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ABSTRACT

Structural Studies of Wild-Type and Vall20Thr Mutant Candida
boidinii Formate Dehydrogenase
Mehmet Giil
Master of Science in Molecular Biology and Genetics
September 12, 2023

Candida boidinii NADT-dependent formate dehydrogenase (COFDH) has at-
tracted considerable interest owing to its potential in generating biofuels and various
industrial chemicals from carbon dioxide (COsz). In an endeavor to enhance its util-
ity, this study introduces essential insights regarding the molecular structures of
CbFDH variants. These insights provide details that will help our understanding of
the enzyme’s functional mechanisms and its inherent potential for protein engineer-
ing.

Employing advanced methodologies at the Turkish Light Source ”Turkish De-
Light”, the atomic X-ray crystal structures of both the wild-type CbFDH and the
Vall20Thr mutant were determined. These structures were obtained at different
temperatures, cryogenic and ambient, thereby offering a holistic comprehension of
the enzyme’s dynamics under diverse environmental settings.

A key aspect of importance centers around the newly discovered hydrogen bonds
within the active site of the Vall20Thr mutant. The formation of these bonds
between Thr120 and water molecules implies a potential enhancement of the ac-
tive site’s stability. Additionally, it suggests the likelihood of an improved electron
transfer during the enzymatic reaction. These structural differences provide a foun-
dation for understanding the mutant’s increased effectiveness in catalyzing formate
conversion—a characteristic with significant promise for industrial applications.

It is important to note that while these structural observations offer exciting
prospects, further experimental data are required to validate the hypothesized mech-
anisms. Co-crystallization with the coenzyme and substrate has the potential to offer
further insights, allowing a comprehensive understanding of the role of the identified
hydrogen bonds in enhancing ChbFDH’s capabilities.

In conclusion, the knowledge gained from the X-ray crystal structures of CoFDH
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in its wild-type and Val120Thr mutant forms, provides a foundation for future ad-
vancements in the field of protein engineering. As researchers delve further into the
functional implications of the observed structural changes, the potential for harness-
ing CbFDH’s catalytic abilities in biotechnological applications becomes increasingly
feasible. This study highlights the dynamic relationship between structural insights
and practical applications, underscoring the exciting possibilities for optimizing en-

zymatic processes in service of a more sustainable future.



OZETCE

Yabanil Tip ve Vall20Thr Mutant Candida boidinii Format
Dehidrojenazin Yapisal Caligmalari
Mehmet Giil
Mobolekiiler Biyoloji ve Genetik, Yiiksek Lisans
12 Eylul 2023

Candida boidinii NADT-bagimh format dehidrojenaz (CbFDH), karbondioksit-
ten (COy) biyoyakit ve gesitli endiistriyel kimyasallar iiretme potansiyeli nedeniyle
biiytik ilgi gormektedir. Bu calisma, CbFDH varyantlarinin molekiiler yapilarina
iligkin onemli bilgiler sunmaktadir. Bu bilgiler, enzimin iglevsel mekanizmalarini ve
protein miithendisligi icin potansiyelini anlamamiza yardimci olacak ayrintilar sun-
maktadir.

Thrk Isik Kaynagr ”Turkish DeLight”’ta ileri diizey metodolojiler kullanilarak,
hem yabanil tip ChFDH’nin hem de Vall20Thr mutantinin atomik X-1sin1 kristal
yapilari belirlenmistir. Bu yapilar, kriyojenik ve ortam sicakligi gibi farklh sicakliklarda
elde edilmis, boylece enzimin farkl ¢evresel kogullar altindaki dinamiklerinin biitiinsel
bir gekilde anlagilmas1 saglanmigtir.

Val120Thr mutantinin aktif bolgesinde yeni kegfedilen hidrojen baglar1 énemli
bir noktadir. Thr120 ve su molekiilleri arasinda bu baglarin olugmasi, aktif bolgenin
stabilitesinde potansiyel bir artig anlamina gelmektedir. Ayrica, enzimatik reaksiyon
sirasinda gelismis bir elektron transferi olasiligini da ortaya koymaktadir. Bu yapisal
farkliliklar, mutantin format doniigtimiini katalize etmedeki artan etkinligini anla-
mak icin bir temel saglar, bu 6zellik endiistriyel uygulamalar i¢in 6nemli bir umut
vaat etmektedir.

Bu yapisal gozlemler heyecan verici beklentiler sunarken, varsayilan mekaniz-
malar1 dogrulamak i¢in daha fazla deneysel veriye ihtiyag oldugunu belirtmek 6nemlidir.
Koenzim ve substrat ile birlikte kristalizasyon, tanimlanan hidrojen baglarinin ChFDH’in
yeteneklerini geligtirmedeki roliiniin kapsaml bir gekilde anlagilmasina olanak taniyarak
daha fazla bilgi sunma potansiyeline sahiptir.

Sonug olarak, CbFDH'nin yabanil tip ve Vall120Thr mutant formlarinin X-igin1

kristal yapilarindan elde edilen bilgiler, protein miihendisligi alaninda gelecekteki il-
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erlemeler i¢in bir temel olugturmaktadir. Aragtirmacilar gozlemlenen yapisal degisikliklerin
islevsel sonuclarini daha fazla aragtirdikca, biyoteknolojik uygulamalarda CoFDH'nin
katalitik yeteneklerinden yararlanma potansiyeli giderek daha miimkiin hale gelmek-
tedir. Bu cgaligma, daha stirdiiriilebilir bir gelecegin hizmetinde enzimatik siirecgleri
optimize etmek i¢in heyecan verici olasiliklarin altini ¢izerek yapisal iccgoriiler ve

pratik uygulamalar arasindaki dinamik iligkiyi vurgulamaktadir.



ACKNOWLEDGMENTS

I am deeply grateful to Asst. Prof. Hasan Demirci, whose support and men-
torship have been influential in my academic growth. He has not only been my
advisor but also a source of inspiration, encouraging me to strive for excellence and
to persevere through the challenges of research.

[ would also like to extend my appreciation to Assoc. Prof. Huri Dedeakayogullari,
who has played a crucial role in my academic journey. Her guidance and expertise,
as well as her friendship, have been invaluable in my personal and academic life.

Additionally, I extend my heartfelt thanks to the member of my thesis committee,
Asst. Prof. Ayse Koca Caydasi, for her time in evaluating my research.

I would also like to extend my heartfelt gratitude to the members of KUYBIIG-
M for their friendship, collaboration, and enriching scientific discussions. I would
especially like to thank my friends Alaleh Shafiei, Barig Cakilkaya, Betiil Ertem,
Bilge Tosun, Biigra Yiiksel, Cahine Kulakman, Ilkin Yapici, Merve Yilmaz, Murat
Kaan Sentiirk, Omiir Giiven, and Serra Tavli for being such great friends and always
being there for me.

Words cannot adequately express my gratitude to my beloved family, who have
been my unwavering source of support and love throughout my academic journey. I
extend my deepest thanks to my mother, Hayriye, my father, Ahmet, and my little
brother, Berkay. Your encouragement, sacrifices, and unending love have been the
driving force behind my accomplishments. This thesis would not have materialized

without your constant belief in me.

viil



TABLE OF CONTENTS

List of Tables

List of Figures

Abbreviations

Chapter 1: Introduction

1.1
1.2
1.3
1.4

1.5

1.6

1.7

1.8

Formate . . . . . . . . . oL
Formate in Biotechnology and Industry . . . . . . . .. .. ... ...
Nicotinamide Adenine Dinucleotide . . . . . . . ... ... ... ...
Formate Dehydrogenase . . . . . . . . .. . ... ... ... .. ...
1.4.1 NADT"-dependent Formate Dehydrogenase . . . ... ... ..
1.4.2  Candida boidinii NAD'-dependent Formate Dehydrogenase
Formate Dehydrogenase in Biotechnology and Industry . . . . . . ..
Protein Engineering Approaches . . . . . . . .. ... ... ... ...
1.6.1 Rational Design . . . . . . .. .. ... ... o0
1.6.2 Directed Evolution . . . . . ... ... ... ... ... ..
1.6.3 Semi-Rational Design . . . . . . .. ... ... ... ... ...
Protein Engineering Studies for Formate Dehydrogenase . . . . . . .
1.7.1 Increasing Enzymatic Activity of Candida boidinii Formate
Dehydrogenase . . . . . . .. ...
1.7.2  Increasing Thermal Stability of Candida boidinii Formate De-
hydrogenase . . . . . . . . . . ...
X-ray Crystallography . . . .. . . ... ... 0.

1X

xii

xiii

xvii



Chapter 2: Materials and Methods 22
2.1 Materials and Equipment . . . . . . .. ... 22
2.1.1 LB Medium, Stock Antibiotics and IPTG. . . .. . ... ... 22
21.2 Buffers . . . ... 22
2.2 Bacterial Transformation . . . . . . . . ... ... L. 24
2.3 Small-scale Expression Check . . . . . ... ... ... .. ...... 26
2.4 Large-scale Protein Production and Purification . . . . . . .. .. .. 27
2.5 Protein Crystallization and Crystal Harvesting . . . . . . . . ... .. 28
2.6 X-ray Data Collection and Processing . . . . . . ... ... ... ... 29
2.7 Structure Determination and Refinement . . . . . . . ... .. .. .. 30
Chapter 3: Results 32
3.1 Expression of Wild-type and Mutant CbFDH . . . . . ... ... .. 32
3.2 Crystallization of Wild-type and Mutant CoFDH . . . . . . .. . .. 33
3.3 Structural Analysis of Wild-type and Vall20Thr Mutant CoFDH . . 34

3.3.1 Cryogenic Temperature Structure of Wild-type Apo CbFDH
Structure at 1.4 A Resolution . . . . . ... ... ... ..., 34
3.3.2  Comparison of Apo and Holo Wild-type CbFDH Structures . 40

3.3.3  Ambient Temperature Structure of Wild-type Apo CbFDH at
2.1 A Resolution . . . ... ... ... ... ... ... ... 43

3.3.4 Comparison of Cryogenic and Ambient Temperature Wild-
type CbFDH Structures . . . . . . .. ... ..o 43
3.3.5  Cryogenic Temperature Structure of ChFDH Val120Thr Mutant 44
Chapter 4: Discussion and Conclusion 47
Appendix A: Chemicals 64
Appendix B: Equipment 65
Appendix C: Protein Ladder 66



Appendix D: Crystallization Screens

x1

67



1.1

2.1
2.2
2.3
2.4
2.5
2.6

3.1

LIST OF TABLES

Enzyme kinetics of wild-type and mutant CbFDH. (Bulut, 2019) . . .

LB Medium . . . . . . . . .
Antibiotic and 0.4 M IPTG Stock Solutions . . . . . ... ... ...
Lysis Buffer . . . . . .. .
HisA Buffer . . . . . . . ...
HisB Buffer . . . . . ... ... ..

Sonication protocol for each round. . . . . . . ... ...

Data collection and refinement statistics. The highest resolution
shell is shown in parentheses. Wt-CbFDH-CT: cryogenic tempera-
ture structure; Wt-CbFDH-AT: ambient temperature structure.

X1l

35



1.1
1.2

1.3

1.4

1.5

1.6

1.7

1.8

LIST OF FIGURES

A schematic of a direct formic acid (HCOOH) fuel cell. . . . . . . ..
Two forms of nicotinamide adenine dinucleotide: oxidized (left) and
reduced (right). . . . . . . .. Lo
Chemical structures of carbon dioxide and FDH inhibitors azide and
cyanide. . . . . . ... L
The forward reaction catalyzed by NAD-dependent formate dehy-
drogenase. The hydride group is transferred from formate ion, being
oxidized to carbon dioxide, to NAD™, reducing it to NADH. . . . . .
A 2D representation of the ChFDH active site. Atoms are shown as
colored balls: black for carbon, blue for nitrogen, red for oxygen. The
bonds of NAD™ are colored in purple, while other bonds are in orange.
The amino acids that form hydrogen bonds are shown in balls and
sticks. The spoked arcs represent the non-bonded interactions. . . . .
(a) Secondary structure analysis of CbFDH variants. (b) Thermal
denaturation curves for wild-type and mutant ChbFDH between 20-
90°C in the spectrum between 190-250 nm. (Bulut et al., 2021) . . . .
Optimum temperature for enzymatic activity of wild-type and mutant
CbFDH. (Bulut et al., 2021) . . . . . . . . .. ...
Phase diagram for crystallization. The black arrow indicates the max-
imum solubility. The solid lines divide the phases, while the dashed
line separates the supersaturated region into two regions. Crystals
nucleate and grow in the labile region, whereas they cannot nucleate

but grow in the metastable region. . . . . . .. ... ... ...

xiil

3

4

18



1.9

2.1

3.1

3.2

3.3

3.4

3.5

3.6

Sitting drop vapor diffusion microbatch under oil method. (a) Protein
solution is added to the well. (b) Crystallization screen is mixed with
the protein solution in the well. (c¢) Sample drop is covered with
oil. (d) Side view of a well containing the sample drop covered with

paraffin oil. . . . . . ..o

The plasmid map of the bacterial expression vector pET-23a(+).
AmpR indicates the ampicillin resistance gene. MCS stands for mul-

tiple cloning site. (GenScript, USA) . . . . . . . ... ... ... ...

Small-scale expression check results for ChbFDH constructs. On top,
"before” and "after” labels indicate before and after IPTG induction.
The construct names are indicated at the bottom. Ladder indicates
the protein ladder for size comparison. . . . . . . . ... ... .. ..
CbFDH crystals under microscope. The crystals used for data col-
lections are indicated in black circles. (a) Wild-type CbFDH crystal
used in cryogenic temperature data collection, (b) Wild-type CbFDH
crystal used in ambient temperature data collection, (c¢) CbFDH-
Vall20Thr crystal. . . . . . . .. .o
A frame from diffraction pattern of (a) wild-type CbFDH at cryo-
genic temperature, (b) wild-type at ambient temperature, and (c)
Vall120Thr mutant at cryogenic temperature. . . . . . . . .. ... ..
1.4 A apo wild-type CbFDH structure as two homodimers. Four
monomer molecules are shown in different colors. . . . . . . ... ..
2Fo-Fc map is contoured at (a) 2.0 o, (b) 2.5 0, and (c) 3.0 o level.
CbFDH is demonstrated in stick representation. . . . . . . . . .. ..
Alignment of two CbFDH homodimers. (a) Superposition of ho-
modimers. One homodimer is shown in slate, and the other in gray.
(b),(d) Regions that are farther from the dimerization site. (c)

Dimerization region. . . . . . . . . ...

X1iv

37



3.7

3.8

3.9

3.10

3.11

3.12

3.13
3.14

Two apo wild type CbFDH structures are superposed. Our structure
(8HTY) is in four colors indicating each monomer; A: pale green, B:
wheat, C: pink, D: pale cyan. 5DNA is shown in gray. Side chain
differences are shown in black squares. . . . . .. ... .. ... ... 39
Comparison of the residues 15-18 in chain C of SHTY and 5DNA. (a)
Superposition of SHTY and 5DNA. The residues 15-18 are indicated

in a black square. SHTY is shown in four colors: pale green, wheat,

pink, pale cyan. 5DNA is shown in gray. (b) Residues 15-18. The
missing residues of 5DNA are indicated with dashed line. (c) 2Fo-Fc

(in slate) and Fo-Fc (in green) maps of chain C of 5DNA residues 14

and 19. Dashed lines represent the missing residues. (d) 2Fo-Fc and
Fo-Fc¢ maps of the chain C residues 14-19 of SHTY. . . . . . . . . .. 40
Superposition of apo (PDB ID: 8HTY) and holo (PDB ID: 5DN9)
wild-type CHbFDH structures. Monomers of the apo structure are
colored in pale green and wheat. The holo structure is colored in gray. 41
Closure of the binding pocket upon binding of NAD™ and azide. . . . 42
Thermal ellipsoid (B-factor distribution) representation of (a) apo

and (b) holo wild-type CbFDH structures. . . . . ... ... ... .. 42
Wild-type apo CbFDH structure at 2.1 A resolution at ambient tem-
perature. . . . . .. L L 43
Superposition of cryogenic and ambient wild type COFDH structures. 44
Comparison of wild type (PDB ID: 8HTY) and Vall20Thr mutant
(PDB ID: 8IVJ) CbFDH. (a) Overall alignment of wild type and
Val120Thr mutant CbFDH. Wild-type is colored in pale green, Val120Thr
in pink. (b) Vall20 of the wild-type. (c) Thr120 of the Vall20Thr
mutant, demonstrating new hydrogen bonds formed between Thr120

and water molecules. . . . . . ... 45

XV



3.15 2Fo-Fc simulated annealing-omit map of the 120*" residue, colored in
blue and contoured at 1.0 o level. (a) Vall20 of the wild type (SHTY).
(b) Thr120 of the Vall20Thr mutant (8IVJ). Hydrogen bond dis-

tances in Angstroms are shown with dashed lines. . . . . .. ... .. 46

C.1 KUYBIIGM Protein Ladder. . . . . . . . . . . . . . .. .. ... ... 66

XVv1



ADP
Ala
Arg
Asn
Asp
ATP
CbFDH
CHy
CcO
COq

ddH,O
DFFC
DLFC
DNA
FDH
Gln
Glu

His
ITle
IPTG

kDa

ABBREVIATIONS

Adenosine Diphosphate
Alanine

Arginine

Asparagine

Aspartic Acid
Adenosine Triphosphate
Candida boidinit formate dehydrogenase
Methane

Carbon Monoxide
Carbon Dioxide
Cysteine

Deionized distilled water
Direct Formate Fuel Cell
Direct Liquid Fuel Cell
Deoxyribonucleic Acid
Formate dehydrogenase
Glutamine

Glutamic Acid

Hour

Hydrogen

Histidine

Isoleucine

Isopropyl -D-1-thiogalactopyranoside
Kelvin

Kilodalton

xvil



Keat Turnover Number

Ku Michaelis Constant

kV Kilovolt

L Liter

LB Luria-Bertani

mA Milliampere

MD Molecular Dynamics

MES 2-(N-morpholino)ethanesulfonic Acid

Met Methionine

min Minute

ml Milliliter

mm Millimeter

mM Millimolar

MME N-methyl Methionine

mV Millivolt

NAD Nicotinamide Adenine Dinucleotide
NADH Nicotinamide Adenine Dinucleotide Hydrogen
NADP Nicotinamide Adenine Dinucleotide Phosphate
Ni-NTA Nickel-Nitrilotriacetic Acid

PCR Polymerase Chain Reaction

PDB Protein Data Bank

PEG Polyethylene Glycol

Phe Phenylalanine

PseFDH Pseudomonas sp. 101 FDH

QM/MM Quantum Mechanics/Molecular Mechanics
RMSD Root Mean Square Deviation

rpm Revolutions per Minute

SDS Sodium Dodecylsulfate

SDS-PAGE SDS-Polyacrylamide Gel Electrophoresis

Xvili



sec
Ser
sp.
Thr
TLS
uv

Val

Wt
XRD

Second

Serine

Species

Threonine
Translation/Libration/Screw
Ultraviolet

Volt

Valine

Watt

Wild-type

X-ray Diffractometer
Angstrom

Microliter

XixX



Chapter 1: Introduction 1

Chapter 1

INTRODUCTION

1.1 Formate

Formate, the anionic form of formic acid, plays a pivotal role in the metabolism
of both microorganisms and mammals. Its name originates from its initial isolation
from ants, deriving from the Latin term “formica” (Brosnan and Brosnan, 2020).
Formic acid serves as a significant energy source for microorganisms due to its redox
potential of -420 mV (Sawers et al., 2004, Pinske and Sawers, 2016). Furthermore, it
is an integral component of the ”one-carbon metabolism” in these organisms (Ducker
and Rabinowitz, 2017, Gopalakrishnan et al., 2019).

Within human metabolism, it is regenerated via both folate-dependent and
folate-independent pathways, serving as an intermediary metabolite (Pietzke et al.,
2020). In energy production, formate is commonly transformed through different en-
zymatic pathways or eliminated by conversion to COy and hydrogen (Alissandratos
et al., 2013, Gopalakrishnan et al., 2019).

Formate found in mammalian blood and other bodily fluids functions as an
indirect marker for identifying conditions such as methanol poisoning or vitamin
B12 deficiency. The metabolic breakdown of methanol results in the formation of
formate via formaldehyde, and elevated concentrations of formate in bodily fluids
indicate methanol intoxication (Hovda et al., 2021). Likewise, a marked increase in

formate levels is associated with vitamin B12 deficiency (Lamarre et al., 2013).
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1.2 Formate in Biotechnology and Industry

Formate stands as a crucial one-carbon organic compound within carbon and en-
ergy metabolism. It operates as a versatile metabolite, engaging in fixation through
diverse enzymes and pathways across a range of organisms and biological contexts.
The conversion from carbon dioxide to formate is achieved via multiple mechanisms,
such as enzymatic reduction, COy hydrogenation, natural gas oxidation, photore-
duction, and electroreduction (Maia et al., 2021, Wang et al., 2020, Lehn and Ziessel,
1990, Han et al., 2022). Beyond its significance in the biological realm, it holds sub-
stantial utility as an intermediary in biotechnological and industrial sectors, sup-
porting the synthesis of chemicals, biofuels, and carbon reduction/sequestration
processes. Notably, formate offers a secure and environmentally friendly option
for energy storage, presenting advantages over hydrogen (Grubel et al., 2020, Vo
et al., 2015, Song et al., 2017). Apart from its intermediary role in diverse physico-
chemical and biological activities, the conversion of CO, to formate holds particular
significance in the context of CO, reduction and sequestration studies, owing to the
environmental importance of CO, as a greenhouse gas (Bar-Even, 2016).

Formate, in the form of formic acid, serves as an energy storage medium in fuel
cells. Direct liquid-feed fuel cells (DLFCs) are systems that generate electricity from
liquid fuels without converting them into hydrogen (Kumar et al., 2021). Among
DLFCs, direct formic acid fuel cells (DFFCs) (Figure 1.1) utilize the stored bio-
chemical energy within formic acid’s bonds to produce electricity with a theoretical
electrical potential of 1.48 V (Fang and Chen, 2021). This technology holds signifi-
cant promise for renewable energy production, owing to its high potential and easy
transportability (An and Chen, 2016). DFFCs are more environmentally friendly,
less susceptible to carbon monoxide (CO) poisoning on noble metal catalysts like
platinum and palladium and exhibit reduced fuel crossover compared to other DLFC

types that use methanol, ascorbic acid, and similar substances (Hasan, 2023).
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Reduction
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Figure 1.1: A schematic of a direct formic acid (HCOOH) fuel cell.

Formate’s significance extends beyond its role in DFFCs as it is a vital precursor
in biotechnological applications, including biofuel synthesis. In the biomethanation
process, formate undergoes a series of transformations. Initially, it is converted into
CO4 and H,. Subsequently, the generated CO, is hydrogenated to produce methane
(CHy). This sequence plays a crucial role in biofuel production strategies (Braga Nan
et al., 2020).

The formate dehydrogenase enzyme (FDH) efficiently drives the reverse reaction
(from carbon dioxide to formate) when formate concentrations are low (Alissan-
dratos et al., 2013). This limitation, however, can be addressed through various
strategies. For example, formate can be separated from the reaction as it is pro-
duced (Hu and Adeyiga, 1997). Alternatively, enzyme activity can be manipulated
by peripheral enzymes through coenzyme regulation, pathway engineering, or al-
losteric regulation (Punekar, 2018, Dasgupta et al., 2020, Fastrez, 2010). Overcom-
ing this limitation would be extremely useful due to the wide-ranging applications
of formate involving microorganisms. For instance, formate serves as a valuable
microbial feedstock, providing both carbon and energy. Moreover, it acts as a pre-
cursor for the production of various chemicals in the chemical industry. While many

chemical reactions are sensitive to substrate purity and concentration, enzymes,
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including FDH, display remarkable adaptability by catalyzing its reaction across
varying levels of purity and concentration (Aledo and Medina, 2019, Ottone et al.,
2021). This flexibility makes it suitable for different conditions, including anaerobic
or aerobic environments, and even extreme settings like methanogenic environments
or high temperatures. These beneficial features position FDH as an excellent can-
didate for integrating formate into biological systems through formate assimilation

in biotechnology.

1.3 Nicotinamide Adenine Dinucleotide

Nicotinamide adenine dinucleotide (NAD) is a molecule comprising two nu-
cleotides interconnected by their phosphate groups. Within this structure, one nu-
cleotide contains a nicotinamide, whereas the other holds an adenine nucleobase.
NAD exists in two main forms: oxidized (NADT) and reduced (NADH) (Figure
1.2). It serves as a crucial coenzyme in electron transfer during redox reactions.
In these reactions, NAD" acts as an oxidizing agent, undergoing reduction as it
accepts electrons, whereas NADH functions as a reducing agent, donating electrons

and undergoing oxidation (Griffiths et al., 2020).

0 o
S NHg NH,
o o ]
o=—P—0 N*/ o—F—o0 N
o o
L OH OH o OH OH
NH, —_— NH,
-~
N 2y Nee 7 ™y
{ Ij { ij
o—P—o0 0=—P—0
| o w | o J W
OH OH
OH OH OH OH
NAD* NADH

Figure 1.2: Two forms of nicotinamide adenine dinucleotide: oxidized (left) and

reduced (right).
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NAD plays a versatile role, serving as a substrate for various enzymes such as
DNA ligase, sirtuins, and ADP-ribosylation enzymes. In post-translational protein
modifications, NAD assumes the role of a substrate for enzymes responsible for
the addition or removal of various chemical groups. This intricate involvement
underscores the multifunctional nature of NAD in orchestrating cellular activities
beyond its renowned electron transport role (Lin, 2007).

Within the context of redox reactions, while a proton is removed from another
substrate, the proton within the surrounding solution is oxidized, leading to the
release of NADH through its transfer to the nicotinamide ring of NAD™. This
intricate process involves the hydride electron pair transfer. One electron is directed
towards the positively charged nitrogen atom of the nicotinamide ring, while the
other electron is directed to the C4 carbon atom of the same ring. However, due to
the reversible nature of this reaction, NAD™ proves itself as a versatile intracellular
intermediate metabolite for both reduction and oxidation processes (Griffiths et al.,
2020).

While NAD primarily functions as a significant electron carrier within cellular
metabolism, its significance extends to diverse processes within the cell. Beyond
its role as an intracellular oxidizer in metabolic processes, NAD* also functions as
a signal molecule. It is transported between tissues and organs such as neurons,
the large intestine, brain, cardiac tissues, and urinary bladder (Breen et al., 2006,
Mutafova-Yambolieva et al., 2007, Koch-Nolte et al., 2011, Durnin et al., 2012,
Tannous et al., 2021)

Moreover, the disparity in UV-absorption peaks at 259 nm and 339 nm is ex-
ploited for spectroscopic identification of NAD' and NADH, respectively, as well as
for enzyme kinetic investigations (Dawson, 1986). This distinctive feature under-
scores its utility in probing the dynamics of NAD™ and NADH in various biochemical

contexts.
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1.4 Formate Dehydrogenase

Formate dehydrogenase (FDH) is an enzyme ubiquitous in both prokaryotic and
eukaryotic organisms. Functioning as an oxidoreductase, it facilitates the reversible
oxidation of formate to carbon dioxide, utilizing an electron carrier molecule. This
electron carrier molecule is contingent upon the specific organism and prevailing
reaction conditions, whether aerobic or anaerobic. The electron carrier molecule can
be a coenzyme like NADT, NADP*, and ferrodoxin, or a cofactor such as tungsten,
molybdenum, and flavin (Ljungdahl, 1980; Fauque and Barton, 2012).

Formate dehydrogenase (FDH) is categorized into distinct groups based on the
electron carrier molecule it uses. The variant of FDH that utilizes tungsten, molyb-
denum, or heme as its electron carrier is referred to as metal-dependent formate
dehydrogenase (Fauque and Barton, 2012). This nomenclature is due to the pres-
ence of an oxidized metal within the enzyme’s active site, accepting electrons from
formate. Metal-dependent formate dehydrogenases are primarily found in anaerobic
bacteria. Despite their facile expression in bacterial systems, these metal-dependent
enzymes pose challenges in laboratory settings due to their strict requirement for

anaerobic conditions.

1.4.1 NAD™-dependent Formate Dehydrogenase

An additional category within the formate dehydrogenase family comprises the
NAD*-dependent formate dehydrogenase, where NAD™, an organic oxidizing molecule,
functions as a coenzyme for formate reduction (Niks and Hille, 2018). Extensive re-
search has been conducted to investigate the structural and functional properties of
these enzymes, with a particular focus on CO, reduction and its economic viability
(Jayathilake et al., 2019, Ferry, 1990, Miller et al., 2019). Among the inhibitors
targeting the FDH enzyme, azide and cyanide emerge as covalent inhibitors (Fig-
ure 1.3). However, their use in research is limited due to their substantial toxicity

concerns (Ohyama and Yamazaki, 1975).



Chapter 1: Introduction 7

O—C—7=0 N"=—=N*+=N- N=C
carbon dioxide azide cyanide

Figure 1.3: Chemical structures of carbon dioxide and FDH inhibitors azide and

cyanide.

The conversion of formate to COy with the help of NADT (Figure 1.4) occurs
within the active site of the enzyme, predominantly without the participation of co-
factors (Torres et al., 1999). NAD*-dependent FDH is especially well-suited for use
in aerobic conditions, as it does not require the use of costly cofactors. Its remark-
able efficiency makes it an ideal candidate for the generation of essential chemicals
and for facilitating CO, fixation. Moreover, its applicability extends to biomedical
applications, including the precise measurement of formate levels in bodily fluids.
The enzyme’s significance has prompted extensive research, encompassing both en-
zymatic and structural analyses, as well as efforts to enhance its activity through

mutational studies.
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Figure 1.4: The forward reaction catalyzed by NAD*-dependent formate dehydro-
genase. The hydride group is transferred from formate ion, being oxidized to carbon

dioxide, to NAD™, reducing it to NADH.

NAD*-dependent formate dehydrogenase stands as a central enzyme within the

one-carbon metabolism, playing a crucial role in organisms like aerobic bacteria and
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yeast. It belongs to the protein family of 2-hydroxy acid dehydrogenases (Nielsen
et al., 2019). Functioning by using an NAD molecule for electron transfer, NAD-
dependent formate dehydrogenase carries out its catalytic role (Torres et al., 1999).

The enzyme’s active site prominently features eight conserved amino acids, in-
cluding basic ones like Arg and His that form a binding site for formate or COs.
Additionally, polar amino acids such as Asp, Thr, Gln, and Ser contribute to
NAD*/NADH binding, while Tle serves as a hydrophobic counterpart. Notably,
the polar amino acids Thr, Asp, and His form a hydrogen bond network that traps
NAD™ through interactions with the hydrogens of the amide group and the car-
bonyl oxygen. This NAD™ trapping is considered the initial step in the reaction
mechanism. Subsequently, formate binds to the positively charged amino acids Arg
and His, leading to the oxidation of formate during NAD™ reduction (Tishkov and
Popov, 2004).

Site-directed mutagenesis studies and structural analyses further confirm the
significance of the His332-GIn313 pair and Arg284 in substrate binding and cat-
alytic activity, respectively (Tishkov et al., 1996). This reaction relies on the elec-
trostatic influences of these residues, with the reversible process being substrate-
concentration-dependent due to the potential affinity of both substrate and product
in NAD*-dependent FDH (Castillo et al., 2008, Sato and Amao, 2020).

In molecular dynamics (MD) simulations, prior studies have indicated that the
conserved residues (Arg284, Asnl46, Ile122) maintain a suitable conformation for
facilitating hydride transfer. This is achieved by bringing the formate close to the
C4N group of the nicotinamide ring of NAD™, aided by electrostatic interactions.
Simultaneously, evidence has been presented to establish that Thr, Asp, His, and
Ser residues, along with NAD™, sustain this specific conformation by interacting
with the active site in a trans conformation of NADT (Torres et al., 1999).

Metal-independent FDHs, including NAD"-dependent FDH, exhibit specificity
towards NADT/NADH binding and do not naturally accommodate NADP. More-
over, among NAD%-dependent enzymes, there is a distinct tendency for formate
oxidation that surpasses the tendency for COs reduction. The enzyme orchestrates

hydride transfer from formate to NAD™ with strategic positioning during the tran-
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sition state. This positioning promotes effective hydride transfer and advances the
progress in the forward direction (Nielsen et al., 2019).

Quantum mechanics/molecular mechanics (QM/MM) studies have validated these
findings by revealing that the enzyme strategically positions formate and NAD™
closely in the transition state. This positioning creates a suitable structure for hy-
dride transfer, supporting the reaction in the desired direction. The same study
also reported that the presence of water within the active site may perturb this
transition state, slowing down the reaction. This underscores the importance of
hydrophobic amino acids like Ile in the active site, maintaining the integrity of the
transition state and promoting the reaction by mitigating the presence of water

(Castillo et al., 2008).

1.4.2 Candida boidinii NAD*-dependent Formate Dehydrogenase

Candida boidinii, a yeast strain with significant industrial uses in areas, such
as methanol synthesis, biofuel production, and recombinant protein expression, ex-
presses the NAD'-dependent FDH (CbFDH). This enzyme exists as a homodimer
with a molecular weight of 84 kDa (Castillo et al., 2008)

CbFDH employs a conserved mechanism for oxidizing formate by reducing NADT.
Studies by Labrou and Rigden highlight the roles of Vall123 and Ilel75 in creating
hydrophobic pockets that facilitate catalysis, paralleling other NAD'-dependent
FDHs (Labrou and Rigden, 2001). In parallel, Arg258 and Asnll9 oversee the
hydride transfer and formate binding, ensuring proper conformation and charge
equilibrium. Furthermore, His311-GIn287 replaces the conventional His-Glu relay
system. These residues, influenced by their electrostatic properties, guide formate
interaction, directing CbFDH’s intricate kinetics (Labrou and Rigden, 2001).

Like other NAD"-dependent FDH enzymes, CbFDH typically favors a specific
direction. However, a study on the reverse reaction, involving the conversion of
CO, to formate, revealed a direct correlation between the production of formate
and rising CO4 concentration. This phenomenon finds its rationale in the residue

composition -Asn119, Ile175, and Arg258- key to formate binding. Importantly,
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these sites coincide with the sites of CO5y attachment, thus enabling the feasibility
of the reverse reaction (Sato and Amao, 2020).

The significance of CbFDH goes beyond pharmaceutical applications. Its ca-
pacity for carbon reduction, with its environmentally friendly potential, enhances
its value. This is especially impactful if the enzymatic turnover rate surpasses the
chemical alternatives (Nielsen et al., 2019). Considering its key roles in industry and
environmental efforts, protein engineering studies with the aim of increasing CoFDH
activity and stability, along with a comprehensive understanding of its molecular dy-

namics have gained considerable significance (Castillo et al., 2008)

1.5 Formate Dehydrogenase in Biotechnology and Industry

The versatility of NAD"-dependent formate dehydrogenase encompasses various
metabolic engineering applications. By manipulating cofactor/coenzyme availabil-
ity, a critical rate-limiting factor, the enzyme holds potential for enhancing system
efficiency. This goes beyond simple assistance for rate-limiting reaction stages and
extends to fortifying fermentation by functioning as an oxidizing agent. Notably,
NADH is crucial for anaerobic cell growth (Berrios-Rivera et al., 2002).

In a study, NAD"-dependent FDH derived from Candida boidinii was introduced
into fermentation processes to address the challenge of formate accumulation, a
significant issue in succinic acid production. This application led to the elimination
of formate by-products during succinic acid synthesis and concurrently increased
the NADH availability (Balzer et al., 2013). Moreover, the upregulation of CbFDH
in Escherichia coli resulted in elevated NADH levels and enhanced cell density,
confirming the direct impact of NADH availability on cell proliferation (Berrios-
Rivera et al., 2002).

Similarly, researchers observed that Saccharomyces cerevisiae strains, enriched in
FDH expression through adaptive laboratory evolution, displayed heightened toler-
ance against formate and acetate, crucial factors in bioethanol production. Notably,
this study showed that the role of FDH extended beyond its conventional function

of converting excessive formate to COs. It enhanced cellular vitality by converting
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formate into acetate and ATP through COs reduction, particularly when formate
was absent (Du et al., 2022).

In addition to its role in producing carbon-neutral energy, such as biomass gen-
eration, FDH demonstrates environmental friendliness through CO, reduction. In
a recent study, the COs reduction mechanism of ChFDH was harnessed using an
artificial cofactor, methyl viologen radical cation (Jayathilake et al., 2019). Another
relevant application involves the use of NAD'-dependent FDH to regenerate NADH
electrochemically for reducing CO, within cathodic cells. This study demonstrated
that immobilizing NAD*-dependent FDH onto electrospun polystyrene nanofibers
led to improved long-term stability and reusability (Barin et al., 2018).

FDH plays a vital role in synthesizing chemicals and amino acids like methanol,
succinic acid, L-alanine, and L-serine through in vivo systems. It transforms CO,
into formate, serving as a liquid one-carbon intermediate metabolite. It is antici-
pated that incorporating formate assimilation pathways via FDH overexpression in
different systems, like E. coli, will become a common approach for efficient produc-
tion of various valuable chemicals (Calzadiaz-Ramirez and Meyer, 2022).

As discussed earlier, ChFDH demonstrates preference for CO4 reduction due to
its interaction with crucial amino acid residues that facilitate both formate and CO,
binding. Nonetheless, a recent study introduced a new FDH strain, Thiobacillus sp.
(TsFDH), which exhibited an 84.2-fold increase in COq-reducing activity, suggesting
promising alternatives in this domain. Furthermore, the study revealed that low pH
notably enhanced the COjy reduction activity (Choe et al., 2014). In synthetic
biology applications, a noteworthy approach involves combining carbonic anhydrase
and FDH for carbon reduction through the use of microbial transglutaminase as a
cross-linking agent. This hybrid enzyme exhibited improved thermal stability while
retaining enzymatic activity. Overall, the catalytic efficiency for formate production
increased 5.8 times compared to free FDH (Zhang et al., 2021).

Moreover, the fluctuation of formate levels in bodily fluids under diverse phys-
iological conditions in mammals has paved the way for potential clinical utility of
formate dehydrogenase. Comprehensive research is conducted to assess NADH, gen-

erated through FDH-mediated reactions, particularly for early detection of vitamin
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B12 deficiency and methanol toxicity using spectrophotometric techniques (Martin-

Amat et al., 1978, Lamarre et al., 2013, Pietzke et al., 2020)

1.6 Protein Engineering Approaches

In recent times, proteins have gained prominence in driving environmentally
friendly processes, reshaping their role in both pharmaceutical and industrial sectors.
Industries are seeking enzymes capable of withstanding harsh conditions, including
high temperatures and varying pH levels, while prioritizing precision in substrate
and cofactor interactions to enhance overall efficiency (Brannigan and Wilkinson,
2002). Simultaneously, protein engineering efforts aim to improve drug-target in-
teractions, minimize side effects, and prolong the duration of effectiveness (Carter,
2011). Protein engineering involves DNA manipulation to modify sequences, result-
ing in attributes such as increased yield and durability (Brannigan and Wilkinson,
2002). Protein engineering involves three main methods: rational design, directed

evolution, and semi-rational design.

1.6.1 Rational Design

Rational design is a protein engineering approach that employs the three-dimensional
structure and functional understanding of a protein to manipulate its amino acid
sequence. A prominent technique within rational design is site-directed mutagenesis,
often performed using commercially available reaction kits optimized for efficiency.
This methodology allows targeted modifications in sequence to enhance function
or stability based on the protein’s structure or homology models when available.
Through this technique, amino acid residues can be inserted, deleted, or substituted
(Lutz and Tamurri, 2018).

The site-directed mutagenesis approach holds significance in fine-tuning cofactor
and substrate affinities, as well as modifying enzyme kinetics (Carter, 1986, Siloto
and Weselake, 2012). Similarly, it can investigate the alterations in protein-drug
binding and function, offering retrospective insights into the structure-function re-

lationship (Chueh et al., 2002, Yu et al., 2005, Nishi et al., 2009). Although this
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method demands individual mutant purification and testing, it is more cost-effective

compared to high-throughput alternatives (Reetz et al., 2023).

1.6.2 Directed Evolution

Directed evolution involves modifying a protein’s characteristics, including affin-
ity, stability, and specificity, by creating an extensive DNA library designed to fa-
cilitate evolutionary changes. This approach requires a pre-existing and validated
enzymatic or binding assay to enable efficient monitoring of genotype or phenotypic
modifications. Furthermore, these changes must be visibly discernible in terms of
phenotype and suitable for screening (Arnold, 1998).

This technique does not require three-dimensional structural information. Diver-
sification is accomplished by creating a DNA library through random mutagenesis.
The desired variants are then selected through screening and selection processes.
These screening cycles are performed continuously for optimization of the chosen
variants (Wang et al., 2021). In directed evolution, gene diversification can be done
non-recombinatively with random mutagenesis or recombinatively by modifying gene
segments using homologous or non-homologous methods. The screening can be car-
ried out in vitro with automated systems or in a suitable host, such as bacteria or
viruses (Zeymer and Hilvert, 2018, Emond and Hollfelder, 2021).

In the non-recombinative approach, random mutations are introduced using tech-
niques like insertion, deletion, and substitution, similar to directed evolution. These
mutations can be induced by DNA-damaging agents like mutagens or UV radiation,
or by utilizing error-prone PCR. Error-prone PCR employs primers that induce
errors, leveraging the inherent probability of errors during DNA replication (Chiru-
mamilla et al., 2001, Arnold, 1998).

In contrast, the recombinative approach mimics the gene alterations observed
in sexual reproduction, whether homologous or non-homologous, to create diversity
(Stemmer, 1994). In this approach, similar to DNA shuffling, different genes are
fragmented and then reassembled through PCR using specially designed primers
(Chirumamilla et al., 2001, Arnold, 1998).
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1.6.3 Semi-Rational Design

Semi-rational design emerged as a solution that addresses the limitations of both
directed evolution’s randomness and rational design’s cost-inefficiency. This ap-
proach combines the advantages of both by utilizing the protein’s known structure
and in silico predictions. Functionally essential residues are identified, and more tar-
geted libraries are generated through site-saturation mutagenesis (Lutz, 2010, Siloto
and Weselake, 2012).

After the screening process, similar to rational design, the most promising vari-
ants are selected. These selected variants can be further fine-tuned by site-directed
mutagenesis. This technique, performed via PCR with primers that contain codon
variations for the identified residues, has been confirmed in various studies (Chica

et al., 2005, Carter, 1986).

1.7 Protein Engineering Studies for Formate Dehydrogenase

Initial protein engineering studies concentrated on metal dependent FDHs. How-
ever, the attention shifted towards metal independent FDHs due to their higher
frequency of study. Metal-dependent FDHs, characterized by complex structures
involving heterooligomers and multiple cofactors, present challenges for methods
like cryo-EM. Additionally, their lower homology compared to metal independent
FDHs adds to these difficulties. Similar to other industrially relevant proteins, pro-
tein engineering efforts for FDH have been focused on enhancing catalytic activity,
substrate affinity, and thermal stability (Galkin et al., 2002, Calzadiaz-Ramirez and
Meyer, 2022).

Efforts aimed at improving COy reduction, similar to other metal-independent
FDHs such as C. thermophilum, have gained momentum in response to the growing
focus in carbon reduction pathways. Candida boidinii NAD"-dependent FDH has
gained significant attention for industrial FDH enhancements due to its remarkable
thermal stability and catalytic activity, making it a promising candidate (Bulut

et al., 2021).
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1.7.1 Increasing Enzymatic Activity of Candida boidinit Formate Dehydrogenase

Mutation studies on CHFDH activity have shed light on the significance of
residues in substrate and cofactor binding, as well as enzyme activity. For instance,
Labrou et al. reported that the Arg258Ala mutation led to a loss of enzyme activity.
This outcome underscores the crucial role of Arg258 both in formate binding and
hydride transfer. Similarly, the His311Gln mutation, known for its involvement in
substrate binding, notably decreased formate binding by a factor of 10, although
NAD affinity remained unchanged. The Asn119His and Asn119His/His311Gln dou-
ble mutants, known for their contribution to NAD™ binding, significantly reduced
the affinity for both NAD™ and formate by 70-200 times (Labrou and Rigden, 2001).

Mutations Ile175Ala and Phe69Ala, known for their crucial role in shaping the
hydrophobic active site, exhibited a similar decrease in formate and NAD™ affinity.
Further investigation unveiled the importance of Pro68 and Phe97, vital for forming
the hydrophobic wall, in formate binding (Labrou and Rigden, 2001).

Various CbFDH activity mutation studies have demonstrated distinct outcomes.
For instance, Cys23Ser and Phe285Ser mutations increased the activity (Tishkov
et al., 2015), while Val120Ser and Asn187Asp mutations decreased it (Jiang et al.,
2016). The underlying principle involves converting non-polar residues into polar
or charged counterparts, thereby changing electrostatic interactions within the ac-
tive site due to this polarity shift (Figure 1.5). Notably, the His311Phe mutation
hindered both formate binding and activity, perturbing the His311-GIn287 proton-
relay mechanism. Moreover, the His311GIn and GIn287Glu mutations lowered the
activity (Labrou and Rigden, 2001).

In our previous study, we observed that the His311GIn and GIn287Glu mutants
led to improved turnover rates and formate affinity, aligning with Labrou’s findings
(Bulut et al., 2021). Importantly, our novel CbFDH mutants showed potential for
enhancing activity in biotechnological applications. The Val120Thr and Phe285Thr
mutants demonstrated substantially higher enzymatic turnover rates and enhanced
formate binding affinity, evidenced by lower Ky and higher k., values(Table 1.1)
(Bulut, 2019).
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Figure 1.5: A 2D representation of the CbFDH active site. Atoms are shown as
colored balls: black for carbon, blue for nitrogen, red for oxygen. The bonds of
NADT are colored in purple, while other bonds are in orange. The amino acids that
form hydrogen bonds are shown in balls and sticks. The spoked arcs represent the

non-bonded interactions.
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Table 1.1: Enzyme kinetics of wild-type and mutant CbFDH. (Bulut, 2019)

Wild-type Val120Thr
Ky (mM) 2.00 1.30
keat (s71) 9.20 x 102 6.23 x 103
Keat /K 4.74 x 102 4.79 x 103

1.7.2  Increasing Thermal Stability of Candida boidinii Formate Dehydrogenase

Thermal stability studies on NAD'-dependent FDH frequently involve manipu-
lation of cysteine residues. For example, mutations such as Cys255Met, Cys255Ser,
and Cys255Ala in PseFDH, a homolog of CbFDH, were found to increase the NAD*
affinity while reducing thermal stability (Tishkov et al., 1993). In the case of
CbFDH, Cys23Ser and Cys262Ala mutations similarly resulted in decreased thermal
stability, without affecting activity. However, these mutants exhibited enhanced re-
sistance against metal-induced oxidative stress due to their increased stability. This
can be attributed to the hydrophilic nature of cysteine making the enzyme more
exposed to water and hence more susceptible to the effects of metals (Slusarczyk
et al., 2000).

Furthermore, studies have revealed that increasing the hydrophobicity of helical
structures through mutations like Ser131Ala, Ser160Ala, Ser184Ala, and Ser228Ala
in PseFDH can enhance thermal stability. This approach holds potential to improve
the thermal stability of CbFDH as well (Rojkova et al., 1999).

In our previous study, we observed that His311GIn and GIn287Glu mutations
in conserved active site residues resulted in a substantial improvement in thermal
stability of CbFDH. Circular dichroism analysis revealed a remarkable increase in
the enzyme’s melting temperature as a result of these mutations. Specifically, the
His311GIn mutation raised the melting temperature from 64° (wild-type CbFDH)
to 77°, while the GIn287Glu mutation elevated it to 73° (Figure 1.6).
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Figure 1.6: (a) Secondary structure analysis of CbFDH variants. (b) Thermal
denaturation curves for wild-type and mutant CbFDH between 20-90°C in the spec-
trum between 190-250 nm. (Bulut et al., 2021)

Moreover, these point mutations also led to a significant increase in the opti-
mal temperature for enzymatic activity by 25-30° (Figure 1.7) (Bulut et al., 2021).
This significant increase in temperature tolerance offers valuable prospects for the

potential use of CbFDH in biotechnological applications under extreme conditions.
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—+—Wild-type ChoFDH GIn287Glu
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Figure 1.7: Optimum temperature for enzymatic activity of wild-type and mutant

CbFDH. (Bulut et al., 2021)
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1.8 X-ray Crystallography

X-ray crystallography is the most popular and commonly used technique to de-
termine the structures of biomacromolecules. It allows for obtaining high resolution
structures revealing details of molecules at atomic scale.

Structure determination by X-ray crystallography requires the formation of pro-
tein crystals. The crystal quality of a protein depends on various factors (Chayen
and Saridakis, 2008). In order to obtain high-quality crystals, the protein should
be obtained with the highest purity possible. Therefore, proteins are usually pu-
rified several times using different techniques such as affinity, ion exchange and
size-exclusion chromatography. Another factor is the stability of the protein. A
protein that is stable in a solution will easily stabilize in its low energy state and
form crystals. An unstable protein, on the other hand, will likely aggregate and
precipitate. The concentration of the protein is also a very important factor af-
fecting the crystal formation and quality. At low concentration, the protein cannot
reach the supersaturated state to form crystals while concentrations that are too
high leads to precipitation (Weber, 1991).

In order to drive the proteins to their supersaturated state (Figure 1.8) for crys-
tallization, different crystallization screen solutions and techniques are used. The
crystallization screens offer varying environmental conditions such as pH, precipi-
tant, and salts in order to increase the chance of crystal formation (Weber, 1991).
To find the best condition for a protein to crystallize, the protein is usually screened
against numerous solutions, called sparse matrix screens that are commercially avail-
able.

There are various methods used for protein crystallization. The most common
method is vapor diffusion in which crystals are grown due to a concentration gradi-
ent between protein-solvent mixture and a reservoir of solvent (McPherson, 2017).
The solvent evaporates from the mixture and diffuses into the reservoir. As a result,
the protein concentration in the mixture increases and eventually reaches supersat-
uration. Vapor diffusion has two main types of setups: sitting drop and hanging

drop. In sitting drop, the drop of protein solution sits on a pedestal above the
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Figure 1.8: Phase diagram for crystallization. The black arrow indicates the max-
imum solubility. The solid lines divide the phases, while the dashed line separates
the supersaturated region into two regions. Crystals nucleate and grow in the labile

region, whereas they cannot nucleate but grow in the metastable region.

reservoir. In hanging drop, the drop is hanging on a cover slip that is placed above
the reservoir. Both setups must be closed in order to prevent evaporation from the
reservoir (McPherson, 2017).

In this study, the sitting drop vapor diffusion microbatch under oil method is used
(Figure 1.9) (Ertem et al., 2022). In this method, a small drop of the protein solution
is mixed with equal volume of crystallization screen in a well of a Terasaki plate.
The mixture is then covered with a drop of paraffin oil to slow down evaporation.

This process is repeated for all available screens.
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Figure 1.9: Sitting drop vapor diffusion microbatch under oil method. (a) Protein
solution is added to the well. (b) Crystallization screen is mixed with the protein
solution in the well. (c) Sample drop is covered with oil. (d) Side view of a well

containing the sample drop covered with paraffin oil.
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Chapter 2

MATERIALS AND METHODS

2.1 DMaterials and Equipment

2.1.1 LB Medium, Stock Antibiotics and IPTG

LB medium (Table 2.1) and stock solutions of antibiotics and 0.4 M IPTG (Table

2.2) were prepared to be used in transformation and protein expression experiments.

Table 2.1: LB Medium

Reagent Amount (g/L)
Tryptone 10
Na(Cl 10
Yeast extract 5)
Total 25

Table 2.2: Antibiotic and 0.4 M IPTG Stock Solutions

Reagent Amount (mg/ml)
Ampicillin 100
Chloramphenicol 35
IPTG 95.324

2.1.2 Buffers

For small-scale expression check and protein purification, lysis buffer (Table 2.3),

HisA buffer (Table 2.4), and HisB buffer (Table 2.5) were prepared.
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Table 2.3: Lysis Buffer

Reagent Final concentration Amount
NaCl 500 mM 29.22 g
Tris 50 mM 6.06 g

Glycerol 5% (v/v) 50 ml

Triton X-100 0.5% (v/v) 5 ml

Imidazole 20 mM 1.362 g

ddH,0 up to 1 LL
Total 1L
Table 2.4: HisA Buffer

Reagent Final concentration Amount
NaCl 200 mM 11.688 g
Tris 20 mM 6.06 g

Imidazole 20 mM 1.362 g

ddH,0O up to1 L
Total 1L
Table 2.5: HisB Buffer

Reagent Final concentration Amount
NaCl 200 mM 11.688 g
Tris 20 mM 6.06 g

Imidazole 250 mM 17.019 g

ddH,0 up to 1 LL
Total 1L
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2.2 Bacterial Transformation

Full-length wild-type and Val120Thr mutant C. boidinii formate dehydrogenase
genes were previously cloned into an empty pET-23a (+) bacterial expression vector
by Bulut et al (2021). The constructs include a non-cleavable C-terminal hexahisti-
dine tag for affinity chromatography (Figure 2.1). The amino acid sequences of the
CbFDH constructs are given below. The hexahistidine tag is indicated with bold

text, while the mutation site is indicated between asterisks.

Wild-type CbFDH:
MKIVLVLYDAGKHAADEEKLYGCTENKLGIANWLKDQGHELITTSDKE
GGNSVLDQHIPDADIIITTPFHPAYITKERIDKAKKLKLVVVAGVGSDHID
LDYINQTGKKISVLEVTGSNVVSVAEHVLMTMLVLVRNFVPAHEQIINH
DWEVAATAKDAYDIEGKTIATIGAGRIGYRVLERLVPFNPKELLYYDYQ
ALPKDAEEKVGARRVENIEELVAQADIVTINAPLHAGTKGLINKELLSK
FKKGAWLVNTARGAICVAEDVAAALESGQLRGYGGDVWFPQPAPKDH
PWRDMRNKYGAGNAMTPHYSGTTLDAQTRYAEGTKNILESFFTGKED
YRPQDIILLNGEYITKAYGKHDKKHHHHHH

CbFDH-Val120Thr:
MKIVLVLYDAGKHAADEEKLYGCTENKLGIANWLKDQGHELITTSDKE
GGNSVLDQHIPDADIIITTPFHPAYITKERIDKAKKLKLVVVAGVGSDHID
LDYINQTGKKISVLEVTGSN*T*VSVAEHVLMTMLVLVRNFVPAHEQIIN
HDWEVAATAKDAYDIEGKTIATIGAGRIGYRVLERLVPFNPKELLYYDYQ
ALPKDAEEKVGARRVENIEELVAQADIVTINAPLHAGTKGLINKELLSK
FKKGAWLVNTARGAICVAEDVAAALESGQLRGYGGDVWFPQPAPKDH
PWRDMRNKYGAGNAMTPHYSGTTLDAQTRYAEGTKNILESFFTGKED
YRPQDIILLNGEYITKAYGKHDKKHHHHHH
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Figure 2.1: The plasmid map of the bacterial expression vector pET-23a(+).
AmpR indicates the ampicillin resistance gene. MCS stands for multiple cloning

site. (GenScript, USA)

The cloned vector was transformed into competent Escherichia coli BL21 Rosetta-
2 cells. Both the competent cells and plasmid vector were thawed on ice for 20
minutes. 50 pl of the competent cells were mixed with 2 pl of plasmid in a sterile
Eppendorf tube by gently pipetting up and down. The mixture was incubated on
ice for another 20 minutes. The bacterial cells were then exposed to heat shock on a
heat block at 42°C for 45 seconds. After heat shock, the tube was placed on ice for 2
minutes. Then, 500 pnl of room-temperature LB medium was added to the mixture.
The cells were incubated at 37°C for 90 minutes, the tube was inverted several times
in 15-20-minute intervals.

After incubation at 37°C, the tube was centrifuged at 1500 rpm (238g) for 2

minutes. The supernatant was discarded by inverting the tube once. The pellet
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was resuspended in the remaining supernatant by pipetting. 50 pl of the cells were
pipetted onto an agar plate in a fume hood sterilized beforehand. The cells were
spread on the plate by adding a few spreader beads and rocking the plate back and
forth. After removing the beads, the plate was covered with the lid, placed upside
down in a 37°C incubator and incubated overnight.

7 ml LB medium was added to a sterile flask. 7 pl ampicillin and 7 pl chloram-
phenicol were added to the LB medium for double antibiotic selection. As pET-23a
(4) vector has resistance to ampicillin and Rosetta-2 cells to chloramphenicol, we
expect the transformed cells to grow in a medium containing these antibiotics. The
colonies grown on the agar plate overnight was taken with a micropipette and inoc-
ulated into the LB medium. The cell culture was incubated at 37°C at 110 rpm for
5-6 hours.

After incubation, 750 pl sterilized 80% glycerol and 750 pl cell culture were added

into a cryotube and mixed by vortexing. The glycerol stocks were stored at -80°C.

2.3 Small-scale Expression Check

10 ml of LB (30 g/L) medium was prepared for each CbFDH variant and au-
toclaved at 121°C for 20 minutes. 5 ml ampicillin (100 mg/ml stock) and 5 ml
chloramphenicol (35 mg/ml stock) antibiotics were added into LB medium. The
final antibiotic concentration is 100 pg/ml and 35 pg/ml, respectively.

Glycerol stocks containing the ChbFDH constructs were inoculated into the pre-
pared LB media. The cell cultures were incubated at 37°C with continuous shaking
at 110 rpm overnight (18-24 hours). After overnight incubation, 3 ml “before in-
duction” sample from each cell culture was taken and centrifuged. The supernatant
was discarded, and the cells were stored at -45°C until the pulldown experiment.

To induce protein expression, 7 nl 0.4 M IPTG (isopropyl 8-D-1-thiogalactopyranoside)
was added to each of the remaining cultures. The final IPTG concentration is 0.4
mM. The cultures were further incubated at 37°C and 110 rpm for 4 hours. Follow-
ing IPTG induction, the cells were harvested by centrifugation at 3500 rpm for 30

minutes.



Chapter 2: Materials and Methods 27

The cell pellets were resuspended in 1 ml lysis buffer (see Table 2.3) and sonicated
until completely dissolved. The cell lysates were then centrifuged at 10000 rpm for
15 minutes. The supernatants were transferred into clean tubes. 40 pl Ni-NTA
beads were added into each tube. After incubation with the beads at 4°C for 4-5
hours, the samples were centrifuged at 2400 rpm for 2.5 minutes. The supernatants
were carefully discarded.

1 ml HisA buffer (see Table 2.4) was added into each tube and incubated for
30 minutes. The samples were centrifuged at 2400 rpm for 2.5 minutes, and the
supernatants were discarded. 200 ul HisB buffer (see Table 2.5) was added into each

tube and incubated for 2-3 minutes for eluting the protein from the beads.

2.4 Large-scale Protein Production and Purification

150 ml and 6 x 750 ml LB media were prepared and autoclaved for sterilization.
150 pnl ampicillin stock solution and 150 pl chloramphenicol stock solution were
added into the sterilized 150 ml LB medium. A piece of the frozen glycerol stock
from -80°C was taken with a pipette tip and inoculated into the LB medium. The
inoculated cells were incubated at 37°C at 110 rpm overnight (18-24 hours).

Next day, 750 pl ampicillin and 750 pl chloramphenicol were added into each
flask containing 750 ml LB medium. The overnight grown culture was split into
these 6 flasks which were again incubated at 37°C at 110 rpm. Every hour the
OD600 of the cultures were measured using a NanoDrop device. When the OD600
reached around 0.7-0.8, 750 nl 0.4 M IPTG was added into each flask for induction.
The cultures were induced for 4 hours at 37°C at 110 rpm.

After incubation, the cultures were centrifuged at 3500 rpm for 45 minutes and
the supernatants were discarded. Most of the cells were harvested from the cen-
trifuge bottles using a spoon and collected into falcon tubes. The rest of the cells
were collected by dissolving in a few milliliters of LB. Then, the falcon tubes were
centrifuged at 3500 rpm for 30 minutes and the supernatants were discarded. The
harvested cell pellets were stored at -45°C until purification.

A big ice box was filled with crushed ice. The cell pellets were taken from
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the -45°C freezer and put on ice. Lysis buffer (see Table 2.3) was added on top
of the cell pellets up to 45 ml level on the falcon tube. The cells were sonicated
according to the protocol in Table 2.6. The protocol was repeated until the pellets
completely dissolved. To avoid overheating, the samples were incubated on ice
between sonication rounds.

Table 2.6: Sonication protocol for each round.

Total time 30 s
”0On” time ls
7Off” time 1s
Amplitude 60%

After sonication, the cell lysates were transferred into ultracentrifuge tubes,
which were then balanced on a weighing device. The cell lysates were centrifuged us-
ing a Ti45 rotor in a Beckman Optima™ L-80XP Ultracentrifuge (Beckman, USA)
at 35000 rpm at 4°C for 1 hour. After centrifugation, the supernatants were filtered
through a filter paper and transferred into a sterilized glass bottle.

The supernatant was applied to a Ni-NTA affinity column mounted to an AKTA
go (Cytiva, USA) FPLC device. The column was first equilibrated with HisA buffer
(see Table 2.4) until the UV absorbance on the chromatogram became stable. Then,
the supernatant was loaded to the column while the flowthrough containing unbound
proteins was collected from the outlet valve. The column was again washed with
HisA buffer to remove the unbound and nonspecifically bound proteins until the UV
absorbance stabilized. Once the UV absorbance was stable, HisB buffer (see Table
2.5) was applied to the column to elute CoFDH. The eluted protein was flash-frozen

in liquid nitrogen and stored at -80°C until used.

2.5 Protein Crystallization and Crystal Harvesting

Sitting drop microbatch under oil crystallization screening was performed for the

wild-type and mutant CbFDH proteins using commercially available sparse matrix
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crystallization screening sets. Equal volumes (0.83 pnl) of the protein solution and
crystallization screen were mixed in the wells of 72-well Terasaki plates. Each drop
was covered with a drop (approximately 16.6 pl) of paraffin oil. Approximately 3500
crystallization conditions were screened for each protein construct. Two crystalliza-
tion sets were prepared for both proteins to increase the chance of crystal growth.
One set was stored at +4°C while the other was at room temperature. The best
crystals were grown in Wizard III (Hampton Research, USA) condition number #47
for both the wild-type and mutant ChFDH at +4°C. In order to obtain more crys-
tals, the crystallization experiments were replicated using the same condition in all
wells of a Terasaki plate.

For cryogenic data collection, the ChbFDH crystals were picked using MiTeGen
MicroLoops attached to a magnetic wand (Garman and Owen, 2006) under a light
microscope (Atalay et al., 2023). The picked crystals were rapidly frozen by sub-
merging in liquid nitrogen and placed in a robotic sample puck (Cat#M-CP-111-021,
MiTeGen, USA) that was priorly cryo-cooled in liquid nitrogen. The data collection
at ambient temperature was performed directly from the Terasaki plate in which

the crystals were grown.

2.6 X-ray Data Collection and Processing

For cryogenic data collection, the robotic sample puck containing the harvested
CbFDH crystals was attached to a puck transfer and mounting tool. Then, it was
transferred from the storage dewar into the sample dewar filled with liquid nitrogen
at 100 K, of the Turkish Light Source X-ray Diffractometer, ”Turkish DeLight”.

Diffraction data from the frozen CbFDH crystals using Rigaku XtalLAB Synergy
Flow X-ray Diffractometer “Turkish Light Source” (University of Health Sciences,
Istanbul, Tiirkiye). CrysAlis Pro software suite (version 1.171.42.35a) was utilized
to control and perform the data collection (Rigaku, Japan). Oxford Cryosystems
Cryostream 800 Plus was set to 100 K for constant cooling of the crystals. The
X-ray generator (PhotonJet-R) was operated at 40 kV, 30 mA, 1200 W. The data
collection wavelength was 1.54 A. The beam intensity was set to 10%. The data
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collection was performed using the same protocol for both wild-type and mutant
protein crystals. The detector distance was adjusted to 47.00 mm. The crystals
were exposed to X-rays for 10 minutes each time while changing the scan width by
0.25 degrees.

For ambient temperature data collection, the Oxford Cryosystems Cryostream
800 Plus was set to 300 K. The Terasaki plate containing the crystals was mounted to
the XtalCheck-S plate reader (Gul et al., 2023) module attached to the goniometer
omega stage. The detector distance was set to 100.00 mm. Diffraction data was
collected from a single crystal with 5 sec exposure time and 1.00 degree oscillation.
The plate was oscillated 22.5 degrees in total.

The cryogenic temperature data was processed using the automatic data reduc-
tion tool in the CrysAlis Pro software, which generated an mtz file. Each step of the
ambient temperature data was checked by peak finding and masking, and the ones
with unsuitable unit cells were manually removed. The xx proffitbatch command
was entered in the command shell to create a batch script for cumulative data reduc-
tion. The batch script was run by typing script in the command shell. Each data
reduction generated an rrprof file containing all unmerged and unscaled data. The
proffit merge tool embedded in CrysAlis Pro was used to merge all the reduced

data and exported an mtz file.

2.7 Structure Determination and Refinement

Molecular replacement for all CbFDH structures was performed using the au-
tomated molecular replacement tool PHASER (McCoy et al., 2007) found in the
PHENIX software package (Adams et al., 2010). For the wild-type CbFDH struc-
tures, a previously determined crystal structure (PDB ID: 5DNA) was used as initial
search model. For the Val120Thr mutant, the wild-type structure was first mutated
in PyMoL version 2.3 software (Schrodinger, LLC, 2015) and used as search model.

Using PHENIX, the initial rigid-body and simulated annealing refinements were
performed based on the model coordinates. Afterward, individual coordinates and

translation/libration/screw (TLS) parameters were refined with PHENIX. The re-
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fined model was checked on COOT (Emsley and Cowtan, 2004) after every refine-
ment run. The altered side chains and water molecules that were out of the electron
density were fixed manually. Water molecules with no or negative density were
removed.

The structural alignments were done in PyMoL. The root-mean-square deviation
(RMSD) scores were determined based on the fitting of Ca atoms. The figures
were generated in PyMoL, COOT, LigPlot* (Laskowski and Swindells, 2011), and
BioRender.
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Chapter 3

RESULTS

3.1 Expression of Wild-type and Mutant CbFDH

The transformed F. coli BL21-Rosetta 2 cells were grown in multiple colonies
on agar plates containing ampicillin and chloramphenicol antibiotics, showing the
success of transformation. In order to see whether the ChFDH constructs were
expressed in the transformed bacteria, small-scale protein expression and pulldown
assay were performed before large-scale protein production.

The small-scale protein expression check results demonstrate that all ChbFDH
constructs were successfully overexpressed in F. coli Rosetta-2 cells with IPTG in-
duction at 37°C for 4 hours (Figure 3.1). The “after-induction” samples exhibited a
thick protein band around 41 kDa, whereas the “before-induction” samples did not.

Following the positive results of the initial small-scale expression check, each
CbFDH construct was expressed in 6 L of LB medium at the same conditions for
large-scale production. We were able to obtain wild-type and Vall20Thr mutant
CbFDH with high purity (Figure 3.1). The monomeric form of the protein is ob-
served as a tick band at 41 kDa while the dimer is also visible around 82 kDa.

In the purification process, a portion of the protein remained in the pellet and
flowthrough. Nonetheless, the high protein concentration in the elution samples
indicates that some protein might have remained within the cells due to incomplete
cell lysis. Moreover, during purification, a fraction of the protein molecules might
not have bound to the column due to column saturation. It is also plausible that

some of the protein may have aggregated due to high concentration.
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(b)

Wild-type Val120Thr Wild-type Val120Thr

Figure 3.1: Small-scale expression check results for ChFDH constructs. On top,
"before” and ”after” labels indicate before and after IPTG induction. The construct
names are indicated at the bottom. Ladder indicates the protein ladder for size

comparison.

3.2 Crystallization of Wild-type and Mutant CbFDH

The wild-type and Val120Thr mutant CbFDH proteins were crystallized using
the sitting-drop vapor diffusion microbatch under oil technique. Both protein con-
structs were screened against approximately 3500 sparse matrix crystallization con-
ditions. The screening was performed both at +4°C and room temperature. The
crystals were obtained at +4°C for all of them, while they precipitated within a few
days at room temperature. Both wild-type and mutant forms of CbFDH crystal-
lized in the same crystallization condition. The crystals were grown in Wizard 111
condition #47 (Hampton Research, USA), which comprises 30% (w/v) PEG 5000
MME, 100 mM MES/Sodium hydroxide pH 6.5, and 200 mM Ammonium sulfate.
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CbFDH-WT

CbFDH-Val120Th

Figure 3.2: CbFDH crystals under microscope. The crystals used for data collec-
tions are indicated in black circles. (a) Wild-type CbFDH crystal used in cryogenic
temperature data collection, (b) Wild-type CbFDH crystal used in ambient temper-
ature data collection, (c¢) CbOFDH-Vall20Thr crystal.

The best-diffracting crystals (Figure 3.2) were then used for X-ray diffraction

data collection to determine the protein structure (Figure 3.3).

(a) {c)

Figure 3.3: A frame from diffraction pattern of (a) wild-type CbFDH at cryogenic
temperature, (b) wild-type at ambient temperature, and (c¢) Vall20Thr mutant at

cryogenic temperature.

3.3 Structural Analysis of Wild-type and Vall20Thr Mutant CbOFDH

3.3.1 Cryogenic Temperature Structure of Wild-type Apo CbFDH Structure at 1.4
A Resolution

The crystal structure of the wild type apo CbFDH was determined at 1.4 A
resolution (PDB ID: 8HTY) at cryogenic temperature (Figure 3.4). The structure,
composed of two homodimers, has an overall completeness of 98.82%. According

to the Ramachandran statistics, the favored regions consist of the 98.01% of the
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residues while 1.99% of those are in the allowed regions. There were no Ramachan-
dran outliers among the residues. Table 3.1 demonstrates the data collection and

refinement statistics.

Table 3.1: Data collection and refinement statistics. The highest resolution shell

is shown in parentheses. Wt-CbFDH-CT: cryogenic temperature structure; Wt-

CbFDH-AT: ambient temperature structure.

Dataset Wt-CbFDH-CT | Wt-CbFDH-AT | Val120Thr-
CbFDH

PDB ID SHTY 81Q7 8IVJ

Data

collection

X-ray source

Turkish DelLight

Turkish DelLight

Turkish DeLight

Temperature

(K)

100

298

298

Space group

P1

P1

P1

Cell

dimensions

a, b, ¢ (A) 54.13, 68.95, 109.79 | 54.66, 69.50, 110.80 | 53.66, 68.61, 109.43

a, 8,7 (°) 78.13, 89.48, 81.11 | 77.86, 89.05, 81.20 | 77.96, 89.62, 81.40

Resolution 24.75-1.39 30.73-2.10 25.42-1.90
(1.51-1.39) (2.15-2.10) (1.94-1.90)

CcC1/2 0.999 (0.340) 0.916 (0.074) 0.622 (0.535)

cc* 1.000 (0.708) 0.978 (0.372) 0.876 (0.835)

I/ol 11.74 (0.73) 7.90 (0.60) 3.00 (0.43)

Completeness | 98.82 (86.0) 85.90 (77.30) 99.7 (99.5)

(70)

Redundancy 151.46 (148.36) 7.50 (3.30) 7.30 (4.60)

Refinement

Resolution 21.83-1.40 30.70-2.10 24.30-1.90
(1.43-1.40) (2.15-2.10) (1.95-1.90)
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No.

reflections

301717 (29123)

67181 (4741)

96104 (7897)

1%work / R/free

0.167/0.190

0.2433/0.2716

0.2469/0.2712

(0.380/0.372) (0.4364/0.4810) (0.4052/ 0.4226)
No. atoms
Protein 22225 22154 22275
Ligand / Ion / | 2249 393 1459
Water
B-factors
Protein 22.94 18.89 22.47
Ligand / Ion / | 35.07 17.02 26.27
Water
Coordinate 0.18 0.38 0.30
errors
R.m.s
deviations
Bond lengths | 0.015 0.002 0.002
(A)
Bond angles | 1.422 0.545 0.568
(°)
Ramachandran
plot
Favored (%) 97.4 97.66 98.02
Allowed (%) 2.6 2.34 1.98

Disallowed(%)
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Figure 3.4: 1.4 A apo wild-type CbFDH structure as two homodimers. Four

monomer molecules are shown in different colors.

The atomic 1.4 A resolution provides a high-quality electron density map that
reveals structural details including amino acid side chains, water molecules, and
buffer components, such as sulfate ions and MES. It remains visible and intact

without any breaks at higher sigma levels (Figure 3.5).

Figure 3.5: 2Fo-Fc map is contoured at (a) 2.0 o, (b) 2.5 ¢, and (c) 3.0 o level.

CbFDH is demonstrated in stick representation.
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The two homodimers that make up the crystal structure were superposed for
comparison (Figure 3.6). The resulting RMSD value was 0.35, showing that the
homodimers align well with minor differences. A closer look at the dimerization
regions with the homodimers reveal that these regions fit perfectly on each other.
Slight differences are observed in the more flexible regions that do not contribute to

dimerization, resulting in a small RMSD score.

(@)

Figure 3.6: Alignment of two CbFDH homodimers. (a) Superposition of homod-
imers. One homodimer is shown in slate, and the other in gray. (b),(d) Regions

that are farther from the dimerization site. (c) Dimerization region.

In order to see whether there is any structural differences in our cryogenic apo
wild type CbFDH structure, we superposed our structure with a previously deter-

mined apo wild type COFDH at cryogenic temperature with a 1.75 A resolution
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(PDB ID: 5DNA) (Guo et al., 2016). The superposition resulted in an RMSD score

of 0.26 A, indicating that there is no significant difference between the two structures

(Figure 3.7).

Lys19

Argl74

Lys35

Figure 3.7: Two apo wild type CbFDH structures are superposed. Our structure

(8HTY) is in four colors indicating each monomer; A: pale green, B: wheat, C: pink,

D: pale cyan. 5DNA is shown in gray. Side chain differences are shown in black

squares.

Most of the differences are observed in the residues that are directly exposed to

the solvent (Figure 3.7). Additionally, all residues in our CbFDH structure have

well-defined electron density while the previous apo ChbFDH structure has missing

residues in its chain C (Figure 3.8).
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Figure 3.8: Comparison of the residues 15-18 in chain C of 8HTY and 5DNA.
(a) Superposition of SHTY and 5DNA. The residues 15-18 are indicated in a black

square. 8HTY is shown in four colors: pale green, wheat, pink, pale cyan. 5DNA
is shown in gray. (b) Residues 15-18. The missing residues of 5DNA are indicated
with dashed line. (c) 2Fo-Fc (in slate) and Fo-Fc (in green) maps of chain C of
5DNA residues 14 and 19. Dashed lines represent the missing residues. (d) 2Fo-Fc
and Fo-Fc maps of the chain C residues 14-19 of SHTY.

3.3.2  Comparison of Apo and Holo Wild-type CbFDH Structures

The cryogenic temperature structure of the wild-type CbFDH (PDB ID: 8HTY)
was aligned with a previously determined holo CbFDH structure (PDB ID: 5DN9)
(Guo et al., 2016) in order to see the conformational differences in the absence and
presence of the coenzyme and substrate/inhibitor molecules. This holo structure
includes the coenzyme NAD™, the inhibitor azide mimicking the substrate, and a
chloride ion. The calculated RMSD score of this superposition is 1.80 A, revealing

significant conformational variations between the two structures (Figure 3.9).
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~ Apo (8HTY)
Holo (5DNS)

Figure 3.9: Superposition of apo (PDB ID: 8HTY) and holo (PDB ID: 5DN9)
wild-type CbFDH structures. Monomers of the apo structure are colored in pale

green and wheat. The holo structure is colored in gray.

Conformational variations were observed not only in the flexible loop regions, but
also in domains encompassing multiple a-helices and [S-sheets. Morph analysis was
conducted to elucidate how conformation of the CbFDH is altered upon binding
of the coenzyme NAD™ and inhibitor azide (Ohyama and Yamazaki, 1975). The
apo CbFDH structure was utilized as the starting point, while the holo structure
represented the final conformation. The morph analysis unveiled that the binding of
NAD™ and azide induces major conformational shifts. The binding event brings the
two domains of each monomer come closer, resulting in the closure of the binding
pocket by 16-19 degrees (Figure 3.10).

The flexibility of the apo (PDB ID: 8HTY) and holo (PDB ID: 5DN9) CbFDH
structures was compared by investigating the distribution of B-factor in each. In
the apo structure, the thermal ellipsoids appear larger and in the spectrum from
red to yellow to green (Figure 3.11-a). Conversely, in the holo structure, they are
notably smaller and tend to be more spherical, primarily represented by dark blue

(Figure 3.11-b).
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180°

Figure 3.11: Thermal ellipsoid (B-factor distribution) representation of (a) apo
and (b) holo wild-type CbFDH structures.
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3.8.3  Ambient Temperature Structure of Wild-type Apo CbFDH at 2.1 A Resolution

The first ambient temperature crystal structure of wild-type apo CbFDH was
also determined at 2.1 A resolution (PDB ID: 8IQ7). With an 85.9% overall com-
pleteness, the structure consists of two homodimers similar to the cryogenic structure
(Figure 3.12). The Ramachandran statistics show that the favored and allowed re-
gions contained 97.66% and 2.34% of the residues, respectively, with no outliers.

Table 3.1 presents the statistics for data collection and refinement.

Figure 3.12: Wild-type apo CbFDH structure at 2.1 A resolution at ambient

temperature.

3.8.4  Comparison of Cryogenic and Ambient Temperature Wild-type CobFDH Struc-

tures

Since the temperature may affect the conformation of protein molecules within a
crystal, we superposed the CbFDH structures determined at cryogenic and ambient
temperature (Figure 3.13). The superposition gave an RMSD score of 0.55, suggest-
ing that the two structures superposed with minor variations. The differences are

mostly observed in the loop regions that are more flexible.
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[ Cryogenic (8HTY)
Ambient (81Q7)

Figure 3.13: Superposition of cryogenic and ambient wild type CbFDH structures.

In addition, we compared the cryogenic and ambient temperature wild-type
structures by examining the number of water molecules determined in the elec-
tron density map. Our comparison revealed a significant difference between the two
structures. While the cryogenic temperature structure had 2179 water molecules,

the ambient temperature structure exhibited only 393 waters.

3.3.5  Cryogenic Temperature Structure of CoFDH Val120Thr Mutant

The crystal structure of the novel ChFDH Vall20Thr mutant was determined at
1.9 A resolution at cryogenic temperature (PDB ID: 8IVJ). Similar to the wild type
apo CbFDH, this structure also consists of two homodimers. The overall complete-
ness of the structure is 99.7%. The favored regions contain 98.02% of the residues
while 1.98% are in the allowed regions with no outliers according to the Ramachan-
dran plot. The data collection and refinement statistics are shown in Table 3.1.

An overall comparison between the wild type and Vall20Thr mutant CbFDH by
superposition (RMSD: 0.27) showed that the single mutation does not impact the
global protein structure significantly (Figure 3.14 and 3.15). Thus, the mutation

site and its surroundings were visualized in more detail. We observed new hydrogen
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bonds between Thr120 and three water molecules in the active site, which do not

exist in the wild type CbFDH (Figure 3.14 and 3.15).

I Wild type (8HTY)
[ val120Thr (8Iv1)

Figure 3.14: Comparison of wild type (PDB ID: 8HTY) and Vall20Thr mutant
(PDB ID: 8IVJ) CbFDH. (a) Overall alignment of wild type and Val120Thr mutant
CbFDH. Wild-type is colored in pale green, Vall20Thr in pink. (b) Vall20 of the
wild-type. (¢) Thr120 of the Val120Thr mutant, demonstrating new hydrogen bonds

formed between Thr120 and water molecules.
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Figure 3.15: 2Fo-Fc simulated annealing-omit map of the 120" residue, colored in
blue and contoured at 1.0 o level. (a) Vall20 of the wild type (SHTY). (b) Thr120
of the Val120Thr mutant (8IVJ). Hydrogen bond distances in Angstroms are shown

with dashed lines.
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Chapter 4

DISCUSSION AND CONCLUSION

The atomic-resolution wild-type apo CbFDH structure determined (PDB ID:
8HTY) at cryogenic temperature reveals detailed structural features of the homod-
imeric enzyme. The electron density map, which is intact and visible even at high
sigma levels, demonstrates the atomic details of the protein backbone, amino acid
side chains, water molecules and other solution components like sulfate and MES.
The structure determined consists of two homodimers of CbFDH, which are found
to have a high degree of similarity. Slight changes observed in the regions that
are farther from the dimerization region are expected as they do not contribute to
making contacts between the monomers and can move more freely.

Our cryogenic temperature apo wild-type CbFDH structure was compared with a
previously released apo wild type CbFDH structure at 1.75 A by superposition. The
other structure also consists of two homodimers of the enzyme. The two structures
aligned well, resulting in a small RMSD score. The minor differences between the
two structures were mostly in the flexible loops and charged amino acid side chains
that are directly exposed to the solvent. In addition, the electron density of our
structure was better defined for the residues found in the more flexible regions of
the protein.

In addition to comparison with the previous apo structure, the conformational
shifts that take place upon binding of the coenzyme NAD™ and the inhibitor azide
were also investigated. Azide mimics the linear, triatomic structure of carbon diox-
ide, the substrate of the reverse reaction, therefore it can be used as an FDH inhibitor
(Ohyama and Yamazaki, 1975). Upon alignment of the apo and holo CbFDH struc-
tures, we observed conformational changes that span the whole structure, confirmed
by high RMSD score of 1.80 A. To understand the overall structural transforma-

tion as well as the movement of the binding pocket, morph analysis was performed
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between the two states. The morph analysis revealed significant conformational al-
terations that lead to the closure of the binding cleft. This closure event prevents the
entry of more coenzyme and substrate molecules into the active site. Moreover, the
catalytic domain and binding domain come closer to a more compact configuration
as a result of the global conformational change, making it favorable for the reaction.

Investigating protein structures at ambient temperature offers a deeper under-
standing into their conformational dynamics, functional processes, active site dy-
namicity, and how they interact with other molecules. Structures at ambient tem-
perature can reveal a wider spectrum of structural variations, especially in proteins
that are affected by extremely low temperatures (Fraser et al., 2011, Fischer, 2021).
To gain a comprehensive understanding of protein structures and behavior, the
first ambient temperature crystal structure of the apo wild-type CbFDH was also
determined. Superposition of the cryogenic and ambient temperature structures
demonstrated that the temperature does not significantly affect the global structure
of apo CbFDH. The differences observed between the two structures are in the loop
regions, which are expected to be more mobile than alpha-helices and beta-sheets.
The reason for high similarity despite the great difference in temperature may be
that the protein was frozen at a lower state of energy, which is similar to the state
at ambient temperature. On the other hand, the main difference between these two
structures is expected to be the mobility and flexibility of the protein at different
temperatures. This can be investigated by comparing the B-factors; however, the
resolution difference between the structures may have an impact on this comparison.
Therefore, an ambient temperature structure at a higher resolution is required to
understand the effect of temperature.

For further comparison between our cryogenic and ambient temperature wild-
type CbFDH structures, the number of water molecules identified within the two
structures were also contrasted. 2179 water molecules defined within the cryogenic
structure, compared to 393 in the ambient, demonstrates a great variance between
the two structures. This significant variation in the number of identified water
molecules between cryogenic and ambient temperatures sparks intriguing questions

regarding the dynamic interplay between proteins and water under distinct environ-
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mental conditions. The enhanced resolution attained at cryogenic temperatures
greatly increases the precision of water molecule identification compared to the
lower-resolution ambient temperature structures. Another factor contributing to the
differences in identified water molecules may be the variances in water accessibility
and occupancy between the two conditions. Cryogenic temperatures could poten-
tially freeze water molecules within specific binding sites, thus stabilizing interactions
that are transient at ambient temperatures (Nakasako, 2004). This phenomenon
might elucidate why cryogenic temperature structures reveal a greater number of
water molecules compared to ambient temperature structures. These observations
highlights the necessity of considering temperature effects, as they introduce sig-
nificant complexity to the protein’s microenvironment, impacting conformational
changes and water interactions due to environmental influences. Further investiga-
tions, such as molecular dynamics simulations and spectroscopic techniques, hold the
potential to provide deeper insights into protein-water interactions and the behavior
of water molecules.

The 120" residue within CbFDH is a potential target for activity enhancement
studies due to being located in the binding pocket where the substrate and coenzyme
bind (Figure 1.5). For this reason, Vall20 was mutated to threonine in our prior
study. The reaction kinetics were assessed for the wild-type and Val120Thr mutant
CbFDH by measuring the absorbance during the reaction using a spectrophotome-
ter (Bulut, 2019). The measurements were performed at 340 nm because NADH
absorbs light at this wavelength while NAD™ does not. The Michaelis-Menten and
Lineweaver-Burk plots of the enzyme kinetics showed that the mutant enzyme has
a lower Ky and a higher k., value. The lower Ky, indicates that the substrate
affinity of the mutant CoFDH is higher compared to that of the wild-type enzyme.
Additionally, the higher k., value indicates a faster conversion to the product. The
keat /Ky value, also called catalytic efficiency, has been increased almost 10-fold in
the mutant enzyme when compared to the wild-type. Since threonine is an amino
acid that is more polar than valine, it may form hydrogen bonds with the solvent
molecules and neighboring amino acids. These new bonds may lead to a higher sta-

bility in the substrate binding pocket. Furthermore, threonine’s side chain is smaller
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than valine’s; therefore, it may provide a larger space for the substrate molecule to
enter the substrate binding region.

The crystal structure of the Vall20Thr mutant CbFDH was determined at 1.9
A resolution at cryogenic temperature to understand the effect of the mutation
on the structure. Superposition of the cryogenic wild type and Vall20Thr mutant
CbFDH revealed that the single mutation does not significantly impact the overall
structure. Thus, a closer look at the mutation site and its surroundings is necessary.
When the mutation site was investigated, new hydrogen bondings were observed
between the mutated residue Thr120 and water molecules in the active site. The
higher enzymatic activity measured in the mutant CbFDH may be due to higher
stability provided by these new hydrogen bonds in the active site. In addition,
binding of the substrate or coenzyme molecules may be stabilized thanks to the new
hydrogen bonds, contributing to a more efficient and rapid electron transfer. Also,
threonine has an hydroxyl group in its side chain, which may be interacting with
the coenzyme NAD™ and other amino acids in the active site. Further experimental
data is required, such as determining the structure of the Val120Thr mutant CbFDH
bound with the substrate/inhibitor and coenzyme, to fully understand the effect of
the mutation.

The high-resolution structures of the apo CbFDH provided in this study offer
valuable insights into the enzyme’s detailed structural characteristics. Furthermore,
the incorporation of the Val120Thr mutation into the enzyme’s active site resulted in
a remarkable tenfold increase in enzymatic activity compared to the wild-type form.
The discernible structural distinctions observed between the wild-type and mutant
CbFDH underscore the pivotal role of structural analysis in comprehending how
mutations impact enzyme functionality. To gain a comprehensive understanding
of the mutation’s underlying mechanism, additional research involving the mutant
enzyme in the presence of its substrate and coenzyme is imperative. Overall, the
findings of this study hold potential to significantly contribute towards advancing
enzymes with heightened efficiency and specificity, with broad implications spanning

biotechnology, industry, and medicine.
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Ampicillin
Chloramphenicol
Glycerol
Imidazole
IPTG

LB Agar
NaCl

HCl

Ni-NTA
Paraffin Oil
SDS

Tris Base
Triton X-100
Tryptone
Yeast Extract

Appendix A

CHEMICALS

GOLDBIO
GOLDBIO
ISOLAB
BioFroxx
GOLDBIO
Caisson
ISOLAB
ISOLAB
QIAGEN
Tekkim Kimya
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
BD Biosciences

BD Biosciences
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Appendix B

EQUIPMENT

AKTA go

Beckman Allegra 15R Centrifuge

Beckman Avanti J-26S

Beckman Optima™ L-80 XP Ultracentrifuge
Beckman Ti-45 Rotor

Branson W250 Sonifier

Cryovials

Falcon Tubes

Innova 44R

Innova 4430R

Kimtech Science KimWipes

NanoDrop™ 2000c

Terasaki Plates

TGX-Mini Protean Gradient SDS-PAGE System
Millipore Milli-Q Water Purification System
Oxford Cryosystems Cryostream 800 Plus
Rigaku XtaLLAB Synergy Flow XRD

Cytiva

Beckman Coulter
Beckman Coulter
Beckman Coulter
Beckman Coulter
Branson

Wuxi NEST
Biotechnology
FIRATMED
Eppendorf

New Brunswick
Eppendorf

New Brunswick
Kimberly-Clark
Thermo Scientific
Greiner Bio-One
Bio-Rad Laboratories
Merck Millipore
Oxford Cryosystems
Rigaku
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Appendix C

PROTEIN LADDER
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Figure C.1: KUYBIIGM Protein Ladder.
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Appendix D

CRYSTALLIZATION SCREENS

3D Structure Screen Molecular Dimensions
Clear Strategy Screen Molecular Dimensions
Crystal Screen Hampton Research
Crystal Screen Cryo Hampton Research

Grid Screen Ammonium Sulfate Hampton Research

Grid Screen MPD Hampton Research
Grid Screen PEG/LiCl Hampton Research
Grid Screen PEG6000 Hampton Research
Grid Screen Sodium Chloride Hampton Research
Helix Molecular Dimensions
Index Hampton Research
Ionic Liquid Screen Hampton Research
JBScreen Nuc-Pro Jena Bioscience
JCSG Molecular Dimensions
MacroSol Molecular Dimensions
MembFac Hampton Research
MIDAS Molecular Dimensions
Morpheus Molecular Dimensions
MultiXtal Molecular Dimensions
Natrix Hampton Research

NeXtal Protein Complex Suite =~ NeXtal Biotechnologies

NR-LBD Molecular Dimensions
PACT Premier Molecular Dimensions
PEG/Ion Hampton Research

PEGRx Hampton Research
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PGA Screen

ProPlex Screen

Quik Screen

SaltRx

Structure Screen

Stura FootPrint Screen
Wizard

Wizard Cryo

Molecular Dimensions
Molecular Dimensions
Hampton Research
Hampton Research
Molecular Dimensions
Molecular Dimensions
Rigaku

Rigaku

Wizard Precipitant Synergy Rigaku



