTACGCCOGAGCAGGOGGTCAAACACCCCAATTGGCGTATGGGGEG
CAAAATCTCCGTCGATTCAGCCACTATGGCAAACAAGGGCTTGGAACTGATTGAAGCG
CATTGGCTGTTCAACTGTCCGCCCGACAAACTCGAAGTCGTCATCCATCCCCAATCCGT
GATACACAGTATGGTGCGCTACCGOGACGGCTCCGTGCTGGUGCAACTGGGCAATCCC
GATATGCGAACGCCCATCGCCTATTGTTTGGGCTTGOCCGAGCGCATCGATTCGGGTGT
COGCAAACTCGATTTCGGCGCATTGTCOGOGCTGACCTTCCAAAAGCCCGACTTOGGT
COCTTCCCCTGCCTGAAGTTCGCCTATGAAACCATAAACGCAGGCGCAGCCGCGCCCT
GCGTATTGAACGCOCGCCAACGAAACCGCCGTCGCCGCCTTTTTGGACGGACAGATTAA
GTTTACCGACATTGCCAAAACCGTCOGCCCACTGTCTTGCACAAGACTTTTCAAACGGC
ATGGGCGATATAGAAGGACTGTTGGCGCAAGATGOCOGGACACGCGCACAAGCGCGG
GCATTTATCGGCACACTGCGCTGA

Figure 4.2 dxr gene sequence of Neisseria gonorrhoeae ATCC 49226 strain

Lyophilized WTNgdxr was dissolved in sterile dH,0 and diluted to a 1 ng/uL stock
concentration. 1 ng of the WTNgdxr was analyzed on a 1% agarose gel to check

the availability of the gene at the correct size (Figure 4.3).

1200 bp 1185 bp

1000 bp

Figure 4.3 WTNgdxr gene confirmation; M: GeneRuler DNA marker, L1:
WTNgdxr (1 ng)

The 1185 bp long WTNgdxr gene was confirmed in agarose gel, and gene cloning
studies were performed to accomplish the ultimate aim of the thesis study.
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4.2 Studies for Recombinant Production of NgDXR

4.2.1 Subcloning of WTNgdxr Gene into the pLATE31 Expression Vector
System

The WTNgdxr gene was amplified with Phusion High-Fidelity DNA Polymerase

using specifically designed forward (NgdxrF) and reverse (NgdxrR) primers

before cloning into aL.ICator Ligation Independent Cloning and Expression Kit 3

(pLATE31).

The correct size of the 1185 base pairs long WTNgdxr was confirmed by agarose
gel electrophoresis (Figure 4.4).

1185 bp
1000 bp

Figure 4.4 Agarose gel image of WTNgdxr amplified with forward (NgdxrF) and
reverse (NgdxrR) primers; M: GeneRuler DNA marker, L.1: 1185 long amplified
WTNgdxr

WTNgdxr was then cloned into the pLATE31 expression vector system, and the
recombinant pLATE31 was transformed into the competent E. coli BL21(DE3)
expression host strain. The availability of the target insert in the selected colonies
was checked by colony PCR using 7aqg polymerase and specific (NgdxrF and
NgdxrR) primers (Figure 4.5).

1000 bp 1185 bp

Figure 4.5 Colony PCR results of recombinant E. coliBL21(DE3) host cells; M:
GeneRuler DNA marker, L1-L3: Colony PCR products of the selected
recombinant colonies
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Positive results were observed from the selected recombinant colonies.

In addition to colony PCR, the precise target gene availability was confirmed
by bidirectional Sanger sequencing with T7 promoter (forward) and M13/pUC

(reverse) universal primers.

The bidirectional Sanger sequencing results and WTNgdxr were aligned using
the Multiple Sequence Comparison by Log-Expectation (MUSCLE) [119]
from European Molecular Biology Laboratory-European Bioinformatics Institute
(EMBL-EBI) online tools. Jalview images of alignment results, chromatogram
images of the Sanger sequencing with forward and reverse universal primers were

given in Figures 4.6, 4.7, and 4.8, respectively.

Ngdxi_p31_T7/1-1256 1CCCCCCCAATTCCTCTTGGAACGCACAGGTTGCACAGCTAGAAGGGAATTTTGTTTACCCTTAAGTCCGGAAGGACATATAACT o | 109
WTNgdxr/1-1185 L o oo e e e m e e e m e m e e n i n n e @ e e e Al T 2

Ngdx_p31_M13_antiparallelcompli1-1247 == = === = = = = = @ m mmm e et e @ mm e e e e e e e e o m i mm e m e mm e e e e

Ngdxi_p31_T7/1-1256 110 - EHCAT G B8 T TR T -1 - (def 4] (dy 215
WTNgdxr/1-1185 26 - A - - 1B1
Ngdxi_p31_M13_antiparalieicompl/1-1247 1 c) o Al A C: i i 109

Ngdxi_p31_T7/1-1256 216
WTNgdxr/1-1185 132
Ngdxi_p31_M13_antiparalleicomply1-1247 110

Ngdxi_p31_T7/1-1256 325
WTNgdir/1-1185 241
Ngdi_p31_M13_antiparalleicomply1-1247 219

Ngdxi_p31_T7/1-1256 434
WTNgdir/1-1185 350
Ngdi_p31_M13_antiparalleicompl/1-1247 328

Ngdi_p31_T7/1-1256 543 51
WTNgdr/1-1185 459 567
Ngdi_p31_M13_antiparalleicompl/1-1247 437 545

Ngdxr_p31_T7/1-1256 652
WTNgdsxr/1-1185 568
Ngdxr_p31_M13_antiparallelcompl/1-1247 546

Ngdr_p31_T7/1-1256 761
WTNgdxr/i-1185 677
Nodr_p31_M13_antiparallelcompl/1-1247 655

Nodxr_p31_T7/1-1256 870
WTNgdr/1-1185 786
Nodxr_p31_M13_antiparallelcompl/1-1247 764

Nodxr_p31_T7/1-1256 979 Al A IClEE 1087
WTNgdr/1-1185 895 - 1002
Nodxr_p31 M13_antiparallelcompl/1-1247 873 - 980
Nodxr_p31 T7/1-1256 1088 ABG A c| A] CHAREACART 1196
WTNgdxr/1-1185 1003 - - - - - 1106
Nodxr_p31 M13_antiparallelcompl/1-1247 981 - - - - - 1084
Nodxr_p31 T7/1-1256 1197 ¢f AT AHA c| ] A o
WTNgdxr/1-1185 1107 - - - - -
Nodxr_p31 M13_antiparallelcomply1-1247 1085 - - - - -
Nodxr_p31 T7/1-1256

WTNgdxr/1-1185 L e 1185
Nodxr_p31 M13_antiparallelcompl/1-1247 1183 GACTTCCCATCTCCGGTTAAACAGGCCTGCATGCAGCGTAATCATGTCATAATTCGGAG 1247

AT
[ANACHEEC| A AR - - - - o 1256
——————————————————————————— 1183
GGCCATCACCATCACCACCACGGCTAAT 1183

Figure 4.6 Alignment of bidirectional Sanger sequencing results of WTNgdxr in
pLATE31 with the WTNgdxr sequence from the NCBI
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Figure 4.7 Sanger sequencing chromatogram results (T7 promoter (forward)) of
WTNgdxr in pLATE31
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Figure 4.8 Sanger sequencing chromatogram results (M13/pUC (Reverse)) of
WTNgdxr in pLATE31
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The cloned sequence was confirmed to be the WTNgdxr gene.

4.2.2 Expression Analysis of NgDXR by SDS-PAGE

Recombinant expression of NgDXR encoded by WTNgdxr using pLATE31 in E.
coli BL21(DE3) was induced with IPTG at a final concentration of 0.5 mM, and
protein expression was evaluated for 3 and 5 hours at 37°C, 180 rpm. To evaluate
the protein expression, the non-recombinant, uninduced E. coli BL21(DE3) (NI);
non-recombinant 0.5 mM IPTG-induced E. coli BL21(DE3) (I); and recombinant
uninduced E. coli BL21(DE3) (R NI) were cultured under the same conditions
as mentioned for recombinant 0.5 mM IPTG-induced E. coli BL21(DE3) (R I).
Recombinant cultures were supplemented with 100 pg/mL ampicillin based on the
antibiotic resistance of pLATE31 [100].

Unless otherwise stated, in this study, the lysis of expression samples was done with
lysis buffer A solution. Before the SDS-PAGE analysis of the expressed protein,
the estimated molecular weight of N¢gDXR was calculated using online tools [114,
115]. The molecular weight of NgDXR was determined as 42.051 kDa, and the
protein band of approximately 42 kDa corresponding to NgDXR was expected to
be observed.

Cell lysates were analyzed by SDS-PAGE, and the results are given in Figure 4.9.

M L1 L2 L3 L4 LS L6 L7 L8 M L1 12 L3 14 L5 L6 L7 L8

50 kDa
50 kDa
40 kDa
40 kDa

M: PageRuler Prestained Protein Ladder, L1: E.coli NI SP ,L2: M: PageRuler Prestained Profein Ladder, L1: E.coli NISP , L2:
E.coli NI P, L3: E.coli 1 SP, L4: E.coli 1 P, L5: R E.coli NI SP, L6: R E.coliNI P, 1L3: E.coli 1 SP, L4: E.coli 1 P, L5: R E.coli NI SP, L6: R
EcoliNIP,L7: R E.coli ISP, L8: R E.coliI P E.coliNIP,LT: R E.coli1 SP,L8: R E.coli 1P

Figure 4.9 SDS-PAGE gel images of E. coli control and recombinant cell lysates;
A. Expression/cultivation of E. coli control and recombinant cells for 3 hours, B.
Expression/cultivation of E. coli control and recombinant cells for 5 hours

Lines 7 and 8 on the SDS-PAGE gel images in Figure 4.9 contain the supernatant
and pellet fractions of recombinant IPTG-induced E. coli BL21(DE3) cell lysates,
respectively. SDS-PAGE analysis revealed the presence of thin protein bands
(highlighted with red dashes), possibly corresponding to N¢gDXR, in the supernatant
fractions (Figure 4.9 A., B. L7) compared to control samples expressed/cultured

under the same conditions. Despite the thin soluble protein band in the supernatant
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fractions, the overexpressed recombinant protein was mainly obtained as insoluble
aggregates (inclusion bodies) in the pellet fractions (Figure 4.9 A., B. LJ).
Confirmation of the expressed recombinant protein was intended to be performed

by Western Blot analysis.

4.2.3 Identification of Expressed NgDXR with Western Blot Analysis

Based on the sensitivity of Western Blot (WB), WB analysis was performed
to detect the possible expressed NgDXR. WB analysis was conducted for the
supernatant fraction of the cell lysate obtained from overnight expression of the
WTNgdxr clone (Figure 4.10).

________ C-terminal

) l_ 6xHis tagged

.........

NgDXR

Figure 4.10 Western Blot analysis of C-terminal 6xHis-tagged NgDXR

The C-terminal His-tagged recombinant protein detected with specific antibodies
was highlighted with red dashes (Figure 4.10). Although the WB results confirmed
the NgDXR presence in the soluble form, it was predicted that the amount of protein
produced could be too low for future biochemical studies. Therefore, a scale-up

strategy was implemented to increase the efficiency of soluble protein expression.

4.2.4 Scale-up Optimization for NgDXR Expression and Purification of
6xHis-tagged NgDXR by HisTALON Gravity Column

A scale-up strategy from 50 mL to 400 mL was applied to increase the soluble

protein yield. Recombinant protein production was induced with 0.5 mM IPTG

and expressed overnight at 37°C, 180 rpm. The non-recombinant host cells were

subjected to expression under the same conditions and used as a control.

Cultures were harvested by centrifugation, and the cell pellets were resuspended
in lysis buffer A. Then, cells were subjected to sonication at 40% amplitude for 2

minutes (10 sec on, 10 sec off).
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Expression samples were purified using the HisTALON gravity column. The
His-tagged protein purification with Cobalt-loaded TALON columns is based on
the principle of metal affinity chromatography [116]. Pure C-terminal 6xHis-tagged
recombinant NgDXR was aimed to be obtained as a result of the HisSTALON gravity

column purification. Purified samples were analyzed by WB.

4.2.5 Confirmation of Purified NgDXR with Western Blot Analysis

WB analyses were performed to confirm pure recombinant protein, and the induced
non-recombinant E. coli BL21(DE3) sample was used to validate that the produced

protein is not of host cellular origin. WB results are given in Figure 4.11.

L1 L2 L3 L4 L5 L6 L7 L1 L2 L3 14 L5 L6 L7 L8 L9

-

L1: Eluate 1, L2: Eluate 2, L3: Eluate 3, L4: Eluate 4, L5: Eluate 5, L6: L1: Eluate 1, L2: Eluate 2, L3: Eluate 3, L4: Eluate 4, L5: Eluate 5, L6:
Control, WT'Ngdxr gene in pLATE31 in E. coli BL21(DE3) Pellet (1:10 Eluate 6, L7: Flow through, L8: Control, WTNgdxr gene in pLATE31
diluted), L7: Control TaENO in E. coli BL21(DE3) Pellet (1:10 diluted), L9: Control TaENO

Figure 4.11 Western Blot analysis of C-terminal 6xHis-tagged NgDXR
A. HisTALON gravity column purified induced non-recombinant E. coli
BL21(DE3). B. HisTALON gravity column purified recombinant NgDXR

To verify the antibody/WB analysis functionality, Theileria annulata enolase
(TaENO), with a molecular weight of 48 kDa (Figure 4.11 A. L7; Figure 4.11 B.
L9) previously studied in the laboratory, was used as a control. The presence of
6xHis-tagged NgDXR with purity over 95% was confirmed by WB (Figure 4.11 B.
L2). No bands were observed in purified expression samples of non-recombinant E.
coli BL21(DE3). A thin protein band aligned with pure 6xHis-tagged NgDXR (L2)
was observed in the flow through sample (Figure 4.11 B. L7, highlighted with blue
dashes), which indicates that a certain amount of target protein passed through the
column without being retained during purification.

The analyzed 1:10 diluted pellet sample appeared as two separate bands at almost
equal quantities (Figure 4.11 B. L8, highlighted with yellow dashes), and the upper
band was aligned with the soluble N¢gDXR band in L2 (Figure 4.11 B). Since both
bands in the pellet fraction were detected by Anti-6-His Polyclonal Rabbit Antibody
in WB, it was hypothesized that the upper protein band in the pellet fraction may
belong to the full-length N¢gDXR and the lower band to the truncated form.
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The concentration of purified protein was determined using Brand Assay and the

amount of protein was observed to be insufficient for biochemical analysis.

The NgDXR, produced through the expression of WTNgdxr using the pLATE31
vector system in E. coli BI21(DE3) host cells, has been observed and verified to be
in a small amount at soluble form and predominantly in form of inclusion bodies in
the pellet fraction. In addition to being obtained as inclusion bodies in the pellet,
the possible N-terminal protein truncation was predicted based on the WB results.
Since the produced soluble protein was insufficient for the intended biochemical

studies, strategies were applied to improve soluble protein production.

Inclusion body formation due to the dysregulation of protein homeostasis in E.
coli host cells is correlated with elevated heterologous protein expression levels,
environmental conditions, and specific properties of the expressed target protein
[120, 121]. Numerous strategies for soluble protein production have been developed
and are widely used to overcome the inclusion body problem in recombinant
technology [121, 122].

4.3 Expression Strategies for Soluble Recombinant NgDXR
Production Using the pLATE31 Expression Vector System

Based on extensive literature research and in silico studies, production rate
optimization, correct folding promotion, breaking of possible disulfide bonds,
expression with divalent cations, inclusion body solubilization, host cell change,
NgDXR expression as updated amino acid sequence, expression of NgDXR
in truncated form, co-expression with molecular chaperones, gene sequence
optimization and harmonization of WTNgdxr are strategies applied to improve
NgDXR production using the pLATE31 vector system.

The justifications and results of all implemented strategies are provided below.
Due to the comprehensive SDS-PAGE analyses performed throughout the thesis,
one SDS-PAGE result will be given for each optimization performed, but all results

will be reported and discussed in the text.

4.3.1 Optimizations of NgDXR Expression Rate

The elevated translation rate triggered by the high expression temperature and
high inducer concentration can cause the inability of the host cell to cope with
the overexpressed recombinant protein and lead to the accumulation of expressed
proteins within the cell as insoluble aggregates [123, 124]. Lowering the expression

temperature and the IPTG concentration are among the critical strategies to reduce
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the protein synthesis rate and thus prevent the formation of inclusion bodies
[100, 125]. Furthermore, the impact of temperature reduction on the decrease
of temperature-dependent hydrophobic interactions, which play an essential role
in inclusion body formation, has also been reported [125, 126]. In light of the
reported studies and the manufacturer’s instruction of the vector system [100], low
expression temperatures (20°C and 30°C) along with the IPTG concentration (0.1
and 0.5 mM) optimizations were performed to produce NgDXR in soluble form.
SDS-PAGE analysis result of the sample induced by 0.5 mM IPTG and expressed
at 30°C 1s given in Figure 4.12.

M L1

55 kDa

40 kDa

M: PageRuler Prestained Protein Ladder, L1: SP 5h,
L2: P 5h,L3: SP 3h,L4: P 3h

Figure 4.12 SDS-PAGE result of expression temperature impact on soluble
NgDXR expression

No significant change in expressed protein level was observed in samples induced
with 0.5 mM IPTG and expressed for 5 hours at 30°C and 37°C. Temperature
decrease up to 20°C did not contribute to soluble NgDXR production, and
even the expression level in the pellet decreased significantly. Nevertheless,
protein solubility improvement by expression temperature and IPTG concentration
reduction was observed in the study of Cayir et al., which was performed with the
same expression system [127].

Due to unsuccessful attempts to express NgDXR in soluble form by reducing
the expression rate through IPTG and temperature optimizations, alternative

approaches to reduce NgDXR overexpression were evaluated.

The aeration level of the expression culture can variably affect the production of
the target protein [128]. In the study of Boshtam et al., a better protein yield was
achieved as a result of protein expression at a slower agitation speed [129]. To
slow down the culture growth rate and thus possibly improve protein folding, the
expression culture shaking speed of N¢gDXR was reduced from 180 rpm to 50 rpm,

but no effect on soluble protein expression was observed.
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Despite the better effect of lower cell density on soluble recombinant protein
production [130], soluble recombinant DXRs of Francisella tularensis [27] and
Yersinia pestis [25] were obtained from recombinant cultures incubated till
ODggonm reached values of 1.1 and 1.8 before IPTG induction, respectively.
The same ODggonr (1.1 and 1.8) values were evaluated for NgDXR, but higher
pre-induction culture density did not affect the production of soluble NgDXR.

No effect on the solubility of NgDXR was observed with approaches applied to
reduce the expression level and possibly prevent the formation of aggregates that
may result from overexpression of NgDXR.

Based on the knowledge that protein misfolding is a triggering factor for
protein aggregation [131], approaches to ensure correct folding of NgDXR were

investigated.

4.3.2 Proper Folding Stimulation of NgDXR by Glycerol, Ethanol and Diva-
lent Metal Ions

The protein quality control system is maintained by chaperones that promote

the correct folding of proteins and are categorized as molecular, chemical, and

pharmacological [132-134]. The chemical chaperone group is composed of

osmolytes and hydrophobic compounds [133].

A chemical chaperone, glycerol, has been reported to prevent aggregation formation
by stabilizing the natural conformation of the proteins in vivo and in vitro [135].
The presence of glycerol in an aqueous solution enables the protein to adopt a
compact form by improving the organization of the solvent molecules around the
protein [136, 137]. Simultaneously with the NgDXR expression induction by IPTG,
glycerol was added to the expression culture medium at concentrations ranging from
2% to 10%, and the anti-aggregation impact of glycerol on NgDXR was analyzed
for samples expressed at 30°C and 37°C. SDS-PAGE analyses results of samples
expressed in the LB supplemented with 7% and 10% glycerol are given in Figure
4.13.
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55 kDa

40 kDa

M: PageRuler Prestained Protein Ladder, L1: SP 3h 7% glycerol, L2: P 3h 7%
glycerol, L3: SP ON 7% glycerol, L4: P ON 7% glycerol, L5: SP 3h 10% glycerol,
Lé: P 3h 10% glycerol, L7: SP ON 10% glycerol, L8: P ON 10% glycerol

Figure 4.13 SDS-PAGE result of 7% and 10% glycerol effect on NgDXR
expression

As a result of evaluating the glycerol effect at two different temperatures and four
glycerol concentrations (2%, 4%, 7%, and 10%), it was observed that the expressed

protein was still trapped in the pellet fraction.

In another study, experiments were conducted to enhance the expression of
molecular chaperones responsible for protein homeostasis within the cell [132] to
promote the correct intracellular folding of NgDXR.

Ethanol addition to the growth medium stimulates the heat shock effect in E. coli,
which triggers the production of intracellular molecular chaperones such as DnaK
and GroEL [132, 138]. Protein solubility improvement by ethanol addition to the
culture medium has been reported in the literature [121, 138, 139]. To observe the
effect of 3% ethanol on NgDXR expression, based on the study of Chhetri et al.,
ethanol at a percentage of 3% was added to the expression medium simultaneously
with primer culture inoculation [139], and the protein expression was carried out at
30°C, 180 rpm (Figure 4.14).

M L1 L2 L3 L4

55 kDa

40 kDa

L1: PageRuler Prestained Protein Ladder L2: SP 3h,
L3: P 3h, L4: SP ON, L5: P ON

Figure 4.14 SDS-PAGE result of 3% ethanol effect on NgDXR expression
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However, insoluble protein in pellet fraction was obtained as a consequence of the

applied ethanol addition strategy.

Chemical and molecular chaperone applications did not affect the protein solubility,
and NgDXR was still in the pellet fraction. Alternative studies were conducted to

ensure possible correct folding.

Besides the function in the catalysis of the protein, the effect of divalent metal ions
on protein folding has been reported in the literature [140]. The divalent metal ions
(Co**, Mg?* or Mn?"), along with the NADPH cofactor, are essential components
for the catalytical activity of DXR [141]. DXRs from different organisms exhibit
variations in the preference for divalent metal ions [25]. The potential impact of the
growing media supplementation with metal ions on protein solubility and stability
[142, 143] was assessed for the NgDXR. MgCl, and MnCl, at the concentration of
1 mM were added simultaneously with 0.5 mM IPTG induction to the independent
cultures. No effect on protein solubility was observed as a result of the expression

of NgDXR with catalytically required DXR divalent metal ions.

Strategies aimed at ensuring proper protein folding did not affect the solubility of
NgDXR. The tendency of NgDXR to form aggregation due to possible structural
properties was considered.

4.3.3 Effect of Breaking Possible Intermolecular and Intramolecular Disul-
fide Bonds on NgDXR

Improper disulfide bond formation can lead to failure in the native conformational
establishment, protein aggregation, and dysfunction [144]. Based on the unknown
NgDXR structure and the reported tendency of DXRs to form octameric, hexameric
and tetrameric structures [141, 145, 146], it was hypothesized that the possible
existence of incorrect intermolecular and intramolecular disulfide bonds could lead

to the production of NgDXR in the form of inclusion bodies.

Among the reducing agents bearing free thiol groups, dithiothreitol (DTT) and
2-mercaptoethanol are frequently used in the reduction of disulfide bonds [147].
In addition to the disulfide bond reduction capability, the dithiothreitol and
2-mercaptoethanol maintain sulfhydryl groups in a reduced state, thus avoiding
possible unnatural disulfide bond formation from air oxidation during cell
disruption [148, 149].

The effect of 2 mM DTT and different concentrations of 2-mercaptoethanol (2 mM

and 5 mM) were evaluated on NgDXR soluble production. Harvested cells were
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lysed in lysis buffer B (10 mM Tris-HCl, 100 mM NaCl, 2 mM 2-mercaptoethanol,
pH: 8.0), lysis buffer 1 (30 mM Tris-HCl, 100 mM NaCl, 2 mM 2-mercaptoethanol,
pH: 8.0), lysis buffer 2 (50 mM Tris-HCI, 250 mM NaCl, 5 mM 2-mercaptoethanol,
pH: 8.0), lysis buffer 3 (100 mM Tris-HCI, 2.5 mM MgCl,, 2 mM DTT, 0.1 mM
phenyl-methylsulfonyl fluoride (PMSF), pH:7.5), lysis buffer 4 (100 mM Tris-HCI,
2.5 mM MgCly, 2 mM DTT, pH: 7.5), lysis buffer 5 (100 mM Tris-HCI, 300 mM
NaCl, pH: 7.5) and cell lysate fractions were analyzed independently on SDS-PAGE
(Figure 4. 15). Lysis buffer 3 was supplemented with PMSF, a serine protease
inhibitor [150], to eliminate the potential effect of serine proteases on protein
integrity. Additionally, MgCl, was added along with other agents to the lysis buffer

3 and 4 solutions to destabilize molecular hydrogen bonds [151].

55 kDa

40 kDa

M: PageRuler Prestained Protein Ladder, L1: Lysis buffer 1 SP L1: Lysis buffer 3 SP ON, L2: Lysis buffer 3 P ON, L3: Lysis
ON, L2: Lysis buffer 1 P ON, L3: Lysis buffer B SP ON, L4: Lysis buffer 4 SP ON, L4: Lysis buffer 4 P ON, L5: Lysis buffer 5
buffer B P ON, L5: Lysis buffer 2 SP ON, L6: Lysis buffer 2 P ON SP ON, L6: Lysis buffer 5 P ON

Figure 4.15 SDS-PAGE results of lysis buffer effect on N¢gDXR solubility

Thin protein bands, possibly corresponding to NgDXR, were observed in the
supernatant fractions from lysis buffers 4 and 5 applications (highlighted with
dashes), but most of the protein was still in the pellet fraction. However, the
application of other buffers did not result in soluble protein, and the protein

produced was in the pellet fraction.

4.3.4 Recovery of NgDXR from Inclusion Body by Renaturation Strategy Us-
ing Urea

The active target protein recovery from the inclusion bodies can be achieved by

purification of the inclusion bodies, denaturation of the aggregates, and, most

importantly, refolding processes [152]. Extraction of the target protein from

inclusion bodies can be accomplished using a combination of detergent (Triton

X-100) and denaturing agents (urea or guanidine-HCI) [153].

A study for soluble NgDXR retrieval from inclusion bodies was performed based on
the research conducted by Xu et al. [154]. To evaluate the effect of urea-containing

buffers on protein solubility, washing and solubilization processes were performed
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on the expression sample induced with 0.5 mM IPTG and expressed with 4%
glycerol. No soluble protein was observed in the supernatant fractions of NgDXR

treatment with urea, and all proteins were observed in the pellet fraction.

4.3.5 Host Strain Change Strategy to Overcome Possible Codon Bias and En-

sure Correct Disulfide Bond Formation

Proper host strain selection is among the most critical factors influencing
recombinant protein production, and the host choice depends on the features of
the final product [130].

In the above-mentioned studies, E. coli BL21(DE3), deficient in Lon and OmpT
proteases and encoding T7 polymerase [155], was used as the host cell for
recombinant NgDXR expression according to suggestions of the pLATE31 vector
system manual [100]. Host strain change is a proposed strategy to improve
recombinant soluble protein production, and a comprehensive list of modified host

cells with specific features is available [130, 155].

In contrast to the abundance of rare codons in the recombinant gene, the low tRNA
amount and codon preference of the host strain can give rise to the codon bias
problem [155, 156]. This phenomenon can cause incorrect amino acid sequence
formation and the production of the target protein in truncated form [156]. The E.
coli BL21 Codon Plus strain, coding extra copies of tRNA [157], was used as the

host strain to investigate the possible codon bias problem on NgDXR expression.

As already explained in subsection 4.3.3, incorrect disulfide bond formation can
lead to the production of proteins in the form of inclusion bodies. Since the structure
of NgDXR is unknown, studies were carried out to break possible incorrectly
formed disulfide bonds, and the protein produced was predominantly obtained in
the pellet. Ensuring the correct establishment of possible disulfide bonds was
another strategy applied for soluble N¢gDXR production. The streptomycin-resistant
E. coli SHuffle T7 strain, which lacks thioredoxin reductase (trxB) and glutathione
reductase (gor) but encodes cytoplasmic DsbC for isomerization of disulfide bonds
[125, 155, 158], was used for proper establishment of possible disulfide bonds of
expressed NgDXR.

Based on the abovementioned information, the recombinant pLATE31 vector
(WTNgdxr in pLATE31) was transformed into competent E. coli BL21 Codon
Plus and E. coli SHuffle T7 cells. Expression culture of E. coli BL21 Codon
Plus was supplemented with 100 pg/mL ampicillin, and of E. coli SHuffle T7 with
100 pg/mL ampicillin and 25 pg/mL streptomycin. SDS-PAGE analysis results of
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NgDXR expressed in E. coli BL21 Codon Plus, and E. coli T7 SHuffle host cells at
30°C, with 0.5 mM IPTG, are given in Figure 4.16.

A. B.
55 kDa
40 kDa
M: PageRuler Prestained Protein Ladder, L1: SP L1: SP 3h, L2: P 3h, L3: SP ON, L4: P ON
3h, L2: P 3h, L3: SP ON, L4: P ON

Figure 4.16 SDS-PAGE results of host strain change strategy; A. NgDXR
expression in E. coli BL21 Codon Plus host strain, B. NgDXR expression in E. coli
T7 SHuffle host strain.

In the expression of NgDXR in E. coli BL21 Codon Plus, it was observed that
the expression level, even in the pellet, was reduced compared to the NgDXR
expression in E. coli BL21(DE3). However, the NgDXR expressed in E. coli T7
SHuffle was still observed in the pellet fraction. The host strain change strategy had
no impact on the solubility of NgDXR.

4.3.6 Expression of NgDXR in the Length of 411 Amino Acid
At the beginning of the thesis study, the NgDXR protein sequence in the length

of 394 amino acids was confirmed in the NCBI database, and the studies were
conducted with the coding target gene (WTNgdxr). However, in March 2022, the
amino acid sequence of NgDXR in the NCBI database was updated to 411 amino
acids [159]. The role of the additional amino acids in NgDXR has yet to be reported
in the literature. In silico modelling of 411 amino acids long NgDXR using EcDXR
(PDB: 2EGH) structure as a reference in Modeller [160] (Figure 4.17) revealed that
the additional 17 amino acids at the N-terminus are not part of the DXR catalytic
domain. Then, cloning and expression studies were carried out to investigate the

impact of the additional amino acids on protein solubility.

55



Figure 4.17 Model represents the addition of 17 amino acids in the N-terminal end
of the NgDXR; Added amino acids were indicated by red colour

WTNgdxr, to be cloned into the pLATE31 vector system, was amplified by PCR
using forward (17aaNgDxrF) and reverse (NgdxrR) primers designed to add 51
nucleotides. The confirmed 1236 bp gene was subcloned into the pLATE31, and
then the recombinant vector was transformed into E. coli BL21(DE3) host strain.
SDS-PAGE analysis results of the sample induced with 0.5 mM IPTG and expressed
overnight at 37°C are given in Figure 4.18.

M L1 L2

50 kDa

40 kDa

M: Spectra Multicolor Broad Range Protein Ladder, L1: SP Sh,L2: P5h

Figure 4.18 SDS-PAGE result of N¢gDXR expression in the length of 411 amino
acid

Previously, NgDXR, in the length of 394 amino acids, was expressed as an inclusion
body in the pellet under the conditions applied for 411 amino acid-length NgDXR
expression. However, in the experiment of NgDXR production in the length of 411
amino acids under the same conditions, no production was observed, even in the

pellet fraction.
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4.3.7 Removal of Catalytically Non-essential First 2 Amino Acids from N-
terminal End of NgDXR

The recombinantly produced C-terminal His-tagged NgDXR in the pellet fraction
appeared as two separate bands by WB analysis described in subsection 4.2.5, and
the possible protein truncation was emphasized. In silico modelling of NgDXR
using EcDXR (PDB: 2EGH) structure as a reference in Modeller (Figure 4.19)
showed that threonine and proline amino acids at the N-terminal end of NgDXR
are not located in the active site (Figure 4.19) and do not participate in the catalytic
activity of the enzyme.

1 10 20 30 430 440

G 3UPYbm SRTAELRALQDAMLGLEHH
3UPYbm ... .[0 TIc[E TR
NgDXR  MRGS|E HHHHHT BloviL|T|I Lgs %ég@ggyié ,,,,,,,,,,,
NaDXR__ pHA q = VRERAQ. ..........
iESSZZ M{zc’,bs/“ ‘m‘ssmDT‘GWNT‘YFQSGSGMESH;L 2 2EGHec KEVMRLASSACDLGTPGRP
BIIEYP v v oo vt e SNA . ot MKQL|T|I L[ES i;lﬁyp 2;12ELE2L’DV --------
4ZQFmc . .MAHHEHHHS....SGLEVLFQGPADTLQS|LA[L L] 4zgsm§ ersshcé 44444444
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Figure 4.19 Model image of 2 amino acids removal from the N-terminus of the
NgDXR sequence

To evaluate the effect of these amino acids on the production of NgDXR in soluble
form, WTNgdxr was truncated from the 5’ end. Removal of 6 nucleotides from the
1185 bp long WTNgdxr was achieved with the designed forward (TPNgdxrF) and
reverse (NgdxrR) primers, and the 1179 base pair long gene was cloned into the
pLATE31 vector system. SDS-PAGE analysis results of the sample induced with
0.5 mM IPTG and expressed at 37°C are given in Figure 4.20.

M L1 L2 L3 L4 LS L6

50 kDa

40 kDa

M: Spectra Multicolor Broad Range Protein Ladder, L1: SP 3h, L2:
P 3h, L3: SP 5h, L4: P 5h, L5: SP ON, L6: P ON

Figure 4.20 SDS-PAGE result of expressed N¢gDXR in the truncated form
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The removal of N-terminal threonine and proline amino acids did not affect the
solubility of NgDXR, and the protein still appeared in the pellet as inclusion
bodies. Even though some studies report protein solubility increases as an effect
of N-terminal protein truncation [161, 162], no impact of N-terminal 6 nucleotide

truncation was observed on NgDXR solubility.

4.3.8 Co-expression of NgDXR with pG-Tf2, pGro7 and pG-KJE8 Chaperon
Plasmids

Molecular chaperones participating in protein folding and prevention of aggregation
are widely used to improve recombinant protein expression in E. coli [163-165].
An ATP-independent trigger factor and the ATP-dependent DnaK/DnalJ/GrpE and
GroEL/ES prokaryotic chaperone systems are involved in the folding process
of different cellular proteins [166]. Since molecular chaperones are found in
small quantities in E. coli and can be insufficient for folding the overexpressed
protein [130], a co-expression experiment with TAKARA chaperone plasmids was
performed to investigate the effect of supplemented chaperones on soluble NgDXR
expression. Co-expression of NgDXR with chaperone plasmids was carried out
following the method described in subsection 3.2.3.1 and SDS-PAGE gel images

were given in Figure 4.21.

M L1 L2 L3 L4 L5 L6

50 kDa

40 kDa

M: Spectra Multicolor Broad Range Protein Ladder, L1: M: Spectra Multicolor Broad Range Protein Ladder, L1: SP
SP 3h, L2: P 3h, L3: SP 5h, L4: P 5h, L5: SP ON, L6: P ON 3h, L2: P 3h, L3: SP 5h, L4: P 5h, L5: SP 3h, L6: P 3h

Figure 4.21 SDS-PAGE result of NgDXR co-expression with chaperone plasmids;
A. NgDXR co-expression with pG-Tf2 chaperone plasmid, B. NgDXR
co-expression with pGro7 (L1-L4) and pG-KJES8 (L5-L6) chaperone plasmids

Voulgaridou et al. demonstrated that the simultaneous expression of the target gene
with the combination GroES/GroEL and DnaK/Dnal/GrpE systems enhanced the
solubility of the produced 6xHis-tagged protein [167]. However, the production of
NgDXR with pG-KJE8-encoded GroES/GroEL and DnaK/Dnal/GrpE chaperones
did not yield any soluble protein (Figure 4.21 B, L5-6).

Although no expression was observed when the GroEL/GroES (pGro7) complex
was used alone (Figure 4.21 B, L1-4), a possible soluble band of NgDXR was
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obtained when GroEL/GroES system was used together with the triggering factor
(tig) (pG-Tf2) (Figure 4.21 A). The literature has also reported favourable results of

GroEL/GroES and tig combinations in co-expression studies [164].

The confirmation of possible soluble band obtained from co-expression with
pG-Tf2 chaperone plasmid was carried out with WB analysis, and the C-terminal
6xHis-tagged NgDXR was detected (Figure 4.22).

C-terminal
] 6xHis tagged
1 —
| S S NgDXR

Figure 4.22 Western Blot result of 6xHis-tagged NgDXR co-expressed with
pG-Tf2 chaperone plasmid

Since the protein produced was still obtained as a thin protein band by the performed

analyses, different strategies were applied to improve protein expression.

4.3.9 Codon Optimization and Harmonization of WTNgdxr to Overcome
Codon Bias

Regulation at the transcriptional level is one of the strategies applied for soluble
recombinant protein production in E. coli hosts. For this purpose, codon
optimization and harmonization approaches based on replacing target gene codons
with synonymous ones without modifications in the amino acid sequence of the
encoded protein are used [155, 168, 169]. Codon optimization is the substitution
of rare codons in the target gene with the most often used synonymous codons.
Nevertheless, in codon harmonization, the codons of the original protein are
substituted by synonymous codons that have a corresponding frequency of usage

in the expression host [170, 171].

Firstly, the codon-optimized version of WTNgdxr sequence encoding NgDXR
suitable for the E. coli BL21(DE3) was obtained with the EMBOSS Backtranseq
tool [172]. The codon-optimized gene sequence was then harmonized in the AGCT
Codon Harmonizer online tool [173] for the target E. coli BL21(DE3). Comparative
alignment analysis of the codon-optimized/harmonized WTNgdxr gene (OptNgdxr)
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sequence with the dxr gene sequence of N. gonorrhoeae strain ATCC 49226
(WTNgdxr) 1s given in Figure 4.23.

WTNgdur/1-1185 1A.ACACCACAA.CC.ACCA AT ARG C Al ACCE.EA Auuilﬁnclc AcmcccEcAlccc AAAAA] ccmc ClC.C-CAlAAlCA € 123
Optigdxr/1-1185 1 ATGIACCCCIECAI ICEGACCATICC CTACCH CTATC AATCTACCCTGEAC CECETCACCCEEAAAAATTTA cGcccraaC! CACAAACA) 123
WTNgdxr/1-1185 124 IA.AAAC c.cIcAA cAAAc‘cc cCCCBAATA c“cﬂ.ﬂ‘cﬂucac cﬂccc.c.u CCC"AAACHAC cAc1cIAcch AHCAC 245
Cptigdxr/1-1185 124 GAAAAACTIGE CTGCTCAGTGC CAGACCIET.CCOTCCBEAATACHC CEGACGCTGAACACECTECTCETCTGEAAGCTCTGCTEAAACGTGACBGTACCECTACCCABATICCTBCAC 246
WTNgdxr/1-1185 z47"clca C_AC-C.C.CHAC AAGT CAGCEEC CA-CICCA c“c.c-c.cc.cﬂclc“c“c.clcnuu ICAAAACCATTTAT 360
Opthgdsr/1-1185 247 CTCABGCTC! AC CETCRGCTGACEAA ci Al CECEARCH crgc CTGCCETCRGCTCTEECTGCTGCTCABAAAGETAAAACCATCTAC 360
WTNgdxr/1-1185 370 C.CAAACAAA AAAcIc-cc C| C_A.AAACCICCCHCAAAC"C.CA cCCBmC] AcilﬂAAcAcAAclccA ccamcc CE 492
Optgelxr/1-1185 370 CRGGICHAACAAABAAACCC c cmc CATGGAAACCGCTCGTGCTAAC cec cmGCc ACHICEGAACACAACGCTATCETCCA CRGCCGCRT <32
WTNgdxr/1-1185 493 A1ACACAIACC c| AACIAACAC cAIcIA‘cIArAIcc.Achclcucc AACAACC] AWEAC‘CIACA CA’AC.CCHA.CA C‘AAA 615
Cptigdxr/1-1185 493 BACTACACCGACCATCTGAACGAACACGGTATCGACTCTATCATCCIGACCGCTRC! CCBITCCTGACCACCRACCTRGTCTACCTTCHACTCTATCACCCCGGAACAGGC! AAA 615
WTNgdxr/1-1185 616 cAccccAA-c.A-cEAAAAIcIcﬂA C“CCAC.A CAAACAA“AAC.AHAA cIcA-c-cuc cclccc ACAAACHTIC] AA“ 738
Optigdrr/1-1185 616 CACCCBAACTGECATA CGTAAAARCEC! ACTCEGCACCATEGCTAACAAAGGT CTGEAACTGATICGAAGCTICACTGEC! CAACTGCCCHCCHEACAAACTGEAA! 738
WiNgdxr/1-1185 739 AICCA.CCCCA“C’AIACACA A-CHACC c AC"C’C.CICAAC‘AAlCCHA.A.CHAC.CCCAlclcalmccc ABCECATC &1
Cptigdxr/1-1185 739 ARCCACCCECAGRC! ATCCACTCEA CGTTACCOTGAC c CTGECTCAGC] AACCCEEACATGCETACCCCHATCECETACEGCC! CTECCBEAACGTATC 861
WTNgdxr/1-1185 862 A1cﬂunc | A‘C | ci-cﬂclclacc.ccAAAAIcCHAc.c.cclc.ccc“cc.AA.cIcﬂA‘AAAccAIAAAcIcmc“cﬂcl 984
Opthgdr/1-1185 862 MACKC! AAACTGEACTEC) |CECTGTCIGCTCTEACCTIT CCAAAAGC CBGACTTCGGCCGCTTCCCBTGC CRGAAGTTCGCTTACGAAACCATCAACEC CTGCTGCT 984
WTNgdxr/1-1185 985 ccac“AAclcﬂccuclnucclcﬂcﬂc“ac ACAIArAA'ACCIACAHCCAAAACC"CCCAC'C.CACA“AC“CAAAC CA. 1107
Opthgdxr/1-1185 985 CCBRTMCGTTCTGAACACTGCTAACGAAACCHC CTGCGTTC CTGEACGGTCAGATICAAATTCACCEACATCGCTAAAACC) CTECACTGCCTGGCTICAGGACTTCTCTAACGGTATE 1107
WThNgdxr/1-1185 1108 "AlAIAIAA Acnclcu A ccc.AcAc | CACA“CIC.C’AICEACAC CHA 1185
Optilgdxr/1-1185 1108 ACAT.CGAAGGTCTGCTGECTCAGGACHCTCETACCCOTGCTCAGHCGAGGECGTTCATCGGTACCCICCGTTAA 1185

Figure 4.23 Comparative analysis of the WTNgdxr with OptNgdxr

The OptNgdxr gene was amplified with forward (NgDxrF(H)) and reverse
(NgDxrR(H)) primers and then cloned into the pLATE31 expression vector system.
Recombinant gene expression was induced with IPTG at a final concentration
of 0.5 mM for 5 hours at 37°C, 180 rpm. To evaluate NgDXR expression,
non-recombinant uninduced E. coli BL21(DE3) (NI), non-recombinant induced
E. coli BL21(DE3) (I), and recombinant uninduced E. coli BL21(DE3) (R NI)
were cultured under the same conditions as mentioned for recombinant E. coli
BL21(DE3) (R I). The supernatant and pellet fractions from the expression of
recombinant NgDXR encoded by OptNgdxr were analyzed in Lines 7 and 8,
respectively (Figure 4.24).

M L1 L2 L3 L4 L5 L6 L7 L8

50 kDa

40 kDa

M: Spectra Multicolor Broad Range Protein Ladder, L1:
E.coli NI SP ,L2: E.coli NI P, L3: E.coli1 SP,L4: E.coli1 P,
L5: R E.coli NI SP,L6: R E.coli NIP,L7: R E.coli 1 SP, L8:

RE.colilP

Figure 4.24 SDS-PAGE gel image of E. coli control and recombinant cell lysates

Even a low level of soluble NgDXR was observed as a result of WTNgdxr

expression; despite the same expression conditions applied, NgDXR produced by
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OptNgdxr was entirely in the pellet fraction.

4.4 Production of NgDXR in the Form of N-terminal 6xHis Tag
and Without Tag

Small peptides or protein sequences linked to the N or C terminus of the target
protein, known as fusion tags, are widely used in recombinant DNA technology
to improve target protein production, enhance solubility, and facilitate purification
[174]. Despite intensive efforts to produce C-terminal 6xHis-tagged NgDXR,

insufficient protein was obtained.

Busso et al. reported higher solubility of N-terminal 6xHis-tagged proteins
compared to the C-terminal 6xHis-tagged [175]. However, a negative impact of
N- and C-terminal 6xHis tags on recombinant protein solubility was observed on
the protein studied by Woestenenk et al. [176].

To evaluate the position and unavailability of the 6xHis tag on NgDXR production,
WTNgdxr was cloned into aL.ICator pLATES1 and pLATE11 expression vector
systems. Production of N-terminal 6xHis-tagged NgDXR was performed using
pLATESI1, while the production of NgDXR without tag was carried out using
pLATE1l. The WTNgdxr gene was cloned into expression vectors following
amplification using forward (51FNgdxr) and reverse (51RNgdxr) primers for
pLATES1 and using forward (11FNgdxr) and reverse (11RNgdxr) primers for
pLATE11. The NgDXR expression experiments using pLATES1 and pLATE11
expression vectors were performed at 30°C, with different IPTG concentrations
(0.1, 0.5, 0.8, 1 mM) in E. coli BL21(DE3) and E. coli BL 21 Codon Plus host
strains. SDS-PAGE analysis results of NgDXR expression using pLATES51 and

pLATE11 expression vector systems are given in Figure 4.25.
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A, B.
55 kDa
55 kDa 40 kDa
40 kDa
M: PageRuler Prestained Protein M: PageRuler Prestained Protein Ladder, L1: SP 3h,
Ladder, L1: SP 3h, L2: P 3h L2: P 3h, L4: SP 5h, L5: P 5h, L6: SP ON, L7: P ON

Figure 4.25 SDS-PAGE results of NgDXR expression in N-terminal 6xHis-tagged
and untagged forms; A. N-terminal 6xHis-tagged NgDXR expression induced with
0.5 mM IPTG at 30°C; B. Untagged NgDXR expression induced with 0.1 mM
IPTG at 30°C

No protein expression was observed as a result of the studies performed.

Some expression studies using the WTNgdxr and OptNgdxr genes were conducted
simultaneously to achieve the final goal, and the results were given in the relevant

sections.

4.5 Periplasmic Translocation and GST-tagged NgDXR Produc-

tion using pET Expression Vector Systems

Although the purposes of using pET expression vector systems for NgDXR
production differ, the usage purpose and observed results were given under the
same subsection since the same methods and parameters were applied for NgDXR

production.

The reductive nature of the cytoplasm poses restrictions for intracellular expression
of disulfide-bonded exogenous proteins in E. coli. The oxidative environment
and lower protease content of the E. coli periplasm make the recombinant protein
periplasmic translocation strategy attractive to overcome inclusion body formation
in the cytoplasm [121, 163]. To establish proper protein folding and evaluate
the influence of the periplasmic environment on NgDXR solubility, NgDXR was
produced using a DsbC-encoded pET-40b(+) expression vector system. The
DsbC tag, which acts as a signal sequence at the N-terminal end of the target
protein, ensures the potential localization of the protein to the periplasm and is

responsible for the bond isomerization of disulfide-bonded proteins in the oxidative
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environment of the periplasm [101, 177].

Protein expression with a fusion tag is an alternative approach to producing
soluble recombinant proteins. The positive effect of Thioredoxin (Trx), small
ubiquitin-like modifier (SUMO), glutathione S-transferase (GST), green fluorescent
protein (GFP), HaloTag, and maltose binding protein (MBP) fusion tags on protein
expression and solubility have been reported [178, 179]. The pET-41a(+) expression
vector system, encoding a GST tag at the N-terminal end, was used to assess
the effectiveness of the GST tag in improving the solubility of the NgDXR and
protecting it from potential proteolytic degradation [180].

OptNgdxr to be subcloned into the pET expression vector was amplified with
forward (pQENgdxrF) and reverse (pQE2NgdxrR) primers containing HindIIl
restriction sites. Recombinant vectors were transformed into E. coli BL21(DE3)
host strain and availability of the target gene in recombinant colonies was checked
by colony PCR using T7 forward control and gene-specific reverse (pQE2NgdxrR)
primers. NgDXR expression in the E. coli BL21(DE3) host strain was induced
with 0.5 mM IPTG and performed at 30°C, 180 rpm. Expression culture was
supplemented with 30 pg/mL kanamycin. SDS-PAGE analysis result of NgDXR

expressed using pET-41a(+) expression vector system is given in Figure 4.26.

M 11 L2 L3 L4 LS L6

55 kDa

M: PageRuler Prestained Protein Ladder, L1: SP 3h, L2: P
3h, L4: SP 5h, L5: P 5h, L6: SP ON, L7: P ON

Figure 4.26 SDS-PAGE result of GST tagged NgDXR

Periplasmic translocation and GST tag did not affect soluble NgDXR expression,

and protein was not observed even in the pellet fraction.

4.6 T5 Promoter Effect Evaluation on Soluble NgDXR Produc-
tion Using pQE Expression Vector Systems

The gene expression for NgDXR production with the vector systems used in the

studies reported above was controlled by the T7 RNA polymerase recognized T7
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promoter.

It has been observed in the literature that pQE-9, pQE-30 and pQE-31 expression
vector systems harbouring TS promoter were used for DXR production from Pseu-
domonas aeruginosa [181], E. coli [21, 141, 182] and P. falciparum [28]. TS5
promoter has double repressor binding lac operator (lacO) sequences to ensure
tight regulation and high-level expression of recombinant proteins [104]. Plasmid
instability, resulting from leaky expression under non-induced conditions, can also

be suppressed by the T5 promoter-based systems [169].

To assess the effect of the E. coli RNA polymerase recognized T5 promoter [183] of
pQE vector systems on NgDXR production, OptNgdxr expression using TAGZyme
pQE-2; pQE-9, pQE-31, and pQE-40 vectors was conducted. OptNgdxr prior
subcloning into the TAGZyme pQE2 was amplified with forward (pQE2NgdxrF)
and reverse (pQE2NgdxrR) primers. The forward and reverse primers contained
Ndel and Hindlll recognition sites, respectively. Hindlll restriction endonuclease
was chosen for cloning OptNgdxr into pQE-9, -30, and -40 expression vector
systems and the gene was amplified by forward (pQENgdxrF) and reverse
(pQE2NgdxrR) primers.

Several parameters on NgDXR production using the TAGZyme pQE-2 expression
vector system were tested separately or combined, including host strain change
(E. coli XL1-Blue, E. coli IM105), IPTG concentration (0.2, 0.4, 0.5, 1, 1.5
mM), expression temperature (27°C, 37°C), expression media (TB), culture media
supplement (carbenicillin) and pH value of lysis buffer (lysis buffer B pH: 7, 7.5,

8.5) optimizations.

The vector handbook states that any strain of E. coli can be used as an expression
host if it possesses either the suppressor pREP4 plasmid or the lacl? mutation.
However, it has been reported that strains containing the pREP4 plasmid, notably
M15[pREP4] host cells, show higher expression efficiency than those with the
lacl? mutation [104]. In this study, the lacl? mutated E. coli XL1-Blue (1 pg/mL
tetracycline) and E. coli IM105 (1 pg/mL tetracycline) cell lines were used as
host strains for recombinant NgDXR expression. Positive colony confirmation
was performed by colony PCR; furthermore, in the case of pQE-9, -30, and -40,
the cloned target gene was confirmed by cross-amplification with control and

gene-specific primers.

For NgDXR expression using pQE-2, the expression conditions utilized in previous
studies were tried, but since protein production was not observed, optimizations

were performed to improve NgDXR expression.
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In expression studies of DXR from P. aeruginosa, E. coli, and P. falciparum using
pQE vector systems, lysis buffers containing 2-mercaptoethanol were used to lysate
expression samples. In this thesis, the effect of buffer containing 2-mercaptoethanol
reported in the literature [21, 28, 181] and different pH values (pH: 7, 7.5, 8.5) on
NgDXR was evaluated. Unless otherwise stated, the lysis of recombinant E. coli

host cells harbouring pQE recombinant vector was done with lysis buffer B solution.

Medium change

The culture medium change strategy from LB to TB was applied to evaluate the
effect of high protein level, buffering capacity, and additional carbon source in TB
medium [184] on NgDXR production.

Effect of carbenicillin

Recombinant plasmid instability during expression caused by ampicillin instability
has been reported as a reason for the low expression level. Ampicillin replacement
with a more stable antibiotic, carbenicillin (50 pg/mL) [100], was applied to
enhance the stability of the recombinant plasmid within the cell and, thus,

potentially increase the expression level of NgDXR.

Extensive optimizations for NgDXR production were performed using the
TAGZyme pQ-2 expression vector system, as there was no significant difference in
the properties of the pQE vector systems and to minimize the use of consumables,
expression using the other pQE-9, 30, and 40 vector systems was performed in a
single expression trial (E. coli XL1-Blue, induction with 1 mM IPTG, at 37°C).

As aresult of the optimizations performed, the SDS-PAGE gel image (Figure 4.27)
was presented only for NgDXR expression using TAGZyme pQE-2 expression
vector system in E. coli XL1-Blue host strain induced with 1 mM IPTG in TB
and LB medium.
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M L1 L2 L3 L4 LS L6 L7 L8

M: Spectra Multicolor Broad Range Protein Ladder, L1: incubation in TB
medium for 5h cell lysis with Lysis buffer A SP, L2: incubation in TB medium
for 5h cell lysis with Lysis buffer A P, L3: incubation in LB medium for 5h cell

lysis with Lysis buffer B SP, L4: incubation in LB medium for 5h cell lysis

with Lysis buffer B P, L5: incubation in TB medium for 3h cell lysis with

Lysis buffer B SP, L6: incubation in TB medium for 3h cell lysis with Lysis

buffer B P, L7: incubation in TB medium for Sh cell lysis with Lysis buffer B
SP, L8: incubation in TB medium for Sh cell lysis with Lysis buffer B P

Figure 4.27 SDS-PAGE result of TAGZyme pQE-2 expression vector effect on
NgDXR production

Although literature exists on the production of DXR from different organisms with
pQE expression vector systems, recombinant expression of NgDXR using pQE

vectors has not been achieved despite numerous optimizations.

4.7 NgDXR Expression using pET101/D-TOPO Expression Vec-
tor System

An active soluble C-terminal His tagged DXR from Francisella tularensis has
been produced with a pET101/D-TOPO expression vector system [27]. Based
on the Francisella tularensis study, for the production of NgDXR in active and
soluble form, OptNgdxr was expressed using the pET101/D-TOPO expression

vector system.

OptNgdxr to be cloned into the pET101/D-TOPO vector system was amplified using
forward (101 TOPONgdxr(H)F) and reverse (101 TOPONgdxr(H)R) primers. Gene
cloning and recombinant vector transformation procedures were done according to
the manufacturer’s instructions, and colonies obtained as a result of recombinant
vector transformation into BL21 Star(DE3) One Shot Chemically Competent E.
coli host strain were validated by colony PCR.

Two different IPTG concentrations (0.5 mM, 1 mM) were examined for the
production of NgDXR using the pET101/D-TOPO vector system, and the
expression was carried out at 37°C, 180 rpm. Expression culture was supplemented
with 100 pg/mL ampicillin, and the SDS-PAGE analysis result of expression sample
induced with 0.5 mM IPTG is given in Figure 4.28.
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50 kDa

40 kDa

M: Spectra Multicolor Broad Range Protein Ladder, L1: SP
3h,L2: P 3h, L3: SP 5h, L4: P 5h

Figure 4.28 SDS-PAGE results of NgDXR expression using pET101/D-TOPO

No protein expression was observed, even in the pellet fraction, so the
pET101/D-TOPO expression vector system did not affect N¢gDXR production.

This thesis is a part of the 121N818-numbered TUBITAK project for developing
inhibitors against Neisseria gonorrhoeae, and recombinant production and
biochemical analysis of the NgDXR for high-throughput screening studies are
within the scope of the study. Despite all efforts, no sufficient soluble NgDXR
was obtained, and an alternative method was used to achieve the final goal of the

project and the studies performed are mentioned below.

4.8 Recombinant EcDXR Production and Biochemical Charac-
terization

Since the substrate/inhibitor binding site of NgDXR is targeted for developing
new inhibitors against N. gonorrhoeae, the preservation of active site functional
residues of DXRs in NgDXR was aimed to be evaluated. The active site functional
residues of DXRs from different organisms were analyzed as a result of an extensive
literature review, and the evaluation of functional residues was decided to be

performed on the EcDXR with the most well-defined structure.

Analysis of EcDXR in a ternary complex with fosmidomycin and manganese
revealed the interaction of divalent metal ions with Asp150, Glul52 and Glu231
residues, and the metal dication was coordinated by the hydroxamic acid moiety of
fosmidomycin. Hydrogen bonding of the fosmidomycin phosphonate moiety with
Ser186, Ser222, Asn227 and Lys228 residues of EcDXR was identified within the
same complex [85, 87]. Moreover, a direct interaction between the hydroxamic acid

moiety of inhibitor with Glul52 and Glu231 was observed in the characterization
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of EcDXR in a low metal affinity environment [86]. The interaction of substrate
(DXP) and EcDXR was determined for the first time in a ternary complex with
NADPH. The substrate phosphate moiety was identified to be hydrogen-bounded
with Ser186, His209, Asn227 and Lys228 residues, and the substrate backbone
with Trp 212, Lys125, Serl151, Glul52, Asn227, Lys228 and Glu231 residues of
EcDXR, as a result of the study [86].

To compare the NgDXR amino acid sequence with bacterial DXR sequences that
have been recombinantly produced and have had their crystallographic structure
determined, sequences were downloaded from NCBI and ATCC and subjected to

multiple alignment analyses (Figure 4.29).
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Figure 4.29 Multiple DXR amino acid sequence alignment

The active site functional residues of EcDXR were found to be 100% conserved in
the NgDXR sequence. Based on the observed 100% identity of active site functional
residues, recombinant EcDXR was intended to be used in in vitro high-throughput
screening studies. The cloning, expression and biochemical analysis results of

EcDXR to be used in the high-throughput screening studies are given below.

4.8.1 Expression, Purification and Biochemical Characterization of EcDXR

The Ecdxr to be cloned into the pLATE31 vector system was PCR amplified with
forward (pLATE31Ec(25922)dxrF) and reverse (pLATE31Ec(25922)dxrR) primers
using genomic DNA of E. coli (ATCC 25922) as the template. The 1197 bp
Ecdxr was confirmed by agarose gel electrophoresis (Figure 4.30), and the method

mentioned in subsection 3.2.2.5 was applied for gene subcloning into the pLATE31.
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1197 bp
1000 bp

Figure 4.30 Agarose gel image of Ecdxr amplified with forward
(pLATE31Ec(25922)dxrF) and reverse (pLATE31Ec(25922)dxrR) primers; M:
GeneRuler DNA marker, L1: 1197 long amplified Ecdxr

Recombinant vectors were transformed into competent E. coli BI21(DE3)
expression hosts, and then clones containing recombinant vectors were analyzed
by colony PCR. The expression of EcDXR was induced with 0.5 mM IPTG and
was performed under 37°C, 180 rpm conditions (Figure 4.31).

M 11 L2 L3 L4 L5 L6

40 kDa

M: Spectra Multicolor Broad Range Protein Ladder, L1: SP
3h, L2: P 3h, L3: SP 5h, L4: P 5h, L5: SP ON, L6: P ON

Figure 4.31 SDS-PAGE results of EcDXR expression at 37°C

The molecular weight of the DXR encoded by the E. coli ATCC 25922 (EcDXR)
strain was determined as 43.4 kDa using online tools [114, 115], and the protein
band at the specified size was expected to be observed by SDS-PAGE.

EcDXR produced under the abovementioned conditions was obtained entirely in
the pellet fraction. Temperature optimization was performed to ensure the possible
soluble expression of EcDXR, and the expression temperature was reduced from
37°C to 30°C. EcDXR expression results induced with 0.5 mM IPTG at 30°C, 180

rpm are given in Figure 4.32.
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L1: SP 3h, L2: P 3h, L3: SP 5h, L4: P 5h, L5: SP ON, L6: P ON

Figure 4.32 SDS-PAGE results of EcDXR expression at 30°C

As shown in Figure 4.32, a band of the target protein was observed in the
supernatant fractions of the expression samples collected at the 3" and 5! hours
(LT and L3, respectively). However, no soluble protein was obtained from overnight
expression under the same conditions. Although EcDXR was produced in the
soluble form, high protein levels still appeared in the pellet fraction. Experiments
were conducted to enhance the soluble EcDXR level by optimizing the IPTG
concentration (0.2 mM) and the expression temperature (25°C), but no soluble
protein was observed in SDS-PAGE.

To verify that the expressed protein is not from the host cell origin, recombinant E.
coli BL21(DE3) and non-recombinant E. coli BL21(DE3) were induced with 0.5
mM IPTG, and cells were cultured for 3 hours at 30°C, 180 rpm (Figure 4.33).

M L1 L2 L3 L4

55 kDa

40 kDa

M: PageRuler Prestained Protein Ladder, L1: E.coli13h SP,
L2:E.coli1I3hP,L3: RE.coli13h SP,L8: R E.coli13h P

Figure 4.33 SDS-PAGE gel image of E. coli control and recombinant cell lysates

The protein band corresponding to recombinant EcDXR, with a molecular

weight of approximately 43 kDa, was highlighted with red dashes (Figure 4.33,
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L3). No protein expression was detected at the same molecular weight in the

non-recombinant E. coli BL21(DE3) expression sample.

Following expression confirmation of EcDXR, a scale-up strategy was applied to
overcome the possible protein insufficiency for biochemical analysis. EcDXR
production induced with 0.5 mM IPTG was carried out in 530 mL LB broth at 30°C,
180 rpm for 3 hours. The expression culture was then sonicated at 50% amplitude
for 3 min (10 sec on, 10 sec off) and purified using the HisTALON gravity column.
Cell lysate samples (supernatant, pellet) and combined eluates were analyzed using
SDS-PAGE, and results are given in Figure 4.34.

M L1 L2 L3

SSkDa

40 kDa

M: PageRuler Prestained Protein Ladder, L1: SP 3h, L2: P 3h, L3:
Pure recombinant EcDXR

Figure 4.34 SDS-PAGE result of recombinant E. coli cell lysate and HisTALON
gravity column purified EcDXR

The obtained EcDXR with purity over 95% was confirmed by SDS-PAGE analysis.

4.9 Biochemical Analysis of EcDXR
The targeted biochemical analyses of EcDXR include the identification of the

kinetic parameters (V,,.., K;,) and determination of IC5, value according to the

inhibition potential of fosmidomycin.

4.9.1 Determination of EcDXR Concentration Using Bradford Assay

Biochemical analyses of EcDXR were conducted in two independent experimental

setups, and protein concentration was determined for each one.

EcDXR stock at the concentration of 4.49 mg/mL (530 mL expression culture) was
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used to determine the ICs, value. The concentration of EcDXR stock was calculated

by the standard equation in Figure 4.35 using a 1:5 diluted form of the stock.
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Figure 4.35 Protein concentration standard curve

EcDXR stock at the concentration of 3.949 mg/mL (200 mL expression culture)
was used in the identification of kinetic parameters. The concentration of the stock

sample was determined using the standard equation given in Figure 4.36.
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Figure 4.36 Protein concentration standard curve

4.9.2 Kinetic Analysis of Purified EcDXR

The specific activity values obtained from measurements conducted with a range of
substrate concentrations using 2 pL (3.949 mg/mL stock) of EcDXR are given in
Table 4.1.

72



Table 4.1 Specific activity values of EcDXR

Substrate Concentration | Specific Activity | Mean Specific Activity
(mM) (umol/min—'.mg~!) | ( umol/min—!.mg~!)
0.5 046 | 045 | 0.46 0.46
0.25 048 | 046 | 047 0.47
0.125 0.36 | 0.35| 0.36 0.36
0.0625 0.20 | 0.20 | 0.20 0.20
0.03125 0.11 [ 0.12 | 0.11 0.11

The steady-state kinetic graph of the enzyme was generated (Figure 4.37), the K,
and V,,,,, values of EcDXR were determined as 103.4+17.05 uM, 0.5985+0.03497

pmol/min.mg, respectively.
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Figure 4.37 Steady-state kinetic graph of EcDXR

The calculated K,,, value was observed to be compatible with the 99 M [82], 115
uM [99]and 150 M [19] K,,, values reported for EcDXR.

4.9.3 The Half-maximal Inhibitory Concentration Determination of Fos-
midomycin

The IC;, value refers to the concentration of inhibitor required to achieve 50%

inhibition of an enzymatic reaction at a particular substrate concentration [185]. The

inhibition (%) values were calculated as a result of absorbance measurements with

variable inhibitor concentrations using 2 pL (4.49 mg/mL stock) EcDXR and 0.5

mM DXP. Logarithm values of inhibitor concentrations and determined inhibition

(%) values are given in Table 4.2.
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Table 4.2 Inhibition (%) values of EcDXR

Concentration of FSM (nM) | Inhibition (%) value | log concentration of FSM (uM)
125 5.555556 -0.903089987
156.25 45.06173 -0.806179974
187.5 81.85185 -0.726998728
250 91.97531 -0.602059991

The plot of inhibition (%) values versus the log concentration of the FSM was
created (Figure 4.38) and the ICj, value of FSM against EcDXR was determined as
160 nM. The observed value was between 34 nM [24], 42 nM [186], and 221.3 nM
[187] fosmidomycin IC5, values of the EcDXR reported in the literature.
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Figure 4.38 The plot of inhibition (%) versus the log concentration of the FSM

Although NgDXR was produced in insufficient quantities, as mentioned in
subsection 4.2.5, activity analysis of NgDXR was intended to be performed using
the activity assay optimized for EcDXR. For this purpose, a scale-up strategy for
NgDXR expression in E. coli BL21(DE3) using the pLATE31 expression vector
system was applied, and activity analysis of purified NgDXR was carried out.
However, the activity of NgDXR produced in low amounts could not be detected.
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CONCLUSION

5.1 Conclusion

Gonorrhea, caused by the multi-drug resistant Neisseria gonorrhoeae, 1is
categorized as a priority infection in the global effort to eliminate sexually
transmitted infections [45]. Potential targetable pathways that are vital for the
bacterium but not present in the host were evaluated to combat the infection
caused by N. gonorrhoeae. Studies targeting the biosynthetic MEP pathway of
N. gonorrhoeae were not found in the literature. This study aimed recombinant
production and biochemical analysis of the NgDXR, which catalyzes the reductive
isomerization of DXP to MEP in the bacterial vital MEP pathway. For this
purpose, 1-deoxy-D-xylulose 5-phosphate reductoisomerase gene sequence of V.
gonorrhoeae American Type Culture Collection (ATCC) 49226 strain was first
cloned into the C-terminal 6xHis tagged alLICator pLATE31 vector system, and the
protein was expressed in E. coli BL21(DE3) host strain. The expressed protein
was analyzed by SDS-PAGE, and a thin protein band at approximately 42 kDa
was observed, possibly corresponding to soluble N¢gDXR; however, the expressed
protein was mainly obtained in the pellet fraction in the form of inclusion bodies.
The possible thin NgDXR band was confirmed by Western Blot analysis, and the
scale-up strategy was applied for soluble protein yield improvement. Expressed
protein at the volume of 400 mL was purified using a HisSTALON gravity column
and pure 6xHis-tagged NgDXR was detected in the second elution by Western Blot.
In addition, a 1:10 diluted pellet fraction of the expression sample was also analyzed
by Western Blot and detected as two separate bands. The upper band was thought
to correspond to the full-length protein as it aligned with elution 2, but the lower

band was hypothesized to be an N-terminal truncated formed of NgDXR.

The expressed NgDXR by the applied method was observed to be insufficient for
biochemical analysis. Then, a range of methods and optimizations were applied to
improve soluble protein yield. Among the studies carried out within the scope of the

thesis for soluble NgDXR production, a possible thin band corresponding to soluble
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NgDXR was observed as a result of SDS-PAGE analysis of samples subjected to
lysis buffer applications containing DTT, NaCl. In addition, a thin protein band at
supernatant fraction was observed by SDS-PAGE analysis of samples from NgDXR
co-expression study with pGT-f2 chaperone plasmid and the 6xHis-tagged NgDXR
was confirmed by Western Blot analysis. However, as a result of applied other
numerous optimizations and methods for soluble N¢gDXR production, the expressed
protein was either obtained in the form of inclusion bodies in the pellet fraction or
not produced at all. Obtained NgDXR was still insufficient for biochemical analysis.

As a result of the extensive literature review and multiple sequence alignment
analyses, EcDXR, an alternative to NgDXR was selected to be used in
high-throughput screening studies. Consequently, recombinant production and
biochemical characterization of EcDXR were aimed to be performed in the scope
of the thesis study. EcDXR was cloned into the pLATE31 vector system and
recombinant EcDXR was then expressed in E. coli BL21(DE3) host cell. According
to the optimizations for EcDXR production, the best condition was determined as
0.5 mM of IPTG, and expression at 30°C for 3 hours. The biochemical analyses
of EcDXR, produced in high quantity and obtained with purity over 95% by
HisTALON gravity column purification, were successfully performed. The activity
assay of EcDXR, was optimized for biochemical analysis and the kinetic parameters
K,, and V,,,, of EcDXR were determined as 103.4+17.05 M, 0.5985+0.03497

pmol/min.mg, respectively.

Based on the successful expression of EcDXR using the pLATE31 vector system at
the soluble form and high concentration, it was concluded that there was no problem
with the expression vector system, and NgDXR could not be produced due to the

structural features.

Overall, performed studies indicated that the EcDXR produced in an active form
can be used in the high-throughput screening of starting compounds for NgDXR

inhibition.

5.2 Future Perspectives

The results obtained within the scope of the thesis may serve as a basis for the

studies mentioned below:

* Protein amino acid sequencing can be performed to identify the sequences of
C-terminal His tagged proteins detected by Western Blot in the pellet fraction of the
NgDXR expression sample
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* Further optimization studies can be carried out to increase the yield of soluble

NgDXR by co-expression with chaperone plasmids

* NgDXR recovery in soluble and active form from the pellet fraction can be

achieved through improved refolding studies

* The effect of E. coli M15[pREP4] strain on NgDXR expression using the pQE
vector system may be evaluated

* Physicochemical analysis of EcDXR obtained in high-purity can be performed.
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