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Abstract

The D-amino acid oxidase protein modulates neurotransmission by controlling the levels of
D-serine, a co-agonist of N-methyl-D-aspartate receptors. Mutations in the DAO gene have
been associated with Amyotrophic Lateral Sclerosis with some studies reporting certain
pathogenic mechanisms of the R199W mutation. We characterized two novel mutations
R38H and Q201R found in ALS patients and report certain novel findings related to R199W
mutation. Structure of any DAO mutant identified in ALS patients has yet to be solved. We
also report the first instance of crystal structure analysis of a patient-derived mutant of DAO,
R38H, to gain insights into the structural implications of this mutation. The structure revealed
significant perturbations and altered binding with the cofactor (FAD) and the inhibitor
benzoate. These observations were further confirmed through biochemical assays. The
Q201R variant exhibited an even more pronounced reduction in binding affinity towards
these ligands. Furthermore, we evaluated the kinetic parameters of all variants with three
substrates, which demonstrated a diminished oxidase activity and reduced substrate binding
for all three mutations. Notably, the R38H wvariant exhibited oxidase activity levels
comparable to WT, but only at very high substrate concentrations, while R199W and Q201R
showed drastically diminished levels of activity. Additionally, our findings hint at substantial
structural disruptions for both the R199W and Q201R variants. This is supported by the
higher oligomeric state observed in the holoenzyme form of both mutants, as well as the
thermal instability observed in the case of R199W. We hypothesize that the mutant enzymes
may be rendered non-functional in a cellular context, resulting in the possibility of
excitotoxicity at the NMDAR receptor. The research provides novel insights into structural

and functional aspects of DAO mutations in ALS.
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yrfe ifRRar gRT wEfid §1 80 uRdedmT axd ¢ & IaRadf torgdl & Iger e & -
Al Ya {1 o T 3, forae TR TTIHSITsR RALR & tadmscieiaaic! &

HUTGT Bl 81 TAAM ST TUATH | SIsl SAUNRTH & WRATED R SrRfEd uggsi o
T S U HRAT G|



Table of contents

Title

072§ 1 1 1 (1 (S TSSOSO

Acknowledgment......ccooiiieiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiii e

PN 1 K] 1 2 T S PPN

List Of FIgUIeS....cooiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiieieeneecenaeeas

A DD EVIAtIONS. et iiiiitiiiiieieeteiieieeeereneeseeeeseesssessesssssssscssccasnns

CHAPTER 1 Introduction and Objectives

| 103 e Yo 11 1o 5 (o) 1 W
1.2 Rationale of 1€S€arCh.......oovviviiiiii it

1.3 ODBJECHIVES. ..ttt ettt e

CHAPTER 2 Review of Literature

2.1 Amyotrophic Lateral SCIerosis.........oueueiriiiiiiiiieiiiiii i

2.1 HiStOTY . ettt e

B B3 11101 (0) 1 1 PP

2.1.3 Epidemiology....cocvuinniniiiiiiiii e

A B N O | ) 1S

Vi



SOD . e 14-15
CO0ITT2 e e 15
DA 16
FU S 16-17
PGRN . L e 17
Other ALS-Iinked Senes.........vuuiiuiiiiiiiiiii e, 18-19
2.2. D-amino acid OXIdaSe. ... ..coeiuinuiniitiii it e 19-23
2.2.1 Reaction catalyzed by DAO........coiiiiiiiiiiii e 18-21

2.2.2 D-serine and N-methyl-D-aspartate receptor.............cooeeeiiiieiiiiniene.21-23
2.3 DAO MULATIONS . . ¢t eeeenteeeiee et ettt et et et et et e e e e e e e e e e e e e 23-26
2.3 L RIGOW L 23-25

2.3.2 Other MULAIONS . ..t vt ettt ettt et e eeeeeeeeeerneeeeeeeereeen 2D

2.4 The need to study the MUtatioNS........ccvvuiiriiiiiiii e 26-28
2.5 Sructural ANALYSIS. . .uuuuene ettt ettt e 29-43
2.5.1 Protein X-ray Crystallography............cooiiiiiiiiiiiiiiii e, 29-30
2.5.2 Sequential steps in solving a protein crystal structure......................... 30-33
2.5.3 Hanging Drop Method of Vapor Diffusion.............cccooiiiiiiiiininn 33-35
2.5.4 Phase diagram. ... ...o.uouuiniiniii e 35-38

vii



2.5.5 The Molecular replacement method of structure solving...................... 38-40

2.5.6 Advantages and limitations of X-ray crystallography for protein structures...40-42

CHAPTER 3 Material and Methods

3.1 Preparation of competent CellS........ocoiiiriiiiiiiiii i, 44
3.2 Transformation. .. ....ouuiniiniit ittt 44

3.3 Preparation of DAO Variant ConStructS. . ........ovueeiuiiiininiiiiintiiieinieneen, 45

3.4 SUDCIOMING. ..ttt e e e 46

3.5 Site-Directed MUtageNESIS. . .uuuueneintettrt ettt ettt eeenenee e 47

3.6 Protein Expression and Purification..............c.ooiiiiiiiiiiiiiiiiiiiiienens 47-48
3.7 Crystallization of R38H variant of DAO.........ccoiiiiiiiiiiiiiiiieeeeeee . 48

3.8 Structure solving and refinement.............cooiiiiiiiiiiiiii e, 49
3.9 Size Exclusion Chrmatography..........ocoueieiiiniiiiiiiiiiiiii e 49-50
BA0Native PAGE. ... 50
3.11 OXidase €NZYME ACLIVITY .. euuuuunrintittit ettt et e e eaeee 50-51
3.12 Spectral analysis UV-Vis Spectroscopy and Circular Dichroism.................... 51
3.13 Thermal stability StUdies. ......ooeiiuiitiit i 52

314 Ligand Binding.......oueiuinninii i 52-53



CHAPTER 4 Unraveling the structural impact of R38H mutation on the DAO protein

4.1 INEOAUCTION. ¢ ee ettt e et e et et et e e e aaen e 55-56

O ] 1 P 56-70
4.2.1 Expression and purification of the protein...............ccooeveviiiiini. 56
4.2.2 Crystal Optimization...........euiriveineiiniir it eeee e 57-61
4.2.3 Diffraction and Data collection.................ooiiiiiiiiiiiiiiiiiiiini, 60-61
4.2.4 Data Solving and refinement..............cooooiiiiiiiiiiiiiii e, 61-64
4.2.5 Structural analysis Of R38H..........ocoiiiiiii 65-69

T B 1T 1) 101 P PPN 69-70

CHAPTER 5 FElucidating the effects of DAO mutations on the biochemical properties

of the protein

5.1 INOAUCTION L.uenintit ettt et 73

5.2 RESUILS. c ettt e 73-88
521 FAD BINAING. . euininiiiii e 73-74
5.2.2Benzoate BiNding .....cooueeiriittiiriiiieeeie et eiiie e e e 74-75
5.2.3 Substrate Binding .........c.coviuiiiiiiiiii e 76-80
5.2.4 OXidase enzZyme aCtiVity........o.eeeeuereineenintiteteeteneeereneeenenaan 81-86

R B et T T ) H P 86-88



CHAPTER 6 Deciphering the effect of DAO mutations on the biophysical properties

of the protein

6.1 INtrodUCTION. ..e.uenetit e e e 90-91

0.2 RESUILS. .ot e 91-101
6.2.1 Secondary structure prediction.........o.voeieviiieiiiiii i, 90-92
6.2.2 Oligomeric state determination..............ocvveiveiitiirirniiiieieeeeeeennnn, 92-95
6.2.3 Thermal stability analysis........ccooeeiiiuiiiiiiiie e 95-98

6.3 DISCUSSION . etentettetee ettt e et et e et et et e et e e e et eneeneneenens 98-99

CHAPTER 7 Significance and Conclusion

7.1 Significance of the research..............oooiiiiiiiiiii e 101-104
7.2 CONCIUSION vttt ettt 105
REFERENCES. . ... .o e 107-120
Appendices

Appendix I List of Consumables and Equipment.................oooioiiiiiiiiiiii 121-128

Appendix II Media and antibiotics preparation ............c.cecevevveveeneenereenennneennen... 128-130



Appendix III Solutions and Buffers .............coooiiiiiiiiiiiiiiiiiiiieee

Author’s Curriculum Vitae

131-134

135-137

xi



List of Figures

Fig 2.1: Diagram describes the progression of symptoms in ALS as the disease advances

Fig 2.2: Global map represents the age-standardized disability-adjusted life-years (DALYSs)
per 100,000 population attributed to motor neuron diseases in different regions for both sexes
in the year 2019

Fig 2.3: Chronological timeline illustrating the significant discoveries of ALS-related genes
spanning the period from 1990 to 2020

Fig 2.4: Schematic diagram showing the reaction catalyzed by human D-amino acid oxidase,
highlighting the substrates and products involved

Fig 2.5: Schematic model illustrating the L-serine/D-serine pathway in the central nervous
system (CNS), highlighting the role of D-amino acid oxidase in modulating D-serine levels
and its impact on NMDAR regulation

Fig 2.6: Diagram showing the conservation of mutated residues across different species

Fig 2.7: Diagram showing location of the selected mutations in the tertiary structure of the
protein

Fig 2.8: Sequential steps in X-ray crystallography

Fig 2.9: Phase Diagram illustrating different approaches for achieving supersaturation and
the connection between spontaneous nucleation and the metastable region

Fig 4.1: A. IPTG induction of wild-type and mutant proteins in BL21 B. Purified wild-type
and mutant recombinant human DAO proteins run on a 10% SDS-PAGE gel

Fig 4.2: A. UV-Vis absorbance spectra of apoenzyme form and B. UV-Vis absorbance
spectra of holoenzyme form of the DAO variants showing characteristic peaks of FAD at 448

nm and 374 nm.

Fig 4.3: Optimized crystals of R38H mutant DAO which gave a high quality diffraction

pattern
Fig 4.4: Diffraction pattern of R38H mutant DAO crystals

Fig 4.5: Diagram depicting P 1 2(1) 1 geometry of the R38H mutant DAO crystal (left) and

dimensions of the Unit Cell

Xii



Fig 4.6: Crystal structure of the DAO mutant R38H showing the dimeric structure of the

protein

Fig 4.7: Superimposition of Chain A of WT DAO (pink) and R38H DAO (green) with the
bound FAD molecule

Fig 4.8: Superimposition of the mutated Arginine residue with the original Histidine residue

at position 38 in the DAO protein
Fig 4.9: The distinct rotamer conformations of Arg-38 in WT DAO structure

Fig 4.10: Two-dimensional depiction of the protein residues around the benzoate molecule in

R38H DAO
Fig 4.11: Comparison of secondary structure components of WT DAO and R38H mutant

Fig 5.1: Comparison of the binding affinity of WT and mutant DAO towards cofactor FAD

measured by tryptophan fluorescence

Fig 5.2: Comparison of the binding affinity of WT and mutant DAO towards inhibitor

sodium benzoate measured by tryptophan fluorescence

Fig 5.3: Comparison of the binding affinity of WT and mutant DAO towards different D-

serine substrate measured by tryptophan fluorescence

Fig 5.4: Comparison of the binding affinity of WT and mutant DAO towards different D-

alanine substrate measured by tryptophan fluorescence

Fig 5.5: Comparison of the binding affinity of WT and mutant DAO towards different D-

proline substrate measured by tryptophan fluorescence

Fig 5.6: Comparison of apparent kinetic parameters of wild-type and mutants of human DAO

via measurement of oxidase activity towards D-seine substrate

Fig 5.7: Comparison of apparent kinetic parameters of wild-type and mutants of human DAO

via measurement of oxidase activity towards D-alanine substrate

Fig 5.8: Comparison of apparent kinetic parameters of wild-type and mutants of human DAO

via measurement of oxidase activity towards D-proline substrate

Fig 6.1: Far UV circular dichroism spectra of WT and mutant DAO proteins depicting the

secondary structure profile

xiii



Fig 6.2: Oligomeric state of WT and mutant DAO as ascertained by Size exclusion

chromatography, by measuring the elution volume of different mutants

Fig 6.3: Oligomeric state of WT and mutant DAO confirmed by Native PAGE analysis

Fig 6.4: Melting curve of WT and mutant DAO plotted as a function of increasing
temperature, ascertained by measuring the temperature sensitivity of the CD signal at

220 nm

Xiv



Abbreviations

Aasgo
ALS
bp
cm
CD

°C

DAO
dH20
ddH20
DNA

dNTP

FAD

HCl
IPTG
kb
Keat
KCl

kDa

Absorbance of the protein-dye conjugate at 280 nm
Amyotrophic Lateral Sclerosis

Base pair

Centimetre

Circular dichroism

Degree Celsius

Dalton

D- amino acid oxidase

Distilled water

Double distilled water (Sterilised distilled water)
Deoxyribonucleic acid

Deoxyribonucleotide triphosphate

Molar extinction coefficient of the solute

Flavin Adenine Dinucleotide

Gram

Hydrochloric acid
Isopropyl-1-thio-f-D-galactopyranoside

Kilo base

Turnover number

Potassium chloride

Kilo Dalton

XV



K4

LB
MgCl,
MgSO4
mg
min

ml/l

pmole

ng

mM

MW

NaCl
NaOH

nm
NMDA
(NH.),SOs
ODsoo
PAGE
PCR

PDB

Dissociation coefficient
Michaelis coefficient
Sample pathlength
Luria-Bertani
Magnesium chloride
Magnesium sulphate
Milligram

Minute

Millilitre per litre
Micromolar

Micromole

Microgram

Millimolar

Molar

Molecular weight
Sodium chloride

Sodium hydroxide
Nanometre
N-methyl-D-aspartate
Ammonium sulphate
Optical density at 600 nm
Polyacrylamide gel electrophoresis
Polymerase chain reaction

Protein Data Bank

XVi



PEG
pl
Psi

rpm

So.s
SDS

SOC

uv
Vimax
v/v
WT

w/V

Polyethyleneglycol

Isoelectric point

Pounds per square inch

Revolutions per minute

Substrate concentration

Substrate concentration at 1/2 V¢ (Hill model)
Sodium dodecyl sulphate

Super Optimal broth with Catabolite repression
umole NADH/sec

Melting temperature

Ultraviolet

Maximum reaction velocity

Volume to volume

Wild Type

Weight to volume

XVii





