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ABSTRACT

INVESTIGATION OF NOVEL, NICOTINAMIDE ADENINE
DINUCLEOTIDE PHOSPHATE DEPENDENT FORMATE
DEHYDROGENASE ENZYMES

Saadet ALPDAGTAS

Department of BioEngineering
Ph. D. Thesis

Adviser: Prof. Dr. Sevil YUCEL
Co-Adviser: Assoc. Prof. Dr. Baris BINAY

NADPH dependent oxidoreductases are remarkable biocatalysts for industrial production
of chiral chemicals. For in situ regeneration of required expensive cofactors, Formate
dehydrogenases (FDHSs) are quite important. It is a significant necessity to determine the
FDHs which have NADP™" dependency and also multi-directional stability for cofactor
recycling process.

In this study, it was aimed to get two, new NADP* dependent FDHSs via recombinant
DNA technologies and protein engineering methods from natural sources, a pathogenic
bacterium Burkholderia dolosa PC543 (BdFDH) and ethanol tolerant bacterium
Lactobacillus buchneri NRRL B-30929 (LbFDH), and also investigate the effect of N-
and C- terminus His tag extensions on solubility and activity of BAFDH. Two novel
NADP* dependent FDHs from these microorganisms were cloned, purified and
characterized with their unique features. The first enzyme is a new, DMSO tolerant
formate dehydrogenase, which has dual cofactor specificity and tolerance to acidic
conditions and obtained from B. dolosa PC543 (BdFDH). The expression of N- and C-
terminus His-tagged BdFDHs were performed, separately and it was determined that the
C-terminus His-tagged enzyme was active and soluble whereas the N-terminal version of
enzyme was not. The other putative NADP* dependent formate dehydrogenase gene was
obtained from L. buchneri NRRL B-30929. It was determined that LbFDH has high
activity at an acidic pH range (pH 4.8-6.2) and at high temperatures. Its Tm value has
been obtained as 78 “C by differential scanning calorimetry (DSC) as an unusual value
for equivalent enzymes. The specific activity of LbFDH (24.6 U/mg) with NADP™ is a
beneficial feature among all NADP* dependent FDHs at 60 °C. If these enzymes are

Xiii
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compared in terms of its kinetic constants, it can be said that BAFDH has a great
interaction with formate ion and LbFDH has a beneficial affinity towards NADP*, due to
these capabilities, both of FDHs can be utilized as model enzymes for protein engineering
studies.

In conclusion, these two novel enzymes with their performance in acidic pH values,
DMSO tolerance and coenzyme preference, have great potential to recycle cofactors in
biocatalysis of chiral intermediates in various industries.

Key words: Cofactor regeneration, NADP* dependent formate dehydrogenase,
Lactobacillus buchneri NRRL B-30929, Burkholderia dolosa PC543, Biochemical and
kinetic characterization.
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OZET

YENI, NIKOTiNAMID ADENIN DINUKLEOTID BAGIMLI
FORMAT DEHIDROJENAZ ENZIMLERININ ARASTIRILMASI

Saadet ALPDAGTAS

Biyomiihendislik Anabilim Dali
Doktora Tezi

Tez Danigsmani: Prof. Dr. Sevil YUCEL
Es Danisman: Dog. Dr. Baris BINAY

NADPH bagimli oksidorediiktazlar, kiral bilesiklerin endiistriyel liretimi i¢in degerli
biyokatalizorlerdir. Thtiyag duyduklart yiiksek maliyetli kofaktdrlerin, yerinde
rejenerasyonu i¢in Format dehidrojenaz enzimleri (FDH) oldukga degerli bir segenektir.
NADP* bagimhiligi ve ¢ok yonli kararlilk gibi ozelliklere sahip olabilecek FDH
enzimlerinin tespit edilmesi, koenzim rejenerasyonu agisindan bir gerekliliktir.

Bu ¢alismada iki ayrt NADP* bagimli FDH enziminin rekombinant DNA teknikleri ve
protein miihendisligi metodlar1 kullanilarak dogal kaynaklardan, biri patojenik bakteri
olan Burkholderia dolosa PC543 (BAFDH) ve digeri etanole toleransi olan bir bakteri
olan Lactobacillus buchneri NRRL B-30929 (LbFDH), elde edilmesi ve ayrica amino /
karboksil uglarma ekli histidin uzantisinin BAFDH enzimi iizerine olan etkisinin
incelenmesi amaglanmigtir. Bu mikroorganizmalardan iki yeni NADP* bagimli FDH
enzimi klonlanmis, saflastirilmis ve karakterize edilmistir. {lk FDH, B. dolosa PC543
bakterisinden elde edilmis, ¢ift koenzim spesifitesi olan ve asidik pH degerlerinde
caligabilen, DMSO toleransina sahip yeni bir enzimdir. Amino / karboksil ucunda histidin
uzantist olan BAFDH' ler, ayr1 ayr1 ifade edilmis ve karboksil ucunda histidin etiketi olan
enzimin ¢oziiniir halde ve aktif iken amino ucunda histidin uzantis1 olan FDH enziminin
inkliizyon cisimcigi seklinde oldugu ve aktivitesinin olmadigi tespit edilmistir. Diger
putatif NADP* bagimli format dehidrojenaz geni L. buchneri NRRL B-30929
bakterisinin genomik DNA’ sindan klonlanmis ve elde edilen LbFDH enzimin asidik
kosullarda (pH 4.8-6.2) oldukga aktif oldugu ve yiiksek sicaklik degerlerinde optimum
aktiviteye sahip oldugu belirlenmistir. Enzimin, esdegerleri arasinda siradisi bir Tm
degerine (78 °C) sahip oldugu diferansiyel taramali kalorimetri ile belirlenmistir. Dahasi,
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LbFDH' 1n 60 °C'de ve NADP* varliginda elde edilen spesifik aktivitesi (24.6 U/mg) tiim
NADP™" bagimli FDH'ler arasinda siradis1 bir dzelliktir. Enzimler kinetik sabitleri yoniiyle
degerlendirildiginde BAFDH enziminin 6zellikle format iyonu ile LbFDH enziminin ise
kofaktor ile etkilesimi oldukga dikkat ¢ekicidir ve protein miithendisligi ¢aligmalar igin
model olarak kullanilabilecegi diisiiniilmektedir.

Sonug olarak, DMSO toleransi, asidik kosullara olan dayaniklilik ve koenzim tercihi
nedeniyle bu iki yeni enzim, kiral ara bilesiklerin biyokatalizinde kofaktor geri
doniistimiinde kullanim i¢in biiyiik bir potansiyele sahiptir.

Anahtar Kelimeler: Kofaktor rejenerasyonu, NADP" bagimli format dehidrojenaz,
Lactobacillus buchneri NRRL B-30929, Burkholderia dolosa PC543, biyokimyasal ve
kinetik karakterizasyon

YILDIZ TEKNiK UNiVERSITESI FEN BILIMLERI ENSTITUSU
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CHAPTER 1

INTRODUCTION

1.1 Literature Review

Nicotinamide cofactor (NAD(P)H) dependent enzymes are quite significant for the
synthesis of chiral intermediates. Such biocatalytic processes can be commercialized. Due
to high cost of nicotinamide cofactors, it is not economically feasible to add the cofactor
into the system in stoichiometric quantities. Instead of this, an appropriate in situ
recycling technique should be used for cofactor regeneration. An NAD™ dependent
formate dehydrogenase (FDH) has been used as a recycler enzyme for the synthesis of L-
tert-leucine in large scale [1]. Most of reported formate dehydrogenases prefer NAD*
over NADP™ and display weak affinity or no ability to catalyse the reduction of NADP*
in reactions [2]. There is a number of extremely useful NADPH dependent enzymes for
chiral synthesis. Therefore, to produce new FDHs with desired properties to recycle
NADPH in such reactions, protein engineering of FDHs with the scope of change their
cofactor preference to NADP™ is a beneficial method. In this technique, the gene encoding
the enzyme is mutagenized and a library of mutant enzymes is obtained. Then, this library
is screened for desired enzyme. This method has been successfully performed in some
studies to enhance several properties of enzymes including coenyzme specificity,
however the mutant enzymes frequently have not been improved in desired aspect.
Another solution is to mine native NADP* dependent FDHs from various natural sources,
these FDHs might be better than engineered ones [2], [3], [4]. There are various papers

on these two points.

Until 2009, all studies focused on protein engineering of existing FDHs. The first study
was conducted by Tishkov et al. [5], through engineering of the FDH from Pseudomonas
sp. 101(PseFDH) [5]. The catalytic efficiency value of this mutant for NADP* was only
3-fold less than the catalytic efficiency value of wild type enzyme for NAD" [6].

1



Gul-Karaguler et al. [7] investigated the replacement of aspartic acid residue, in
interaction with the adenine ribose of the NAD™ cofactor, by serine in Candida methylica
FDH (CmFDH) to change the coenzyme preference from NAD™* to NADP*. The alteration
of cofactor specificity in CmFDH by the D195S mutation indicated that an aspartic acid
residue at cofactor binding position in the Rossmann fold is a major determinant of
NAD*/NADP* recognition. The affinity of the CmFDH for NADP* was increased to
10,000-fold via Aspl95Ser substitution, however, the obtained mutant CmFDH still
displayed 40 times higher kca/Kwm value with NAD™ than in presence of NADP* [7].

Serov et al. reported a mutant of Saccharomyces cerevisiae FDH (SceFDH) with its
coenzyme preference switched to NADP™ [8].The NADP™* preference of mutant SceFDH
was improved and higher than that of reported for the CmFDH D195S mutant mentioned
above. However, the Michaelis constant for formate was increased via D196A/Y197R
mutation in SceFDH and the total catalytic activity of this mutant was quite lower than
that of the mutant NADP* dependent FDH of Pseudomonas sp. 101 [8], [9] (Table 1.1).

Table 1.1 Kinetic constants of some native and mutant FDHs [8]

 NADP™ NAD"
Aia‘ r/ kza'

k., with NAD* k., with ! = [ =
Formate dehyrogenase KN (M) (s™" KNA0PT (M) NADP* (s7") (mM KEVET e
Wild-type SceFOH™ 36+5 65404 ND* ND 55403 <33x10710
o (0.25M formate)
SceFDH D196A/Y197R 7600+ 800 0.095+0.01 4500+ 500 0.1340.01 1000 + 200 2.3 (0.25 M formate)
(0.25 M formate) (0.25 M formate) (0.25 M formate) (0.25 M formate) (40 mM NADP*)
8400 + 900 0.12+40.02 7600 + 900 0.16 +0.02 1.5 (0.5 M formate)
i (0.5M formate) (0.5 M formate) (0.5 M formate) (0.5 M formate)
Wild-type CmeFDH 55+4 14401 ND ND NR¥ <4x107°
(02 M formate)
CmeFDH D1955™ 47004300 16401 ND (> 0.4 M%) ND NR 24 %1072 (0.2 M formate)
(0.2 M formate)
Wild-type PseFDH™ 60+5 100406 >04M ND 70+08 42 %107 (0.3 M formate)
(0.3 M formate)
Mutant NADP*-specific PseFDH™ 1000 +150 50404 150425 254015 9.0+3.0 3.5 (0.3 M formate)
(0.3 M formate) (0.3 M formate)

* ND, not detectable
+ NR, not reported
+ Estimated from data m

Nanba et al. [10], [11] reported two FDHSs with a few affinity towards NADP*. The FDH
from Thiobacillus sp. KNK66MA [10] and Ancylobacter aquaticus KNK607M [11] has
NADP* affinity only 4.2% and 2.4% of those with NAD", respectively. Candida boidinii
formate dehydrogenase (CboFDH) has a high affinity towards NAD* and essentially it is
unable to catalyze the reduction of NADP*. Andreadeli et al. [12] redesigned the
coenzyme preference of CboFDH via site-saturation mutagenesis and resulted mutant,
Asp195GIn /Tyr196His, displayed more than 2.107-fold enhancement in catalytic
efficiency. Although, the mutant enzyme shows high Ku for NADP* and formate [12].



In spite of all of these engineering efforts, the (Kea/Knm) VAPP* values for these mutant
enzymes are quite low. Therefore, it still has a great importance to screen and identify
particularly native NADP* dependent FDHs. In order to fill the gap, Davis et al. [2]
focused on this point and obtained two native NADP* dependent FDHs from
Burkholderia sp 383 (Bsp383FDH) and Burkholderia cenocepacia PC184 (Bsp184FDH).
Both of these novel FDHs have strong preferences for NADP*. The (Kcat/Km)NAPP*/(
Keat/ Km)NAP* valug is 73 for Bsp184FDH and 39 for Bsp383FDH. The catalytic efficiency
values for Bsp184FDH and Bsp383FDH are 2.79 and 3.96 and the Bsp383FDH has better
affinity for NADP™ than Bsp184FDH [2].

Labrou et al. [13] estimated that the beneficial way to switch the coenzyme preference of
CboFDH to NADP* was to change the residues GIn197 and Asp195 via mutagenesis
resulted on molecular modeling and affinity labeling studies [13]. They suggested that
such mutagenesis might discard the repulsion between Asp195 residue and the phosphate
group of NADP™ and it provides an area required for the phosphate group of NADP*. On
the other hand, the adenine ring is likely to interact with Tyr196 and His232 in crystal
structures of CboFDH mutants [14]. Thus, it can be said that, the Asp195, Tyr196 and
GIn197 residues might have significant role in tuning the cofactor specificity of enzyme.
Based on this inference, Wu et al. [15] investigated the roles of residues 195, 196 and
197 in the cofactor specificity for CooFDH and performed site saturation mutagenesis on
Tyr196 an Aspl195 residues of CboFDH resulted in D195S/Y196P and D195Q/Y196R
double mutants which have a remarkable NADP* preference. The (Kcat/Km)VAPP* values
were 1.14x10* and 2.9x10° Mt s, respectively. The NADP* preference value,
(Keat/ Km)VAPP*/ (Keat/ Km)NAP*, of D195S/Y196P and D195Q/Y196R mutants were 0.2 and
2.1, respectively. Moreover, to alter the residue GIn197 of D195Q/Y196R to Asn
enhanced the catalytic efficiency of enzyme (Kca/Km)NPP* to 29.1x10° Mt st and the
(Keat/ Km)NAPP*/( Keat/ Km)NAP* value to 17.1, This value is quite higher than mutant
PseFDH [15].

In 2010, Hatrongjit and Packdibamrung focused on the Burkholderia cepacia complex
(BCC) as a new FDH source to get native NADP* dependent FDHs. The research revealed
a new, native NADP* dependent formate dehydrogenase from Burkholderia stabilis
15516 (BstFDH) with a wide range pH and temperature stability. This enzyme has a clear
specificity for both NADP* and NAD". The native BstFDH act on NADP™ as a natural
cofactor with approximately 2.6-fold specific activity over that of NAD". The affinity



(Kwm values) for NADP*, NAD* and sodium formate, are 0.16, 1.43 and 55.5 mM,
respectively [4].

In another study, to obtain an NADP* dependent enzyme, Hoelsch et al. [16] engineered
the FDH from Mycobacterium vaccae N10 (MycFDH). The NAD* binding pattern region
was used for mutagenesis. Among the obtained mutants, A198G/D221Q had the highest
keat/Km value in the presence of NADP™. In addition, the substitution of two cysteines
(C145S/C255V) both provided a good tolerance to a-haloketone ethyl 4-
chloroacetoacetate (ECAA) and also increased the kca/Km value for 6-fold. This
C145S/A198G/D221Q/C255V mutant had a specific activity of 4.00 U/mg and a KyNAPP*
of 0.147 mM at room temperature and neutral pH. The another mutant C145S/D221Q/
C255V had the best specific activity of 10.25 U/mg and the KmNAPP* value is 0.92. These
results indicated that the A198G substitution had a beneficial effect on the kinetic values
of the MycFDH [16].

Ihara et al. [17] also obtained some mutants to switch the cofactor preference from NAD*
to NADP* (Table 1.2). Among these mutants; GIn/Asn (QN) mutants for Pseudomonas
FDH and Arabidopsis FDH, GIn/His (QH) mutant for potato FDH and GIn/Arg/Asn
(QRN) mutant for Candida boidinii FDH displayed high NADP* dependency. PseFDH
(QN) showed low Km values with NADP* and formate [17].

Despite all efforts in protein engineering for NAD" dependent FDHs to switch their
cofactor specificity, still, glucose dehydrogenases or phosphite dehydrogenases are
generally preferred for regeneration of NADP™. Therefore, to obtain a feasible NADP™*
dependent FDH, Fogal et al. [3] screened and performed the characterization of an FDH
from Granulicella mallensis MP5ACTX8. The kinetic characterization showed that the
novel FDH is able to use both cofactors, with better specificity towards the NADP*. The
keatVAPP* is comparable with BstFDH (3.96 vs.4.75 s71). The KmNAPP* is 5.3-fold higher
than that of BstFDH. The low affinities for substrates indicate that the GraFDH needs to
be optimized for utilization in biotransformations [3] (Table 1.2).



Table 1.2 Kinetic parameters for FDHSs reported for having specificity to NADP* [3]

FDH K NAD" ke NAD® Koy NADPY ke NADPT K, formate
mM g ! mM g ! mM

SceFDH " 8.40 0.12 7.60 0.16 1000.00

DI196A/Y197R

ChoFDH 2 1.80 0.49 1.70 0.44 80.00

D195Q/Y196H

ChoFDH ™ 0.36 0.62 0.029 0.79 n.d.

D195Q/Y 196R/Q197N ™" nd 0.18 150.00

BstFDH" 1.43 1.66 0.16 4.75 55.50

MycFDH "™ 1.09 8.22 0.92 7.89 113.00

C1458/D2210Q/C255V

3 M formate

MycFDH ™ 4.10 5.18 0.15 3.08 98.00

C1458/A198G/D221Q/C255V

4 M formate

AthFDH™" nd. 091 96.00

D227Q/L229N

PoiFDH™" n.d. 0.62 120.00

DI195Q/L197H

PseFDHY" 1.00 035 63.00

D222Q/H224N

GraFDHP 6.50 5.77 0.85 3.96 80.00 (NAD")

200.00 (NADPY)

As known, Candida methylica FDH (CmFDH) is a remarkable catalyst for NADH
regeneration in chemical industry. Ozgiin et al. [18] performed the site saturation
mutagenesis to change the coenzyme preference of this robust enzyme in terms of NADP*
and increase its thermal resistance. The positions at 195, 196, and 197 are used for
mutagenesis in the coenzyme binding region. The obtained mutants, D195S/Q197T and
D195S/Y196L, increase the catalytic efficiency for NAD* to 5.6 x 10*-fold and 5 x 10*
fold value, respectively [18].

1.2 Objective of the Thesis

A Dbroad range of chemical reactions can be catalyzed by oxidoreductases with a great
specificity, selectivity and efficiency. Most of these enzymes strictly require expensive
nicotinamide cofactors [19]. In several industries, the cost of the cofactor prevents its
utilization in stoichiometric quantities for NAD(P)H dependent dehydrogenase based
biotransformations. Due to the numerous advantages of FDH, it can be used as an in situ
cofactor regenerator in the production of optically active intermediates via NAD(P)*
dependent dehydrogenases. In such biotransformations, to regenerate the cofactor, the

formate conversion has been used as an auxiliary reaction. Most of the FDH enzymes



reported up to now have strictly dependency towards NAD*. This preference is the main
disadvantage, since various crucial dehydrogenases used in industrial biocatalysis are
strongly NADP* dependent. There are different studies including various approaches to
change the cofactor specificity, nevertheless none of them reach acceptable efficiency [6],
[7],[8]1, [12], [15], [16], [18]. Even though a preference for NADP* is generally achieved
in different degrees, a decrease or loss of efficiency frequently is inevitable as an
undesired situation [19]. Therefore, these studies still have not been enough to
circumvent this problem and their implementation has not yet achieved as an applicable
way in organic synthesis. In order to obtain novel, robust and natural NADP* dependent
FDHs to regenerate NADPH, we aimed to perform protein sequence mining studies by
using computational tools through considering conserved coenzyme binding region and
key residues. By this approach, determination of putative fdh genes and their expression
as a soluble protein, purification and biochemically characterization were targeted.
Briefly, our aim is to provide a contribution towards the economical regeneration of
NAD(P)H coenzyme. To elucidate the N- and C-terminus His tag effect on the protein
activity and solubility is another aspect of this study. It allows us to understand the impact

of an intervention on structure and its reflection on function.

1.3 Hypothesis

Oxidoreductases are quite significant enzymes in the biosynthesis of chiral substances.
Most of these enzymes particularly require the NADP* cofactor, which is expensive and
prevents the utilization of enzymes at large scale. The formate dehydrogenase enzymes
have great potential for recovery of the cofactor used in the reaction system. In particular,
the presence of enzymes that have affinity towards NADP™ is a crucial way to recycle
reduced cofactor and provide the system continuity. It is thought that this study reveal the
production and the characterization of two different FDH enzymes through screening of
NADP* dependent formate dehydrogenase enzymes from natural sources via

recombinant DNA techniques as promising candidates for industrial utilization.



CHAPTER 2

GENERAL INFORMATION

2.1 Biocatalysis

Biocatalysis has been applied in almost all types of biotransformations in the last few
decades. The fine chemical and pharmaceutical research industries benefited biocatalysts
greatly day by day. The development of a biocatalytic process in an economical manner
highly depends on the accessibility of biocatalysts with high selectivity, stability, robust
performance and activity. Advances in recombinant DNA technologies, bioinformatics,
protein and strain engineering will promote the discovery and design of the new favorable
enzymes with applications and also the soluble production of promising enzymes [20],
[21], [22].

2.2 Chiral Compounds

In pharmaceutical, agricultural and other chemical industries chirality plays a key role.
Chiral molecules cannot be superimposed on their mirror image, like right and left hands.
Enantiomers are two non-superimposable mirror-image forms of chiral molecules. They
are also called as optical isomers due to the optical activity features of chiral molecules.
The levorotary (l-isomer) or dextrorotary (d-isomer) are two enantiomers of such
compounds depending on whether they rotate polarized light in a left (-) or right (+)
handed manner, respectively. The racemic mixture includes an equimolar mixture of the
two enantiomers of a chiral compound. It has not any optical activity. The optical isomers
have the same physical and chemical features, but they have differences in their optical

activity. The body act as an efficient chiral molecule selector. When a racemic drug taken



into body, our metabolism uses different pathways to utilize each enantiomers and reveal
different pharmacological activity. Therefore, one of these isomers may be active and
produce the healing effect, while the other may be toxic or inactive [23]. Production of
optically active compounds can be performed by separation racemic mixtures of
enantiomers or by asymmetric synthesis. The synthesis of single enantiomers has become
more and more crucial for the pharmaceutical synthesis. Single enantiomers can be
obtained either by biocatalytic or chemical routes for preparation of drugs and their
intermediates [24]. Conventional chemical methods are laborious, inefficient and time-
consuming. In comparison with chemical catalysts, enzymes are considerably useful
catalysts contributing much more competitive processes [25]. Since they include only L-
amino acids and also their active sites constitute asymmetric environments which are

likely to react distinctly with different enantiomers [26].

The substitution of chemical procedures with safer, cleaner and more eco-friendly
biocatalytic procedures is required for global demand on green technologies [25].
Biocatalysis with numerous benefits over chemical synthesis is one of the best way to

achieve Green Chemistry to obtain pharmaceutical intermediates [22] (Figure 2.1).

L o
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Figure 2.1 Principles of green chemistry and benefits of biocatalysis [22]

Since enzymatic processes generally provide a reduced amount of waste, process period
and number of reaction steps, applications of enzymes to produce several types of
materials have become an approved method in several industries particular in

pharmaceutical industries [27]. In particular, utilization of enzymes is a significant route



of obtaining enantiomeric compounds via their high chemoselectivity, stereoselectivity
and regioselectivity [28]. Their usage is less exposed to social examination and
environmental regulations [29]. Enzymes are the most proficient biocatalysts, providing
more competitive processes than the chemical catalysts and have a broad field of
applications on the industrial scale [25], [30]. There are six major groups of enzymes
based on their catalyzed reactions [31] (Table 2.1). Oxidoreductases, particularly
dehydrogenases, can use nonchiral compounds to produce optically active intermediates
with a high optical purity (99.9-99.99%) [9].

Table 2.1 Enzyme classes based on activities registered in BRENDA [31], [34]

Enzyme Class Examples Reaction Catalyzed

Oxidoreductases oxidase, oxygenase, dehydrogenase, peroxidase oxidation or reduction

Transferases Transaminase, glycosyltransferase, transaldolase  transfer of a group from one
molecule to another

Hydrolases esterase, nitrilase, nitrile hydratase, lipase, hydrolysis reaction in H20
protease, glycosidase, phosphatase

Lyases dehydratase, deoxyribose-phosphate aldolase Nonhydrolytic bond cleavage
decarboxylase

Isomerases racemase, mutase Intramolecular rearrangement

Ligases DNA Ligase Bond formation requiring
triphosphate

2.3 Oxidoreductases

As a large group of enzymes, oxidoreductases (EC.1.X.X.X) are remarkable biocatalysts
for industrial utilization and can catalyze the electron transfer reactions. They constitute
about one third of all enzymatic reactions defined in the BRaunschweig ENzyme
Database, BRENDA (Figure 2.2). These enzymes can use a broad range of organic
substrates including amines, ketones and alcohols and also inorganic substrates such as
cations and anions. The water can also be used by them as a solvent which facilitates the

transformations. Thus, oxidoreductases have various implementations particularly in



pharmaceutical industries, in production of several chemicals such as polymers, amino

acids, fuels, nutraceuticals and cosmetics [32], [33], [34].
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Figure 2.2 Distribution of enzymatic activities registered in BRENDA [34]

They generally require bound cofactors as prosthetic groups for their activity. These
group is the permanent part of the enzyme. They can also use coenzymes. These
molecules can be an external electron acceptors or donors and they are required in
stoichiometric amounts for the biotransformation [35]. Oxidoreductases catalyze about
30% of all the BRENDA enzymatic reactions. Among them, approximately 50% use
NADPH/NADP* and/or NADH/NAD™ [34]. Nicotinamide adenine dinucleotide (NAD")
and its phosphorylated equivalent, nicotinamide adenine dinucleotide phosphate
(NADPY), both in their reduced and oxidized forms, are typical coenzymes (Figure 2.3).
These structures have two fragments; (i) the adenosine part, containing the the hydroxyl
group (NAD") or phosphate group (NADP™) in the 2’-position of the ribose. Which
distinguishes two coenzymes, (ii) the nicotinamide part, accepting or donating a hydride

group, which gives the coenzyme its electrochemical property [36].
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Figure 2.3 Nicotinamide adenine dinucleotides [37]

NAD(P)H dependent oxidoreductases are attractive enzymes in industrial manner since
they can catalyze the critical reactions to obtain many hard-to-synthesize chemicals,
under desirable conditions. For instance, there are various chemical routes for oxidization
of primary alcohols, though mentioned methods generally laborious and can result in
toxic products. The enzymatic catalysis can circumvent this difficulty. Moreover,
NAD(P)H dependent oxidoreductases have some features which give them remarkable
benefits for organic chemosynthesis, such as stereoselectivity, regioselectivity and also
their suitability for redesign to have the desired Kkinetic parameters and substrate
specificity [38].Hence, these enzymes have been utilized widely in metabolic engineering
studies to produce valuable compounds [34]. Nevertheless, the high cost of cofactor is
still an obstruction in biocatalysis applications [39]. The applications containing these
enzymes is not feasible economically, due to high cost of NADH and particularly
NADPH. To eliminate this problem, the recycling of NAD(P)"/NAD(P)H is a viable

alternative [9].

2.4 Cofactor Regeneration

The nicotinamide cofactors, electron carriers in oxidoreductions, are fundamental
components of the cell. There is a recycling process in the aspect of cofactors, they are
produced and regenerated [40]. However, the biosynthetic processes in industrial
applications require reduced cofactors like NADH and NADPH [24]. The nicotinamide
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cofactors, particularly in their reduced form, are quite expensive for being used in
stoichiometric quantities. Methods for cofactor recycling have been grouped by Chenault
and Whitesides [41] into various titles: electrochemical, biological, enzymatical,

chemical and photochemical (Table 2.2).

To supply a constant source of enzymes and cofactors, whole-cell biocatalysts can be
used. As known, whole-cells have their cofactor reserves, however during reaction
cofactor deficiency can be a problem [40]. There are numerous studies for whole cell
regeneration system. One of which demonstrated, coexpression the xylose reductase gene
from Candida tenuis (Ctxr) and the formate dehydrogenase gene from Candida boidinii
(Cbofdh) in the recombinant E. coli strain to produce ethyl-4 cyanobenzoyl formate [42]
(Figure 2.4). Another example is coexpressing of Chbofdh and cyclohexanone
monooxygenase gene (chmo) originated from Acinetobacter calcoaceticus NCIMB 9871
in E. coli BL21 (DE3). To synthesize chiral phenyl methyl sulfoxide (PMSO), this
coexpression system was utilized as a wholecell biocatalyst [43]. In addition, an in vivo
system was designed for the transformation of D-fructose into D-mannitol via the
production of the mannitol dehydrogenase (MDH) in Bacillus megaterium. The cofactor
for MDH activity were recycled via coexpression of the gene fdh encoding
Mycobacterium vaccae N10 FDH [44].

Figure 2.4 Whole-cell biocatalytic reduction via coexpressing CtXR and CboFDH [42]
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Table 2.2 Cofactor regeneration routes [41]

Strategy

Advantages

Disadvantages

Biological-
Microbiological

Enzymatic:
Substrate-coupled

Enzyme-coupled

Electrochemical

Chemical

Photochemical

Cheap, inexpensive recycling reagents

Great selectivity

High selectivity, especially for NAD(P)
to NAD(P)H

Compatibility with enzyme-catalysed
synthesis

High rates for some systems

Easy monitoring of reaction progress

Low cost of electricity

No stoichiometric regenerating reagent
Readily conrolled redox potential

Easy product isolation

Easy monitoring of reaction progress

Generally inexpensive and commercially
available reagents

No requirement for added enzymes

High redox potentials

No stoichiometric regenerating reagent
in some systems

No requirement for added enzymes

Relatively primitive state of
development

Complicated product isolation
Limited stability
Low enantiomeric purity

Controlling the enzyme activity

The cost of enzyme
Immobilization in some cases
Complexity of product isolation

Low rates

Incompatibility with many
biochemical systems

Poor selectivity (especially for
reductive regeneration)

Complex apparatus and
procedures

Limited compatibility with
biochemical systems

Complexity of product isolation
in some cases

Low product yields

Limited compatibility with
biochemical systems

Limited stability

Requirement for photosensitizers
and redox dyes

The systems that utilize the isolated enzymes to perform biosynthetic catalysis should

include another reaction mechanism for the cofactor regeneration [40]. Coupling another
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oxidoreductase to the system that recycles the cofactor at the cost of a inexpensive
substrate is a general strategy [16].

The enzymatic mechanisms that regenerate cofactors via utilization of NAD(P)*
dependent enzymes have been investigated via a number of studies such as in vitro
systems utilizing glucose-6-phosphate dehydrogenases [45], alcohol dehydrogenases
[46], [47], formate dehydrogenases [6], [47] and phosphite dehydrogenases [48], [49] or
pyridine nucleotide transhydrogenases [50], [51]. Each recycling processes have its own
advantages and disadvantages. The strategy of preference usually depends on the stability
of the enzymes in organic solvents and the effect of substrate and product on the enzyme
activity [52]. Formate dehydrogenase (FDH) and Glucose dehydrogenase (GDH) are
widely used coenzyme-regeneration systems for NADH regeneration. The cofactor
recycling systems including GDH have some benefits, such as great specific activity and
affinity for both cofactors. However, in this reaction glucose is used and gluconic acid is
produced as a waste product, which is environmentally unfriendly and interferes with
purification. In comparison with GDH, FDH requires a cheap substrate, formate, and
oxidizes it to a volatile compounds (COz). Therefore, no waste and byproduct is produced
[53], [54]. Currently, the most profitable method is the utilization of FDH for NADH
regeneration in either cases in which purified enzymes are used or whole cells when
conditions are favorable [52]. FDHSs can be used efficiently, because of the irreversible
reaction, broad pH optimum (pH 6-9) [6] and environment-friendly process [55]. In
addition, the reaction substrate is cheap and the by-product (CO>) is volatile, inert and
does not inhibit the productivity and activity of enzyme. Due to its easily removal from
the reaction system, there is not any interference for the purification of the product [16].
The most typical instance of the industrial application of formate dehydrogenase as a
cofactor recycler in the large scale production of tert-L-leucine by the company Evonik
[56]. In this process, leucine dehydrogenase is used as main enzyme, NADH as an
electron carrier and the formate dehydrogenase as a regenerator enzyme and then, L-tert-

leucine is produced from trimethyl pyruvate (Figure 2.5) [57].
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Figure 2.5 Reaction mechanism for L-tert-leucine (L-Tle) production [57]

In the pharmaceutical field, it can be utilized successfully for the enzymatic production
of various chiral molecules, such as L-lactic acid [58], aromatic alpha-keto esters [42], 6-
hydroxybispiron (the main metabolite of Buspiron, a drug used in the treatment of anxiety
and depression) and (S) -N-boc-adamantane glycin (a remarkable compound required for
the synthesis of Saxagliptin, type 2 diabetes mellitus drug) [59], [60].

2.5 Formate Dehydrogenase (FDH)

Formate dehydrogenase (FDH, EC 1.17.1.9) is a group of enzyme that plays an important
role for its sources and also it is an attractive enzyme for recycling of reduced cofactor in
the chiral synthesis reactions [6]. This enzyme belongs to the superfamily of D-isomer
specific 2-hydroxyacid dehydrogenases [61]. FDH oxidizes formate into CO- and reduces
cofactor simultaneously. Moreover, it can act on the conversion of CO; into formate in
convenient conditions (Figure 2.6). Therefore, it can be said that FDHSs are significant
enzymes not only in recycling of coenzyme but also in CO. sequestration. Formate
dehydrogenases are found in almost all domains of life such as archaea, bacteria, fungi,
yeasts and plants [62], FDHs display a large diversity in substrate specificity, cellular
localization, quaternary structures, presence of prosthetic groups and different metal ions
(molybdenum, tungsten) [63], [64].

] FDH ,
HCOO = = CO,

Y

NAD(P) NAD(P)H

Figure 2.6 The reaction catalyzed by formate dehydrogenase [65]
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Based on the differences in their structure there are three FDH enzyme groups. The first
group is called NAD(P)" independent/metal including formate dehydrogenases which is
found in anaerobic microorganisms and archae. These FDHs have heterooligomers with
a complex quaternary structure. They are usually characterized with their iron sulphur
clusters, molybdenum and tungsten ions in their active site as their prosthetic groups.
Being sensitive to oxygen and having high molecular weight are the other feature of the
FDHs [66]. The second group includes NAD(P)* dependent and metal containing formate
dehydrogenases and the third one is NAD(P)* dependent/metal independent FDHs [62].
The latter FDHSs contain no prosthetic groups or metal ions in their active region and have
a high specificity towards both substrates. These FDHs can be found in bacteria, yeast
and plants, and have a homodimer structure consisting of two identical subunits, each
composed of 360400 residues with a molecular weight in the range of 35-50 kDa [61],
[67]. Each subunit of enzyme contains of two domains: the peripheral catalytic domain
and the internal coenzyme binding domain. Each domain has the same Rossmann-fold
topology and high structural homology. Two domains of enzyme separated by deep cleft,
and the active site is localized in this cleft and accepts cofactor to do transition state of
enzyme. The active region is also in contact to the solvent via a wide and long substrate
channel [14], [68]. FDH can exist in so-called ‘open’ and ‘closed’ forms like many other
NAD* dependent dehydrogenases. The transition from open to the closed form is

fundamental for catalysis [69].

The transfer of a hydride ion directly from formate to the C4 atom of the nicotinamide
ring of NAD" is the molecular mechanism of FDH [61]. Thus, for investigating the
mechanism of hydride transfer in the active region of NAD* dependent dehydrogenases,

FDHs can be analyzed as a model enzyme [66].

The cellular localization of FDHs depends on their functions. The FDHSs that reduces the
CO; are located in cytoplasm. They are hosted in symbionts, acetogens and other
fermentative organisms [70]. The FDHs in methanogens located in cytoplasm and use
formate as an energy source, which is transformed into CO> to be used in the
methanogenic route [71]. The FDHs from bacteria, yeast and fungi are also cytoplasmic.
In plant cells, the enzyme is expressed in cytoplasm then it is localized in mitochondria.
Plant FDH genes have a special sequence at the beginning of the fdh gene. A signal
peptide is encoded by this sequence and it is responsible for the transfer of enzyme from

cytoplasm to mitochondria. In plants and pathogenic microorganisms, FDHs perform as
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stress proteins [72]. During various stress inducers such as thermal discontinuity, drought,
heavy metal, hypoxia and pathogen infection, the expression level of FDH in plants
increases [2], [73], [74].

2.5.1 Other Applications of FDH

Beside its beneficial utilization in cofactor regeneration, FDHSs also have a number of
significant practical applications.

2.5.1.1 Diagnosis of Methanol Poisoning

Methanol has a weak odor, no color and is a volatile liquid, which is found in de-icers,
paints, varnishes, wood stains, paint thinners and cleaning products [75]. Methanol has a
relatively low intrinsic toxicity, however, it is transformed to highly toxic compounds in
vivo. These products can cause coma, blindness and metabolic disturbances that can result
in death [76]. For treatment of methanol poisoning, early diagnosis is crucial. The
detection of methanol generally needs a gas chromatographic method and it is not found
in most hospitals. The calculation of the osmolal and anion gap can be used for indirect
detection of methanol. Due to low concentrations and the sensitivity, this indirect method
is not reliable. Another way of determining methanol poisoning is direct measurement of
formate in serum [77]. Alcohol dehydrogenase oxidizes the methanol to formaldehyde in
the liver. Then, formaldehyde dehydrogenase convert the formaldehyde to formic acid
[78]. Therefore, formate can be detected in any biological sample such as plasma, serum,
urine, or whole blood. In the presence of FDH, formic acid is oxidized and NAD" is
reduced. The quantity of reduced cofactor is measured at 340 nm and a measurement can
be performed for the formic acid quantity in sample [79] Formate analysis by means of
formate dehydrogenase is highly sensitive and specific [80]. Detection of formate ion by
FDH in the diagnosis of methanol poisoning is an enzymatic method applied in most

routine biochemistry laboratories.

2.5.1.2 Diagnosis of Nephrolithiasis

The most common type of kidney stone diseases is nephrolithiasis (oxalate urolithiasis).
Oxalate partially comes from food and largely as a metabolic byproduct from various
intermediates produced in the liver. Oxalate concentrations in urine and plasma can be

changed by oxalate absorption and excretion or its metabolic routes affected by various
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food intake. The removal of oxalate is frequently done by kidneys and partially via
intestinal excretion. After reaching certain conditions, oxalate can precipitate in kidneys
and the formation of stones is initiated [81]. Detection of the urinary oxalate can be done
in different ways such as chemical, physical and enzymatic methods. Because of the
specificity of enzymes and the beneficial usage of them, the enzymatic assays are
preferred to non-specific ones. The oxalate decarboxylase and oxalate oxidase can be
utilized for the detection of oxalate in urine. When oxalate decarboxylase was used,
oxalate is firstly converted to the formate, then it is oxidized by FDH in the presence of
NAD". Oxalate analysis is performed by measuring the absorbance of the NADH which
is stoichiometrically increased by the oxidation of the formate at 340 nm. This method is
preferred because the activity of oxalate decarboxylase and FDH enzymes is not inhibited
by the substances in the urine, and a large number of samples can be automatically run
[82].

2.5.1.3 Diagnosis of Trichomonas vaginalis

Trichomonas vaginalis is a sexually transferred protozoan parasite which causes vaginitis
in women. It is not a part of the flora of the genitourinary tract, therefore, it is considered
as an invasive pathogen. A common symptom related with trichomonas caused vaginitis
is a profuse frothy discharge. Due to the low cost of and ease of microscopic method
which can be done on fresh vaginal specimens, it has been widely used to detect the motile
trichomonads. However, the accuracy of microscopy is weak, since accuracy depends
upon presence of motile trichomonads. Non-motile trichomonads are not discernible. In
addition, immunological approaches for diagnosis have been reported, but the extent and
nature of the antigenic heterogeneity of Trichomonas vaginalis isolates has caused slow
progress. Another method is enzymatic method based upon formate production.
Trichomonads grown on culture media produce formic acid in large quantities and is
thought to give rise to strong inflammatory responses observed in the vaginal mucosa. It
can be determined by a simple chromogenic detection of formate in vaginal sample. The
technique includes the mixture of a vaginal fluid sample, formate dehydrogenase, the
NAD™" as an electron carrier. The chromogenic indicator produces a color change in the
presence of NADH. The increased levels of formate in vaginal fluid is related with
Trichomonas vaginitis in patients. This method is fast, simple and doesn’t require intact

cells and also the activity of the FDH is not affected by other materials in the sample [83].
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2.5.1.4 Sequestration of Greenhouse Gases

To recycle of carbon dioxide into valuable compounds such as fuels and remarkable
chemicals, the photochemical, electrochemical, chemical and enzymatic methods can be
applied. The enzymatic method is significant for CO. reduction due to their peculiar
characteristics such as high selectivity, specificity and mild reaction conditions. The
reduction of CO into formate enzymatically could be performed by FDH and the product
could be used for many purposes such as in preservation of silages, animal feed additives
[84] and in paper/pulp production [85] and also fuel for low temperature fuel cells [86].
The tungsten including FDH from Syntrophobacter fumaroxidans has been used to
convert CO; into formate as the most active catalyst [87]. In addition, FDH from
Pseudomonas oxalaticus can be utilized to reduce CO; by aid of methyl viologen.
However, these NAD™ independent FDH enzymes are highly sensitive to O.. In the
presence of Oy, they are inactive and quite unstable. Therefore, Kim et al. [88] studied
with the NAD* dependent FDH from Candida boidinii (CboFDH), due to its almost 100%
selectivity and high stability for industrial utilization. The conversion rate can be
enhanced within the electrochemical NADH regeneration reaction conditions [88].

Hence, stable FDHSs should be found for an electroenzymatic technique.

Beside these remarkable applications, particularly due to its significance in the
pharmaceutical industry as an NADH recycling catalyst, the identification, modification
and implementation studies on FDH have always been a hot topic. Among FDH sources,
especially bacterial FDHs have benefits over FDHs from other organisms in practical
biotransformations due to their activity and stability [6].
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CHAPTER 3

MATERIAL METHOD

3.1 Material

The pET14b and pET22b(+) used for cloning procedure were supplied by Novagen
(Darmstadt, Germany) and pET23b was provided by Nova Lifetech (Mongkok Ki, Hong
Kong). Restriction enzymes and 2X Tag Master Mix™ were obtained from New England
BioLabs (NEB, GmbH, Germany) and T4 DNA ligase was from Fermentas.
The Prime STAR™ HS DNA Polymerase kit was purchased from Takara (Japan). E. coli
strains TOP 10 and BL21(DE3) utilized as a host for cloning and expression, respectively
(Invitrogen). IPTG (isopropyl-p-d thiogalacto pyranoside) was supplied from Qiagen
(ATQ Biotechnology, TR). Coomassie brilliant blue R-250, PMSF
(phenylmethylsulfonyl fluoride), SDS (sodium dodecyl sulphate) were supplied by Sigma
Aldrich. Nicotinamide cofactors (NAD* and NADP*) were obtained from Roche Applied
Science. Peptone, agar, glucose, lactose, acrylamide, bis-acrylamide, hydrochloric acid,
glycerin, tetramethylethylenediamine (TEMED), fructose, sodium citrate, sodium
phosphate monobasic from Merck, sodium phosphate dibasic, citric acid from Riedel de
Haen. Bradford reagent, agarose and sodium dodecyl sulfate, proteinase K, sodium
chloride, potassium dihydrogen phosphate were purchased from Sigma. Other reagents

were obtained from several companies in analytical grade.

3.2 Mining Protein Sequences for NADP* Dependent FDHs

The Protein Blast (blastp) / Pattern-Hit Initiated BLAST (PHIBLAST) tool [89] in
GenBank (hosted in NCBI- National Centre for Biotechnology Information) was used for

pattern based screening of protein sequences. Due to our aim, the NADP* dependent
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protein sequences should be used as a query sequence. Therefore, the protein sequence of
an NADP" dependent FDH from Burkholderia stabilis (BstFDH; ACF35003.1) was
utilized as a query sequence to obtain new NADP* dependent FDHs from PHIBLAST.
An alignment of protein sequences resulted from PHIBLAST search was carried out by
using Constraint Based Multiple Alignment Tool (COBALT) [90]. As output of this
search, two microorganisms were obtained to work on. One of them was Burkholderia
dolosa PC543 and the other one was as Lactobacillus buchneri NRRL B-30929 isolated

from an ethanol treatment plant.

3.3 Cloning, Expression and Purification of N-terminus His Tagged FDH from
Burkholderia dolosa PC543

3.3.1 N-Terminus His Tag Primer Design and Polymerase Chain Reaction (PCR)

The genome of Burkholderia dolosa PC543 was sequenced by Workentine et al. [91] and
shared in GenBank (NCBI accession no. NZ_AWRY00000000). The genomic DNA of
this strain was kindly provided by Dr. Steve Bernier from McMaster University, Canada.
The FDH coding region from the Burkholderia dolosa PC543 genomic DNA was used as
a template for PCR reaction using the following primers; FP1 (5°-
CGGTGTCCATATGGCGAAAGTGCTTTGCG-3’) and RP1  (5°CGCTGGAT
CCCTACGTCAGGCTGTACG-3’). These primers contain Ndel and BamHI restriction
sites at their 5’end to facilitate cloning process. The PCR reaction included 2X Taq Master
Mix™ (1X), reverse and forward primers (1.6 pmol/uL), genomic DNA (3.2 ng/ul) and
distilled water (15 pL) in a final volume of 50 uL. The PCR steps include and initial
denaturation for 5 min at 95 °C and then 29 cycles of amplification (95 °C, 1 min; 52 °C,
1 min; 72 °C, 1.5 min) followed by a final extension at 72 “C for 10 min. The post PCR
product was mixed with 10 pl of 6X loading buffer. The product was loaded onto 0.8%
agarose gel with the marker DNA and electrophoresis was conducted for 10 min at 30
V and then for 50-55 min at 120 V. The PCR product was recovered from the agarose gel
by using the QIAquick Gel Extraction Kit (QIAGEN). The purified DNA was stored at -

20 °C for restriction procedure.
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3.3.2 Cloning of Bdfdh Gene into pET14b

3.3.2.1 Isolation of Cloning Vector (pET14b)

The pET14b cloning vector was obtained by digestion of recombinant plasmid DNA,
pPET14b-Ss-Ntr. This plasmid was transferred into E. coli Top10 competent cells. In the
transformation process, 5 ul of plasmid was mixed with 50 ul of competent cells which
thawed on ice. Then, the mixture was incubated at 42 °C for 50 seconds and followed by
5 min incubation on ice. Under sterile conditions, 250 puL of SOC (Super Optimal broth
with Catabolite repression) reagent was put into the mixture and incubated at 37 °C in a
shaker at 230 rpm for 60 min. 15-30 ul of the transformation mixture was spreaded on
LB-agar plate including 100 pg/mL ampicillin and incubated for 16 hours at 37 °C. LB-
agar / Amp plates was used for isolation of pET14b-Ss-Ntr plasmid from E. coli Top10
cells. A selected colony was inoculated into 5 mL of LB / Amp liquid medium and
allowed to grow for 16-17 hours at 37 © C. The plasmid isolation kit (QIAGEN, QIAprep
Spin Miniprep Kit, Germany) was used for the plasmid isolation. The 5 pl of plasmid
DNA was run on the gel for quantification. Then, the plasmid DNA was stored at -20°C

for restriction reaction.

3.3.2.2 Restriction Reactions of PCR product and pET14b-Ss_Ntr Plasmid DNA

The reaction volume was 120 ul for PCR product restriction with Ndel and BamHI and
the reaction included following components; PCR product (100 pl, ~26 ng / pl), reaction
buffer (12 ul, 10 x NEB Buffer 4), BSA (4 ul, 30X), Ndel (2 pl, 20,000 U / mL, NEB)
and BamHI (2 pl, 20,000 U / mL, NEB). The reaction was incubated at 37 © C for 2 h.
The plasmid was also restricted with the same enzymes. The restriction reaction volume
was 60 pl. Reaction components were; plasmid DNA (35 pl, ~ 32 ng / pl), reaction buffer
(12 ul, 10X NEB Buffer 4), BSA (4 ul, 30X), Ndel (2 ul, 20,000 U / mL, NEB), BamHI
(2 pl, 20,000 U / mL, NEB) and 13 pl distilled water. The reaction was incubated for 2
hours at 37 © C. Restriction reaction products were run on the gel. DNA was recovered
from gel as previously described method. The DNA quantification was performed via

NanoDrop spectrophotometer. Then, the DNA was stored at -20 °C for ligation.
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3.3.2.3 Ligation Reaction of Bdfdh Gene and pET14b Vector

The reaction volume was 20 pl. It included restricted PCR product (2.85 pl, 13.1 ng/ ul),
restricted cloning vector (5,05 ul, ~9,9 ng / ul), T4 DNA ligase (1 ul, 200 CEU / ul,
Fermentas), T4 DNA ligase reaction buffer (2 ul, 10 x) and distilled water (9,1 ul). The
mixture was incubated at 16 © C for overnight. Then, 5 pul of the ligation mixture was
transferred into ultra-competent cells as described above (Section 3.3.2.1). The mixture
was spreaded onto agar plates containing 100 pg/mL amp and incubated for 18-21 hours
at37°C.

3.3.2.4 Selection and Characterization of Recombinant E. coli Colonies

To test whether recombinant plasmids were obtained or not, the colony PCR reaction was
carried out. 25 pl colony PCR reactions were set up for 3 different ligation colonies and
the colonies were tested for recombinant plasmid. These reactions were the same with
optimized PCR reaction as mentioned in section 3.3.1 except for DNA source. The
ligation colonies were used as DNA source. In addition, to make a double check the insert,
the purified recombinant plasmids were digested with restriction endonucleases. In
restriction reactions, 10 pl of the recombinant plasmid and the control plasmid (pET14b-
Ss-Ntr) were used. Total reaction volumes were 20 pl. Reaction components of Ndel-
BamHI restriction reaction were; reaction buffer (2 ul, Buffer 4 (10X), NEB), Ndel (1 ul,
20,000 U / mL, NEB), BamHI (1 pl, 20,000 U / mL, NEB) and 5 ul of distilled water. In
the single restriction reaction with Ndel, the reaction components were; reaction buffer
(2 ul, Buffer 4 (10 X), NEB), Ndel (1 pl, 20,000 U / mL, NEB) and 6.5 pl of distilled
water. The same restriction reactions were performed with control plasmid. The
comparison of the sizes of restriction reaction products were checked in agarose gel to

assess ligation reaction.

3.3.3 Expression and Purification of BAFDH

3.3.3.1 Production of Recombinant Enzyme via IPTG Induction

The recombinant construct was used to obtain N-terminal His tagged enzyme. Therefore,
it is transferred into the E. coli BL21 (DE3) for overexpression of protein and spreaded
on agar plate including ampicillin. In addition, as a control group, the plasmid pET14b

was transferred to the same competent cells. Then, a colony from plates was inoculated
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into LB liquid medium including ampicillin (100 pg/mL) at 37 “C with agitation for
overnight. Then, this pre-culture was used for the inoculation of LB medium containing
100 mg/mL ampicillin and expression was induced via IPTG (with 0.5 mM IPTG at 37
°C and ODeoo: 0.6-0.8). This induction was performed at various temperatures (30 ‘C, ~22
°C and 16 °C) with agitating at 180 rpm for 6-8 h to get active and soluble enzyme.
Aliquots were withdrawn at certain times in various temperatures and loaded onto the
SDS-PAGE.

3.3.3.2 Purification of Recombinant Enzyme via Autoinduction

The autoinduction procedure modified from Studier [92] was used. This medium with
recombinant strain was incubated at 16 “C with agitation for 16 h. Then, the cells were
harvested and stored at 4 ° C for lysis. In addition, autoinduction was repeated at 37 °C
for 8 h and followed by 8 h at 16 °C for monitoring the protein expression. The expression

was also repeated for 20 hours of autoinduction to make the time optimization.

3.3.3.3 Purification of N-Terminus His Tagged FDH Using Ni-Affinity Column

After expression, the autoinduced cells were centrifuged at 5800 rpm and 4 °C for 10
minutes. The resulted pellet was suspended on ice in the lysis buffer including 4 mL of
chilled buffer A (20 mM Tris/Cl, 0.5 M NaCl, 5 mM imidazole, pH 7.8), 8 ul of 0.1 M
PMSF and 80 ul of lysozyme enzyme per gram pellet for 30 min. Cell lysate were
disrupted by sonication (15 sec burst, 45 sec interval). The lysate was centrifuged at
11800 rpm and 4 ° C for 30 min. Before loading supernatant onto column, the resin
column was regenerated. To remove nickel ion and regenerate the column following
solvents were used respectively, in 10 column volumes; Buffer B (50 mM EDTA, 0.5 M
NaCl, 20 mM sodium phosphate buffer pH 7.4), 1.5 M NaCl solution, 1 M NaOH
solution, 30% isopropanol (washing with 10 column volume distilled water between each
step). In the last step, 0.5 M NiSO4 solution were passed through and then distilled water
was used for column washing. Finally, the equilibration buffer (20 mM Tris/HCI, 0.5 M
NaCl, pH 7.8) was passed through the column and the supernatant was poured onto a 0.5
mL Nickel HiTrap™ column. The column was washed with buffer A for several times to
get rid of unbound fraction. The undesired proteins were then discarded by using with 5
column volumes of 30 mM and 100 mM imidazole in buffer A (20 mM Tris/HCI, 0.5 M
NaCl, pH 7.8) before elution of the recombinant BAFDH by Buffer A with 400 mM
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imidazole. Subsequently, active fractions were collected and the buffer of the purified
proteins was replaced with 100 mM sodium phosphate, pH 7.0 via a column for desalting
(Amersham Biosciences). In addition, protein expression and purification steps were
determined by SDS-PAGE electrophoresis.

3.4 Cloning, Expression and Characterization of BAFDH into C-Terminus His
Tagged Form

3.4.1 C-Terminus His Tag Primer Design and the fdh Gene Amplification via PCR

The fdh gene was obtained from genomic DNA by the following primers for C-terminus
his tagged cloning. FP2 (5’-CGGTGTCCATATGGCGAAAGTGCTTTGCG-3’) and
RP2 (5-ATAAAT GCGGCCGCCGACGTCAGGCTGTACGACGC-3’). The

recognition sites for Ndel and Notl were inserted into the primers and underlined. The

final concentration of components in PCR reaction were; 2X Taq Master Mix™ (1X),
primers (1.6 pmol/uL), genomic DNA (1.25 ng/ul) in a reaction volume of 50 pL. The
PCR program consisted of folllowing steps; initial denaturation step for 5 min at 95 °C,
29 cycles of amplification (95 °C, 1 min; 55 °C, 1 min; 72 °C, 1.5 min) and a final extension
at 72 °C for 10 min. The PCR reaction products were electrophoresed as aforementioned
in section 3.3.1. The PCR product was recovered from the gel and stored at -20 °C for

restriction procedure.

3.4.2 Cloning of Bdfdh into pET22b

3.4.2.1 Isolation of Cloning Vector (pET22b) and Restriction Reactions of PCR
Product and Plasmid DNA

The pET22b cloning vector was obtained by digestion of recombinant plasmid DNA,
pPET22b-X. This plasmid was transferred to E. coli Top10 cells as aforementioned in
section 3.3.2.1. Then, the plasmid was isolated by using the plasmid isolation kit and
electrophoresed for quantification. The plasmid DNA was stored at -20 °C for restriction
reaction. The pET22b (+) plasmid and PCR product were restricted with Ndel/Notl
enzymes. The reaction volume was 105 pul for PCR product restriction with Ndel and Notl
and the reaction included following components; PCR product (74 ul, ~25 ng / ul), Tango
buffer (21 pl, 10X, Fermentas), BSA (3,675 ul, 30X), Ndel (2 pl, 20,000 U / mL, NEB)
and NotI (2 ul, 10 U / ul, Fermentas) and 2,325 pl distilled water. The reaction mixture
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was incubated at 37 °C for 2 h. The recombinant construct (74 pul, ~31 ng/ul) was also
restricted with the same enzymes in the same reaction conditions. Restriction reaction
products were exposed to electrophoresis and resulted DNA was stored at -20°C for

ligation.

3.4.2.2 Ligation Reaction of Bdfdh Gene and pET22b Vector

The ligation reaction included restricted PCR product (1.59 pl, 20.22 ng/ul), restricted
cloning vector (0.64 ul, ~77.58 ng/ul), T4 DNA ligase (2 ul, 200 CEU / ul, Fermentas),
T4 DNA ligase buffer (2 pl, 10 X) and distilled water (13.77 pl). The mixture was
incubated at 16 °© C for overnight. Then, the transformation and incubation were
performed as described above (Section 3.3.2.3.). To test whether recombinant plasmids
were obtained or not, the colony PCR reaction was carried out with 2 of ligation colonies
as mentioned above (section 3.3.2.4). Then, the recombinant plasmid was purified from
transformants and the desired gene was sequenced on each strands by MEDSANTEK
company (Ankara, Turkey) to ensure the identity of sequence. The T7 terminator and T7
promotor primers were used for DNA sequencing procedure. The results were analysed

by performing the BioEdit software packages (Ibis Therapeutics, CA).

3.4.3 Expression and Purification of BAFDH

3.4.3.1 Production of C-Terminus His Tagged Recombinant Enzyme via IPTG

Induction and Autoinduction

The recombinant construct was used to get C-terminal His Tagged enzyme. This construct
was transferred into E. coli BL21 (DE3) for FDH overexpression and and the product was
spreaded on agar containing ampicillin. In addition, as a control group, the plasmid
PET22b was transferred to the same competent cells. Then, a colony from plates was
inoculated in LB medium including ampicillin at 37 “C with agitation for 16 hours. Then,
1 mL of the starter culture was utilized for the induction of 50 mL of LB medium
containing 100 mg/mL ampicillin in a 100 mL baffled flask and approximately after 3-4
hours, the expression of protein was induced via IPTG induction at the aforementined
concentration. The induction was performed at 30 “C, with agitation at 180 rpm for 6 h.

The induced cells were harvested and the protein expression profile was monitored by
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SDS-PAGE. The autoinduction was also performed with recombinant strain at 30 “C and
180 rpm for 16 h. Finally, the cells were harvested and stored at 4 °C for lysis.

3.4.3.2 SDS/Native-PAGE Analysis and Determination of Protein Concentration

All protein purification step were performed as indicated in section 3.3.3.3. The purity of
the recombinant FDH was visualised on 12% SDS-PAGE carried out on Mini-
PROTEAN Il electrophoresis cell system (Bio-Rad). Native-PAGE was performed to
estimate the overall molecular mass of the enzyme and to estimate its quaternary
structure. The obtained protein concentrations were detected with the Bradford protein
quantification assay [93] by using bovine serum albumin (BSA) as a reference protein.
Protein standards were prepared at different dilutions (0.1 mg/mL to 1 mg/mL) and 10 pl
of standards and samples were placed into wells separately, then, 200 pl of the Bradford
solution were added to wells, mixed carefully and incubated at least 5 minutes at room

temperature, finally, the plate was used for the measurement of absorbance at 595 nm.

3.4.4 Determination of Protein Mass by MALDI-TOF Analysis

The MALDI-TOF MS using MicroFlex instruments (Bruker Daltonics, Billerica, MA)
was used for mass spectrometry of the BAFDH. The calibration was performed with the
Bruker’s protein standards II kit containing different protein fractions such as cytochrome
¢ (12,360 Da), myoglobin (16,952 Da), trypsinogen (23,982 Da), protein A (44,613 Da)
and bovine serum albumin (BSA, 66,527 Da).

3.4.5 Determination of Recombinant BAFDH Properties

3.4.5.1 lonic Strength Effect on BAFDH Enzyme

The concentration of the reagents in the reaction performed to examine the ionic strength
effect on the BAFDH were; 8 pg/mL BAFDH, 100 uM NADP* and 42.5 mM sodium
formate with different sodium phosphate buffer concentrations. The buffer concentrations
used are between 20-1000 mM (pH 6.2). The reaction was performed at 30 ° C in a quartz
cuvette using UV spectrophotometer. The increment of reduced cofactor (NADPH) in the
reaction was followed at 340 nm.
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3.4.5.2 The Effect of pH and Temperature on BAFDH Enzyme

The acetic acid-sodium acetate buffer (pKo, 50 mM, pH 3.8-5.8), citric acid—-sodium
citrate buffer (pK2, 50 mM, pH 5.4-6.4), sodium phosphate buffer (pK2, 50 mM, pH 6.2—
8.0) Tris/HCI buffer (50 mM, pH 7.5-9.0) and ethanolamine buffer (50 mM, pH 8.5—
10.5) were used for investigating of the pH profile of enzyme. The enzymatic assay was
performed in the presence of NADP™ at 30 °C. In addition, the pH range of enzyme was
determined with the sodium phosphate buffer and citric acid-sodium citrate buffer in
terms of each coenzymes at 37 “C. Specific activity results were detected in these buffers
by using 20 ug/mL BdFDH, 170 mM sodium formate and 100 uM NAD(P)" at final
concentrations. In a standard reaction, the buffer including formate (680 pl) was added to
on enzyme (40 pl) and the incubation was done for 5 min. By the addition of NAD(P)*
(80 pl), the reaction was started and followed spectrophotometrically at 340 nm by using
UV-vis spectrophotometer for 90 sec. The initial rates of reaction were calculated by
using molar extinction coefficient of 6.22 mM™* cm™ for reduced NAD(P)H [94] and the

values were given as a percentage expressions of the highest activity obtained at 37 °C.

The optimum temperature of enzyme was detected by assaying the enzymatic reactions
between 15-60 °C. Activities were detected in 100 mM sodium phosphate buffer (pH
6.2). In a typical reaction, the buffer including formate (680 pl) and enzyme sample (40
ul, 2 ng/mL) were incubated at certain temperatures for 3 min. The NAD(P)* (1 mM) was
used for initiation of the reaction. The reduced cofactor was visualised at 340 nm for
about 2 min. The initial rates of reduced coenzyme increment were calculated as measured
above. The temperature in UV-Vis spectrophotometer was fixed by using a circulating

water bath equipment.

The thermostability of enzyme was also determined. 75 mM sodium phosphate buffer
(pH 6.2) was used for pre-incubation of protein aliquotes (0.4 mg/mL, without glycerol)
at 37, 45, 60 °C for 0-60 min. After incubation at certain time intervals (1, 5, 10, 20, 40,
60 min), the aliquotes of protein samples were taken and cooled on ice. The residual
activity was calculated at 37 °C by using the standard assay with NADP" in a microplate
reader and expressed as a percentage of the activity of control reaction performed without

heat assay.

28



3.4.5.3 Effects of Metallic Compounds and Organic Solvents on BdAFDH

To find out the effects of cations on BAFDH activity, the enzyme was incubated with
several metal compounds (ZnCl,, MgSOs, MnCly, CaCl,, NiSO4, FeCl,, FeClz, CuSOs)
at final concentrations, 1 mM and 10 mM. The final concentrations of reaction
components were; 170 mM sodium formate in 64 mM sodium phosphate buffer (pH 6.2),
10 pg/mL BdFDH and 1 mM NADP*. The activity value of control reaction (assay
without metal ion) was set to 100% as a reference and the resulted activities were analyzed

in comparison with the reference reaction under the same conditions.

The enzyme was assayed in various percentages of different, water miscible solvents
(methanol, acetonitrile, ethanol, DMSO, isopropanol) to detect the organic solvent effect
on activity of enzyme. The assay was carried out in 96-well plate, (64 mM sodium
phosphate buffer pH 6.2, 1 mM NADP*, 170 mM sodium formate at final concentrations)
with organic solvents (0-5-10-20-30-40-50%). The enzyme was added 10 pg/mL at final
concentration and reaction was performed as abovementioned at 37 “C. The remaining
activity was compared in reactions with and without cosolvent and given as percentage.
In addition, the enzyme stability was measured by incubating the aliquotes of enzymes
(0.4 mg/mL; without glycerol) in the presence of 30% DMSO in sodium phosphate buffer
at room temperature for 1 hour to 5 hours. The residual activity was determined as

aforementioned.

3.4.5.4 Steady State Kinetics and Enzyme Assay

FDHs catalyse bisubstrate reactions. Therefore, to detect the steady-state kinetic values
of BAFDH for cofactors, the final concentration of formate was fixed at 4 M while final
concentration of NADP* and NAD* were varied from 0.25 to 12.5 mM and 1.5 mM to
30 mM, respectively. To detect the kinetic parameters in terms of formate, the final
concentrations of NADP* and NAD™ were maintained at 20 mM and 75 mM, respectively,
while the concentration of formate was varied from 4.25 mM to 403.75 mM. The
measurements were done at 340 nm and 37 °C. All kinetic reactions were repeated at least
triplicate by using microplate reader (SpectraMax Plus384™, Molecular Devices). The
steady-state Kinetic constants, such as Michaelis—Menten constant (Half saturation
constant; Kwm), turnover number (kcar) and catalytic efficiency (kea/Km) values for
substrates were obtained by fitting the data to the Michaelis—Menten equation via Origin
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v.8 software (OriginLab, Northampton, MA). In addition, the specific activity assay was
carried out by using a plate reader based on the detection of reduced cofactor at 340 nm.

3.5 Cloning, Expression and Characterization of FDH from Lactobacillus
buchneri NRRL B-30929 (LbFDH)

3.5.1 Lbfdh Gene Mutation and Amplification via Overlap PCR

Liu et al. sequenced the whole genome of Lactobacillus buchneri NRRL B-30929 [95]
and shared the information in GenBank (NCBI accession no. NC_015428). The
chromosomal DNA of this strain was kindly provided by Dr. Siging Liu from USDA
ARS, USA. It was used to get fdh gene. To perform the cloning step, Ndel and Xhol
recognition sites were inserted into cloning primers and underlined, respectively as seen
below. The Lbfdh gene has Ndel recognition site. Therefore, firstly the gene was mutated
to get rid of Ndel site (CATATG to CACATG) by overlap mutagenesis procedure [96].
By using following mutagenesis and cloning primers, two different PCR (PCRI and
PCRII) were carried out (FPngel-: 5’CCCCACACATGTCCGGAACAAC-3” and RPngel-:
5" CCGGACATGTGTGGGGTCATAGC-3’; FP: 5’-CGGTGTCCATATGACCAAAG
TGTTAGCAGTTC-3" and RP: 5’-ATAAATCTCGAGCGACTTCTCAGCTTCCCC
ACTTC-3’, respectively). For this purpose, extrinsic forward primer with intrinsic
reverse primer were used in PCR | reaction and intrinsic forward primer with extrinsic
reverse primer were used in PCR II reaction, respectively. The components of 25 pl
reaction mixture were; purified genomic DNA (1 pl, 0.22 ng/ul), primers (0.5ul, 0.2
pmol/ul), 5X PrimeSTAR (PS) buffer (1X, 5 ul), ANTP mix (2 pl, 2.5mM each), Prime
Star HS DNA polymerase (0.25 ul) and distilled water. The PCR process designed as an
initial denaturation step of 2 min at 95 °C and then 30 cycles of amplification (98 °C, 10
sec; 57 °C, 5 sec; 72 °C, 1.5 min) and a final extension step at 72 “C for 10 min. The PCR
product was electrophoresed in the presence of marker DNA (Lambda DNA / EcoRI +
Hindl1l) at 90 V for 45 min. The PCR products were recovered from agarose gel with the
Thermo Scientific GeneJET Gel Extraction Kit according to the supplier's instructions.
The concentration of the products was determined spectrophotometrically by using the

NanoDrop.

Then, the combined reaction products were amplified by an additional PCR program
including only cloning primers. The PCR reaction including; 5X Prime star Buffer
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(TAKARA, 1X), dNTP mix (2.5 mM each), gel purified PCRI and PCRII product (4
ng/ul), the primers (0.2 pmol/ul) and HS DNA Polymerase (2.5U/ul). The PCR reaction
was performed in Veriti®96 well Thermal Cycler™ and it consisted of 7 cycles of
amplification without primers (98 °C, 10 sec; 57 °C, 5 sec; 72 °C, 1.5 min) and 23 cycles
of amplification with primers (98 °C, 10 sec; 57 “C, 5 sec; 72 °C, 1.5 min) and a final
extension at 72 ‘C for 10 min. A mutated gene fragment, approximately 1.2 kb, was

amplified and DNA was stored at -20 °C for restriction procedure.

3.5.2 Cloning of Lbfdh into pET23b

3.5.2.1 Restriction Reactions of PCR Product and Plasmid DNA (pET23b(+))

The pET23b(+) cloning vector was obtained by digestion of recombinant plasmid DNA,
pET23b-Lys. This plasmid was transferred to E. coli Top10 cells as aforementioned in
section 3.3.2.1. Then, the plasmid was isolated by using the plasmid isolation kit and
electrophoresed for quantification. The resulted PCR product and pET23b (+) were
restricted with Ndel/Xhol enzymes. The reaction volume was 60 pl for PCR product
restriction with Ndel and Xhol and the reaction included following components; PCR
product (52 pl, ~5 ng / pl), reaction buffer (6 pl, 10X NEB Buffer 3), BSA (0.6 ul, 100X),
Ndel (1 ul, 20,000 U/ mL, NEB) and XhoI (1 ul, 20.000 U / mL, NEB). The plasmid was
also restricted with the same enzymes. The reaction volume was 100 pl and the reaction
included following components; pET23b-Lys plasmid DNA (23 ul, ~30 ng/ul), reaction
buffer (5 ul, 10X NEB Buffer 3), BSA (0.5 ul, 100X), Ndel (1 ul, 20.000 U/mL, NEB),
Xhol (1 ul, 20.000 U/mL, NEB) and 19.5 pl distilled water. The restriction reactions were
incubated at 37 °C for 2 hours then, the electrophoresis was performed with restriction

products and gel purified DNA was stored at -20°C for ligation.

3.5.2.2 Ligation Reaction of Lbfdh Gene into pET23b Vector

The T4 DNA ligase was used for the ligation reaction according to the instructions
(Fermentas). The reaction included restricted PCR product (5,5 pl, ~ 9 ng/ul), pET23b
vector (1 ul,~ 50 ng/ul), T4 DNA ligase reaction buffer (2 ul, 10X), T4 DNA ligase (1
ul, 200 CEU / pl, Fermentas) and distilled water (10.5 pl). The control reaction included
only cloning vector, reaction buffer and deionised water. The reaction was incubated at

16 °C for overnight. Then, the E. coli Top10 ultra-competent cells used for transfomation
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process of ligation mixture. The transformation mixture was spreaded onto agar plates (in
presence of ampicillin) and incubation for 18-21 hours at 37 °C was carried out. Then,
the 25 ul PCR reactions were performed for 10 different ligation colonies to test the
colonies for recombinant plasmids. The recombinant plasmid contains the dehydrogenase
coding region with C-terminal His-tag was transferred into E. coli TOP10 and then, gel
purified. To confirm the accuracy of product, DNA sequencing was performed. The
BioEdit software packages was used for assembling and analyzing of sequencing results
(Ibis Therapeutics, CA).

3.5.3 Expression and Purification of LbFDH

The control plasmid (pET23b, empty vector) and positive construct (pET23b-Lbfdh) were
transferred into E. coli BL21(DE3) (Invitrogen) for gene expression and the
transformation product was plated on LB-amp-agar. A colony from plates was used for
inoculation of starter cultures. Then, with these pre-cultures, IPTG induction was
performed (at 30 “C with 180 rpm for 8 h). After incubation, the cells were harvested via
centrifugation at 8000xg and 4 °C. Aliquotes were withdrawn at determined periods and

run onto SDS-PAGE to analyze the protein expression profile.

The autoinduction process was also performed [92]. A colony from petri plate was
inoculated in pre- culture and utilized for autoinduction. After the centrifugation, the lysis
buffer was used for resuspension of cell pellet and the cells were disrupted via sonication
process. After centrifugation of resulted lysate, the supernatant was loaded onto affinity
chromatography column. The recombinant protein was obtained with Buffer A including
100400 mM imidazole and then, a desalting column was used to change the elution
buffer at 4 °C.

3.5.4 SDS/Native-PAGE Analysis and Bradford Assay

The protein preparation was analyzed on 12% SDS-PAGE and visualised with
Coomassie brilliant blue R-250. The Bradford protein quantification assay was used for
detection of protein concentration. The MALDI-TOF analysis was carried to determine
the mass of LbFDH.
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3.5.5 Determination of Recombinant LbFDH Properties

3.5.5.1 The Effect of pH and Temperature on LbFDH

The 50 mM stock buffers at several pH ranges were assayed for determination of pH-
activity profile of LbFDH at 30 °C for both cofactor. As buffers, the acetic acid-sodium
acetate (pKz, 50 mM, pH 3.8-5.8), citric acid-sodium citrate (pK2, 50 mM, pH 5.4-6.4),
sodium phosphate (pK2, 50 mM, pH 6.2-8.0), Tris/ClI (50 mM, pH 7.5-9.0),
Ethanolamine (50 mM, pH 8.8-10.5) were used in assays. The 120 mM sodium formate,
1.1 pg/mL LbFDH and 1 mM NAD(P)* were used for determination of activity values in
each of these buffers. In a typical assay, the each buffer including sodium formate (120
mM) was added on enzyme (10 pl) then, the reaction was incubated for 3 min. After
addition of NAD(P)* (20 pl), the reaction was followed at 340 nm and 30 °C. The initial

rates were calculated as mentioned above.

The temperature profile assay was performed at several temperatures (15-68 °C)
separately for each cofactor. In a standard assay, the 700 ul reaction mixture including
sodium formate (0.15 M and 0.2 M for the assay with NADP* and NAD™, respectively)
was incubated at determined temperature. The enzyme (35ul) was added to reaction and
it was incubated. After the initiation of reaction by NAD(P)*, the activity was followed
spectrophotometrically at 340 nm for 3 min. The calculation of initial rates for assays
were done as previously described. To determine the thermostability of enzyme, the
protein samples (0.5 mg/mL) were incubated at 50, 55, 60 and 65°C for 0-24 h and
samples were withdrawn at certain time. The remaining activity was performed with 150
mM of sodium formate in 100 mM acetate buffer (pH 4.8) in presence of NADP™ as
mentioned above and defined as a percentage of the reference reaction which is carried
out without heat treatment. The thermostability of enzyme was also determined by
differential scanning calorimetry method (DSC) in a Mettler Toledo DSC 1. The 0.1 M
of sodium phosphate buffer (pH 7.0) was used as a reference buffer, the enzyme
concentration was 1.2 mg/mL and the heating rate was at 1 K/min between 0-120 °C.

3.5.5.2 Effects of Metallic Compounds and Organic Solvents on LbFDH

The effect of various cations on enzyme activity were examined by the presence of 1 mM
and 10 mM ZnCl,, MgSO4, MnCl2, CaClz, NiSO4, FeCl,, FeCls, CuSO4, Na2MoO4 and

Na>WOys in the reaction medium, separately. The standard enzymatic assay was used for
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the activity measurements. The remaining activity was determined in mixtures with and

without metal and defined as relative activity.

The enzyme activity in organic solvent was carried out in 96-well plate, the reaction
mixture including different percentages (from 0 to 50%) of various organic solvents
(isopropanol, acetonitrile, ethanol, methanol, dimethyl sulfoxide). The enzyme was added
2 pg/mL at final concentration. The assay was initiated after 3 min via phosphorylated
cofactor. The remaining activity was compared in reactions with and without solvent and
defined as a percentage value. To determine the enzyme stability in different organic
solvents, the LbFDH was incubated in 20% of acetonitrile and DMSO at 25 °C for 1 h to
15 days and then the residual activity was checked.

The temperatures (-80 °C, -20 °C, +4 °C and 25 “C) were used for the investigation of the
storage stability of the enzyme. The aliquots of enzyme were incubated at certain storage
temperatures with and without glycerol for two weeks. The remaining activity was
detected every week during storage. The assays were repeated at least in triplicates.

3.5.5.3 Enzymatic Assay and Steady State Kinetic Reactions

In a standard assay with NADP*, 0.15 M of sodium formate in 0.1 M acetate buffer (pH
4.8 ) was mixed with LbFDH, then incubated for 3 min at 30 “C and the reaction was
initiated via NADP™ at various concentrations of 0.25-5 mM and and NAD™ at 0.5-17.5
mM ranges, respectively. The same reaction was performed for NAD* with a different
buffer; 0.2 M of sodium formate in 0.1 M citrate buffer pH 6.4. The assays were
visualized spectrophotometrically at 340 nm during 5 min. To calculate the steady state
Kinetic parameters of enzyme, various concentrations of formate was used in the assay.
In a standard reaction, several concentrations of sodium formate in the range of 0.036-1.8
M and 0.09-3.6 M were prepared in 0.1 M acetate buffer (pH 4.8) and 0.1 M citrate buffer
(pH 6.4) for NADP* and NAD", respectively. The reaction was initiated by the addition
of cofactor and monitored at 340 nm after for 3 min incubation (based on NAD(P)H
formation ; €340 = 6.22 mM™ cm™).

The kinetic measurements were carried out at least triplicate via microplate reader
(SpectraMax Plus384™, Molecular Devices). The Origin v.8 software (OriginLab,
Northampton, MA) was used for Michaelis-Menten curve fittings. Specific activities
(U/mg) were calculated using the protein mass of 44,27 kDa and the absorption
coefficient of €340 = 6.22 mM* cm ™.
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3.6 Statistical analysis

Statistical analysis of the experimental groups and control group were compared by
using a one-way analysis of variance (ANOVA) and Paired Sample T test. A value of p <
0.05 was considered as a limit value for statistically significant. Statistical tests were

carried out via SPSS version 25.5 PL for Windows.
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CHAPTER 4

RESULTS AND DISCUSSION

4.1 Cloning, Expression and Biochemical Characterization of FDH from
Burkholderia dolosa PC543

As an output of pattern based sequence screening and alignments, some microorganisms
which have putative NADP* dependent fdh gene sequences were determined. According
to the protein engineering studies in literature, particularly sequences which have a
specific pattern for NADP* were selected. Among several putative formate
dehydrogenase sources, the Burkholderia dolosa PC543, a pathogenic bacterium
recovered from the lungs of cystic fibrosis patients, was determined and the sequence of
putative NADP* dependent FDH (ETP61471.1) was obtained (Figure 4.1).

4.1.1 Cloning of BAFDH as N-terminal His Tagged Form

The vector pET14b was used for cloning putative gene and expression of N-terminus his
tagged protein (Figure 4.2). Thus, it was aimed to easily perform protein purification

using Ni-NTA affinity column.

For N-terminus His tag cloning procedure, oligonucleotide primers were designed
according to the sequence of selected vector and the fdh gene. The putative fdh gene (1161
bp) was amplified with primers via PCR (Appendix-B Table 1, Figure 4.3, Figure 4.4).
PCR products were recovered from agarose gel according to the gel extraction kit
protocol. Then, the pET14b-SS-ntr plasmid DNA and PCR products were digested with
Ndel and BamHI to get DNA with sticky ends for ligation process (Figure 4.5).
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Figure 4.1 Sequence comparison of BAFDH with reported NAD(P)* dependent FDHs.

The given abbreviations for FDHSs are; Bsp184FDH for Burkholderia cenocepacia PC184
FDH, BstFDH for Burkholderia stabilis FDH, Bsp383FDH for Burkholderia lata FDH,
GraFDH for Granulicella mallensis MPSACTX8 FDH PseFDH for Pseudomonas sp.
FDH, CboFDH for Candida boidinii FDH in alignment. The FDH from Burkholderia
dolosa PC543 FDH is given as BdFDH. The residues that have significant role in the

catalytic cavity are shown by a star symbol according to Tishkov and Popov [9]. The

MARVLCVLYDDEVDGY PRTY ARDDLERIDHY PGGOTLETPR-ATIDFTRPGOLLGSVSCELCLRRY LESNGH
“MEIVLVLYD———— ELYGCTENELG '
MATVLCVLYPDEVDGYPPRYVRDATEPVITHYADGOTART E
MATVLCVLYPDEVDGYPPRYVRDTIEVITHYADGOTAPTE!
MATVLCVLY PDEVDGYPPHYVRDTIEVITRYADGOTAPTE!
MARVLCVLYDDEFT SGYPPLYARNATPRIERYPFDGOTVENPR-HIDEVEGELLGCVSGELGLRSTLEDLGH
MARVLCVLYPDPSTGYPPHYVRDDIPAIGAYPGGORLP SPOGPLGFRPGELVGCVSGELCLRPYLERHGH

TLVVISDEDGPDSVEERELVDADVV I SOPFWEAYLTPERIARAENLELATTE
ELTITTSDREGGNSVLDOHIPDADI ITTTEFHPAY ITRERIDEARELELVV V]
TLIVTEDRDSPDSEFERRLPERDVVISQPEFWEPAYLTAERIARAPRLELAL
TLIVTSDEDGPDSEFERRLPERDVVISOPEWPAYLSAERIZRAPELELAL
TLIVTSDRDGEPDSEFERRLEDADVV ISQPFWEAYLTRERT A
TEIVTSDREGPNSVEFERELPDADIVISQPFWEAYLTAERT?
ELVVTGDEDGPDSVFECHLPDADVVISQPFWEPAYLTRERIAZRATELELALTRG

de e

GIGSDHVDLOSAIDRN-——
VESDHIDLDY INQTGER

ITVAEVTGSNS ISVAEHVVMTTLALVRNYLESH
ITVAEVTGSNSISVAEHVVMTTLATLVRNYLESH
ITVAEETFSNGICVAEHAVMMILATLVENYLESHE S GWHNIADCVSRSYDLEGMHVGTV:
IVVAEETFSNS ISVAEHVVMTVLALVERNFLEAHRFAVDGGWNIADC VSRS YDLEGMHFGT I RIGLEV
* * ok *

LRRLAPFD-VHILHYTDRHRLEPESVERELNLTWHATREDMY EVCDVVTLNCPLHPETEEHMINDETLELERR
LERLVEPFNPRELLY YDYQALPRDAEERVGARRVEN IEELVACAD IVIINAPTHAGTRGLINEELLSEFRR

T DIVNLOIPLYPSTEHLFDARMIZEMER
AVDIVNLOIPLYPSTEHLEDI ILAEMER
LRRLEPFG-LHLHYTORHRLDAATEQELGLT YHADPASLARAVDIVNLOIPLYPSTEHLE. IAEMER
LRRLEPFD-VELHYTARHRSPRATEDELCLTYHATAEEMARVC DV ISTHAPLYPATEHLFNARVLNEMRH

GMTEHISGTTLTA
VWEPQPAPFDHEWRDMRNEY GAGNAMTPHY SCGTTLDA
DHEWRTMEEF———— NGMTEPHISGTSLSA

GATCVAEDVALATFESGOLRG

LELVDRDAVVNATLT SGHTL

FLINTARARLVDRDAVVNALTSGHLAGY
ARLVDRDAVVRAVTSCHLAG

TLEILOCWEDGR-FPIRNEYLIVD
TLEILOCWEDGR-FPIRNEYLIV.

BioEdit software packages was used for alignment (Ibis Therapeutics, CA).
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Neol His-Tag Ndel  Xhol BamH |

TATACCATGGGCAGCAGCCATCATCATCATCATCACAGCAGCGGLCTGGTGLCGCGLGGCAGCCATATGLTCGAGGATCLGGCTGCTAACAAAGCCCGA
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Bpu1102|1 thrombin T7 terminator

AAGGAAGCTGAGTTGGCTGCTGCCACCGC TGAGCAATAACTAGCATAACCCCTTGGGGCCTCTAAACGGGTCTTGAGGGGTTTTTTG
LysGluAlaGluLeuAioAloAloThrAl oG luGinEnd

T7 terminator primer #69337-3

PET-14b cloning/expression region

Figure 4.2 pET14b vector sequence and map [97]

a b

Figure 4.3 PCR program (a) and gel electrophoresis (b) for amplification of Bdfdh.
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Figure 4.4 PostPCR product of Bdfdh (N-terminus His tagged) on agarose gel. Lanes:
(M) 1 kb DNA marker; (1) Bdfdh PCR product.

(bp)

161bp

§27bp

Figure 4.5 Restriction reaction products of pET14b-Ss-ntr and PCR products. (M)
marker; (1,2) Digested plasmid; (3,4) Digested PCR product.

The insert and vector ratio was adjusted to 3:1 and DNA fragments were subjected to

ligation process by using T4 DNA ligase enzyme (Figure 4.6).
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4.1.2 Confirmation of Ligation Reaction

After chemical transformation of ligation products into E. coli Topl0, the colony PCR
with transformants and restriction reactions with isolated plasmids were carried out. To
check the insertion of Bdfdh into plasmid, firstly, colony PCR was performed with 3
colonies from ligation transformants. 10 pl of the post PCR products were subjected to
electrophoresis onto 0.8% agarose gel and the DNA bands confirmed the accuracy of
ligation reaction (Figure 4.7). In addition, the recombinant plasmid was digested with
Ndel/BamHI and only with Ndel to double check the ligation. The resulted DNA bands

confirmed the integrity and insertion of desired gene into plasmid (Figure 4.8).

BamHI[510)
Ndel[522)

N:||e| Genomic DNA A
_— pET14b
N (4671bp)
l BamHI
BamHI[310) Ndel [322)

Plasmid DNA
PCR product Ligation

BamHI(510)

s

PET14b-BdPC543-fdh
(5832bp)

Ndel (522)

Recombinant plasmid

Figure 4.6 Construction of pET14b-Bdfdh recombinant plasmid.
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Figure 4.7 Colony PCR products on 0.8 % agarose gel. (M) DNA marker (1 kb); (1,2,3)
PCR products of the 1st, 2nd and 3rd colonies from ligation transformants, respectively.

(bp) 4671bp
4671bp
5832bp
6000
5000
4000
3000
1500
1161bp
1000
750
627bp
500

Figure 4.8 Restriction reaction products of recombinant plasmid on agarose gel. (M)
1kb DNA marker; (1) Ndel/BamHI digestion product of recombinant plasmid; (2)
Ndel/BamHI digestion product of pET14b-Ss-ntr (ntr gene contain 627 bp); (3) Ndel
digestion product of recombinant plasmid.
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4.1.3 Expression and Purification of N-terminus His Tagged BAFDH

Then, the construct (pET14b-fdh) was transferred into E. coli BL21 (DE3) for production
of N-terminus His tagged protein. The cells were grown at 37 °C until reach to required
OD value at 600 nm, then the IPTG (final concentration 0.5 mM) was used to enhance
the expression at 30 °C for 6 h. The protein expression increased gradually during six
hours as seen on SDS-PAGE (Figure 4.9 and Figure 4.10). The SDS-PAGE result of the
protein purification step indicated that the N-terminus his tagged BAFDH accumulated in

cells as an inclusion body (Figure 4.11).

To reduce the formation of inclusion body, the induction temperature was decreased.
During the process, IPTG concentration was kept at a constant value (0.5 mM) and
induction was firstly determined ~22 °C and then at 16 °C for 8 h, separately. The protein
expression profile was confirmed that the protein was expressed at ~22 °C but not
released into supernatant after sonication (Figure 4.12). At 16 °C, there was an expression

and also the protein was released to supernatant, but the quantity of protein is still quite

low (Figure 4.13 column 8).

Figure 4.9 Pre-cultures (a) and induction cultures (b) for protein expression.
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Figure 4.10 The expression profile of N-terminus His tagged BAFDH at 30 °C. (M)
Marker (Bsp383FDH); (1,2) cells with pET14b plasmid and recombinant plasmid,
respectively before IPTG induction; (3,4) cells with pET14b plasmid and recombinant
plasmid, respectively after IPTG induction for 2 hours; (5,6) after IPTG induction for 4
hours; (7,8) after IPTG induction for 6 hours.

Figure 4.11 The purification of BAFDH after IPTG induction for 6 h. (M) Marker
(Bsp383-FDH); (1) post-induction cell pellet after 6 hours; (2) post-sonication pellet;
(3) supernatant after sonication
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Mm 1 37 3
(Bsp383FDH)

42kDa

BdPC543-FDH

Figure 4.12 The expression profile of BAFDH at ~22 °C for 8 hours in E. coli BL21
(DEJ) cells. (M) Marker; (1) cell pellet after 8 h induction; (2) pellet after sonication;
(3) supernatant after sonication

42kDa BdPC543-FDH

Figure 4.13 Purification of BAFDH after IPTG induction at 16°C for 8h. (M) Marker ;
(1) cell pellet; (2) cell pellet after sonication; (3) supernatant after sonication; (5) 5 mM
imidazole; (6) 30 mM imidazole; (7) 100 mM imidazole; (8) 200 mM imidazole; (9)
400 mM imidazole
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(Bsp38.
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a b

Figure 4.14 Expression profile of BAFDH by autoinduction at 16 ° C for 20 hours. (M)
Marker; the columns indicated the expression profile of control group and the
recombinant plasmid, respectively. (a) columns (1,2) after 8 hours; (3,4) after 10 hours;
(5,6) after 12 hours; (7,8) after 14 hours of autoinduction. (b) columns (1,2) after 16
hours; (3,4) after 18 hours; (5,6) after 20 hours of autoinduction.

There was an enzyme activity in the presence of NADP* with the supernatant from IPTG
induced cells at 16 °C for 8 h. Therefore, we tried to estimate the time range for better
expression and activity by performing time dependent assay with autoinduction. Thus, 20
hours of autoinduction was performed at 16 °C to optimize the expression time.
Particularly the expression at 8", 10" and 12™ hours were higher than the other time
intervals (Figure 4.14). The enzymatic activity assay with the supernatant at 12" h had
the better result than 8" and 10" h. As understood from the SDS-PAGE result, in the
following hours, the protein expression reduced and protein degraded.

Despite all these efforts, desired quantity of protein could not be obtained. Finally, we
performed IPTG induction at 16 “C for 10 hours to induce the protein expression.

Although, the resulted protein band was intense, it was not at desired level (Figure 4.15).
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Figure 4.15 SDS-PAGE analysis of N-terminus His tagged BdFDH (Purified fractions
from IPTG induction at 16 °C for 10h). M, marker protein (molecular weight: 42kDa); 1
and 2, washing fraction; 3-5, elution buffers including 100, 200, 400 mM imidazole,
respectively.

Only approximately 0.5 mg fused protein was obtained from purification at 16 "C via
IPTG induction for 10 hours. The enzyme assay indicated that the specific activity values
for BAFDH were 0.25 and 0.36 U/mg with NAD* and NADP*, respectively. Both IPTG
induction and autoinduction assays indicated that the N-terminal His tagged protein was
overexpressed in inclusion bodies at various temperatures (16 °C, ~22 °C, 30 °C) and its
quantity and also activity was quite low. Therefore, we decided to get and investigate C-

terminal His tagged enzyme for further studies.

4.1.4 Cloning of BAFDH as C-terminus His Tagged Form

The pET22b(+) vector was used for cloning and expression of enzyme as a C-terminus
his tagged protein (Figure 4.16). Thus, it was aimed that to perform easily protein

purification using Ni-NTA affinity column.
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T7 promaoter 361-377
T7 transcription start 360
Pl coding sequence 224-280
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His»Tag coding sequence 140157
T7 terminator 26-T2
laci coding sequence TEd-1843
pBR32E origin 3277
a coading sequence 4038-4895
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PET-22b(+) cloning/expression region

Figure 4.16 pET22b(+) vector sequence and map [98]

The whole Bdfdh gene was amplified with designed oligonucleotide primers via PCR as

seen on Figure 4.17 (Appendix-B Table 2).
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Figure 4.17 Post PCR product of Bdfdh (C-terminus His tagged) on 0.8% agarose gel.
Lanes: (M), 1 kb DNA marker; (1,2) Bdfdh PCR product.
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Figure 4.18 Restriction reaction products of pET22b-X and PCR products. (M) marker;
(1,2) Digested plasmid; (3,4) Digested PCR product.
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After recovery of PCR products from agarose gel, both plasmid for cloning (pET22b+X)
and the PCR products were restricted with Ndel and Notl to get DNA fragments for
ligation step (Figure 4.18). Then, the restriction reaction products (insert: 1161 bp and
vector: 5493 bp) were purified from agarose gel. The insert vector ratio was adjusted to
3:1 and DNA fragments were subjected to ligation procedure by using T4 DNA ligase

enzyme.

4.1.5 Ligation Reaction Confirmation

The ligation reaction products were transformed chemically into competent cells. Then,
the colony PCR was carried out with 2 colonies from ligation transformants. The post
PCR products were run onto gel and the resulted DNA bands confirmed the integrity of
desired gene into the construct (Figure 4.19). The sequencing results confirmed that this

gene has 1161 base pairs and it is successfully fused with the six histidine tag.

Figure 4.19 Colony PCR products on agarose gel. (M) DNA marker (1 kb); (1,2) PCR
products of the 1st and 2nd colonies from ligation transformants, respectively.

4.1.6 Expression and Purification of C-terminus His Tagged BdFDH

The recombinant construct (pET22b-fdh) was transferred into the expression strain for

production of C-terminus His tagged protein. The protein expression was enhanced with
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IPTG (0.5 mM at final concentration) at 30 °C for 6 h. The protein expression increased
gradually during six hours as seen on SDS-PAGE (Figure 4.20).

M 1 2 3 4q 4 5 6 7 8

(Bsp383FDH)

Figure 4.20 The expression profile of C-terminus His tagged BAFDH at 30 °C. (M)
Marker (Bsp383FDH); (1,2) cell pellets with pET22b plasmid and recombinant
plasmid, respectively-before IPTG induction; (3,4) cell pellets with pET22b plasmid
and recombinant plasmid, respectively -after IPTG induction for 2 hours; (5,6) after
IPTG induction for 4 hours; (7,8) after IPTG induction for 6 hours.

Figure 4.21 SDS-PAGE result for purification of BAFDH (after autoinduction at 30 °C
for 16 hours). (M) Marker (Bsp383FDH); (1) cell pellet with recombinant plasmid; (2)
cell pellet after sonication, (3) supernatant after sonication, (4) column through (5) 5
mM imidazole, (6) 30 mM imidazole, (7) 100 mM imidazole,8) 200 mM imidazole, (9)
400 mM imidazole.

After the autoinduction process at 30 °C for 16 h, the His-trap affinity chromatography
method was used for elution of protein. The enzyme was produced heterologously in E.
coli as a soluble protein as seen on SDS-PAGE and the enzyme was pure (8" and 9™
columns in Figure 4.21). The protein, 43 kDa, was determined as seen as a pure protein

band on a Coomassie-stained SDS-PAGE (Figure 4.22). According to native-PAGE
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results, the molecular weight of native BAFDH was thought to be about 90 kDa (Figure
4.23).

According to theoretical mass calculation, the enzyme was 43,126 Da. The molecular
weight of the enzyme monomer was also detected by MALDI-TOF and found to be
43,909 Da (Figure 4.24). The enzymatic activity reaction performed by using cell extract
shown that the enzyme had an affinity towards both NAD* and NADP".

ka M 1 2 3 - 5 6

170
130
100
70

55
40

35

%5

10

Figure 4.22 SDS-PAGE analysis of purified C-terminal his tagged BAFDH. Lanes: M,
Marker; 1, cell pellet; 2, cell free extract; 3 and 4, washing buffers; 5 and 6, 100 and
400 mM imidazole fractions, respectively. (autoinduction at 30 °C for 16 h)
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2 M kDa

Figure 4.23 Native-PAGE results of purified BAFDH protein. Lanes: M, molecular
weight marker (Thermo Scientific); lane 1, purified BdFDH.

4.1.7 lonic strength, pH and Temperature Effect on BAFDH

In all enzymatic reactions, the substrate (sodium formate) was prepared in related buffer.
The total ionic strength of reaction medium was calculated by adding the ionic strength
values of both buffer and the substrate. We realized that the BAFDH is affected by the
ionic strength of reaction components. Due to this fact, we investigated the enzyme
activity in terms of ionic strength parameter. The obtained data indicated that it has the
optimum activity between u= 0.3-0.66 M and the activity is lost gradually outside this
ionic strength range (Figure 4.25).
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Figure 4.24 MALDI-TOF MS result for C-terminus His tagged BAFDH (highlighted
by arrow)
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Figure 4.25 The ionic strength effect on enzyme activity
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Figure 4.26 Activity-pH profile of BAFDH

The pH effect on enzyme activity was investigated at pH range of 3.8-10.5 by ensuring
the similarity of ionic strength of buffers. The pH-activity assay resulted with the
optimum pH value is between 5.8 and 6.2 for reduction of each cofactor at 37 °C (ionic
strength, u= 0.49 M). The data indicated that it keeps 50% of its activity with each
coenzymes in a certain pH range (pH 5.4-6.7 with NADP*; pH 5.7-7.2 with NAD"). At
pH 3.4 and 8.0, the enzyme activity is almost equal to zero (Figure 4.26).

The optimum temperature of enzyme was detected by assaying the enzyme activity
between the 15-60 °C. As indicated in Figure 4.27 the BdFDH has an optimum activity
at 37 °C with each coenzymes. The enzyme acts in a wide range of temperature with
NADP™ (20-50°C; having more than 75 % activity) than with NAD" (34-40°C). The
thermostability of enzyme was also determined via measuring its activity at various
temperatures from 37 to 60 °C for 0-60 min in the presence of NADP*. The remaining
activities of enzyme have been calculated as 94 %, 88 % and 44 % after 1 h of exposure
at 37 °C, 45 °C and 60 °C, respectively (Figure 4.28).
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Figure 4.28 Thermostability profile of BdFDH.

4.1.8 Effect of Metallic lons and Organic Solvents on BAFDH

The relative enzyme activity was investigated with several cations, which were added at
1 mM and 10 mM as the final concentrations. The enzyme activity was decreased by all
metallic ions at each final concentrations. However, the BdFDH was completely
inactivated with FeCly, FeCls at both concentrations and whereas the CuSO4 and MnCl>

inhibited the enzyme only at 10 mM (Figure 4.29). We also examined the effect of organic
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solvents on enzyme stability and activity. To analyze the organic solvent effect on
BdFDH, various percentages of different solvents (5, 10, 20, 30, 40 and 50%) were used.
The resulted data indicated that some solvents have an enhancing effect on the enzyme
activity at certain concentrations. For example, methanol, ethanol and isopropanol
increased the enzyme activity up to 20% concentration. In addition, the BAFDH had the
best activity (almost 170%) in 30% DMSO among the other solvents and DMSO (up to
40% (v/v) concentration) can enhance the enzyme activity (Figure 4.30). Moreover,
cosolvent stability of BAFDH was investigated in the 30% DMSO due to its enhancing
activity for various time intervals (from 0 to 5 h). The enzyme still has its own activity as
86% and 41%, after the incubation in 30% DMSO for 2 and 3 hours, respectively.

100

80

60

40

Relative Activity (%)

20

Control  Cu ** Ni 2 Mn % Ca® Mg ** Zn*

Figure 4.29 Effect of metallic ions on BAFDH (First columns indicate 1mM and second
ones are for 10mM at final concentration for each cations).
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Figure 4.30 Residual activity of BAFDH in some organic solvents (letters refer to
difference from control and a for p<0.001; b for p<0.01; ¢ for p<0.05 )

4.1.9 Enzymatic Assay and Steady State Kinetics

As a result of kinetic characterization, it can be said that both cofactors can be used by
BdFDH. If we compare the specificity, it prefers NADP* over NAD*. The kinetic values
of BAFDH for substrates and the spesific activities with both cofactors were detected in
75 mM sodium phosphate buffer (pH 6.2) at 37 °C. In the presence of cofactors, sodium
formate and ammonium formate were assayed as substrates used by FDH. The BdFDH
acted on both reagents with similar activity results. The apparent Kca, Km and Keat/Km
values of BAFDH for both cofactors and formate were given comparatively with studied
native NADP* dependent FDHs in Table 4.1 and 4.2, respectively.
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Figure 4.31 Michaelis—Menten curves (on velocity-substrate concentration) for BdFDH
in presence of NAD* or NADP*

As a result of kinetic parameters, the catalytic efficiency of BAFDH is approximately 7.5-
times higher in the presence of NADP™ than in the presence of NAD*. Km values for
NAD*, NADP* and formate (with NADP*) are 14.7 mM, 1.17 mM and 5.66 mM,
respectively. (Table 4.1, 4.2; Figure 4.31). The BAFDH Kinetic parameters are also given
with its SD in Table 4.3.
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Table 4.1 Kinetic constants of natural NADP* dependent FDHs for cofactors

NAD™*
NADP*
Kwm Kcat Kcat/ KM( Kcat Kcat/ (kcat/ KM)
(mM) (s Kv  mM) (s  Kwm NADP+
/(kcat/KM)
NAD+
BstFDH 0.16 4.75 30 1.43 1.66 1.16 25.86
[4]
GraFDH 0.85 3.96 4.66 6.5 5.77 0.88 5.30
3]
Bspl84F 11 3.07 279 15 0.57 0.04 73.66
DH 2
Bsp383F 0.7 2.77 396 7.6 0.82 0.11 36.76
DH [
BAFDH* 117 4.04 3.45 147 6.68 0.46 7.5

*: refers to this study

Table 4.2 Kinetics parameters of the FDHSs in terms of formate (BdFDH)

NADP* NAD”*
Kwm Kcat Kcat/ Kwm Kcat Kcat/
(mM) (s  Kwm (mM) (sY Kwm Formate
Formate

Bsp184 156.98 2.21 0.014 99.18 0.34 0.0034
FDH!
Bsp383 126.79 6.12 0.048 50.13 0.77 0.015
FDH!
BstFDH 55.5 - - - - -
[4]
GraFD 200 80 - -
H!
BdFDH 5.66 439 0.78 42.88 9.02 0.21
*

*: refers to this study
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Table 4.3 Kinetics parameters of the BAFDH for substrates

NADP* NAD* Formate Formate
(with NADY) (with NADPY)

Kwm 1.1740.07  14.68+0.86  42.88+4.23 5.66+0.41
(mM)

Keat 4.04£0.04  6.68+0.31  9.02+0.23 4.39+0.14
(s1)

keat/Km  3.45 0.46 0.21 0.78

4.2  Cloning, Expression and Characterization of FDH from L. buchneri NRRL
B-30929

We screened another NADP* dependent FDH source by utilizing Burkholderia stabilis
FDH (BstFDH, ACF35003.1) as a query sequence in PHIBLAST program.

PseFDH MARVLCVLYDDEVDGY PRTYZRDDLPRIDHY PGGQTLETPE-AIDFT PGOLLGSVISGELGLREYLESNGH 69
CboFDH ~MEIVLVLYDZL GEHBRADEE-——————— ELYGCTENFLGIZNWLRDOGH 39
Bsp383FD MATVLCVLYPDEVDGYPPRYVRDAIPVITHYRADGQTAPTPAGPPGFQPGELVGCVSGALGLRGYMERHGH

Bspl84FD MATVLCVLYPDPVDGYPPRYVRDTIPVITHYADGOTAPTPAGPPGFRPGELVGSVSGALGLRGYMEL
BstFDH MATVLCVLYPDEVDGY PPHYVRDTIPVITRYADGOTAPTEAGPEPGFRPGELVGSVIGALGLRGYLERHGH 70
GraFDH MARVLCVLYDDETSGYPPLYZRNAIPRIERYPDGQTVENPE-HIDFVEPGELLGCVSGELGLRSYLEDLGH 69

LbFDH MTEVLAVLYPDEVDGFPPRYVRDDIPRITHYPDGSTVETPE-GIDFRPGELLGSVIGCLGLEEYLESREGY 69
PseFDH TLVVTSDRDGPDSVFERELVDADVVISQPFWEAYLTPERIARARNLRLATLTAGIGSDHVDLOSAIDRN— 137
CbhoFDH ELITTSDREGGNSVLDOHIPDADI IITTPFHEAY ITRERIDRARRLRLVVVAGVSSDHIDLDYINQTGRR 109

BSEBSSFD TLIVTSDRDSPDSEFERRLPEADVVISQPFWEAYLTAERIARAPRLRLALTAGIGSDHVDLDAAARAR—— 138
Bspl84FD TLIVTSDRDGPDSEFERRLPEADVVISQPFWPAYLSAFRTARAPRLRTALTAGIGSDHVDLDARARAR-— 138

BstFDH TLIVTSDERDGPDSEFERRLPDADVVISOPFWEAYLTAFRIARAPRLRLATLTAGIGSDHVDLDAARREH-—— 138

GraFDH TFIVTSDREGPNSVFERELPDEDIVISQPFWEAYLTAFRIARARRLRIATLTAGIGSDHVDLNAAIRAG—— 137

LbFDH EFVVTSDREGPDSVFERELPTADVVISOPFWEAYLTADLIDRARRLRLATTAGIGSDHVDLNAANEHN-— 137
Ty -

PseFDH VIVAEVTYCNSISVAEHVVMMILSLVRNY LPSHEWARRGGWNIADCVSHAYDLEAMHVGTVARGRIGLAY 207

ChoFDH ISVLEVTGENVVSVAEHVIMTMLVLVRNFVEAHEQI INHDWEVAATARDAYDIEGRTIATIGAGRIGYRY 179

WNIADCVSRSYDVEGMHFGTVGAGRIGLAY 208
WHIADCVSRSYDVEGMHFGTVGAGRIG 208
WNIADCVSRSYDVEGMHFGTVGAGRIGLAV 208
WNIADCVSRSYDLEGMHVETVAAGRIGLAV 207

Bsp383FD ITVAEVTGSNSISVAEHVVMTTLALVRNYLPSHATZOO
Bspl84FD ITVAEVTGSNSISVAEHVVMTTLALVRNYLPSHAVAQD
BstFDH ITVAEVTGSNSISVAEHVVMTTLATLVRNYLPSHATRQO
GraFDH ITVAEETFSNGICVAEHAVMMITATVRNYLFPSHRIREE

IbFDH ITVAEVTY SNSVEVAELEVMOLLATVRNFIPAHDIVREAGGWNIADAVSRAYDLEGMTVGVIGAGRIGRAY 207
w -

PseFDH LRRLAPFD-VHLHY TDRHRLPESVERELNLTWHATREDMY PVCDVVTLNCPLHFETEHMINDETLRELFRR 276

ChoFDH LERLVPFNPEELLYYDYQALFPRDAEERVGARRVENTEELVAQADIVTINAPTHAGTRCGLINKELLSKFER 249

Bsp383FD LRRLEPFG-LOLHYTORHRLDASIEQELGLTYHADAASLASAVDIVNLOIPLYPSTEHLFDAAMIARMER 277
Bspl84FD LRRLOPFG-LOLHYTCORHRLDASIEQALATTYHALVASLASAVDIVNLOIPLYPSTEHLFDAAMIRARMER 277
BstFDH LBRLRPFG-LHLHY TORHRLDAAIEQELGLTYHADPASLARAVDIVNLOIPLYPSTEHLFDARMIARMER 277
GraFDH LERLRPFD-VELHY TARHRSPRAIEDELGLTYHATAEEMAEVCDVISIHAPLYPATEHLFNARVLNEMRH 276

IbFDH LERLEPFG-VELVYNORHOLPDEVENELGLTYFEDVHEMVEVVLAVVLARPLHAQTYHLFNDEVLATMER 276
“ *
PseFDH 341
ChoFDH 219
Bsp383FD 342
Bspl84FD 342
BstFDH 342
GraFDH GSYLVNTARAEICDRDDIVRALESGOLAGY AGDVWEFPQFRAPENHFWRNME————— HNGMTPHMSGSSLSG 341
IbFDH GRAYIVNNSRGEEVDRDAIVRALNSGOIGGYSGDVWYPQPRPRDHPWRTME————— NEAMTPHMSSTTLSA 341
- -
PseFDH CARYALGTREILECFFEGR-PIRDEYLIVOGGALAGT SYSE——G GGSEERLRFEERV 401

ChoFDH CTRYAEGTENILESFFTGRFDYRPODIILLNGEYITEA
Bsp383FD OQARYALGTLEILQCWFDGE-PIRNEYLIVDGGTLAGT
BSEIS4FD CARYAAGTLEILOCWEDGR-FIRNEYLIVDGGTLAGT
BstFDH CRARYARAGTLEILOCWEDGR-FIRNEYLIVDGGTLAGTGAQSYRL
GraFDH CRARYARLGTREILECWFENR-FIRDEYLIVSNGRLAGT
LbFDH CARYALGAREILEDFLEDR-PIRPEYLIAQGCESLACTG]

Figure 4.32 Sequence comparison of BAFDH with reported NAD(P)* dependent FDHs.
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An fdh gene from Lactobacillus buchneri NRRL B-30929 strain (Lbfdh, NC_015428;
Figure 4.32) was selected among the putative FDH sequences. The given abbreviations
for FDHs are; Bsp184FDH for Burkholderia cenocepacia PC184 FDH, BstFDH for
Burkholderia stabilis FDH, Bsp383FDH for Burkholderia lata FDH, GraFDH for
Granulicella mallensis MPSACTX8 FDH PseFDH for Pseudomonas sp. FDH, CboFDH
for Candida boidinii FDH in alignment. The FDH from Lactobacillus buchneri FDH is
given as LbFDH. The residues that play an important role in the catalytic cavity are
shown by a star (*) symbol according to Tishkov and Popov [9]. The BioEdit software
packages was used for alignment (Ibis Therapeutics, CA).

4.2.1 Cloning of LbFDH as C-terminal His Tagged Form

The vector pET23b(+) was used for cloning and expression, because of the His Tag region

at te 3 prime of the cloning site. (Figure 4.33).

PET-23aj:) sequence
T7 promoter 303-319 Xho I{458)
T7 transc ta 2 Not If165)
.[la l{nnst.riplltm start 302 Eag I(168)
I7+Tag coding sequence ~ 207-239 Hind 1I{173)
. - Sal I[175)
Multiple c ]tmplng sites Hin 1i181)
(BamH1-Xhol) 158-203 Sty 1157} Sac I(190)
T . . , i EcoR I{19:
.].lls Tag coding sequence  140-157 NgoA IV(3625) | (Bput10230) Bamtl E['£3
I7 terminator 2672 Drd I3429) \ "
- et |7
pBR322 origin 1450 Dra 1112424}, | d
bla coding sequence 2211-3068
f1 origin 3200-3655

The maps for pET-23b(+), pET-23c(+) and
pET-23d(+) are the same as pET-23a(+)
(shown) with the following exceptions:
pET-23b(+) is a 3665bp plasmid; subtract
1bp from each site beyond Baad 1at 198

pET-23c(+) Is a 3664bp plasmid; subtract BsaH I2318), Ii |

2bp from each site beyond BamH [ at 198 || |
pET-23d(+) is a 3663bp plasmid; the BamH 1 Sca I(Z761) 4 pET-23a(+] |

site is in the same reading frame as in pET- || |‘ || » (3666bp) IL_ Pyu 11{878)
23c(+). An Neo site is substituted for the Pu {2851) 4 | | = f

Nade| site with a net 1bp deletion at position \ /

238 of pET-23c(+). As aresult, Neo | cuts Pst 1(2526)

Tthi11 1{1133)
pET-23d(+) at 234, and Mhe | cuts at 229, (q@ "Bist1 107 1{1159)
For the rest of the sites, subtract 3bp from ) Q"‘
Sap 1{1272)

each site beyond position 239 in pET-23a(+). Balli2401) ¢ \ !
Ndel does not cut pET-23d(+). Note also Afl 10(1388)
that Sty 1 is not unique in pET-23d(+). Ahd I(2221) BspLU111(1238)

| AlwN 1(1804)

T7 promoter primer #GE348-3

T7 promoter
e —

Bgill

w10z | ard

...............
T7 terminator primer #50337-3

pET-23a-d(+) cloning/expression region

Figure 4.33 pET23b(+) vector sequence and map [99]
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The sequence data of the putative fdh gene was used for designing mutation and cloning
primers (Appendix- B Table 3). The Lbfdh gene was obtained as two separate fragments
by PCRI and PCRII reactions using sequence-specific cloning and mutation primers
(Figure 4.34). Then, the PCR products were recovered from the gel. The concentrations
of these products were determined by Nanodrop spectrophotometer (PCRI: 100 ng and
PCRII: 25 ng). The products were combined via PCR reaction and then the product was
visualized on agarose gel. In addition, the Lbfdh was also obtained via PCR reaction by
using only cloning primers to confirm the size of the fusion product (Figure 4.35 and
Figure 4.36). As a result, to remove the Ndel recognition site, a silent mutagenesis was
done on this gene (UniProt accession number: F4AFW36) and then, the amplification
process was done with cloning primers. The combined PCR product was recovered from
gel and stored at -20°C.

b nrOS g %

— 224" 2188 438

5148 531 108
£ 3973 51.3 103
1 472 40 88
r—— B 354 T3

&
1— AT
5 el — 1584 163 33
|- —— EETCRRTE AT
2
P o7 93195
e “w® 86 17
Z
g ~ 564 58 12

0.5 pg'lne, 8 em lengih g2,
1X TAE, 7 \em, 45 min

Figure 4.34 Post PCR product of Lbfdh on 1% agarose gel. 1,2: PCRI product (1007
bp), 3: 1 Kb DNA marker (Lambda DNA / EcoRI + HindlIl), 4-5: PCRII product (206

bp)

Then, the pET23b-Lys plasmid DNA and PCR products were digested with Ndel and
Xhol to get DNA with sticky ends for ligation process (Figure 4.37). The insert and vector
were recovered from agarose gel and subjected to the ligation protocol. The colony PCR
reaction was performed with ten colonies resulted from chemical transformation of
recombinant plasmid into E. coli Top10. Then, 10 ul of the post PCR products were

subjected to electrophoresis and the results confirmed the accuracy of ligation reaction.
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The resulted DNA bands confirmed the integrity and insertion of Lbfdh into plasmid
(Figure 4.38 and Figure 4.39). Then, the recombinant plasmids were isolated from
competent cells and sequenced. The sequencing outputs confirmed that the gene including
1197 base pairs was successfully obtained with the histidine tag at C-terminus. The
quantity of amino acid residues of enzyme increased to 407 by addition of hexa-histidine
tag.

Figure 4.35 Post PCR products obtained by combining PCRI and PCRII products. 1:
putative Lbfdh product amplified by PCR, 2: 1 Kb DNA marker (Lambda DNA / EcoRl
+ HindllIl), 3-6: Combined PCRI and PCRII products
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Figure 4.36 Combined PCRI and PCR  Figure 4.37 Restriction reaction products of
Il product on 1% agarose gel. 1: Post ~ PET23b-Lys and PCR products on agarose

PCR product (about 1200 bp), M: gel. (M) Marker; (1,2) Digested PCR
DNA marker (Lambda DNA / EcoRl product (1197bp); (3,4) Digested plasmid
+ HindlIl) (3586 bp)

Figure 4.38 Colony PCR products on agarose gel. (M) DNA marker (1 kb); (1-8) PCR
products of the eight colonies from ligation transformants, respectively
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Figure 4.39 Colonies from transformation of ligation reaction

4.2.2 Expression and Purification of C-terminus His Tagged LbFDH

The E. coli BL21 (DE3)was used for protein production and the expression profile were
examined on SDS-PAGE. The protein expression was induced with IPTG (0.5 mM at
final concentration) at 30 °C for 8 h. The expression increased gradually during eight

hours as seen on SDS-PAGE (Figure 4.40). The protein yield was approximately 25 mg/L
IPTG induction at 30 °C for 16 h.

Figure 4.40 The expression profile of C-terminus His tagged LbFDH at 30 °C. (1)
Marker (Bsp383FDH); (2) cell pellet before IPTG induction; (3) after IPTG induction
for 2 hours; (4) after IPTG induction for 4 hours; (5) after IPTG induction for 6 hours;

(6) after IPTG induction for 8 hours.
The nickel affinity chromatography column was used for protein purification. According
to the SDS-PAGE results, it can be said that the LbFDH was expressed as a soluble
protein and due to presence of a single homogeneous protein band on SDS-PAGE, the
enzyme was ascertained to be pure. The SDS-PAGE results showed that the enzyme
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monomer was approximately 44 kDa (Figure 4.41a). It was concluded that the overall
molecular mass of enzyme was about 90 kDa according to the native-PAGE results
(Figure 4.41b). The theoretically calculated mass of the LbFDH was 44,274 Da from its
amino acid sequence (Figure 4.42). The MALDI-TOF method indicated that the
molecular weight of the enzyme monomer is 44,801 Da (Figure 4.43). The calculated and
the measured mass values are consistent with each other. The resolution power of
instrument and the experimental error range might cause to this little difference between

the obtained values.

Figure 4.41 SDS-PAGE and Native-PAGE results for LbFDH. a) The LbFDH
purification fractions on SDS-PAGE. M, molecular mass marker (Thermo Scientific); 1,
whole cell after autoinduction; 2, cell free extract after cell lysis; 3, washing fraction; 4-

6, elution fractions with 100, 200 and 400 mM imidazole, respectively. b) Native-
PAGE results for LoFDH. Lanes: M, molecular mass marker; lanes 1st and 2nd were
refer to 5 ul and 10 ul of LbFDH per lane, respectively.
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PROTEIN CALCULATOR v3.4

Back to the Calculator

MTKVLAVLYP DPVDGFPPKY VRDDIPKITH YPDGSTVPTP EGIDFKPGEL LGSVSGGLGL
KKYLESKGVE FVVTSDKEGP DSVFEKELPT ADVVISQPFW PAYLTADLID KAKKLKLAIT
AGIGSDHVDL NAANEHNITV AEVTYSNSVS VAEAEVMQLL ALVRNFIPAH DIVKAGGWNI
ADAVSRAYDL EGMTVGVIGA GRIGRAVLER LKPFGVKLVY NQRHQLPDEV ENELGLTYFP
DVHEMVKVVD AVVLAAPLHA QTYHLFNDEV LATMKRGAYI VNNSRGEEVD RDAIVRALNS
GQIGGYSGDV WYPQPAPKDH PWRTMPNEAM TPHMSGTTLS AQARYAAGAR EILEDFLEDK
PIRPEYLIAQ GGSLAGTGAK SYTVKKGEET PGSGEAEKSL EHHHHHH

60

120
180
240

360
407

Amino Acid Count

Residue Number Found
A Ala Alanine 39
R Arg Arginine 15
N Asn Asparagine 13
D Asp Aspartate 26
Q Gln Glutamine 9
E Gl Glutamate 30
G Gly Glycine 36
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34

24
M Met Methionine 8
F Phe Phenylalanine 10
P Pro Proline 7
S Ser Serine 21
T Thr Threonine 21
Y Tyr Tyrosine 16
V Val Valine 39
W Trp Tryptophan 4
C Cys Cysteine 0
U SeC Selenocysteine 0

Isotopically Averaged Molecular Weight = 44273.9648

Figure 4.42 Theoretical calculation of molecular weight of recombinant LoFDH
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Figure 4.43 MALDI-TOF MS analysis for LbFDH (highlighted by arrow).

4.2.3 Effect of pH and Temperature on LbFDH

The pH and temperature profile of LoFDH were examined via enzymatic activity in a

certain pH range (pH 3.8-10.5) and temperature range (15-68 °C), respectively and

additionally the thermostability of enzyme was investigated. The results indicated that the

LbFDH was quite active between pH 4.8-6.2 with each cofactors in terms of the formate

oxidation (Figure 4.44a and Figure 4.44D).
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The temperature effect on enzyme was examined by determining the variation of activity
between 15-68 “C. The 60 °C (with NADP™) and 50 ‘C (with NAD") were the optimum
temperatures for the enzyme. The LbFDH has a Tso value between 65-68 “C (Tso value: a
temperature value which has the half of the activity of enzyme) (Figure 4.45). At several
temperatures ranging from 50 to 60 ‘C, the thermal stability of enzyme was examined in
the presence of NADP* (Figure 4.46). As a result, the half-lives of the enzyme at 50 °C,
55 °C and 60 °C were determined to be 9 h, more than 3 h and less than 1 h, respectively.
This enzyme lost its activity at 60 °C and 65 °C, after 1 h and 1 min, respectively. In
addition, DSC results indicated that the T value for LoFDH was 78 °C (Figure 4.47). The
highest activities were obtained at pH 4.8 with NADP* (24.6 + 0.2 U/mg at 60 "C) and at
pH 6.4 with NAD* (0.98 + 0.003 U/mg at 50 °C).
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Figure 4.44 pH- activity profile for LoFDH a) in presence of NAD" b) in presence of
NADP*
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Figure 4.46 Thermostability profile for LoFDH.
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Figure 4.47 Differential scanning calorimetry (DSC) analysis for LoFDH

4.2.4 Effects of Metal lons and Organic Solvents on Enzyme

To investigate the effect of cations on the enzyme activity, the standard enzyme assay
was performed with several metallic compounds. The results showed that this enzyme
lost its overall activity by 10 mM of FeCls, Na2MoO4, Na2WO4 and 1 mM Na,WO; at
final concentration. None of following compounds, ZnClz, NiSO4, MnCl,, CaCl; and

MgSOsat 1 mM and 10 mM concentration, affected enzyme activity in significant manner
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Figure 4.48 Metal ions effect on LbFDH activity.
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The effect of organic solvent on the enzyme activity and solvent resistance of enzyme
were also investigated. The remaining activity of enzyme was determined at six
concentration levels (from 5% to 50% (v/v)) of organic solvents to investigate the organic
solvent effect. The LbFDH could be used with DMSO and also acetonitrile up to 20%
(Table 4.4) and after incubation in 20% of acetonitrile and DMSO for 6 hours the activity
of enzyme almost did not decrease (Figure 4.49). In addition, after incubation of enzyme
in 20% DMSO and acetonitrile for two weeks, the protected enzyme activities were 88%

and 75%, respectively.

In different storage conditions, the residual activity of LbFDH was also determined by
enzymatic assay without and with glycerol as a cryoprotectant (Figure 4.50). The enzyme
has more stability at -80 °C than in the other conditions (-20 °C, 4 °C and 25 °C) in both

cases in terms of glycerol.

Table 4.4 Residual activity profile for LbFDH in various cosolvents

Organic 5% 10% 20% 30% 40% 50%
Solvent

Acetonitrile  +++ +++ +++ + - -
Methanol +++  +++ 4+ + - -
DMSO +4++  +++ ++ + + +
Isopropanol  +++ ++  + - - -

Ethanol +4++  ++ + - - -

o 66-100% (+++), 33-66% (++),1-33% (+)
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Figure 4.49 Organic solvent stability for LoFDH (letters refer to difference from control
and a for p<0.001; b for p<0.01; ¢ for p<0.05 ).
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Figure 4.50 Stability profile of LbFDH in different storage conditions.

4.2.5 Enzymatic Assay and Steady State Kinetics

The obtained putative enzyme has a formate dehydrogenase activity. The results of
experiments showed that the LbFDH is able to use both cofactors. However, it has a
higher specificity towards NADP*. The specific activities were detected in 100 mM
citrate buffer (pH 6.4) and 100 mM acetate buffer (pH 4.8) at 30 °C, for NAD" and
NADP?*, respectively. The same buffers were used for kinetic constant determination.
Table 4.5 lists the Kwu, kcatand keat/ Km values determined for LbFDH and for other NADP*
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dependent enzymes. The Km constants were 0.12, 1.68 and 49.8 for NADP*, NAD" and
formate (with NADP?"), respectively (Table 4.5 and 4.6; Figure 4.51).
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Figure 4.51 Michaelis-Menten graphs for LbFDH.
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Table 4.5 Kinetic constants for NADP* dependent FDHs

NAD*
NADP*
Kwm Kcat Kcat/ Kwm Kcat Kcat/ (kcatj KM)
(mM) (sD) Kwm (mM) (s?) Km  NADPY

(kcat/ KM)
NAD+

LbFDH" 0.12 3.51  29.25 1.68 1.76 1.05 279

BstFDHI“ 0.16 475 30 1.43 1.66 1.16 25.86
GraFDHEI 0.85 3.96 4.66 6.5 577 0.88 5.3
CmetFDHMP 7 0.005 0.0001 0.2 1.67 835 8.6x10°

Bsp184FDH 1.1 3.07 2.79 15 0.57 0.04 73.66
[2

Bsp383FDH 0.7 277  3.96 7.6 082 011 36.76
(2]

CmetFDH 3.8 138 0.36 1.3 1.67 129 0.28

D195Q!

Bspl84FDH 111 043 0004 02  1.82 91 4.22x
Q223D 10
Bsp383FDH 32 018 0006 02 19 95 5.96x
Q223D 10
ChoFDH 17 044 026 18 049 027 096
D195Q/Y196

H2]

CboFDH 0029 079 291 036 062 17 17.1
D195Q/Y196

R/ Q197N[S]

CmFDH - - 83x 470 16 034 0.024
D195S07] 108

MycFDH 0.92 7.89 8.58 1.09 8.22 754 1.14
3M[16]

MycFDH 0.147 3.08 21 410 5.18 1.26 16.7
AMIL6]

PseFDH, 0.150 25 16.67 1 5 5 3.3
mutant &

SceFDH 7.60 0.16 0.021 8.40 0.12 001 15
D196A/Y197
RIE]

*: refers to this study
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Table 4.6 Kinetic constants of FDHs for formate

NADP*
NAD*

Kwm Kcat kcat/ Kwm Km Kcat kcatj Kwm

(mM) (s Formate (mM) (s?) Formate
LbFDH" 49.8 250 0.05 284.59 1.20 0.004
BstFDHI“ 55.5 - - - - -
GraFDHE! 200 80 - -
CmetFDH(2! - - - 8.29 6.99 0.84
Bsp184FDHI?  156.98 221 0.014 99.18 0.34 0.0034
Bsp383FDHI?  126.79 6.12 0.048 50.13 0.77 0.015

*: refers to this study

Recombinant DNA methods are frequently used to produce proteins in order to get high
levels of expression for both applied and fundamental research purposes. These proteins
are generally expressed as fusion or chimeric proteins. To provide a tag is one of the
application of fusion partner [100]. For large scale purification of chimeric proteins, the
affinity tags are generally used because of the relatively quick, easy and efficient
purification steps [101]. Engineered histidine affinity tags and Immobilized-Metal
Affinity Chromatography (IMAC) have advantages for easy isolation of recombinant
proteins [101]. As an affinity tag, polyhistidine-tag has an amino acid chain that contains
of at least six histidines inserted at the C- or N-terminus of sequence [102], [103]. The
decision about the positioning of the tag usually remains difficult and it related with the
conformity and primary structure of the protein and should be detected in experimental
manner [99]. If judged from the most of papers reported, the more universal and
appropriate solution for the position of His tag is that to insert it on the N-terminus of the
protein . The histidine tags generally do not interfere the protein function and protein
folding [101]. Furthermore, the biochemical properties of the target protein may enhance
via incorporating an affinity tag. However, it has some drawbacks such as changes in the
protein conformation, alteration in biological activity, misfolding or loss of solubility or
activity of the protein and lovering expression level [101], [104], [105]. Although His-
tag engineering has been extensively carried out for protein purification, the effect of the
tagging position on enzyme has not been investigated well [106]. Herein, we firstly aimed
to get a new and efficient NADP* dependent FDH and after that to examine the C- and
N-terminal histidine tag effect on the activity and solubility of enzyme. Therefore, both

C- and N-terminus His tagged Bdfdh plasmids were constructed and the protein was
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expressed. Then, the expression profiles of each proteins were analysed on SDS-PAGE
and the results indicated that the expression level may not affected by the His tag position
at a visible rate. Then, the C- and N- terminus His tagged BdFDH protein were purified
by IMAC and we realized that the N-terminus His tagged protein couldn’t be released
into cell free axtract, attributable to the protein was inclusion body. Hence, to get the
fusion protein as a soluble form, a slower expression was carried out by decreasing
temperature and expression time optimization was performed at the proper temperature.
Just a few quantity (~0.5 mg) of BAFDH recovered after the expression at 16 “C by IPTG
induction despite all these efforts. Because of the few quantity and activity of enzyme,
we concluded that N-term His tag may be inconvenient for this region. As we learned
from literature, N- terminal portion of bacterial FDHSs is a prolonged loop and it contains
a remarkable part of the subunit of enzyme. Therefore, this structure plays role in
configuration of intersubunit contacts [9]. In addition, Tishkov and Popov [9] ascertained
that the formate dehydrogenase is a greatly conservative enzyme. The analysis of
conserved residues locations in the sequence of the Pseudomonas sp. 101 FDH has
indicated that the roles of them are various such as some of these residues (e.g., the ion
pair Lys2-Asp89) maintain the stability of the subunit form, others (Argl163, Asnl64,
Trpl77, Alal80, Asp188) are involved in intersubunit interactions and only some of them
are involved in catalytic process [9]. Therefore, we thought that the his tag at the N-
terminal region may have an unfavourable effect on the interaction and stabilization of
intersubunit contact, so that the protein may be unfolded or misfolded and may lost its
three dimensional structure that is essential for functionality and solubility. Then, the C-
terminal His tagged construct was used for production of the enzyme in an active and
soluble form. After protein purification, SDS-PAGE analysis and all characterization
steps were performed on C terminal His tagged enzyme. The results showed that the
BdFDH was expressed as a soluble protein and it has a formate dehydrogenase activity
(Figure 4.21 and Figure 4.22).

The NAD™ dependent FDHSs and also the enzymes in D-isomer specific 2-hydroxy acid
dehydrogenases superfamily include a conserved nucleotide binding pattern
Gly(Ala)XGlyXXGlyXi7Asp for NAD" [68]. According to the protein engineering
studies on FDHs indicated that the mutagenesis of the aspartate in the NAD™ binding
pattern to some aminoacids such as alanine, glutamine or serine is particularly favourable
for NADP* binding [7], [8], [12], [15]. We selected the protein sequences that lack
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aspartatic acid at this conserved point to get the NADP* dependent FDH. The BdFDH
includes a serine residue instead of aspartate. Due to its net charge equal to zero, the
enzyme can accept both cofactors. Our enzymatic assay results are consistent with this
information and the cofactor binding region of BdFDH has this structure, which is
appropriate for double cofactor binding, however it prefers NADP" over NAD". As
understood from kinetic values in Table 4.1, the catalytic efficiency of BAFDH in the
presence of NADP* is almost 7.5 fold higher than the (Keat/ Km)NP* value of BAFDH. Wu
et al. [15] carried out site saturation mutagenesis for CboFDH in Asp195 and Tyr196
residues to get NADP™ dependent FDHs and two mutant FDHs, D195Q/Y196R and
D195S/Y196P, were obtained. Both of them had a significant NADP™ specificity. The
(Keat/ Km)VAPP*/ (Keat/ Km)NAP* value of D195S/Y196P and D195Q/Y196R are 0.2 and 2.1,
respectively. These residue alterations in that points were also utilized in our protein
sequence mining stage to get a feasible NADP* dependent FDH. The BdFDH has both
variations at these regions and our experimental results were compatible with these
informations on NADP* preference. The Km constants for formate (with NADP®),
NADP* and NAD" and, are 5.66, 1.17 and 14.7 mM, respectively (Table 4.1 and 4.2;
Figure 4.31). Asseen in Table 4.2, in the presence of each coenzymes, the Ky for formate
was relatively low among the other reported NADP™ dependent FDHs [2], [3], [4]. The
keat/Km value of BAFDH for formate were higher than the value for the aforementioned
NADP™ dependent FDHs in the presence of both cofactors, separately (Table 4.2). It can
be concluded that the interaction of formate with BdFDH is better than the other FDHs
which have a specificity towards NADP* with both cofactors.

The molecular mass of the monomer for this protein was predicted to be about 43 kDa by
SDS-PAGE and almost 90 kDa according to native-PAGE results. Therefore, it can be
suggested that it has a homodimer structure, that is it has two identical subunits of about
43 kDa. The native form of other known FDHs, such as the enzyme from Pseudomonas
sp. 101 [107], M. vaccae N10 [54], C. boidinii [14], Bacillus sp. F1 [55] is also
homodimer. The NAD(P)" dependent bacterial FDHs display an optimum temperature
between 50-60 “C. Some reported FDHs from Bacillus sp. F1 [55], Burkholderia stabilis
[4] and Pseudomonas sp. 101 [68] can act at 60, 55 and 50 °C, respectively. The BAFDH
has an optimum temperature at 37 °C which is the lowest value among bacterial NAD(P)*

dependent FDHs. Therefore, it can be utilized in biocatalysis that require mild
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temperatures. The optimum pH of enzyme is between 5.8 and 6.2, making BdFDH a
promising enzyme for reactions that need to be carried out in acidic pHs.

In addition, BAFDH is highly tolerant to DMSO. As known from literature, enzymatic
reactions containing organic solvents have many applications due to their abilities on
substrate solubility and enzymatic selectivity. Therefore, the availability of enzymes in
organic solvents can increase the utilization of enzymes in biotechnological
applications rather than aqueous media [108]. DMSO, ethanol and methanol are
recognized as quite efficient denaturing organic solvents for lots of proteins, because they
have a negative effect on the secondary and tertiary forms of proteins due to their high
polarity and solubilisation capability [109]. However, the BAFDH has a strong tolerance
to the abovementioned organic solvents, particularly DMSO. The BdFDH activity can be
enhanced by certain DMSO concentrations (up to 40% (v/v)). There is no reported
information about activity enhancing ability of DMSO on NADP* dependent FDHs. Both
increasing substrate solubility and enhancing the BdFDH activity makes DMSO more
valuable. In terms of stability, BAFDH had almost protected 86% of its activity in 30%
DMSO after 2 hours incubation. Therefore, it could be used for recycling processes of
coenzymes in certain enzyme based reactions containing low water solubility substrates
(coupled with cyclohexanone monooxygenase, cytochrome P450 etc.) [2]. Either rational
design or random mutagenesis could be used to increase the enzyme activity in DMSO to

benefit much more from this solvent tolerant enzyme.

In addition, we used a pathogenic bacterium, L.buchneri NRRL B-30929, as an enzyme
source and obtained another NADP™ dependent FDH and also suggested that it may be
used as a cofactor regenerator in various biotransformations. The LbFDH was fully
characterized in terms of temperature range of activity, molecular mass, optimum pH,
kinetic values, cofactor preference, organic solvent and metallic ion resistance. The
LbFDH has a homodimeric structure as BAFDH according to the SDS-PAGE and native-
PAGE results and consistent with the literature [14], [54], [55], [107].

According to thermal stability results, LbFDH has a beneficial thermostability in
comparison with patented NADP* dependent Bsp184FDH and Bsp383FDH [2] and it is
better than earlier reported GraFDH [3] since it kept about 100% of its activity at 55 °C
for 2 h. Moreover, the LbFDH has the highest Tm value with 78 °C among all studied
FDHs. Pseudomonas sp. 101 FDH is reported with its higher Tm value with 67.6 °C so
far and the melting temperatures of known FDHs are in the range of 57.9-64.5 °C [6].
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Therefore, we can concluded that the thermostability of LoFDH is better than mentioned
FDHs.

Organic solvent tolerant capability is a crucial point for industrial usage of enzymes
because of solubilisation effect of organic solvents rather than water. Since water has a
weak solvent ability in organic chemistry [108]. The LbFDH has a favorable tolerance to
acetonitrile and DMSO for a long period (Table 4.4), therefore, it may be utilized as a
promising regenerator in bioconversion of substrates which have low solubility index in
water. As an example, the NADPH dependent cyclohexanone monooxygenase can be
used with NADP™ dependent formate dehydrogenases in the synthesis of chiral lactones,
to supply cofactor economically [2]. Because of the monooxygenase substrates are mostly
hydrophobic, the helper solvents such as DMSO is required for solubility of substrates
[109]. Therefore, LbFDH may be used as an attractive organic solvent stable regenerator

in such reactions. The statistical analysis indicated that the data were significant.

The pH value around 7.0 is an optimum pH for NAD" dependent FDHs. At pH values
below 6.0, these group of enzymes generally deceive their activity [68]. On the other
hand, most of NADP* dependent FDHSs reported so far display an optimum pH between
6.0-7.5[2], [3], [4]. Therefore, we can indicate that LbFDH is a significant enzyme among
aforementioned FDHs with being active at low pHs (pH 4.8-6.2) and in the presence of
NADP™ it has a broader pH range for activity and narrower range with NAD*. We can
compare it with mutant FDHs from C. methylica and C. boidinii which have activity at
pH 5.5-6.0. Even so, the LbFDH has lower optimum pH than aforementioned mutants
[12], [18]. In this aspect, LbFDH may be utilized as an NADPH regenerator for reactions

required acidic pH values [2].

In addition, the glycerol effect for storage of LbFDH at various temperatures was
examined. According to experimental results, for long term storage, protect the enzyme
in glycerol at -80 °C is preferable. This feature may be ascribed to the capability of
glycerol to protect the stability of enzyme in aqueous solution.

As we mentioned before, there is a higher specificity towards NAD" over NADP™* in most
of the reported NAD(P)* dependent FDHs. The outputs evidently showed that this
enzyme has activity with both cofactors. Albeit, the LbFDH displayed its highest specific
activity in presence of NADP™*. The activity value with NAD" was only 11% of the

specific activity of enzyme with NADP™. The crucial amino acid related with specificity
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of NAD™ has been indicated as the Asp195 in the sequence of the FDH from Candida
boidinii and Asp221 in the Pseudomonas sp. 101 FDH enzymes in the literature [9]. In
the protein sequences of LbFDH and the query sequence (BstFDH), the motif
(Gly(Ala) XGlyXXGlyX17Asp) terminates with a glutamine residue [6], [66]. Thus, the
negative charge is eliminated and the repulsion between the two acidic groups may be
disappear and the NADP™ can bind easily [3]. Another reason of preferring this bacterial
source was likely because of its amino acid combination. It has not any cysteine residues.
As we know, the modification of cysteine residues with impurities in the solution and
with the high temperatures and also oxidation are main reasons for the inactivation of
most FDHSs [110]. Thus, we estimated that the absence of cysteine residues may lead to
an enhancement in the stability of enzyme. As seen from the outputs, the multi aspect

stability of novel enzyme confirms our estimations.

The enzyme has a greater specificity for NADP* than NAD* denoted as the (Keat/Kwm)NAPP*
/ (Keat/Km)NAP* value, which was approximately 27.86. The NADP™ preference of LoFDH
is greater than all CmFDH mutants [18]. For the same value, the LbFDH is better than the
other formate dehydrogenases given in Table 4.5 except for patented Bsp383FDH and
Bsp184FDH. Although other reported equivalent formate dehydrogenase have close
values for NADP™ affinity, the LbFDH has the best Km value with 0.12 mM among them.
Its Kcat/Km constant has almost similar value with BstFDH and CboFDH D195Q/Y196R/
Q197N mutant in presence of NADP*, however, it is better than the other FDHSs, which
are given in Table 4.5. The Km constant for formate is also better than the reported native
NADP™" dependent FDHs. The LbFDH has a 24.6 U/mg specific activity in presence of
NADP™ at pH 4.8 and 60 °C. When the assay was performed at pH 7.0 and 30 °C, the
activity value decreased to 2 U/mg. Therefore, it can be said that LbFDH has about the
same activity with BstFDH in neutral pH [4]. In conclusion, we suggest that the LbFDH
can be utilized as a cofactor recycler in reactions that require high temperatures and acidic

conditions.

In conclusion, all our estimations and output of genome and protein sequence mining
procedure resulted with desired two NADP™ dependent FDHs from Burkholderia dolosa
PC543 and Lactobacillus buchneri NRRL B-30929, respectively. BAFDH is tolerant to
DMSO and it has dual coenzyme specificity. It can act at acidic conditions and low
temperatures. Therefore, BAFDH is a promising enzyme for NAD(P)* regeneration in the

chiral chemical synthesis carried out in organic solvents or at acidic pH and mild
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temperatures. The solubility and activity of BAFDH can be affected by the addition of
histidine residues at the N-terminal portion of enzyme. This result suggests that the
mentioned region has a significant role in folding and the formation of the 3D structure
of the protein. On the other hand, the second enzyme, LbFDH, has a significant tolerance
for high temperatures, acidic pH values and some organic solvents. The catalytic
efficiency in the presence of NADP" is also favourable and its specific activity is the
highest value among reported native and mutant FDHs at 60 °C. For the production of
valuable intermediates in food and pharmaceutical industries, the LbFDH can be utilized
as a promising regenerator for NAD(P)H supplementation due to its multiaspect stability
and cofactor preference, too. Further studies can be applied with these two enzymes such
as their utilization for coupling reactions, immobilization with different materials for
performing in reactor based synthesis applications and benefit from them in sensor and

enzyme technologies.
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APPENDIX-A

MEDIUMS/SOLUTIONS

Luria Bertani (LB) Medium

10 g tryptone or casein pepton tryptic digest, 5 g yeast extract, 5 g NaCl were dissolved
in deionized water and filled up to 1 L. The pH was adjusted to 7.0 and sterilized for 15

minutes under 1.5 atm at 121 °C. The medium was kept at room temperature.
LB Agar Medium

10 g tryptone, 5 g yeast extract, 5 g NaCl and 15 g agar were dissolved in deionised water
up to 1 L and the pH is adjusted to 7.0. Media is sterilized by autoclaving for 15 min at
121 °C. The medium was poured to the plates. The plates were kept at +4°C.

SOC Medium

2 g bactotryptone, 0.5 g bactoyeast extract and 50 mg NaCl were dissolved in distilled
water. 250 uL of 1M KCl was added to the solution and the pH was adjusted to 7.0 with
NaOH. Volume was adjusted to 100 mL with distilled water and the solution was

autoclaved. 2 M MgClI2 and 1 M glucose were added just before the usage.
50X TAE (Tris/Acetate/EDTA) Buffer

57.1 ml of glacial acetic acid, 242 g of Tris base, 100 ml of 0.5 M EDTA (pH 8.0) in 1000

ml water.
APS (10%) Solution

Add 1g Ammonium persulphate per 10 ml water. Mix thoroughly - APS will dissolve
readily. Solution may be kept at 4’C up to 6 months.
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SDS (10%) Stock Solution

Dissolve 10 g of SDS in 80 mL of H,O, and then add H20 to 100 mL. This stock solution

is stable for 6 month at room temperature.
30% Acrylamide Solution

Acrylamide (30 g ) ve N,N'-methylbisacrylamide (0.8 g) Dissolve in 60ml of water, adjust
the volume to 100 ml with water. Filtration through 0.45 micron pore size filter. Store at
+4°C.

92



APPENDIX-B

PRIMERS FOR CLONING AND MUTAGENESIS

Table 1. N-terminus his tagged cloning primers for B.dolosa PC543

Direction Sequence

Forward 5’-CGGTGTCCATATGGCGAAAGTGCTTTGCG-3’
(Ndel)

Reverse 5’- CGCTGGATCCCTACGTCAGGCTGTACG-3
(BamHI)

Table 2. C-terminus his tagged cloning primers for B.dolosa PC543

Direction Sequence

Forward 5’-CGGTGTCCATATGGCGAAAGTGCTTTGCG-3’
(Ndel)
Reverse 5’-ATAAATGCGGCCGCCGACGTCAGGCTGTACGACGC-
(Notl) ,
3

Table 3. C-terminus his tagged cloning primers and mutation primers for L.buchneri
NRRL B-30929

Primer type Direction Sequence

Forward  5’CGGTGTCCATATGACCAAAGTGTTAGCAGT
Cloning (Ndel) TC-3
Primers Reverse 5’ATAAATCTCGAGCGACTTCTCAGCTTCCCC
(Xhol) ACTTC-3

Mutagenesis  Forward 5’- CCCCACACATGTCCGGAACAAC-3’

Primers
Reverse 5’- CCGGACATGTGTGGGGTCATAGC-3’
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