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ABSTRACT

Plant natriuretic peptides (PNP) are novel peptideish, like in vertebrates, have been shown to
have a function associated with water and salt lostasis. Two PNP-encoding genes have been
identified and isolated frorArabidopsis thaliananamely; AtPNP-A and AtPNP-B. In this study,
the focus was on PNP-B, which has not been extelysstudied. Bioinformatic analysis was
done on the AtPNP-B gene. This included the biomftic study of its primary structure,
secondary structure, tertiary structure, transiomptactor binding sites (TFBS) and its relation to
other known proteins. The AtPNP-B gene was showreta 510 bp long, including a predicted
138 bp intron. AtPNP-B was also shown to have seemence similarity with AtPNP-A and
CjBApl12. The TFBS for AtPNP-B and OsJPNP-B were parad and they comprised of TFBS
that are related to water homeostasis and pathsgerihis suggested two possible functions;
water stress and homeostasis and a pathogeneatedrefunction for PNP-B. Following
bioinformatic analysis, the heterologous expressiotihhe AtPNP-B was attempted to investigate
whether the AtPNP-B gene encoded a functional praed to determine the functional role of
PNP-B. However, expression was unsuccessful. Aduggoary study was then carried out
which revealed that there were some plants witklmaiintron such as, rice, leafy spurge, oilseed
rape, onion, poplar, sugar cane, sunflower andctabarhese plants would therefore be used for
expression and functional studies in the futuree @holutionary studies also revealed that PNP-B
had a relationship with expansins and the endoghsm family 45. Other PNP-B related
molecules were also obtained from other plant geasoamd therefore used in the construction of
a phylogenetic tree. The phylogenetic tree revetlad AtPNP-B clustered in the same group as
CjBAp12 while AtPNP-A had its own cluster group.€fl were also other PNP-B like molecules
that clustered in the same group as expansiarn(dp-). Thus, we postulate that, like PNP-A,

PNP-B also has a possible function in water andhgatheostasis. However, due to the clustering



of AtPNP-B into the same group as CjBAp12, a pdesible of PNP-B in pathogenesis-related

response is also postulated.

Keywords: plant natriuretic peptides, evolutionary developtmerylogenetic tree, functional
role



DECLARATION

I, Runyararo Memory Hove declare that the dissertation entitled ‘Evolutigndevelopment
and functional role of PNP (Plant Natriuretic Pdgji- B’ submitted for the degree of MSc
(Biochemistry) at the University of Fort Hare is roywn work and has not been submitted for any
degree or examination at any other universityrihier declare that all sources of my information

have been quoted as indicated in the text andfoofireference.

Runyararo Memory Hove



DEDICATION

This study is dedicated to my parents, ‘Baba naie’.



ACKNOWLEDGEMENTS

I would like to thank the Lord God Almighty for tlgaidance, wisdom and the strength to carry

out this research till completion successfully.

| am greatly indebted to my mentor and supervigwofessor Graeme Bradley for his expert
advice and guidance during this research. | amesahyg grateful to him for accommodating my
shortcomings and encouraging me to perseverelwuihpleted my research project. Thank you

for helping to turn me from a ‘dependent’ persommdindependent’ researcher.

My sincere gratitude also goes to my family for @& supporting my decisions and providing
moral support, unconditional love and encouragenlenbuld also like to extend a great thank
you to my fianceé, Munyaradzi Wellington Nyadzaydahk you for the emotional support my
love and for being the greatest graphics designer.

Thank you to the ‘Plant Stress Group’ for the supplvice and encouragement.

I would like to thank the National Research Foummhator the financial support in my studies

and the GMRDC for funding the research.

Vi



TABLE OF CONTENTS

AB S T R A T . e e e e Ii
ACKNOWLEDGEMENTS ... o e e et e e e e e VI
TABLE OF CONTENTS ... oo e ettt e e e e e e een Vi
LIST OF ABBREVIATIONS
LIST OF FIGURES ... e XVili

LIST OF TABLES. .. o e et e e e e e aeneeeees XX

CHAPTER ONE: LITERATURE REVIEW ..ottt 1

1. Introduction

1.1 Classical Hormones
1.1.1 Auxin
1.1.2 Gibberellins (GAS)
1.1.3 Cytokinins
I O 1 Y/ = o T SRS 3
1.1.5 ADSCISIC ACIH (ABA) ..ottt ettt e e e e e e e e e e e e e e e e e e e eeeeeenanes 4

1.1.5.1 Possible Interaction of ABA with Plant Natetic Peptides............cccccceeeenennn. 4.

1.2 Non-classical Hormones
02 R @ ][ o To 1= Tl od o =T | E 30 PP PP 5
1.2.2 Brassinolides

1.2.3 Jasmonates (JA)

Vil



1.2.4 SAIICYIC ACIH ... s e et e e e e e et et e ettt s s e e e e e eeeaaaaaeaeeeeeaaeeeeenesnnsnnnnnn 6

1.3 Peptide PhytONOIrMONES.......coooiiiiiiiiieee e e e e e e e e e e e e e e e eeeaeaeeees 7
1.3.1 Peptide Phytohormones with Non-defense SiggaRoles..........ccccccvveiiiiiiiiiiiiees 7.
1.3.1.1 Peptide INdole-3-acCetiC aCid .......ocoeeeeiiiiiiiiiiiiiiei e 7
1.3.1.2 PhytosulphoKiNes (PSKS) .....c.uuiiiueeeeeieeeee e 8
1.3.1.3 CLAVATAS (CLV3) QN0 CLE ... 9
1.3.1.4 POLARIS et ettt ettt e e e e et e e e e e e e nnneba e e e e eenanans 10
1.3.1.5 Inflorescence Deficient in ADSCISSION GENE...........cccciiiiiiiiiiiiiiieeeeeeeeeans 11
1.3.1.6 ROTUNDIFOLIAZ/DEVILL .....ouuuiiiiiis e eieeaa e e e e e e e e e e eeeeeeesanesn e 11
1.3.1.7 S-locus Cysteine-rich Protein/S-locus Rnaté ................ccoooeeviiiiiiiieeeiiiene. 12
1.3.1.8 4-KDaA PEPLAE ...cceeeeiiieiiiiie ettt e e e e e e e e e e e ee e e e e e e eeeeeeaenee 13
1.3.1.9 Early Nodulin 40 (ENODA0)...........oeeeereeeeeeeeeeeeeeeeeeeee e en e eeseeseeens 14
1.3.1.10 Nodule-specific CySteiNe-ICN .......ccceviiiiiiiiiiiiiiieee e 15
1.3.2 Peptide Phytohormones with Defense Signalialgs ...............coovvvvvveviiiiicieees o 15
O 0 I3 = (= o ][ P PUPOPR 15
1.3.2.2 Cell Wall Hydroxyproline-rich GlycopeptidE€Systemin-like Peptides) ............. 16
1.3.2.3 Rapid Alkalinization Factor (RALF) ... veeeeeiiiiiiiiiiee e eeeeeeeeeeeeee 17
1.3.2.4 ATPEPL ... e e 18
1.3.3 Plant Natriuretic PePLIAES...... ... eeeeeeeeeeeetiiiiiies s e e e e e e e e e e e eeaeeeeeeeaeeeeaeennnnnnnnn 18
1.4 Natriuretic Peptide System in Vertebrates............ooovvvvveiiiiiiiiiiiiiieceeeeeeeeeeeeeeee e 19
I O (U1 (1 PR PPPPPPPPPPPPI 20
1.4.2 Natriuretic Peptide Receptors (NPR-A, NPRNBR-C & NPR-D) .......ccccceviiinnnee 22
1.4.3 Functions and Modes Of ACLON ... 25

viii



1.5 Biologically Active Natriuretic Peptide Systemn Plants ................viiiiiiieeeeeee e 27

1.5.1 Evidence for a Natriuretic Peptide SysterRIBNES ............ccceeviieiiiiiiiiiiiieeeiceeeees 27
1.5.1.1'*3 — labeled rANP Binds to Isolated Leaf MiCroSOmes.............cccocveeevennnes. 27
1.5.1.2 rANP Promotes Stomatal OPENING.... . eeeeeererrummmmmiinnaaaeeeaeeeaeeeeeeeeeeeees 28

1.5.1.4 Isolation & Purification of Active PNP immaoranalogues .............c.coovvvvvvivnnnnes 30
1.5.2 STIUCKUIE ...ttt e e e e e e e e e e e ennnnanes 31
1.5.3 Synthesis and Degradation ........... . .eeeeeeeeerumemeee e eeeeeeeeeeeeseeeeeeeeeesennnnn 32
1.5.4 Functions of Plant Natriuretic Peptide (PNP).........ccooiiiiiiiiiiiiiiieen, 33
1.5.5 Evolutionary DeVelOPMENt ..........ieiieiie e e e e e e e et en 34

1.6 Molecules Related to Plant Natriuretic Peptides...........coovvvvevvveiiiiiiiiiiiiiee e eeeeeeenn 35
1.6.1 EXPANSINS ...ttt i ettt et e ettt e e e e e e e e e e e e e et e e e e e ae e e e e e eeeetnnnnnn s 35
1.6.2 Citrus Blight (CJBAPL2/PL2) ...uuiiiie ettt 39

1.7 Pathogenesis - Related ProteiNS.........coeeeereuriniiiiieeeeeeeeeeseeeeessesssnmnnnnesnssnnns 40
1.7.1 Classification Of PRS ...t e e 41
1.7.2 OSIMOUIN ...eeeiiee ettt e et e e et e e e e e e et e e e smmn e e e e e e e e e e e e e e nnrnneeas 44
1.7.3 Protease INNIDITOrS (PIS) .......uu.. o eeeeeieiiiiiieeaa s e e e e e e e e e e e eeeeeieeeeeeeeeeeerenennn s 44
1.7.4 Cellular LOCalization Of PRS .........iuumeeeeeiiiiiieiee e e e e 45
1.7.5 Functional Roles of PRs other than Bioti@&H................ooooviiiiiiiiiiieeeee 46

1.7.6 AtPNP-A as a PR Protein .......oooo o e e A8

CHAPTER TWO: INTRODUCTION TO PRESENT STUDY ........ oo 49

P a1 {0 Yo [0 T3 101 HPU TR 49



2.1 Problem SEAateMENT ..........viiiiieeiiit e e
2.2 HYPOTNESIS. ..t e e e et ettt e e e ettt bbb e e e e 50
pZC N | o o PO SRS PPPPPPPPPPPPRTTN 51
P @ ] o] =T ox 1)V TP PRRRRPP 51
CHAPTER THREE: BIOINFORMATICS ANALYSIS OF PNP-B ... ..cccoovvveieiereicieiaae, 52
I R [ 11700 1§ o1 1o o PP PP PPPPRPTR PPN 52
3.1 BioiNfOrmatiCS ANAIYSIS........ccevuieiiiiimmmie e e e eeeee ettt s e e e e e e e e e eeaaaeeaaaaaeeeeeeeessnnnnes 52
3.2 PrOtIN STIMUCLUIE .....eeiiiiiiiiiiiiee ettt e e e e e s smme e e s e e e e e e 54
G R o 1 =T VS Y 0[] (1] = 54
3.2.2 SECONUAIY SITUCTUIE ...ceeiiiiiiiiiiiiee e e e e e e e ettt s e e e e e e anaa e e e e e e eaaaaeeeeeeeenees 55
3.2.2. L0 HEIIX oot 55
3.2.2.2B-StrANAS .. ..ottt e e e e 56
3.2.3 Tertiary & QuUaterNary StIUCTUIE .......ccceeiiiiiiieeieeeeeeeeeeei e 56
3.3 Transcription iN EUKAIYOIES ........uuuuiimeee e e e e e e e e e ettt e e ereen e s e e e e e e e e aeeeeees 57
B4 AIMIS .t e e e e e e e e e e e s e e e e e eas 59
3.5 MaterialsS & MEtNOUS ..........uuiiiiie e 59
3.5.1 Search for the PNP-B gENE.......... .o eeeeriiiiaaaaaeeeeeeeeeeeeeeeeeeanesseennnseeennnnns 59
3.5.2 Sequence AlIGNMENTS ......ccooi it e e e s 60
3.5.3 Chromosomal Location and Surrounding GeNES ..........cccevvvvvviviiiiiiineeeeeeeeeeens 60
3.5.4 Promoter and Regulatory Elements PrediClion.............cccceeeviiiiiiieeeeeevceeeeeeeee, 60
3.5.5 Subcellular Location and Signal Peptide Rt@mi ................ccoeevvvviiveieiiiiiiinnn. 61
3.5.6 Secondary Structure PrediCtion ... ... ccccveveeeeeeeicise s e eeeeeee e 61



3.5.7 Tertiary Structure PrediCtion ...........ccceeee e e eiieeeeeeeeers s eereae e e e e e e e e e e e e e 61

uB RESUIES .. et e e e e e et r e et e e e e e e e e e s 61
3.6.1 Chromosomal Location and Surrounding GEeNES ...........ccevvvvvvviiiiiiiiieeeeeeeeeeens 61
3.6.2 Transcriptional Signals and Regulatory Eleifien...........ccooveiiiiiiiiiiiiiiiiiieeeeenn. 63
3.6.3 SequeNnCe AlIGNMENTS ......cccoi i e e e e e e e e e e nene e e s 69
3.6.4 Secondary Structure, Subcellular Location @igdal Peptide Prediction .................. 71
3.6.5 Tertiary Structure PrediCtion ...........ccceiie i eereae e e e e e e e e e e e e 73

3.7 DISCUSSION ...vteeeiieieeeeee e e e e e e e e e sttt e e e e et e o4 e e e s e e e e e e e e s s e e e e bbb b b e s s e e e e e e 74

3.8 CONCIUSION ...ttt e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e 81

CHAPTER FOUR: FUNCTIONAL CHARACTERISATION OF PNP-B  IN PLANTS..... 83
Z o |1 oo [8 [ox 1o o TP PP PPPPPPRPP 83

4.1 Essential Components Of @XPreSSION ......occcciiieiiiiiiiiiiiaaee e e e e e e e e e e eeeeeeeieeeeeeeeeeenaenes 83
g 0 R I 1= 8 = ] o 0 o 84
4.1.2 RESISTANCE MAIKEIS ......eiiiiiieeiiieteee ettt rmme e e e e 84
o G B o o] 4[] (=T PP PPPPPPPPPPPPPPPPPI 85
4.1.4 MeSSeNGer RINA .. ettt ettt e e e e e e e e e e e e ea e eenas 86

4.2 EXPreSSION SYSTEMIS ..ciiiiiiiiiiiiiiiiseereaeteiiaaa s e e e e e e e e e e e e aeeeeeeeeeebbsae s assa e e e e e e e aaeaaaans 87

4.3 E. COlIl HOSE SEIAINS....ciiiiiiiiiiiiiie e ettt e e e s s re e e e e e e e e e a e 89

4.4 FUSION PrOEINS ...ciiiiiiiiieieee et eerm ettt et e e s e e e e s e e e e e e e e 90

Y N | o TP 92

4.6 MaterialS & MELNOTUS .........uiiiiiiiiiii e 93

Xi



4.6.1 Amplification of the AtPNP-B gene using RTHRC...........iiiiiiiiiiieeeeeeeeeeeeeeevieeeas 93

4.6.1.1 Oligonucleotide PriMersS ... 93
4.6.1.2 REACHON MIXIUIES ...coeiiiiiiiieiei it eeeeee e 94
4.6.1.3 Temperature Cycling Parameters ... 94
4.6.1.4 Agarose Gel Electrophoresis of the RT-P@RIECES .............ccovveiiieriiiinnnnnnnn. 59
4.6.2 Preparation of the expression vector (PQESOL).........cooeeiiiiiiiiiiiiiiiiieeens 96
4.6.2.1 Transformation of the pQEB8OL vector intoPIXOF' cells ...........oevveiiiiiiiinnnnnnen. 96
4.6.2.2 Preparation of a master Plate .....ccccccceuiiiiiiii i 97
4.6.2.3 Minipreparation of the pQESOL VECIOX .........ccevviiiiiiiiiiiiiiiiee e 97
4.6.3 Construction of the pQE8SOL-AtPNP-B plasmid.............cccooeeiiiiiiiiiiiiiieecen, 98
4.6.3.1 Double Restriction enzyme digestion of @eand insert............cccccceeeeeeeennn. 98.
4.6.3.2 Agarose gel electrophoresis of restrictinnyme digestS..........cccceeeeeeveennnnnn. 99..
4.6.3.3 Gel Purification of the vector and INSEert.............oooooiiiiiiiiiiiiieee e 99
4.6.3.4 Ligation of the pQES8OL vector and the AtPBISert.............cccceeeevvviiveiiinnne 100
4.6.3.5 Transformation of the pQE8OL-AtPNP-B plagimito TOP10F...................... 101
4.6.3.6 Verification of the pQE8SOL-AtPNP-B ligation.............coovvvvvviviiiiiciiieeeen. 101
4.6.3.7 Minipreparation of the pQE8SOL-AtPNP-B CaOSt..........ccccoevveieieeeeiieiieeeeiiiin, 103
4.6.4 Expression Analysis Of AIPNP-B .......ccooorriiiieie e 105
4.6.4.1 Overview of the procedure employed forroptation of expression................ 105

4.6.4.2 Preparation of competéntcoli cell cultures [BL21, BL21 (DES3), BL21 (DES3)

DLYSS, IMLOO] ..ottt eememee ettt et en e et s s e et eeeeee s eeeeen e e e e eeeeeeees 106

4.6.4.3 Transformation of pQE8OL- AtPNP-B for OMPression ..........cccceeeeeeeeeeeeenn.. 106

4.6.4.4 Small scale — expression of recombinanepra...........cccceeeeevieeeeeeeiiieeeeiines 107
4.6.5 Monitoring Of EXPressed ProteINS..... o« eeeeeeeeeiieiieiiiiiiiiiiinsseeeeeeaneeeesaaaaeaaens 108

Xii



4.6.5.1 SDS-PAGE ... 108

R T VAV LT (=T € T =1 0] 1 o 109
A7 RESUIES .ttt ettt e e s e e e e e s 109
4.8 DISCUSSION ....vtteeeiiiieieieeeeeeee e e+ttt e e e e e e e e e e e e e e e e e bbb s s e e e e e e e ae e e e e e bbb bnnsen e e e 116
4.9 CONCIUSION ...ttt e e e e e e e e e e e e e e e e et e e e e e e e e e e e e anaans 118
CHAPTER FIVE: EVOLUTIONARY RELATIONSHIP OF PNP-B IN PLANTS .......... 119
S [ a1 (o To [¥{ox1T0] o RO PP PP PPPPPPPPPPP 119
S0 N o o PSSR 120
5.2 MaterialS & MEtNOUS ...........uiiiiiee et e e 120
5.2.1 Plants Used iN TS STUAY ......coiiii e e e e e e e e e e e e e e e e e eeeeeeenes 120
5.2.2 Isolation of Total RNA from the PIANtS e .vvveeeiiiiiiiiiiceeeecc e 121
5.2.2.1 Preparation of the plant tiISSUE ... 121
5.2.2.2 RNA ISOlation ProCEAUIE..........ciii e e e 121
5.2.2.3 Quantification of isolated RNA ... e, 122
5.2.2.4 Agarose gel electrophoresis of the iSOIRNA................ccoooviiiiiiiiiiiiineee 122
5.2.3 Amplification of the PNP-B gene by RT-PCR........ccooiiiiiiiiiiiiee 123
5.2.3.1 Oligonucleotide PrMErS ......ccooi e 123
5.2.3.2 ReaCHiON MIXIUIES .......coeiiiiiiiii ettt e 124
5.3.2.3 Temperature Cycling Parameters ........ccceooeiiieiiiiiiiiieiiiie e 124
5.2.3.4 Agarose Gel Electrophoresis of the RT-PGRIECtS .............ccoovvviiieiviiinnnnnn. 125
5.2.4 Construction of the pDrive-PNP-B plasmid.............ccooiiiiiiiiiiiiiiiiiiiiiiiveees 125
5.2.4.1 Ligation of the pDrive cloning vector at@ PNP-B insert ............cccccceeeeeeennnn. 126
5.2.4.2 Transformation of the pDrive-PNP-B plasimitd TOP10F................cccceeen... 127

Xiii



5.2.4.3 Verification of the pDrive-PNP-B ligation..............coovvvvviiiiiiiiiiiiee e, 127

5.2.4.4 Minipreparation of the pDrive-PNP-B CONSLIU...........ccovviieiieeeeeiiriiieeiiiinnns 129
5.2.5 Sequencing of the PNP-B gENE ..o 130
5.2.6 Search for other sequences similar to PNR:B..............ooooiiiiiiiiiieeeeee. 130
5.2.7 Sequence Alignments and Evolutionary Trees..........coovvvvviiiiiviiiiinnieneeeeeeeen 131
5.2.8 PAttern SEAICNES ...ttt e e e e e e 131
5.3 RESUIES ... e e e e e e 131
5.4 DISCUSSION .....citiiiiie e ettt e e et e a4ttt e a2 e et e e e e s smmm e e e e e e b e e e e e e e e e annnnn e e e e s 139
5.5 CONCIUSION ...ttt e e e e e e e e e e s e e e e e e 143
CHAPTER SIX: GENERAL DISCUSSION & FUTURE RESEARCH W ORK ............... 145
6.1 General DiScusSion & CONCIUSION ........cccceiiiiiiieiee e 145
6.2 FUtUre RESEAICH WOIK ...ttt 149
REFERENGCES ... .ottt oottt e e ettt e e e e ettt e e e e e eeeemesta e e eeaeennnn e aaaenes 151
WWBDISIEES ..ottt et e e et e e e e e e s 195
APPENDICES . ... oot e e e e e e 197
APPENDIX 1 — Sequence Chromatograms ..........ccccceeveeeeerrrrmnmmnnninnseeeeeeeeaseesssssseeenneeen 197
APPENDIX 2: Transcription Binding FaCtOrS........c....oviviiiiiiiiiiiie e 202

Xiv



LIST OF ABBREVIATIONS

AGE — Agarose Gel Electrophoresis

ANP — Atrial Natriuretic Peptide

BLAST —Basic Local Alignment Search Tool
BNP — Brain Natriuretic Peptide

Bp — Base pairs

CaCl,— Calcium chloride

cGMP — Cyclic Guanosine Monophosphate
CNP — C-type Natriuretic Peptide

°C — Degrees Celsius

DNA — Deoxyribonucleic Acid

EXP — alpha Expansin

EXPB - beta Expansin

HR — Hypersensitivity Response

IAA — Indole-3-acetic Acid

IDA — Abscission gene

INA - 2,6-dichloro-isonicotinic acid

IPTG — Isopropylp-D-thiogalactopyranoside
irPNP — immunoreactant plant natriuretic peptide
ISR - Induced systemic resistance

LB — Luria Bertani

LRR-RLK - Leucine-rich Repeat Receptor-like Kinase
LTP - Lipid transfer proteins

LY 83583— 6-anilino-5, 8- quinolinequinone

XV



kDa — KiloDaltons

MALDI TOF MS - Matrix-assisted laser desorption ionization tiofdlight mass spectrometry
UM — Micromolar

uL — Microlitre

Hg — Microgram

mg — Milligram

mM — Millimolar

mL — Millilitres

M — Molar

NCR —Nodule-specific Cysteine-rich
Ni-NTA — Nickel-Nitrilotriacetic acid
NMR — Nuclear Magnetic Resonance
PCR — Polymerase Chain Reaction
PDB — Protein data bank

PNP — Plant Natriuretic Peptide

Pls — Protease inhibitors

PR — Pathogen related

RALF — Rapid Alkalinization Factor
RBS — Ribosomal binding site

RNA — Ribonucleic Acid

ROS - Reactive Oxygen Species
RT-PCR — Reverse Transcriptase Polymerase Chain Reaction
SAR - Systemic acquired resistance
SCR - S-locus cysteine-rich

SD — Shine-Dalgarno

XVi



SDS- Sodium Dodecyl Sulphate

SDS-PAGE- Sodium Dodecyl Sulphate Polyacylamide Gel Elgttovesis
SP- Signal peptide

TEMED - N, N, N, N — Tetramethylethylenediamine

TFs — Transcription factors

TFBS — Transcription Factor Binding Sites

TIRs - Translation initiation regions

TL - Thaumatin-like

TSS- Transcription start site

VNP- Ventricular Natriuretic Peptide

XVii



LIST OF FIGURES

CHAPTER 1

Figure 1.1: Origin of long-acting natriuretic peptide, vessdatbr, kaliuretic peptide and

atrial natriuretic peptide from the 126 amino aaidal natriuretic peptide hormone ------------- 22

Figure 1.2: Representation of the principal two types of NPeptors, NPR-A & -B and

Figure 1.3: Intron and exon organization of thePNP-Aencoding gene fromArabidopsis

thalian@ --===-======mmmem e e e e e e 31
Figure 1.4: Nucleotide sequence of AtPNP-A frofinabidopsis thaliang378 base pairs). ------- 32
CHAPTER 3

Figure 3.1: Genomic organization of the tRNP-B encoding gene fromArabidopsis

=L T T T R 62
Figure 3.2: Schematic diagram of the genes surrounding AtPNP—B-------------=-=-=mmememem 63
Figure 3.3: (a) Sequence Alignment of AtPNP-B and OsJPNP-B. ----------------m-memcemm e 64

(bBequence Alignment of AtPNP-A and OsJPNP-B --——--------------ommmemo- 64

Figure 3.4: Schematic diagram showing tbis regulatory elements for the AtPNP-B gene. -65-
Figure 3.5: Schematic diagram showing tbis regulatory elements for the OsJPNP-B gene 66--
Figure 3.6: Comparative analysis of cis-elements identifiedsilico for AtPNP-B and

OSIPNP-B. wnnmrmmmmmmmmms s e e 68

Figure 3.7: (a) Sequence Alignment of AtPNP-B and AtPNP-A framabidopsis thaliana. ----70

(bBequence Alignment of AtPNP-B and CjBAp12. ---——----------m-m-mommmmemom- 70

Xviii



(cpequence Alignment of AtPNP-B, AtPNP-A and CjBAp42 70

(dAlignment of AtPNP-B, AtPNP-A (33 - 66) and ANPX(9126). ------------------- 70
Figure 3.8: Comparison of predicted secondary structures ofNRHB with-----------------------—- 72
(8) AtPNP-A o 72
(b) CjBAp12 from Citrus jambhiri --==-==-===-mmmm e 72
Figure 3.9: Domain organization of AtPNP-B. ----=--=-mmmmmm e 73

Figure 3.10: Modelled fold of AtPNP-B showing the six strandeduble-psifp barrel

(DPBB) StIUCUIE. ~=-======rr=rmmmmm e e e e 74

CHAPTER 4

Figure 4.1: (a) The map of the pQE8OL vector. --------=-===-m-m oo 96
(bpQES8OL multiple cloning Site. =--=========mmmm e 96

Figure 4.2: Overview of the conditions used during the optiri@aof expression. ---------------- 105

Figure 4.3: Verification of the quality of théArabidopsis thalianaotal RNA samples by

Figure 4.5: 1.0% agarose gel electrophoresis of the doublyiceed (BamHI and Sacl)
PQEB8OL and the AtPNP-B gene. —-----m-mmmmmmmmm oo 112

Figure 4.6: Verification of the pQE80L-AtPNP-B ligation by calg PCR, as visualised by

1.0% agarose electrophoresis. -==-=========mmmmmmm e 113
Figure 4.7: SDS-PAGE of protein fractions. --=-=-========mmmmmm oo 114
Figure 4.8: Western analysis of resolved proteins. -------======-=mmmmmemmmmmeoo oo 115

XiX



CHAPTER 5

Figure 5.1: Representation of the linearized pDrive Cloning tdee 126
Figure 5.2: Verification of the quality of the isolated totaNR 132
Figure 5.3:0.8% agarose gel electrophoresis of the RT-PCRi&oapion of PNP-B-------------- 135
Figure 5.4: Verification of the pDrive-WhBPNP-B ligation by @y PCR --------------------—--—- 136
Figure 5.5: PNP-B sequences of the cereal plants -----------===-m-m-mmmemmmmmm oo 137
Figure 5.6: Phylogenetic tree of PNP-B like sequences encoglecious plant genomes ------- 138

XX



LIST OF TABLES

CHAPTER 1
Table 1.1: Types ofNatriuretic Peptides, their Site of Productionn&tius and Primary

=T o e 20

Table 1.2: Types of Natriuretic Peptide Receptors, their Sdchessenger and Tissue

D L] 1 U0 g e 24
Table 1.3:Recognized families of pathogenesis-related preteiar-------------=-=--------o-mn--- 42
CHAPTER 3

Table 3.1:TargetP v1.1 prediction resultS ---------------mmmmmmmmm oo 71
CHAPTER 4

Table 4.1:Promoters used in high-level expressiofircoli--------------=----=-mm-mmemmmomm - 85
Table 4.2:RT-PCR Oligonucleotide Primers ---------=----m - 93
Table 4.3:RT-PCR Reaction Components and Control Mixture Casitns ------------------- 94
Table 4.4: Thermal Cycling Conditions for RT-PCR Amplificatief---------------=--=--=------- 95
Table 4.5:Double Restriction enzyme digestion mixture couostits of the vector -------------- 98
Table 4.6:Double Restriction enzyme digestion mixture coastits of the insert -------------- 99
Table 4.7:Ligation Reaction of pQE8OL and AtPNP-B --------m-mmmmm oo 101
Table 4.8:Colony PCR reaction CONStituents  -------=-==-———mmmm e oo 102
Table 4.9: Thermal Cycling Guidelines for Colony PCR Amplifitn 103

XXi



CHAPTER 5

Table 5.1:Preparation of plant tissue for RNA isolation ——-------=-=-=-=-=----m-mmmmmmomeeeo 121
Table 5.2:RT-PCR Oligonucleotide Primers -------=-=-m-m-——mmmmmm oo 123
Table 5.3:RT-PCR Reaction Components and Control Mixture Casitpns ------------------ 124
Table 5.4: Thermal Cycling Conditions for RT-PCR Amplificatief--------------=-=--=-=------ 125
Table 5.5: Ligation Reaction of the pDrive cloning vector dPNP-B --------------------=-o--—-- 127
Table 5.6:Colony PCR reaction CONStitUENtS ------=--=-= - m oo 128
Table 5.7: Thermal Cycling Guidelines for Colony PCR Amplifitn 129
Table 5.8: Quantification of the isolated total RNA from thiaupts 133

XXii



CHAPTER ONE: LITERATURE REVIEW

1. Introduction

For many years, the insight into intercellular sijng in plants was based upon the knowledge
of the five classical hormones namely; auxin, cytok ethylene, gibberellin, and abscisic acid.
However, biochemical and genetic studies have ifiethtmolecules that play crucial roles in
plant growth and development, including defencelmaasms in response to wounding by pests,
the control of cell division and expansion and @olkelf-incompatibility (Lindsewt al, 2002).
These range from nutrients such as nitrate andbgiuthrough jasmonate, salicylate and larger

molecules such as brassinosteroids and nodulaaiars (Gehring, 1999).

There is evidence that signal molecules, once dersil to be specific to animal systems, are
also found and function in plants such as sterait#spls and lipid derivatives (Bishop & Yokota,
2001). A natriuretic peptide system was discovdreglants, when radioimmunoassays were
performed on tissue extracts from florida beaudyatena godseffiana(Vesely & Giordano,
1991). Further studies showed that NP-like protevese present in several other plant species
and data from high performance gel permeation chtography projected that pro-ANPs and

NPs from plants share similar molecular masses vattebrate ANPs (Vesest al.,1993).

The discovery of this novel protein peptide systarplants led to a more in-depth study of the
plant hormones already known (‘classical and ‘nlassical’) and the link between these

hormones and the newly discovered plant natriupstatide system.



1.1 Classical Hormones

1.1.1 Auxin

Auxin is a collective term for a group of hormortbat has varying effects on plants and they
were the first plant hormones to be discovered. €&nple of an auxin includes indole-3- acetic
acid (IAA), which is the main chemical form of angiand is involved in many physiological
processes in plants (Arteca, 1996). Others incindele-3-butyric acid (IBA), phenyl acetic acid
and 4-chloro - IAA. Auxins are responsible for patmg cell elongation, a process that is
required before differentiation of a cell. Theya|sromote growth by stimulating the formation
of lateral promordia (Kende & Zeevart, 1997). Awxiare also involved in cell division by
increasing levels of p3%¥Zlike proteins in cultured tobacco cells (Joénal, 1993). IAA is
synthesized from typtophan through several differentes (Bandursket al, 1995). To date,
three pathways for the synthesis of IAA have bemp@sed, namely via indole-3-pyruvic acid,
tryptamine or indole-3-acetonitrile (Kende & Zeeyd97). IAA can also occur through a non-

typtophan pathway (Normanét al., 1995).

1.1.2 Gibberellins (GAS)

Gibberellins are growth promoters and have a simeiftect as auxins, in that they promote cell
division and elongation, break seed dormancy ard germination. Gibberellins consist of a
large family of tetracyclic compounds, of whichdate more than 100 Gibberellic Acids (GA)

have been identified (Hisamatstal, 1998). GA or gibberellic acid is the most common form

and originally isolated from the fung@ibberella fujikuroiand is known to have a high activity

in promoting growth of dwarf plants, dormant budsl adormant seed (Sponsel, 1995). The

precursor of gibberellins is mevalonic acid (Madam| 1997). Gibberellic acid can promote the



growth of a genetic deficient plant to full sizehave the genotype is for minimal growth (Kende

& Zeevart, 1997).

1.1.3 Cytokinins

Unlike other hormones, cytokinins are found in bgiants and animals. Several bacteria,
including Agrobacterium, also produce cytokininsa(@in et al, 1994). Naturally occurring
cytokinins are synthesized from purine. The firatunally occurring cytokinin was extracted
from immature kernels oZea Maysand named zeatin or 6-(4-hydroxy-3-methylbut-trans
enylamino) purine. The most biologically active aiiin is not found in plants, but was
extracted from autoclaved herring sperm DNA andedakinetin or 6-(furfurylamino) purine
(McGaw & Burch, 1995). Other common cytokinins aenzyl adenine (BAP) and isopentenyl

adenine (IP).

Cytokinins are involved in cell division and work ¢onjunction with auxin, to increase the level
of a p34%2 like protein (Johret al, 1993) and also to induce morphogenesis and Hibitn
apical dominance. They also promote stomatal ogefidavies, 1995). Cytokinins are also used

to delay aging and death, known as senescence.

1.1.4 Ethylene

Ethylene is unique, as compared to other hormanesat it can only be found in the gaseous
form. Ethylene can also be metabolized into etlg/l@xide and ethylene glycol. Since ethylene is
in the gaseous form it can easily and readily degfirom plant tissue, making it unnecessary for
metabolism to become part of its removal processnfle & Zeevart, 1997). Plants produce
ethylene in response to stress signals and ethydeoften found in high concentrations within

cells at the end of the plant’'s life. Ethylene amdes fruit ripening, causes leaves to droop
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(epinasty) and drop (abscission) and promotes senes (Sponsel, 1995). Ethylene inhibits
elongation of terrestrial plants and causes thircigerof the stem (Langet al, 1982), but
promotes the rapid elongation of semi-aquatic glamon submergence (Voesemgtlal, 1992).

Ethylene is synthesized from methionine (McKebml., 1995).

1.1.5 Abscisic Acid (ABA)

Abscisic acid is a general plant growth inhibitoadehigh concentrations of abscisic acid (ABA)
are present in the guard cells and play a roldénstomatal closing during periods of drought
stress (Zeevaart & Creelman, 1988). ABA also inducd®rmancy, prevents seeds from
germinating, promotes abscission (Walton, 1980) iaddces storage protein synthesis in seeds
(Kende & Zeevart, 1997; Davies, 1995). Carotenaigsprecursors for ABA, with xanthoxin as

the intermediates (Zeevaaittal, 1991).

1.1.5.1 Possible Interaction of ABA with Plant Natiuretic Peptides

ABA is the most likely of the five ‘classical’ plamormones to interact with the PNP signalling
processes, because it is involved in the reguladiothe response to abiotic stresses, such as
drought, salinity and cold. ABA has a major rolenmaintaining plant water status under these
abiotic stress conditions by stimulating stomatakgre and regulating the expression of many
genes (Finkelsteiat al, 2002; Xionget al, 2002). ABA signalling is a well studied and cdexp
process. ABA operates through a labyrinth of midtipedundant perception and signalling
pathways that in turn are co-regulated by othemomes, environmental stimuli and metabolic
status (Schroedet al, 2001; Finkelsteirt al, 2002; Le’on & Sheen 2003; Razeiral, 2006).

A noteworthy antagonism is that exogenous ABA practomatal closure (Schroedsral
2001), whereas PNP stimulates stomatal openingiiiveatiet al, 199&, 2001; Morseet al,

2004). ABA levels accumulate in plants in respotseabiotic stresses, such as drought and
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salinity, as a result of enhanced synthesis of AR#ng et al, 2002). Levels of irPNP are also

increased in response to saline and osmotic sgéBsd¢udeeret al, 2003).

1.2 Non-classical Hormones

1.2.1 Oligosaccharins

Oligosaccharins are synthesized in the cell walls @nsist of two major groups, namely; pectic
oligosaccharins and xyloglucan oligosaccharins s€r@igosaccharins play roles in the induction
of defense reactions following pathogen attack i#gtbn & Fry, 1993), auxin antagonism
(Warnecket al, 1998) and induction of root nodules. Pectic ad@ccharins display ‘hormone-
like’ activity, contributing to the natural controff plant metabolism, growth and development
(Aldington & Fry, 1993). Pectic oligosaccharinsaishibit auxin action and function as elicitors
to initiate pathogen defense response (Creelmanulel) 1997). Xyloglucan oligosaccharins
can inhibit auxin-, gibberellins-, proton- and fieeecin-induced growth and inhibit
endogenously regulated growth at a concentratiodrdfl (McDougall & Fry, 1989). Some
oligosaccharins can also promote stem elongatidmghter concentrations (McDougall & Fry,

1990).

1.2.2 Brassinolides

Brassinolides are natural steroid hormones thagé st discovered in Brassica pollen (Graate
al., 1979). Its sources are reproductive organs angiggotissue. It plays a role in stimulation of
cell division and elongation (Mussig & Altman, 199promotion of xylem differentiation (Oh &
Clouse, 1998), activation of 'Hoump and increases the success of fertilizatidmifichet al,
2000). To date, more than 40 related steroidseddlie brassinosteroids, have been identified in

the plant kingdom (Fujioka, 1999; Khripaehal, 2000).
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1.2.3 Jasmonates (JA)

Jasmonates are volatile fatty acid derivatives.sttarce is in young organs and developing
reproductive structures. The functions of JA innggaare varied and include inhibition of the
germination of non-dormant seeds and the stimudatib the germination of dormant seeds
(Bewley, 1997). Experiments by Berget al., (1996) suggest that JA may stimulate seed
germination by decreasing sensitivity to ABA. Indaibn to its effects on seed germination, JA
also strongly inhibits root growth (Berget al., 1996). JA also promotes senescence, abscission,
fruit ripening and pigment formation (Staswick, B99It also plays a role in the induction of
defense genes and proteins (Bewley, 1997), stimulaf dormant tissue germination (Bergety
al., 1996) and inhibition of root growth. Creelman\llet, (1997) reviewed several roles of JA
action in plant defense. It is observed that ther@n accumulation of JA in wounded plants as

well as in plant cell culture treated with elicgarf pathogen defense.

1.2.4 Salicylic Acid

Salicylic acid is a phenolic compound, which has gburce in flowers and infected organs.
Salicylic acid is derived from the shikimate-phepybpanoid pathway in higher plants (Metraux,
2002). It is a key-signalling component in systeramuired resistance (SAR); a defence
mechanism that confers a broad-spectrum resistangathogens (Delaney, 1997; Durreral,
1998). SAR confers resistance to plants by inter@emith replication of pathogens and/or
inhibiting their systemic movement in the plant (Deret al.,1998). Usually SAR follows after
initial and rapid hypersensitivity response (HRaEtterized by responses such as necrotic
lesion around pathogens and sustained burst diiveaxygen species (ROS) (Lamb and Dixon,
1997). Salicylic acid plays a role in the activatiof pathogen defense genes (Shah & Klessig,

1999) and induction of flowering (Yalpaet al, 1991).



One of the most studied functions of salicylic agdts association with, and involvement in
plant resistance response to different pathogackst(Yalpani & Raskin, 1993; Alvarez, 2000).
It was also reported that salicylic acid accumatering exposure to ozone or UV light (Sharma
et al.,1996). Salicylic acid also reduces transpiratiod eeverses ABA-induced stomatal closure

(Raskin, 1995).

1.3 Peptide Phytohormones

Protein/peptide signalling molecules are well chmased in animal systems where they create
diversity in signalling. However, it is only relagly recently that they have been recognised in
plants (Wanget al., 2007). Over the last decade it has become apptranplants alsoontain
peptidic signalling molecules that play vital rolesell-to-cell communication (MatsubayagHi

al., 2001; Lindseyet al, 2002). Peptide hormones have been shown totaffexelopment
(Topping & Lindsey, 1997), reproduction (Takayaetal.,2000), nodulation (Campalaesal.,

2004) and defense (Schaller & Ryan, 1995).

1.3.1 Peptide Phytohormones with Non-defense Sighal Roles

1.3.1.1 Peptide Indole-3-acetic acid

The primary auxin in plants is indole-3-acetic a@lA). Although other compounds with auxin
activity, such as indole-3-butyric acid (EpsteinL&dwig-Mdiller, 1993), phenyl acetic acid, and
4-chloro-1AA, are also present in plants (Normaelyal., 1995), little is known about their

physiological role. Indole-3-acetic acid (IAA) isviolved in virtually all aspects of plant growth
and development (Davies, 1995). Plants produceveadhA by de novosynthesis and by

hydrolyzing IAA conjugates (Normanbt al.,1995; Bartel, 1997; Normanly, 1997).



Indole-3-acetic acid (IAA) occurs not only in theed¢ form but also appears in ester-conjugated
forms with glucans (Piskornik & Bandurski, 1972apse, inositol (Cohen & Bandurski, 1982)
and glycoprotein (Percival & Bandurski, 1976). Amidonjugations to aspartate (Cohen, 1982),
glutamate (Epsteigt al.,1984) and peptides (Bialek & Cohen, 1986) alsste¥AA conjugation
activity is widely distributed in the plant kingdofrom mosses to angiosperms (Sztetnal.,
1995), and most IAA in plant tissues is conjugatedits carboxyl group (Cohen & Bandurski,

1982; Bandursket al.,1995).

Different conjugates may perform different funcgoim the plant. For example, IAA—Asp is an
intermediate in IAA destruction (Tsurumi & Wada,889 Monteiroet al.,1988; Tuomineret al.,
1994). Bialek and Cohen (1986) purified a 3-kDadeladus peptide IAA that may have roles in
IAA metabolism, transport and storage (Cohen & Baski, 1982). Other conjugates may serve
as reservoirs of inactive 1AA that can be hydrolyze supply the plant with active hormone, as
in maize germination when conjugate hydrolysis putes free IAA to the developing seedling
(Epsteinet al.,1980). Some IAA conjugates appear to serve funstguch as IAA storage forms
in seeds and hormonal homeostasis. iHgtu gene in maize, which encodes an enzyme that
esterifies IAA to glucose, has been cloned (Szerst@l.,1994). In Arabidopsis, a gene family

that encodes IAA conjugate hydrolases has beetifigenBartel, 1997).

1.3.1.2 Phytosulphokines (PSKSs)

Phytosulphokines are disulphated pentapeptideshtihag mitogenic activities and can stimulate
colony formation of rice protoplasts at concentnasi > 1 M. PSK-alpha [Tyr(SeH)-lle-
Tyr(SOsH)-Thr-GIn] and PSK-beta [Tyr(SBl)-lle-Tyr(SOsH)-Thr] are two sulphated peptides
that have been obtained froAsparagus officinalisMatsubayashi & Sakagami, 1996). The

sulphation of the peptide occurs at a tyrosinedtesipreceded by an acidic residue (Haatal.,
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2000), and PSK-alpha is less abundant and moreeditian its truncated form, PSK-beta (Yang

et al, 1999Db).

Binding assays with®*fS]PSK-alpha demonstrated that rice suspension aatigin both specific
high-(Kg 10°) and low-affinity (K; 107) saturable PSK binding sites on the surface. SRBK
showed high ligand binding specificity, it was esited that each cell contairs10® binding
sites for each type. PSK binding is not affectedaixin or cytokinin, suggesting that novel
signal transduction pathways might be involved 8KRlependant activation of gene induction

(Matsubayashet al., 1997).

PSK is highly conserved amongst plants and is ireslmainly in cell proliferation and
differentiation (Matsubayashi & Sakagami, 1996hds been suggested that PSK helps to initiate
proliferation and/or differentiation of mature gsgent tissues (Matsubayashi & Sakagami,
2006). In addition, PSK has many other biologicahdtions, such as the enhancement of
chlorophyll synthesis under etiolated or short-dagwth conditions (Yamakawat al., 1999),

the promotion of adventitious root (Yamakawa al., 1998) and bud (Yangt al., 1999a)
formation, and stimulation of the differentiatioh the tracheary element (Matsubayashial,

1999) and somatic embryogenesis (Kobayashi.,1999).

1.3.1.3 CLAVATA3 (CLV3) and CLE

CLAVATAS was first isolated fromArabidopsismeristem. CLAVATAS3 encodes a 96-amino
acid polypeptide with a predicted 18-amino acidresgan signal at the N-terminus (Fletchetr
al., 1999). After being C-terminally processed to aab@no-acid peptide and hydroxyprolinated
(Ito et al, 2006; Kondeet al.,2006; Ni & Clark, 2006), acts as an extracellligand. CLV3 has

also been reported to be involved in growth coatlam in the plant (Schopfest al, 1999).

9



CLAVATAL and CLAVATAS are expressed in the shooicgb meristem, as detected lnysitu
hybridization and they are also involved in shoetistem organization (Fletchet al.,1999). It
was found that CLAVATAl1 and CLAVATA3 act in the sampathway, suggesting that
CLAVATA3 may encode CLAVATAL, making them mutuallgpistatic (Clarket al, 1997,

Fletcheret al, 1999).

CLV3 processing occurs at the conserved residugniae-70, at the beginning of the CLE
domain. CLE is a conserved sequence located aC®®H-terminus of CLV3 (Ni & Clark,
2006). CLE genes encode small secreted peptidear(iido acid residues) that are processed
from a larger polypeptide and then modified (Matsashi & Sakagami, 2006). These peptides
have been found in a range of tissues, and mutalyses of different CLEs have shown that
they may act as ligands in different signallinghpedlys regulating plant development (Hadte

al., 2003; Fierst al.,2004).

1.3.1.4 POLARIS

POLARIS (PLS) gene expression has been detectdtkiearly stages of embryo and seedling
development (Topping & Lindsey, 1997) where it edte®a 36-amino-acid peptide necessary for
correct root growth, leaf vascular patterning (©asst al., 2002) and correct auxin-cytokinin
homeostasis (Matsubayashi & Sakagami, 2006). Rustuglies are required for native peptide
isolation. Mutant analysis has shown that PLS esgpom is repressed by ethylene and induced by
auxin. This auxin-ethylene interaction leads to oiation in cell division and expansion,

eventually influencing root growth and lateral rdetvelopment (Chillegt al.,2006).

10



1.3.1.5 Inflorescence Deficient in Abscission Gene

The inflorescence deficient in abscission (IDA) ges expressed in the floral organ abscission
zone where the floral organs are being shAdabidopsisida mutants are deficient in
inflorescence abscission (Butenkt al., 2003). IDA over-expressed lines lead to phenotypes
such as, the ectopic loss of organs, prematuralflmgan abscission and the accumulation of
arabinogalactan in degraded cell wall middle laen@Btenviket al., 2006), whereagla mutants
retain floral organs indefinitely. Butenlai al., (2006) produced an IDApromoter::GUS line in
the etrl-1 mutant background (an ethylene-insensitive mutaantyl observed a lack of GUS

staining in the abscission zone, demonstratingdtigtiene plays a role in IDA gene regulation.

IDA encodes a 77-amino-acid peptide, which may toegssed to a similar peptide that acts as a
ligand. It has been suggested that IDA is recogniseHAESA, a leucine-rich repeat receptor-
like kinase (LRR-RLK) found at the base of petiotexl pedicles (Jinet al., 2000). Isolation
and characterization of the native IDA peptide rhaip in the understanding of ligand-receptor
interactions (Matsubayashi & Sakagami, 2006) amdnwially, in the engineering of plants that
retain their floral organs. This is an importanattee in cut flowers and may also affect the

timing of pollination and, ultimately, the yield.

1.3.1.6 ROTUNDIFOLIA4/DEVIL1

ROTUNDIFOLIA4 (ROT4) and DEVIL1 dvl1, mutants have a horned fruit phenotype) belong
to a 22-member ROT-FOUR-LIKE (RTFL) gene family Amabidopsis, which encodes small
peptides (ROT, 53 amino acids; DVL1, 51 amino gc{tlaritaet al., 2004; Wernet al., 2004).
These short peptides are involved in the regulatbrpolar cell proliferation through-out
development, and over-expression leads to smaksvelk, shorter bolts and smaller

inflorescences. Although their transcripts havenbieeind in various tissues, the actual peptides
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have not been isolated or structurally charactdrizédowever, over-expression of a domain
encoding a 29-amino-acid region conserved in RTRily members leads to aberrant

phenotypes (Naritat al.,2004).

1.3.1.7 S-locus Cysteine-rich Protein/S-locus Protell

S-locus cysteine-rich (SCR) proteins or S-locustgno11l (SP11) originated from Brassica
pollen. It is a 50-53 amino acid protein, synthedifrom 74 — 81 amino preprotein (Schopger

al., 1999). Through gain-of-function experiments (§ufler et al, 1999) and a pollination
bioassay, it has been confirmed that SCR/SP11dsk#dy pollen protein that controls self-
incompatibility (Takayamaet al., 2000), a plant-specific mechanism that prevent$- se
fertilization and leads to diversity within speci&xpression studies reveal that SCR genes are
expressed gametophytically in the microspores anthe tapetum and that the proteins might

diffuse between developing pollen grains (Schogffétasrallah, 2000).

Mature SP11 homologues generally contain eightemes cysteine residues (Watanael.,
2000). Immunoprecipitation of S8-SP11 purified frgrallen under non-reducing conditions,
followed by matrix-assisted laser desorption ionta time-of-flight mass spectrometry
(MALDI-TOF-MS), revealed the mass value of 5716y@esting that mature SP11 is a processed
monomer with oxidized cysteine residues involvedfonr intramolecular disulphide bonds
(Takayameet al., 2001). Furthermore, Mishimet al., (2003) established the three-dimensional
structure of S8-SP11 via nuclear magnetic reson@igdR) spectroscopy, and demonstrated that
its o/B-sandwich structure is similar to that of plantededfins. Through structure-based sequence
alignment and homology modeling of allelic SP1hyaer-variable (HV) region was identified

that was suggested to be the specific bindingsitthe stigma receptor (Mishine al.,2003).
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Orthologues of SCR/SP11 have been found in Aralsidop a range of tissues, and are named
SCR-related (SCRL; Fletchet al., 1999). The function of this family of 28 genesceding

4.4-9.5 kDa peptides, remains uncharacterized (Matgashi & Sakagami, 2006)

1.3.1.8 4-kDa Peptide

Following the discovery of a 43-kDa basic hormoeeeptor glycoprotein with kinase activity,
an extensive search was performed to isolate s dioal peptide ligand (Watanabeal.,1994).

A peptide with a molecular mass of 3920 Da and Withamino acid residues was isolated from
radicles of germinated soybean seed, and calledskglgn, insulin-like activity or 4-kDa peptide
(Watanabeet al., 1994). Subsequently, it was demonstrated thapéipdide co-localizes with and
can bind to thex-subunit of the 43-kDa peptide (Shaeg al., 2004). Sequence comparison
analysis between mRNA and the mature peptide redethlat the 4-kDa peptide is a processed
polypeptide from a precursor protein containing ignal peptide that is removed co-
translationally, followed by a 4-kDa peptide thaittleaved post-translationally, a linker and a 6-

kDa peptide (Watanalet al.,1994).

The peptide is specific to legumes and the sequendeghly conserved, with six cysteines
establishing three disulphide bonds stabilizing-kn®dt scaffold, which is essential for ligand
function (Watanabet al., 1994; Yamazaket al., 2003). MS analysis revealed the presence of
two signals with a 56.6 Da mass difference, prampshat the active form has lost a glycine
residue from its COOH-terminus, similar to a numbkanimal peptide hormones (Watanadte

al., 1994). The 4-kDa peptide stimulates protein kiregesity (Watanabet al.,1994), resulting

in an acceleration in callus growth and differetmia at an early developmental stage, and
regulates cell proliferation (Yamazadd al.,2003). Defensive action has been demonstrated for a

pea 4-kDa peptide (PA1b) against cereal wed&itisphilus spp(Gressengt al.,2003).
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1.3.1.9 Early Nodulin 40 (ENOD40)

Early nodulin 40 (ENOD40) is a gene with severabrsftORFs, and therefore it is not clear
whether these ORFs are translated (Campadara., 2004; Guzzeet al., 2005). Gulyyaev &
Roussis (2007), through a study of predicted semgnstructures and comparative analysis of
plant ENOD40 RNAs, determined the most conservadttiral features. These characteristics
showed similarity to expansion segments found riacstiral RNAs [FRNAs, RNase P and signal
recognition particle (SRP) RNAs] and higher seqeerunservation in ENOD40 RNA molecules
than in deduced peptide sequences. These findinggest that ENOD40 in RNA format is

favoured and that its short peptide form only app@acertain plant families.

Early nodulins are peptide signals involved in daly responses of non-legume and legume
hosts to nodulation factors and/or early nodulatteps. ENOD40 expression has been detected
in the root pericycle and in dividing cortical celbf the nodule primordium in legumes,
suggesting a role in the sensitization of cellglitosion-inducing signals (Charaoet al., 1999).

The ENODA40 gene is expressed in the pericycleqifrtee roots early in the nodulation process,
adjacent to the protoxylem poles, before the calrtells divide to form the nodule itself (Yang
et al., 1993; Compaaet al., 2001). The implication is that ENOD40 thereforaim®racts the

effects of ethylene to promote cortical divisiomsl module formation (Lindsest al.,2002).

ENODA40 is expressed in response to Nod factors cdessical hormones such as auxin and
cytokinin in legumes and non-legumes (Horvathal, 1993). ENOD40 has a role in root
nodulation and unlike systemin; it is not synthedizvia a precursor. ENOD40 is partially
responsible for the induction of cortical cell divins in the early phase of root nodule
morphogenesis (Cooper & Long, 1994; Minashial., 1996). During nodule formation there is a

hormonal imbalance in the root cortex which is etiée by ENOD40 (Charoet al.,1997).
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Orthologues of ENOD40 have also been found in oti@r-legume plants, suggesting roles
outside of symbiosis (Compaat al., 2003). When soybean ENOD40 was expressed in wheat
germ extracts, two peptides with sizes of 12- (joepf) and 24 (peptide B) amino acid residues
were formed (Rohriget al., 2002). These two peptides interacted with sucgysghase, and

therefore may be regulators of sucrose metabolisptaints (Thummler & Verma, 1987).

1.3.1.10 Nodule-specific Cysteine-rich

Nodule-specific cysteine-rich (NCR) is a gene fgnwith more than 300 members restricted to
galegoid legumes, includinig. Truncatula pea Pisum sativury) broadbean\(icia fabg, white
clover (Trifolium repeny andGalega orientalisMergaertet al., 2003). The expression of gene
family members has been limited to nodules andstowsith the exception of two genes that are
expressed in mycorrhizal roots. NCRs encode smafitigges (60-90 amino acids) with a
conserved signal peptide and a conserved cystetié. ilergaertet al., (2003) have proposed
that NCRs are involved in nodule development amattioning on the basis of the abundance of
transcripts in nodules and the localization of N@G&Rsodules. Furthermore, they have suggested

that NCRs may have a role in plant cell-to-celhsiling and plant-bacteria interactions.

1.3.2 Peptide Phytohormones with Defense SignallirRples

1.3.2.1 Systemin

Systemin (Pearcet al, 1991) was the first plant peptide shown to havele in plant signalling.
This peptide is a systemically-acting, phloem-mebWwound signal capable of inducing
proteinase inhibitors in unwounded tissue at fenmlamconcentrations (Ryan, 1992; Schaller &
Ryan, 1995). The signal is an 18-amino acid poltidefd AVQSKPPSKRDPPKMQTD) (Pearce

et al, 1991). Systemin is the proteolytic COOH-termipedduct of the 200-residue prosystemin
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precursor (McGuret al, 1992) which is synthesized in the cytosol and compartmentalized in the
nucleus of phloem parenchyma cells (Narvaez-Vasquez & Ryan, 2004). Recently, a two-step
mechanism of activation of a putative receptor wegealed. Firstly, the N-terminus of the
polypeptide binds and secondly, an activation sturs linking it to the C-terminus (Meinet

al., 1998). Systemin-activated signalling cascadedipid based and are initiated by the release
of linoleic acid from membranes feeding into théadecanoid pathway. One of the components
of the pathway, the oxylipins, are structural oltigoies of prostaglandin and the similarities
between the defense signalling pathways in tomesteds and macrophages and mast cells led to
the speculation of common ancestry between plathtammmal defense pathways (Bergsyal,
1996). Systemin is primarily a wound response hommanay have several other functions,
including that of general defense against pathagégngomato leaves, exogenous systemin
induced accumulation of J@,, a defense product against herbivores and patkoff@rozco-

Cardenas & Ryan, 1999).

1.3.2.2 Cell Wall Hydroxyproline-rich Glycopeptides(Systemin-like Peptides)

Similar to systemin, hydroxyproline-rich glycopeptides (HypSys; Narvaez-Vasquez et al., 2005)

are the proteolytic products of a precursor protaled preproHypSys, with 146, 165 and 214
amino acid residues in tomato, tobacco and petuespectively (Pearcet al.,2007; Pearce &
Ryan, 2003). In petunia, the 214-amino-acid premupsotein contains a leader sequence and
four predicted proline-rich peptides of 18-21 amimads, three of which bear hydroxylated
prolines and glycosyl residues (Peaeteal., 2007). The peptides contain a —GR- motif at their
NH2-termini, suggesting a processing site for peptndguration (Pearcet al.,2007). Wounding
induces the production of the precursor in phloem parenchyma cells, which later is secreted to the

cell wall matrix, where it is subjected to processing proteases (Narvaez-Vasquez et al., 2005).

16



Some of the proline residues are converted to 4exygroline via hydroxyprolination to

produce mature HypSys (Matsubayashi & Sakagami00

Biochemical studies have shown that there are thigeSys glycopeptides in tomato

(TomHypSys |, 1l and Il with 20, 18 and 15 aminoid residues, respectively) and two in

tobacco (TobHypSys | and Il, both containing 18 ramacid residues) (Pearce & Ryan, 2003).
Pearce & Ryan (2003) have demonstrated that toprafwroHypSys is upregulated on wounding
and with systemin and methyl jasmonate treatmemt,that TomHypSys (I, Il and Ill) peptides,

similar to systemin, act as a signal for the ingucbf proteinase inhibitors in leaves. Therefore,
it has been suggested that systemin and kyp&ptides are wound response signals in plants

(Narvaez-Vasquez et al.,2005).

1.3.2.3 Rapid Alkalinization Factor (RALF)

Another peptide with 49 amino acid residues wastified during systemin purification, which
causes a rapid alkalinization of the medium, and wWas named rapid alkalinization factor
(RALF; Pearceet al., 2001). A tobacco cDNA encoding a preproproteinlébé amino acid
residues with identity to RALF at its COOH-terminwas isolated, suggesting that RALF is a
processed peptide with an BMHerminal signal peptide (Pearcet al., 2001). Sequence
comparison of RALF precursors indicated the presesfcan acidic region between the signal
peptide and the mature RALF peptide, which maynvelved in signalling (Olsest al., 2002).
The presence of a dibasic (-RR-) amino acid reswitlen the RALF acidic region led Pearee
al., (2001) to propose this site as a protease recogrsite, similar to that proposed for PSK
(above). RALF sequence possess a highly conserveainino-acid COOH-terminal sequence
motif containing two cysteine residues that havenbieund in many plant species, suggesting an

essential role (Pearcet al., 2001; Olsenet al., 2002). Although Arabidopsis has 34 genes
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encoding RALF-like peptides (Olsen et al., 200Bgiit physiological functions remain elusive

(Matsubayashi & Sakagami, 2006).

1.3.2.4 AtPepl

AtPepl (ATKVKAKQRGKEKVSSGRPGQHN) is a 23-amino-agiéptide derived from a 92-
amino-acid precursor protein called PROPEP1 foundrabidopsis(Huffaker et al., 2006).
AtPepl, similar to RALFs, can be detected via tq@d alkalinization assay. The peptide acts as
an elicitor, leading to the activation of the defiengenes (PDF1.2, PR-1) subsequent to the
synthesis of KO,, turning on the innate immune response in plantsff@ker et al., 2006;

Huffaker & Ryan, 2007).

The gene that encodes the precursor can be indogedounding, methyl jasmonate and
ethylene, suggesting a role in plant-pathogen acteons (Huffakeret al., 2006; Huffaker &
Ryan, 2007; Ryaret al., 2007). Huffakeret al., (2006) have further demonstrated that the
constitutive expression of PROPEPL1 results in trestitutive transcription of PDF1.2 and plant
root resistance to a root pathog&nythium irregulare Homologues of PROPEP1 have been
found in Arabidopsis (six annotated and one unatedtparalogue) and in other species, making
them an interesting target for the development ath@gen-resistant crops. Transcript analysis
has demonstrated that PROPEP2 and PROPEP3 are asteresponsive to pathogens and

salicylic acid (Huffaker & Ryan, 2007).

1.3.3 Plant Natriuretic Peptides
Since systemin, was first described in 1991 (Peatcal, 1991), a small number of other
protein/peptide molecules have been shown to hayedes in various aspects of plant growth

and development (Lindsest al, 2002). A novel class of plant proteins, calldéanp natriuretic
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peptides (PNP), with immunological similarity tortebrate natriuretic peptides was identified by

Gehring (Gehring 1999; Gehring and Irving 2003).

1.4 Natriuretic Peptide System in Vertebrates

Natriuretic peptides (NP) were first identified vertebrate species ranging from elasmobranchs
and mammals where they play a role in the regulatiosalt and water balance (Maryatial,
2001). Their levels are generally increased inseiting of volume expansion and act on multiple
effector systems to cause vasodilation and nasisiie an effort to return volume status back to
normal (Joffy & Rosner, 2005). This regulation @rfy mediated by intracellular changes in

cyclic GMP (cGMP) (Gehring, 1999).

Atrial natriuretic peptide (ANP), brain natriuretfmeptide (also known as B-type natriuretic
peptide; BNP), C-type natriuretic peptide (CNP),ntvieular natriuretic peptide (VNP)

(Rosenzweig & Seidman, 1991; Farrell & Olson, 20type natriuretic peptide, and their
prohormones, along with urodilatin (also known esal natriuretic peptide), compose the major
members of the natriuretic peptide family in verggbs (shown in Table 1.1 below). The
classification is based on the genetic and strattuomology of their amino acid composition
(Rosenweig & Seidman, 1991). Adrenomedullin is pasate peptide that also has a role in
volume homeostasis. A host of other peptides, saghguanylin, uroguanylin, melanocyte
stimulating hormone, and a putative endogenousaindiike factor also likely have a role in the

regulation of body volume (Humphreys & Valentin 0BX.
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ANP, BNP and VNP are cardiac hormones secreted timtoblood in response to volemic,
osmotic and pressure load to the heart and acedcedse the load while CNP is principally a

paracrine factor in the brain and periphery (ltoiN&ao, 1994; Fowkes & McArdle, 2000).

Table 1.1 Types of Natriuretic Peptides, their Site of Rrctibn, Stimulus and Primary Effect.

Site of Production Stimulus Primary Effect
ANP Cardiac atria Atrial wall Reduction in plasma volume
tension and and blood pressure
stretch
BNP Cardiac ventricle Ventricular wall Same as ANP
tension
CNP Heart, brain, kidney, Shear stress Vasodilation, central nervous
vasculature system neurotransmitter
D-Type Unknown Unknown Vasodilation
Natriuretic
Peptide
Adrenomedullin Adrenal medulla, cardiac Unknown Reduction in plasma volume,
ventricles, lungs, blood pressure, vasodilation
kidneys

Adapted from Joffy & Rosner (2005)

1.4.1 Structure

Natriuretic peptides are produced as pre-prohorsiowhich are cleaved to their mature form
upon release (Takei, 2000) by either the enzymia fur corin. Furin cleaves pro- CNP (Véd
al., 2003) and corin cleaves pro-ANP and pro-BNP (&WWu, 2003). Vertebrate ANPs are

synthesised from a single precursor called prepi@Awich consists of 149 to 153 amino acids
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depending on the species. The 24 amino acid sigeptide at the N-terminal and the two
carboxyl (C)-terminal arginine residues found imm&overtebrates (except humans), are cleaved
off to yield Pro-ANP (1 - 126). The subsequenttpodytic steps yield a single, inactive 98-
amino acid called the NH- terminal fragment or ANP (1 - 98) and a bioaet®8-amino acid
ANP, called the COOH — terminal peptide ANP (9926 (Schwartzt al, 1985; Micheneet

al., 1986).

The C-terminal 28-mer, ANP (99 -126) forms a 17ehes circular structure due to disulphide
bonds formed between the cysteines in positionsn@ 28 and is believed to be the main
biologically active ANP (Inaganet al., 1987). This 17-amino acid ring structure sharésga
degree of sequence homology between members ofn#teuretic family. It has been
demonstrated that ANP, BNP and CNP all containltgop, but the amino acid sequence of this
loop is identical in ANP and BNP, but CNP diffensresidues 3 and 5 (Kollet al, 1991; Sudoh
et al, 1988; Sudolet al, 1990). ANP (1 -98) is less well established, ibitas been suggested
that it is further cleaved into ANP (1 - 30), ANPL(- 67) and ANP (79 - 98), with a role in Na
and K excretion and long acting effects on vascular gmoauscles (Veselgt al, 1994). The
four peptide hormones consisting of amino acids30-31 — 67, 79 — 98 and 99 — 126 of the
ANP prohormone have been tentatively named lonigigatatriuretic peptide, vessel dilator,
kaliuretic peptide, and atrial natriuretic peptidespectively, for their most prominent effects in
humans (Veselet al., 1994; Veselyet al., 1998) and laboratory rats (Martet al., 1990) as

shown in figure 1.1 below.

Structural divergence between the natriuretic plegtis largely restricted to differences in the N-

and C-terminal portions and probably has an impbntale in differentiating the function of the
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particular peptide. For example, urodilatin (renatriuretic peptide) differs from ANP only in

the addition of 4 amino acids in the N-terminalioag(Feller et al., 1989).

126 amino acid (a.a.) ANP Prohormone

aal ag 99 126
— e — T v
aa 1-30 / 51-67 6898 £
(GTEEG  [leseal) | [m
| INaaruretic » Dilator | e .
L _ngfitls = 5 /

Enhance Solute Flow

Figure 1.1.0Origin of long-acting natriuretic peptide, vessihtbr, kaliuretic peptide and atrial natriuretieggide

from the 126 amino acid atrial natriuretic pept{feselyet al.,2001)

1.4.2 Natriuretic Peptide Receptors (NPR-A, NPR-BNPR-C & NPR-D)
The effects of NPs are mediated through interaciuith receptors (NPRs) and four types of
receptors are involved as shown in table 1.2 beldw. four types of natriuretic peptide receptors
include the following;

* NPR-A and NPR-B

« NPR-C

* NPR-D

NPR-A and —B contain an intracellular guanylatelaye domain (Garbers & Lowe, 1994), of
which binding of the ligand to the extracellularndmin stimulates intracellular production of

cGMP (Takei, 2000). NPR-A exhibits high affinity &NP and BNP and NPR-B is specific to
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CNP (Rosenzweig & Seidman, 1991; Takei, 2000)s linteresting to note that VNP has high
affinity to both NPR-A and NPR-B (Katafucht al, 1994). NPR-C lacks a cytosolic GC domain
and thus does not use cGMP as a second messergg@rtdiological actions. However, NPR-C

is believed to be linked to cAMP pathways and disactions as a ‘clearance’ receptor by
internalizing and metabolizing NPs (Anand-Srivaat&Trachte, 1993). The supportive data for
its clearance function are 1) no ligand specifiditygh affinity to all NPs); 2) overall tissue
distribution (more than 90% of total NP receptopglation in various tissues); and 3) rapid
internalization after binding of the ligand to trexzeptor. The NPR-C is particularly abundant in
the lung of tetrapods and in the gills of teledsthidés. These organs are ideally located to serve as
a buffer to regulate the plasma concentration aofmomes secreted from the heart, since they

receive the entire blood expelled from the heals¢®, 1998).

A new type of GC-uncoupled receptor has been cldmoed the brain of eels in addition to NPR-
A and NPR-C from the gills and NPR-B from the braand named NPR-D (Kashiwaei al,
1995). The GC-coupled receptors, NPR-A and NPRxsteas tetramers under non-reducing
conditions while NPR-C is a dimeric receptor. HoaeWPR-D is tetrameric similar to GC-
coupled receptors. HS-124-1, which was initiallgught to be a specific blocker for GC-coupled
receptors (Morishitaet al, 1991), also blocked the binding of NPs to NPRTDerefore, it is
evident that HS-124-1 is a specific blocker fordateric NP receptors. Since NPR-D is localized
selectively in the brain of eels, it may have sobm@ogical functions more than the mere

clearance of NPs, as suggested for NPR-C (Levia3)9
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Table 1.2: Types of Natriuretic Peptide Recept, their Second Messenger andssue

Distribution.

Receptor Second Messenger Tissue Distribution

NPR-A cGMP Kidney, adrenal, endocardiu
brain, lung, aori

NPR-B cGMP Kidney, adrenal, cerebellu
pituitary, lung

NPR-C None known Widely distributet

Adapted from Joffy & Rosn (2005)
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Figure 1.2: Representation of the principal two types of NReptors, NPI-A and B and NPF-C (Gehring, 1999).

The receptors arsingle transmembrane proteins with extracellulamaims of approximatel

440 amino acidais shown in figure 1.2 abc. The intracellular domain of NF-C is short, 37
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amino acids. NPR-A and NPR-B, however, both haveartite intracellular domains of

approximately 280 and 250 amino acids respectivEiye domains proximal to the membrane,
which are approximately 280 amino acids, show §icamt homology to protein kinases while
the distal fragments include guanylate cyclase dasndapproximately 250 amino acids)

(Takayanaget al.,1987; Schulzt al.,1989; Kolleret al.,1991).

1.4.3 Functions and Modes of Action

Sustaining water and solute homeostasis is a kguirament for living systems and in
vertebrates homeostasis is, in part achieved biyuretic peptides (NPs), a family of peptide
hormones (Suzukiet al, 2001). The molecular structures and physioldgicenctions of
natriuretic peptides (NPs) in animals are the silgé a large and growing literature (Kourie &
Rive, 1999). This wealth of information is, in pdde to the significant therapeutic potential of

the peptide(s) and its derivatives.

In vertebrates, natriuretic peptides constitutaraify of peptide hormones which occur not just
in the heart but also the brain and periphery ofeleates and are strongly implicated in the
regulation of salt and water homeostasis. NPs ralsdulate cation movement by inhibiting the
apical N&, K* - ATPases; by stimulating (Petret al., 1994) or inhibiting (Carmelet al, 1994)
antiporters in different cell types. NPs have disen reported to also promoté onductance in
rat glomerular mesangial cells (Cermatkal, 1996). They also facilitate a’kurrent in atrial

ventricular papillary muscle (Kecskemetial, 1996).

The synthesis and release of natriuretic peptidessaimulated by various derangements in
systemic blood pressure, as well as increasestracetiular volume and sodium balance. They

exert a multitude of endocrine and paracrine astiorthe heart, brain, kidneys, vasculature and
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adrenal glands. However, their major role is touc®l natriuresis through their actions on renal
hemodynamics and tubular function. Other effectqafiuretic peptides include vasodilation,
decrease in sympathetic outflow, inhibition of aige vasopressin release, and inhibition of

aldosterone release (Humphreys & Valentin, 2000).

ANP is synthesized in the cardiac atria of verttdwaand regulates blood pressure and
extravascular flow of fluids (De Bold, 1985; Laagal, 1985). Furthermore, &adependant K
channels in mesangial cells are activated by AN® it putative second messenger cGMP
(Stockand & Sansom, 1996). It is released in nespdo atria stress caused by hypervolemia —
induced increased blood pressure (La&tal, 1985). It is thus concluded that the heart &tri

contains the highest concentration of ANP tharrdéisé of the body (Needlema al,, 1989).

BNP is synthesized and distributed in the atria \antricle of the heart, even though it was first
isolated from brain tissue (Sudehal, 1988). BNP is found in higher concentrationgh@ heart
ventricle, and is considered a cardiac natriurpgptide. BNP, like ANP has a role in vaso-

relaxing, natriuretic and diuretic responses (Potget al., 1996; Rademaket al, 1997).

CNP is found in a wide array of vertebrate tissie Rlateret al, 1998). It was thought to only
occur in the central nervous system, maintainindylftuid homeostasis (Sudat al, 1990), but
has been discovered in rat heart (Vollragal, 1993) and as a native peptide in hearts andbrai
of elasmobranch fishes (Suzwdial, 1992). CNP contributes to the regulation of wuéesctone,

growth and hormone release (Shimekakal, 1994; Aminet al, 1996).

A unique peptide named VNP has been isolated flacardiac ventricle of two teleost species.

There is a possibility that VNP is a homologueatfapod BNP, but it is structurally more akin to
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mammalian ANP than to BNP (Taket al., 1994). VNP has a long C-terminal ‘tail’ sequence

with 14 amino acid residues that extend from themolecular ring (Takei, 2001).

There is structural and functional evidence oframunologically related peptide that operates in
plants (Veselyet al, 1993; Billington et al, 1997; Gehring, 1999). Natriuretic peptide
immunoanalogues occur in many plants and have tss¢ated, with two NP encoding genes

identified inArabidopsis thaliand.. (AtPNP-AandAtPNP-B)(Ludidi et al, 2002).

1.5 Biologically Active Natriuretic Peptide Systemn Plants

Plant natriuretic peptides represent a novel a@issnall proteins that are most closely related to
expansins, which are key regulators of cell wateagion (Ludidiet al, 2002; Liet al, 2003;

Kendeet al, 2004).

1.5.1 Evidence for a Natriuretic Peptide System iRlants
Immunological and physiological evidence suggesie presence of biologically active

natriuretic peptide hormones (NPs) in plants (Geh& Irving, 2003).

1.5.1.1'*1 — labeled rANP Binds to Isolated Leaf Microsomes

The first indications for NPs in plants came fraaedioimmunoassays on Florida beaudygcena
godseffiana (Vesely & Giordano, 1991) where antibodies agaihe N-terminus (ANP, 1-98),
the mid-portion (ANP, 31-67) and the C-terminus (AN9-126) recognized peptides in leaves
and stems. It was also demonstrated that a syatpefitide identical to the C-terminus (amino
acids 99-126) of the rat atrial natriuretic pepti@@@NP) binds specifically to isolated leaf

microsomesn vitro (Gehringet al.,1996) and leaf tissua situ (Suwastikeet al.,2000).
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Evidence for receptor ligand interactions comeanfrbinding studies where isolated leaf
membranes were exposed to rat @ iodotyrosof®) ANP (Gehringet al, 1996; Suwastikat

al., 2000). The specificity of binding was assessgthbreasing the concentration of unlabelled
competitor (rANP). Approximately 50% of the labelégiand was displaced by 0.1 uM rANP,
indicating that plant membranes contain a low-&ifilNP binding site for the heterologous

rANP.

The rate of transpiration, solute flow and solupgakle in carnation and chrysanthemum was
shown to rapidly and significantly increase afteogenous application of synthetic human ANP
(1 - 30), ANP (31 - 67) or ANP (79 - 98), at contations of less than 5.9 pg.fn{Veselyet al,
1993). However, ANP (99 - 126) was shown not tectfthese processes at equivalent peptide

concentrations.

1.5.1.2 rANP Promotes Stomatal Opening

Secondly, it was also demonstrated that synthetidPr can induce stomatal opening in
Tradescantiasp. at concentrations (af10° M) in a conformation dependent manner (Gehehg
al., 1996; Pharmawatt al.,1998a and 2001). The high concentration necessaygtta response
could be due to large taxonomic divergence betwesmone source and test organism. It is
noteworthy that Nais required in the medium for activity in animaisgems, which is not the
case in plants (Gehringt al, 1996). This suggests that in plants NPs openaterocesses other

than N4 transport, such as’Kransport or the synthesis of compatible solutes.
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1.5.1.3 cGMP

Thirdly, there are indications that this NP effeat stomatal guard cells is influenced by cGMP
since stomatal opening does not occur in the poesehLY 83583, an inhibitor of particulate
guanylate cyclase, but it can be induced by thé peimeant cGMP analogue 8-Br-cGMP
(Pharmawatet al.,1998a, b and 2001). For decades the presence asibleofunction of cyclic
nucleotides in plants was a subject of fierce delflewtonet al., 1999) however, Ludidi and
Gehring (2003), described the first plant guanytatelase and more recently new evidence for

the importance of cGMP to plant natriuretic pepsdgmalling was reported (Warg al, 2007).

Three different guanylate cyclase inhibitors thatvén different modes of action were used
namely; LY83583, ODQ and NS 2028. LY 83583 is aredensitive dye that is a cell permeable
competitive inhibitor of soluble guanylate cyclagbst acts by generating superoxide anion
radicals (Mulschet al, 1988). ODQ and NS 2028 are analogues that aeifgpirreversible
inhibitors of soluble guanylate cyclage vitro thought to act at the haem-binding pocket and
hence can be reversed in intact cells (Garthwdit@.,, 1995; Schrammeaedt al, 1996; Olesemrt

al., 1998). Of these inhibitors, LY83583 has beerdusest often in plant systems (Pensbml.,
1996; Pharmawaget al, 2001). It is critical to use several inhibitdcsassure that heterologous
pharmacological agents do not cause misleadindtse@ecause two of these inhibitors reduced
AtPNP-A and all three inhibited the peptide region -386 induced increases in protoplast
volume, it strongly supports a role for guanylayelase activity in relaying the PNP signal. The
membrane permeable analogue of cGMP, 8-Br-cGMP,slvas/n to increase protoplast volume
at 0.1uM but that it had no effect at 1M. This could be due to an overriding feedback esyst

at the higher concentrations of 8-Br-cGMP or pdgditicity (Wanget al, 2007).
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It was also shown that, rANP increased radial watevement out of the xylem shoots of
Tradescantia multiflora(Suwastikaet al, 2000), by measuring the dye movements and
determining the water tissue ratios #y NMR. An increase in radial movements was observed
when an increase in 8-Br-cGMP occurred, while thanoel inhibitor mercuric chloride and LY
83583 (guanylate cyclase inhibitor) both signifitgninhibited the radial movement. This
evidence suggests that NPs play an important roleontrolling radial movements out of the
xylem and is mediated by the regulation of guamyleyclase and water channels (Gehring,

1999).

1.5.1.4 Isolation & Purification of Active PNP immuo-analogues

Fourthly, and most importantly, biologically actipéant natriuretic peptide immuno-analogues
(irPNP) have been isolated and purified by immufioiaf chromatography. IrPNPs from ivy
(Hedera helix) were the first such NPs from a plasing rabbit anti-alpha-ANP (1 - 28) (human,
canine) antiserum (Billingtoet al., 1997). Isolation and affinity purification of immareactive
plant NPs (irPNPs) from ivyHedera helix and potato $olanum tuberosunwith rabbit antie-
ANP (99-126) (human) antiserum yielded severaled#iit molecules, indicating that plants
either contain more than one type of NP or thdeddht precursors also contain the epitope(s)

(Pharmawatet al, 1998a).

Two Arabidopsis thalianairPNP-encoding genes terme@dPNP-A and AtPNP-B have been
identified and the domain organization of the emebgroteins described (Ludidt al., 2002).
Both proteins are novel and have not been fundipiharacterized fully. Howeve AtPNP-B
has an orthologue i@itrus jambhirithat is associated with responses to citrus b(iGketcardet

al., 1998).
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From the evidence above, it is noted that, irPNi@snpte stomatal opening (Pharmawettial,
1998a), affect ion transport in plants (Pharmawdél, 1999), displace ANP-bindingn(situand
in vitro) (Suwastikaet al., 2000) and cause rapid, reversible cGMP incre@®esrmawatet al,
1998b; Pharmawatet al, 2001). The responses to irPNP and ANP showea degree of

similarity.

1.5.2 Structure

Recently, progress has been made in the elucidafiche molecular structure of irPNP-like
molecules. InArabidopsis thalianawo irPNP encoding gene&tPNP-Aand AtPNP-B have
been identified and characterized (Ludidial., 2002). AtPNP-A and —B are small proteins of
less than 130 amino acids and are related to exgasPNP-A is a small protein of 126 amino
acids in length (MW: 14016 kDa; pl: 9.22) that irceded by a gene with a single intron of 100
bp (accession no.: AAD08935), as shown in figuBetdelow. The DNA sequence of the AtPNP-
A coding region is also shown in figure 1.4 beldve protein contains a 24 amino acid signal

peptide (MW: 2249).

— 105 bp ] 273 bp

100 bp

Figure 1.3.Intron and exon organization of theéPNP-Aencoding gene frorrabidopsis thaliana
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1 ATG GCG GTG AAATTT GTG GTG GTG ATG ATT GTG TTT@GG CAG ATT 45
46 CTG GCG CCG ATT GCG GAA GCG GCG CAG GGC AAAG@IG TATTAT 90
91 GAT CCG CCG TAT ACC CGC AGC GCG TGC TAT GGC A@AG CGC GAA 135
136 ACC CTG GTG GTG GGC GTG AAA AAC AAC CTG TGG CABAC GGC CGC 180
181 GCG TGC GGC CGC CGC TAT CGC GTG CGC TGC ATT GGCG ACC TAT 225
226 AAC TTT GAT CGC GCG TGC ACC GGC CGC ACC GTG GA&ITG AAAGTG 270
271 GTG GAT TTT TGC CGC GAA CCG TGC AAC GGC GAT CTAAC CTG AGC 315
316 CGC GAT GCG TTT CGC GTG ATT GCG AAC ACC GAT GG®B5C AAC ATT 360
361 CGC GTG GTG TAT ACCCCG 378

Figure 1.4.Nucleotide sequence of AtPNP-A frolmabidopsis thaliand378 base pairs).

1.5.3 Synthesis and Degradation

The loci of synthesis and degradation as well dagtion patterns of irPNPs are currently under
investigation. Reverse transcriptase-PCR (RT-PCH) ievealedAtPNP- Atranscripts in leaf
tissue from unstresserabidopsisplants (Ludidiet al, 2002), indicating that the protein is not
only found, but synthesized, in leaves. It is ghssible that stress induced up-regulation of
AtPNP-A transcription occurs either in leaves or elsewhérssue prints revealed that
immunoreactants are concentrated in vascular s8ssfideaves, petioles and stems. Phloem-
associated cells, xylem cells and parenchymaticemylcells showed the strongest

immunoreaction (Maryaret al.,2003).

In situ localization data indicates that irPNPs are sywtaihy mobile proteins since they are

found in conductive tissue; a highly unlikely plafoe synthesis, but not transport. Biologically
active immuno-reactants have also been detecteglem sap and this is indicative of synthesis
in the root. Further information on temporal anatsd induction patterns will be forthcoming

when transgenic plants containing GUS or GFP premfisions are available (Maryaei al.,

2003).
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1.5.4 Functions of Plant Natriuretic Peptide (PNP)

There is evidence that irPNPs have a role in glanteostasis. It has been shown that levels of
native irPNP increased in salt stresBedcastrum strigosura fast growing brassicaceous weed)

shoots and that irPNP levels also risé\rabidopsissuspension cells exposed to NaCl or sorbitol
levels (Rafudeemt al, 2003). This is suggestive of a role for PNPanrtteracting the salinity or

drought stress.

Net water up-take into plant cells is osmotic iun@ and occurs in response to highly regulated
ion movements. Under unfavorable osmotic conditidos example high salinity, plants can
synthesize intracellular compatible solutes such pasline or mannitol, thus increasing
intracellular osmotic pressure and drawing in watenhanced water uptake does occur in
response to NPs in plants (Gehring, 1999; Margamil, 2001) and may be the driving force of
the observed stomatal opening which is conditiomalvater uptake. Since irPNP does not appear
to change water permeability and net ion flux app&ath a delay (>20 min) (Pharmawatial,
1999), it is interesting to speculate that irPNPsmdate rapid synthesis (or re-
compartmentalization) of compatible solutes. Sucim@de of action is in accordance with
previously observed NP-dependent increases inalateater movement out of the conductive
tissue (xylem) into the neighbouring parenchymaw@siika & Gehring, 1998; Gehring 1999),
increases in cell volumes (Maryagtial, 2001), the delayed net'Kind N& uptake (Pharmawati

et al, 1999) and the promotion of stomatal opening fdghet al, 1996; Pharmawatt al,
1998a; Gehring, 1999). The ‘drawing’ of water intells and tissues together with an up-
regulation under conditions of drought and salistigss are also compatible with a role for PNP

in plant homeostasis.
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1.5.5 Evolutionary Development

In mammals, the natriuretic peptide (NP) system wiginally discovered in an extract of rat
atria in 1981 (de Boleet al, 1981). As mentioned previously, there is somieence that the
natriuretic peptide system is also present in plafhe evidence of a natriuretic peptide system
was shown from a wide range of diversified plantcsgs. AtPNP-A displays a weak overall
sequence identity with human ANP, although sigaificsimilarity is found between residues 33
— 66 of AtPNP-A and the mature human ANP. This section of gbptide (33 - 66) is also
sufficient to confer solute uptake by the protop(ddorseet al, 2004). Plant natriuretic peptide
genes also share weak sequence similarities with dkpansins, although they lack a
carbohydrate-binding domain. Natriuretic peptidgsresent the first known conserved hormonal
system that is shared between animals and plahtss&quence similarity and homology in the
signalling mechanism strongly support that this Ina@ism, involved in homeostasis regulation,
may have evolved before the last common ancesttimeofwo kingdoms, 1.6 billion years ago

(Meyerowitz, 1999).

Humans and plants share a convergent evolutiorerdttan a common inheritance which is
suggested by the fact that green plants took acaHgidifferent evolutionary path in which
movement was a low priority, but, however, them taaits that are shared by humans and plants
such as multi-cellularity and tissue differentiatiétrial natriuretic peptides have been identified
in both metazoans and green plants, and servegtdate solute flow through tissues in both

groups (Billington et al., 1997).

In silicoanalysis has also established the evolutionaryfamctional relationshipsf irPNP-like
molecules within the superfamily of expansipsllen allergens and distantly related molecules

such as endoglucanasesd shown that irPNP-like molecules are relatedxjpansingLudidi et
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al., 2002). Gehring & Irving (2003) also hypothesighdt irPNP-like molecules have evolved
from primitive glucanase-like molecules that haeer recruited to become systemically mobile
modulators of homeostasis acting via the plasmabmame. Such a function is compatible with
localisation in the conductive tissue and the phiggiical and cellular modes of action of irPNPs

(Gehring & Irving, 2003).

1.6 Molecules Related to Plant Natriuretic Peptides

Plant natriuretic peptides represent a novel a@issnall proteins that are most closely related to
expansins, which are key regulators of cell wateagion (Ludidiet al, 2002; Liet al, 2003;
Kendeet al, 2004). A significant sequence similarity APNP-A (AAD08935) andAtPNP-B
(CAB79756) to a functionally uncharacterised traupgdrom citrus, CjBAp12 (AAD03398) has
been observed (Ludidet al, 2002). AtPNP-A and AtPNP-B, as well as CjBApkhow
homology with theN-terminus of expansins but are considerably shtating the wall binding
domain (Ludidiet al, 2002; Liet al, 2003). However, unlike expansins, PNPs are racdnd
seem to be involved in regulating solute and whateneostasis (Gehring & Irving 2003; Maryani

et al, 2003; Rafudeeat al, 2003; Morseet al, 2004).

1.6.1 Expansins

Plant cells are surrounded by a rigid cell walleTrhajor components of the wall are cellulose
microfibrils consisting of an unbranchg@el,4-glucan polymer, hemicelluloses (branced glggan
that bind to cellulose to form a matrix, and acidatysaccharides (pectins) that form ionic gels
(Ludidi et al, 2002). Developmental processes such as celgatmm and any rapid elongation
such as stomatal movement that require changeselinshape thus necessitate temporary

loosening of the cell walls.
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Cell wall loosening and extension play a crucid ia shaping the form and size of plants and a
highly conserved family of proteins called expassithat catalyzes wall extension have been
identified. Expansins are cell wall proteins thaduce pH-dependent wall extension and stress
relaxation in a characteristic and unique manngpasins were first discovered in studies of the
mechanism of plant cell enlargement, specificaflyhe “acid growth” phenomenon (McQueen-
Mason et al, 1992). Evidence from work with transgenic plamdicates that endogenous
expansins are not only involved in regulating gtoW€ho & Cosgrove, 2000; Chet al., 2003;
Zenoniet al., 2004), but also developmental processes suchitzgion of leaves (Piert al.,
2001), abscission (Cho & Cosgrove, 2000), and softe of tomato fruits (Brummelét al.,

1999).

Two classes of expansin proteins are currentlygeieed, namely alpha-expansins (EXP) and
beta-expansins (EXPB), and they comprise large iganle families whose members show
diverse organ-, tissue- and cell-specific exprespatterns. They are similar to each other in size
(~ 25 — 28 kDa for the mature protein) and havéadisbut significant sequence similarity to

each other throughout the length of the proteirkbace (Cosgrovet al, 2002).

A number of sequence features are common to theeikpansin families, including a cleaved
signal peptide at the amino terminus, a series ystemes with characteristic spacing and
conserved flanking sequences, an “HFD” (histidipeenyalanine, glutamic acid) motif, and a
series of tryptophans and other aromatic residuesharacteristic positions in the protein
backbone. The two families also differ in the preseof N-linked glycosylation motifs, which

are generally absent in the EXP sequences butmreseEXPB sequences (Cosgroee al.,

2002).
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Sequence analysis suggests that mature expansitasrctwo domains. Domain 1 has significant
but distant homology to family-45 endoglucanasesluding a series of conserved cysteines and
an HFD motif that makes up part of the catalytie sif family-45 endoglucanases (Cosgrove,
1997; Cosgrove, 2000). This suggests that expahsing an endoglucanase activity, but if so it
is very weak and highly specific in its substraggquirements because experimental tests of EXP
have not detected significant activity of its kildcQueen-Mason & Cosgrove, 1995). It would
thus appear that the structural similarity betweglncanases and expansins reflects an
evolutionary relationship between two classes dyares that operate differently on a common
substrate, the cell wall (Ludieit al, 2002). Domain 2 has homology to a group of pnstéound

in grass pollen, named group 1 grass pollen allexgef unknown biological and biochemical
function. The group 1 allergens are glycoproteingnalantly expressed on the surface of pollen
grains, released upon hydration and have beenifidenas the main causative agents of hay
fever and allergic asthma elicited by grass polfEnox & Suphioglu, 1996). It has been
speculated that domain 2 is a polysaccharide bghdomain on the basis of conserved aromatic

and polar residues on the surface of the proteasg@ve, 1997).

In Arabidopsisthe EXP family has 26 members and the EXPB fatngg five members (Let
al., 2002), whereas in rice and in maize there apbably a similar number of EXP genes but
many more EXPB genes (Le¢ al, 2001; Lee & Kende 2002; Wat al, 2001). The larger size
of the EXPB family in grasses is likely relatedth@ unusual composition of the grass cell wall,
which had reduced amounts of xyloglucan and pectamsd larger amounts of
glucuronoarabinoxylans (Carpita, 1996). The evohary divergence of the composition of the
grass cell wall appears to have been accompaniedarbyenlargement and functional

diversification of the EXPB family (Cosgrowet al, 2002).
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In Arabidopsisthere is also a third family of related proteinamed expansin-like (EXPL), as
well as a single, more distant protein named expaetated (EXPR) (Cosgrovet al, 2002).
Additionally, Arabidopsisand other species have genes that encode homui@ygrotein first
found in studies of citrus blight (Ceccareli al, 1998). This protein, called p12 (CjBApl2)
because its size is approximately 12 kDa, has dstant homology to Domain 1 of EXP and is
thus considerably smaller than the classic expan®mlecular mass of ~ 25 kDa) (Cosgr@ie
al., 2002). The protein accumulates in root, steng beaf tissues (Ceccardit al, 1998),
suggesting systemic mobility. However, despite gsbguence similarity with expansins, p12 has
no apparent expansin-like activity suggesting & ather than wall loosening (Ceccaddial,

1998).

The plant natriuretic peptides share sequence hagywaklith expansins but do not contain the
tryptophan and tyrosine rich C-terminal putativelypaccharide-binding domain typical of
expansins or bacterial cellulases and hemicellsldksadidi et al., 2002). Interestingly, the C-
terminal domain ofx and f expansins (Cosgrove, 2000) is encoded by an eaxioa that is
absent in irPNP-like molecules (Ludieli al, 2002). Expansins are distantly related to glasas
and cellulases; in the latter, the C-termini haeerbproven to be cell wall binding (Linder &
Teeri, 1997) and the same function has been sweghdst theoa and f expansin C-terminus
(Cosgrove, 2000). Since expansins, which are thbeest relatives of irPNPs, and the more
distantly related glucanases and cellulases, aftano the C-terminus; it is reasonable to argue

that irPNP-like molecules have lost this domain.

It can also be argued that both irPNP-like moles@ed expansins have evolved from ancestral
glucanase-like molecules that hydrolyzed the celllwThe absence of the polysaccharide-

binding domain is thought to increase the mobibfythese molecules (Ludidgt al., 2002).
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Importantly, it has previously been demonstratet ifPNPs act on protoplasts (Maryaaial.,

2001), that is plant cells without cell walls asliwas microsomes, indicating that these novel
proteins specifically interact with the plasma meame. Thus, irPNP-like molecules are
candidates for a physiological role in water antutsohomeostasis (Gehring & Irving 2003;

Maryaniet al, 2003; Rafudeeat al, 2003; Morseet al.,, 2004).

1.6.2 Citrus Blight (CjBAp12/p12)

The AtPNP-AandAtPNP-Bencodegroteins, which are both related proteins, showlarity to
CjBApl2, a functionally undefinegbrotein isolated fromCitrus jambhiri (rough lemon).
CjBAP12 (previously referred to as a blight-asstsxgrotein, p12) is a protein that is induced in
response to citrus blight infection and has a maécmass of approximately 12 kDa (Ceccardi
et al, 1998). The CjBApl2 gene is expressed in the eom stem tissues in response to a
challenge from citrus blight, which proliferatesthre conductive tissue of the host and severely
affects host homeostasis eventually resulting iemyplugging and consequent shoot wilting and
host death. The protein itself accumulates in retam, and leaf tissues (Ceccagtial, 1998),

suggesting systemic mobility.

IrPNPs and CjBAp12 are likely to be not just stunat homologues but may also have some
common physiological functions. Since CjBApl2 igduged by citrus blight which leads
eventually to die-back, it is conceivable that éx@ression of CjBApl12 is an early host response
to counteract the pathogen induced limitation ofewand nutrient availability (Nembawaet

al., 2004). If so CjBAp12 may, at least in part, deatine host to counteract blight-induced
disturbances of cation and water transport. loieworthy, that the CjBAp12 message is present

in roots but not leaves while the protein is présexylem sap and leaves (Ceccaetal, 1998).
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This must mean that the message in leaves has@mety short half-life or more likely, that the

protein is transported, presumably in the xylenthtoleaves.

On the basis of cross reaction with antibodiesthegainst vertebrate atrial natriuretic peptite, i
was speculated that p12-like proteins may functisnpeptide hormones for water and solute

balance in plant cells (Ludiéit al, 2002).

How then are the irPNP-like proteins and p-12,rnelated and related to other proteins, and can
similarities with proteins of known function, thévee provide a key to understanding their

unknown function?

1.7 Pathogenesis - Related Proteins

Pathogenesis-related proteins (PRs) are a groupaot-coded proteins induced by different
stress stimuli. PRs have been assigned an impomémtin plant defense against pathogenic

constraints and in general adaptation to stressfuronment (Edreva, 2005).

Since their discovery in tobacco leaves hyperseegitreacting to tobacco mosaic virus (TMV)

by two independently working groups (Van Loon & Vidammen, 1970), pathogenesis-related
proteins (initially named “b” proteins) have focdsan increasing research interest in view of
their possible involvement in plant resistance &ahpgens. Initially, it was assumed that these
proteins are commonly induced in resistant plafdtsyvever, it later turned out that b-proteins are
induced not only in resistant, but also in sustéptplant — pathogen-interactions, as well as in

plants, subjected to abiotic stress factors (Vaon,d985).
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1.7.1 Classification of PRs

Originally, five main groups of PRs (PR-1 to PRvi®re characterized by both molecular and
molecular-genetic techniques in tobacco. The PRiggaare numbered in order of decreasing
electrophoretic mobility. Each group consists ofesal members with similar properties (Bl

al., 1990). Thereupon, in 1994 a unifying nomenclatiorePRs was proposed based on their
grouping into families sharing amino acid sequensesological relationships, and/or enzymatic
or biological activity. Eleven families (PR-1 to FR) were recognized and classified for
tobacco and tomato, with the families PR-8 and BRbi&ing also present in cucumber and
parsley, respectively (Van Loaet al., 1994). Later three novel families (PR-12, PR-18 BR-
14) were recognized in radish, Arabidopsis andeyantespectively (Van Loon & Van Strien,
1999). Germins and germin-like proteins (GLPs) hbgen classified as PR-15 and PR-16; PR-
16 has been isolated from hot pepper during thesteege response to bacterial and viral
infection (Parket al., 2004). PR-17 proteins have been found in infe¢tdhcco, wheat and

barley (Christenseat al.,2002).

The criteria used for the inclusion of new familieso PRs are that (a) the protein must be
induced by a pathogen in tissues that do not ndyreapress it, and (b) induced expression must
occur in at least two different plant-pathogen corations, or expression in a single plant-
pathogen combination must be confirmed indepengentdifferent laboratories (Van Loon &

Van Strien, 1999).

Within each PR-family a type member has been ddfittee nucleotide sequence of the mRNA

of which may be used in the search for homologoabe same or in different plant species as

shown in the Table 1.3 below.
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Table 1.3:Recognized families of pathogenesis-related pmst@ian Looret al.,2006)

Family Type Member Properties

PR-1 Tobacco PR-1a Unknown

PR-2 Tobacco PR-2 B-1,3-glucanase

PR-3 Tobacco P, Q Chitinase type |, II, IV, V, VI, VII

PR-4 Tobacco ‘R’ Chitinase type I, Il

PR-5 Tobacco S Thaumatin-like

PR-6 Tomato Inhibitor | Proteinase-inhibitor

PR-7 Tomato Ry Endoproteinase

PR-8 Cucumber chitinase Chitinase type Il

PR-9 Tobacco  “lignin-forming Peroxidase
peroxidase”

PR-10 Parsley “PR1” Ribonuclease-like

PR-11 Tobacco “class V” chitinase Chitinase, type |

PR-12 Radish Rs-AFP3 Defensin

PR-13 Arabidopsis TH12.1 Thionin

PR-14 Barley LTP4 Lipid-transfer protein

PR-15 Barley OxOa (germin) Oxalate oxidase

PR-16 Barley OxOLP Oxalate-oxidase-like

PR-17 Tobacco PRp27 Unknown

For the majority of the PR families, activities dmrown or can be inferred (Kombrink &
Somssich, 1997). The PR-2 family consists of eprdg3-glucanases, and PR-3, -4, -8 and -11
are all classified as endochitinases, which coutl against fungi (Brunneet al., 1998).
Members of the PR-8 family possess lysozyme agtauitd may be directed against fungi. PR-6
is a group of proteinase inhibitors implicated efehse against insects and other herbivores,
micro-organisms, and nematodes (Koietaal., 1997; Ryan, 1990). PR-7 is an endoproteinase
that is the most conspicuous PR in tomato (Jetda., 2000) and it might aid in microbial cell

wall dissolution. PR-9 is a specific type of pedasge that could act in cell wall reinforcement by
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catalyzing lignifications (Passardet al.,, 2004) and enhance resistance against multiple

pathogens.

PRs of group 5 share significant amino acid seqaiéioenology with the sweet tasting protein in
the fruits of the tropical planthaumatococcus danielland have been named thaumatin-like
(TL) proteins (Cornelissert al., 1987). Some members of this family have been shtawn

possess antifungal activity, particularly agairsingcetes (Van Loon & Van Strien, 1999).

Members of the PR-1 proteins have also been assdciaith activity against oomycetes.
Notably, the prominent PR-1 proteins are often usednarkers of the enhanced defensive state
conferred by pathogen-induced systemic acquiredtaexe (SAR), but their biological activity

has remained elusive (Van Loon & Van Strien, 1999).

PR-10 shows homology to ribonucleases (Betfal., 1996) and it has sometimes been assumed
that the ribonuclease activity of PR-10-type praéepoints to a role in defense against viruses

(Parket al.,2004).

Defensins (PR-12) (Lay & Anderson, 2005), thion{i¥RR-13) and the lipid transfer proteins
(LTPs; PR-14) all exhibit antibacterial and antiah activities, exerting their effect at the level
of the plasma membrane of the target micro-orgariBamimann, 1994). The families PR-15, -
16 and 17 have been added recently. PR-15 and rel@ypical of monocots and comprise
families of germin-like oxalate oxidases and oxalaixidase-like proteins with superoxide
dismutase activity (Berner & Bernia, 2001). Thesatgins generate hydrogen peroxide that can
be toxic to different types of attackers or couldectly or indirectly stimulate plant-defense

responses (Donaldsat al., 2001). PR-17 proteins have been found as an addltfamily of
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PRs in infected tobacco, wheat and barley and costequences resembling the active site of
zinc metalloproteinases (Christensetnal., 2002). A putative novel family (PR-18) comprises
fungus- and salicylic acid (SA)-inducible carbohgtdr oxidases, as exemplified by proteins with

hydrogen peroxide-generating and antimicrobial progs from sunflower (Custees al.,2004).

1.7.2 Osmotin

Osmotins of the same group display similarity to drboteins (Singtet al., 1987). Osmotin is a
basic 24-kDa pathogenesis-related (PR) protein dcatimulates in salinity and desiccation-
adapted tobacco cells (Singhal, 1985; Singtet al, 1987). The expression pattern of this gene
indicates that its transcription can be activatgdséveral factors, including NacCl, desiccation,
ethylene, wounding, abscisic acid, tobacco mosaigsy fungi, and UV light (Stintzet al.,
1991). However, in nonhypersensitive-respondingoggres the protein mainly accumulates in
response to osmotic stress (LaRasaal, 1992). It has been demonstrated that osmotin has
antifungal activity against a variety of fungi, iading Phytophthora infestansCandida
albicans Neurospora crassaand Trichoderma reese{Woloshuket al, 1991; Vigerset al,
1992). Recent reports also indicate that not oolhatco osmotin but also osmotin-like proteins
from several plant species have similar inhibiteffects on fungal pathogens and may function

as plant defense proteins (Vigetsal, 1991).

1.7.3 Protease Inhibitors (PIs)

Plants have numerous PlIs [e.g. 41 in Arabidopsts % in rice (http://merops.sanger.ac.uk)]
which are widely distributed in plant organs toabks#sh a balance between endogenous
proteolysis and protein synthesis (Rawliregsal., 2006). Moreover, they can also function as
suppressors of exogenous proteolytic enzymes dbphthogens, including insects, nematodes,

bacteria and fungi (Jackson & Tailor, 1996; Valu&#&losolov, 2004). Pls are also potentially
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important in developing genetically modified cropgh elevated resistance to biotic stresses,
particularly insects (Reeakt al.,1997; Ferryet al.,2005). Pls can be expressed constitutively or
be induced on pest or pathogen attack (Bolter &dora, 1997). In phytophagous insects, Pls
either bind to digestive proteases, impairing protigestion in the gut (Broadway & Duffey,
1986), or may affect moulting and non-digestiveyeme regulation (Faktor & Raviv, 1997). The
only concern regarding the use of transgenic plaxpressing Pls is the possibility of
endangering the predator population involved indisdogical control of pests and useful insects,
such as honey bee&gis mellifera L). Ferryet al, (2005) demonstrated that feeding the predator
insects with prey that fed on transgenic plantsresging Pls had no detrimental effect on
predator biology. However, feeding nurse honey lv@ds a pollen diet containing at least 1 %
soybean trypsin inhibitor can potentially endang@ony growth and maintenance (Saetiial.,

2005).

The co-expression of Pls also appears to be uskitihg the heterologous expression and
isolation of recombinant proteins (Rivaret al., 2006; Kim et al., 2007) and antibodies
(Komarnytskyet al.,2006). Constitutive co-secretion of Pls can redheeextracellular protease
activity, which has useful merits in increasing yelds of complex therapeutic proteins secreted

from plant tissues (Komarnytslet al.,2006).

1.7.4 Cellular Localization of PRs

In leaves, PRs appear to be present both in epaleanmd mesophyll cells, as well as in the
vascular bundles. For example, in response to tiofedoy Phytophthora infestanspotato
accumulates PR-1b in the vicinity of the succes$gfoblonized leaf area and of the epidermal
cell layer in particular. Additional locations withinfected leaves were stomatal guard cells,

glandular trichomes, crystal idioblasts and thecuks bundles (Hoegest al.,2002).
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Many PR proteins are synthesized with an N-termgigihal peptide determining translocation
into the ER, followed by secretion into the apopld$ese proteins accumulate extracellularly
and can be collected easily in intercellular waghinid. PR-type proteins have been collected
from xylem fluid of tomato, broccoli, rape, pumpkend cucumber (Buhtet al.,2004; Kehret

al., 2005; Repet al., 2003; Repet al., 2002) and from the guttation fluid of barley leave
(Grunwaldet al., 2003), suggesting that secretion into the veirtailsnuptake and transport in
the transpiration stream. Other proteins have etdit extensions specifying deposition into the
vacuole. PR-10-type proteins are the only familymbich all members seem to be cytoplasmic

(van Loonet al.,2006).

1.7.5 Functional Roles of PRs other than Biotic Séiss

The occurrence of homologous PRs as small multi@mdies in various species belonging to
different plant families, their tissue-specific eagsion during development and consistent
localization in the apoplast as well as in the w&u compartment, and their differential
induction by endogenous and exogenous signallimgponinds, suggest that PRs have important
functions extending beyond a role in adaptatiorbitatic stress conditions (van Loon & van

Strien, 1999).

Secreted PRs accumulate in senescing leaves of spacees and in ripening fruits (Buchanan-
Wollanstonet al, 2003; Davoineet al.,2001; Quirinoet al., 2000), as well as in the medium of
cell suspension cultures in the absence of visiblaosis (Broekaest al., 2000; Takedat al.,

1990), indicating that at least some PRs are alsmyced under specific physiological

conditions.
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Abiotic stresses can also elicit pathogenesisadlairotein induction, as in the case of osmotic
stress, cold stress, or wounding (Broekaedl, 2000). Typically, tobacco osmotin is induced in
leaves, stems and roots by drought, high saltbscisic acid, as well as in leaves by wounding or
UV light. Several reports show that apoplastic RPRge proteins, chitinases, glucanases,
thaumatin-like proteins, thionins, and lipid-tragrsproteins are induced during cold stress. Hon
et al., (1995) have shown that PR-2, -3, and -5 protei@ehan antifreeze activity on cold

hardening in rye. The same proteins accumulatedesponse to cold, short daylength, and
dehydration. The chitinase and glucanase-like prstehave both enzymatic and antifreeze

activities (Atici & Nalbantoglu, 2003; Griffith & #ish, 2004).

Other abiotic stresses, such as heavy metal tgxiaie likely to induce PRs as a result of the
cell-damaging action of the stimulus (van Laaral.,2006). When testing for the compounds in
various pollen and latex that are responsible ffergic reactions in humans, several types of PR-
like proteins were found to be responsible. Theomgpllen allergen from birctBet v 1(Bufe et

al., 1996), belongs to the PR-10 family, and is indutsdboth biotic and abiotic stress
conditions in various plant tissues. PR-10-typegins are widespread in plants and PR-10-type
allergens are present in many foods such as fantk vegetables. Other pathogenesis-related
food allergens belong to the PR-2, -3, -4, -5, -B, -14, and -15 families (Hoffmann-

Sommergruber, 2000, Wat al.,2001).

Several PRs are expressed in cultured cells (Tag&edh 1990) or upon the transition of plants
to flowering (Nealeet al, 1990), suggestive of a developmental role. HR&-PR-3-like and
PR-5-like proteins accumulate in the apoplast aftevi rye tissues during cold acclimation and
exhibit antifreeze activity (Antikaineet al, 1996). Basic PR-5 proteins (osmotin) are induoed

tobacco and tomato in response to osmotic response.
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1.7.6 AtPNP-A as a PR Protein

Although AtPNP-Ais yet to be proven to be induced at the proteirellen response to
pathogens, elevated protein levels have been slagwa result of abiotic stresses (Rafudetn
al., 2003). In addition, transcription of AtPNP-& low under control conditions but strongly
induced in response to biotic and abiotic stresselsthe protein has been identified and isolated
from theA. thalianaapoplast together with PR-1, PR-2 and PR-5 prot@osidartet al.,2004).
AtPNP-A has other features characteristic of PRgims including an N-terminal signal peptide
(Van Loonet al., 2006) that directs the molecule into the extratatl space. Further, induction
of AtPNP-Aat the transcript level appear to occur indepenadérde novoprotein synthesis
characteristic of genes encoding secreted prof¥ianget al, 2006). The evolutionary history
of AtPNP-A suggests that PNPs, like the relatedaagms, derived from ancestral family-45
endoglucanases have lost their expansin activity taave sub-functionalized into extracellular,

systemically mobile signalling molecules (Ludatial.,2002).
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CHAPTER TWO: INTRODUCTION TO THE PRESENT STUDY

2. Introduction

Natriuretic peptides (NP) were first identified vertebrate species ranging from elasmobranchs
and mammals where they play a role in the regulatiosalt and water balance (Maryatial,
2001). They were recently discovered in plants with following evidence to support their

presence in plants:

125 _ labeled rANP binds to isolated leaf microsor{®shringet al., 1996)

* rANP promotes stomatal openinglinadescantia spin a concentration and conformation
dependent manner (Suwastiaal.,2000)

» plant natriuretic peptides cause rapid reversibt@eiases in cGMP (Pharmawati al.,
2001)

* two Arabidopsis thalianarPNP-encoding genes termé&tPNP-A and AtPNP-B have

been identified (Ludidet al.,2002)

The first indications for NPs in plants came fraadipimmunoassays on Florida beaudydcena
godseffiana (Vesely & Giordano, 1991) where antibodies agaihe N-terminus (ANP, 1-98),
the mid-portion (ANP, 31-67) and the C-terminus (AN9-126) recognized peptides in leaves
and stems. AtPNP-A has since been extensivelyestceviewed by Gehring, 1999; Gehring &
Irving, 2003) in order to elucidate its mode ofiactand possible function in plants. These
studies clearly indicated a functional role for RNRn water homeostasis, with the peptide
sequence, 33 - 66 in ANP identified as the sectiomesponding to the activity of AtPNP-A

(Morseet al.,2004).
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Plant natriuretic peptides are most closely relatedxpansins, which are key regulators of cell
wall extension (Ludidet al, 2002; Liet al, 2003; Kendeet al, 2004). A significant sequence
similarity of AtPNP-A (AAD08935) andAtPNP-B (CAB79756) to a functionally uncharacterised
transcript from citrus, CjBApl12 (AAD03398) has beebserved with all three transcripts
containing a signal sequence suggesting that tb&eips are secreted (Ludiéit al, 2002).
AtPNP-A and AtPNP-B, as well as CjBApl12, show seupaesimilarity with theN-terminus of
expansins but are considerably shorter lackingvilébinding domain (Ludidet al, 2002; Liet

al., 2003). However, unlike expansins, PNPs are raddnild seem to be involved in regulating
solute and water homeostasis (Gehring & Irving 20@3&ryani et al, 2003; Rafudeewt al,

2003; Morseet al,, 2004).

2.1 Problem Statement

Plant natriuretic peptides are a novel group oftidep whose function is currently not well
elucidated. Two irPNP-encoding genes have beentiigehnamely; AtPNP-A andAtPNP-B.
There have been extensive studies on the possibtgidn of PNP-A while there is little if any
literature at all about the function of PNP-B. Imist study we therefore aim to study the
evolutionary development of PNP-B as well as penfpreliminary studies to establish a possible

functional role in either water homeostasis orlampdefense.

2.2 Hypothesis

The function of PNP-B can be deduced from its segeesimilarity with PNP-A, expansins,

CjBAp12 and other known plant peptides.

50



2.3 Aim

The amplification, cloning and sequencing of the aing region of PNP-B from various

evolutionary related plants and optimization of theheterologous expression of the peptide

for functional and structural studies.

2.4 Objectives

1. Bioinformatics analysis of PNP-B

a.

d.

e.

Search for the PNP-B gene using Entrez protein BhAST and sequence
alignments of all the sequences related to AtPNP-B

Chromosomal location and identification of genes@inding PNP-B using the
rice and Arabidopsis genome sequences.

Promoter and regulatory elements prediction of EBNR-the rice and Arabidopsis
genome.

Subcellular location and signal peptide prediction

Secondary and tertiary structure prediction

2. Expression of the novel protein, PNP-B

a.

Subclone the coding region of the PNP-B gene fratected plants into an
expression plasmid
Optimization of heterologous expression of the hopeotein, PNP-B in

Escherichia coli

3. The evolutionary relationship of PNP-B in plants

a.

b.

Obtain DNA sequences of PNP-B genes from varioastgenomes

Construct evolutionary trees
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CHAPTER THREE: BIOINFORMATICS ANALYSIS OF PNP-B

3. Introduction

3.1 Bioinformatics Analysis

The knowledge of protein structure is generally stdered a prerequisite to understanding
protein function (Bourne & Weissig, 2003; Berger@03). Approximately 30 000 protein
structures are now known. Most were determined baycrystallography or Nuclear Magnetic
Resonance (NMR) (Lesk, 2005). Experimental metha@stime consuming, expensive and do
not give guaranteed success. However, computatime#thods are the more viable means of
predicting protein structures of novel proteinsn@aitational methods such aB initio, folding
recognition and comparative modeling methods aee rtiost widely used methods in the
prediction of the protein structure using aminodasequences (Bourne & Weissig, 2003;

Bergeron, 2003).

With the advent of structural genomics, predictmnbiological function from structure has
become one of the major goals of structural biolagg bioinformatics (Shapiro & Harris, 2000).
Assignment of biological function provides a valleabfirst step toward experimental

characterization of cellular and physiological soté gene products (Bourne & Weissig, 2003).

The identification of similar amino acid sequencgsised to infer both the structure and the
function of a protein. It is believed that struet@and function can be transferred between similar
sequences because they have been conserved oggrdinods of time. This has been confirmed

for structure (Chothia & Lesk, 1986), but it is ih tmore difficult to justify for function. Above
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40% sequence identity, homologous proteins tenflatlee the same function, but below this
threshold, conservation of function falls rapidiofidet al.,2001). Even at high levels one must
be cautious in inferring function, as some sequealzdives with 35% or more sequence identity

can have differing catalytic activities (Bourne &\Wsig, 2003).

Protein functions are often conferred by a few eoved residues, which sequence-based
methods often fail to detect. These residues Wwillyever, be related in 3D, so a comparison of
structural similarities between proteins has théepital to identify functional similarities in

nonhomologous proteins (Bourne & Weissig, 2003).

Proteins, like genes do not exist as linear seqeent molecules, but they assume complex,
compact 3D shapes. Protein shapes or configurationgsharacterized as secondary, tertiary, or
quaternary. The primary structure, which is thedinsequence of the amino acids, is functionally
uninteresting (Bergeron, 2003). Secondary andatgrtstructures are mostly related to protein

function.

We thus have the following paradigm:

* DNA sequence determines protein sequence

* Protein sequence determines protein structure

* Protein structure determines protein function (L.&§05).
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3.2 Protein Structure

Proteins are large molecules which, play a varidtyoles in life processes: there are structural
proteins (for example, viral coat proteins); progeithat catalyse chemical reactions (the
enzymes); transport and storage proteins (haemioyjabgulatory proteins, including hormones

and receptor/signal transduction proteins; protéad control gene transcription; and proteins
involved in recognition, including cell adhesion lemles, and antibodies and other proteins of
the immune system (Lesk, 2005). In many casesasiyall part of the structure — an active site
— is directly functional, the rest existing primwito create and fix the spatial relationship among
the active site residues. Proteins evolve by airattchanges, produced by mutations in the
amino acid sequence and genetic rearrangementsh Wwhing together different combinations of

structural subunits (Lesk, 2005).

Protein molecules have four levels of structurajamization: primary (sequence), secondary
(local folding), tertiary (overall folding) and quesnary (multichain association) (Mattheetsal.,

2000).

3.2.1 Primary Structure

The primary structure of a protein is the firstdewf organization and depicts the sequence of
amino acids in its polypeptide chain. The primamacure is dictated by the DNA sequence in
the gene for each protein (Mattheeisal., 2000). A specific sequence of nucleotides in DNA i
transcribed into mRNA, which is read by the ribogom a process called translation. The
sequence of a protein is unique to that protein, éefines the structure and function of the
protein. The sequence of a protein can be detedrbganethods such as Edman degradation or

tandem mass spectrometry. Often however, it is de@dtly from the sequence of the gene using
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the genetic code. Post-transcriptional modificatisnch as disulfide formation, phosphorylations
and glycosylations are usually also consideredragbdhe primary structure, and cannot be read
from the gene (Cooper & Hausman, 2007). Most pnsteixhibit higher levels of structural

organization as well. It is the specific three-dimsi@nal structure of each protein that allows it to

function in its particular biological role (Matthewt al.,2000).

3.2.2 Secondary Structure

The secondary structure is the regular arrangeofearnino acids within localized regions of the
polypeptide. Two types of secondary structure, Wwhi@re first proposed by Linus Pauling and
Robert Pauling in 1951, are particularly commore dhhelix and thep-sheet. Both of these
secondary structures are held together by hydrbgeds between the CO and the NH groups of
peptide bonds (Cooper & Hausman, 2007). The pathe@fbackbone that is not in a regular

secondary structure is said to be a random coil.

3.2.2.1a-Helix

An a-helix is formed when a region of a polypeptideiot@ils around itself, with the CO group
of one peptide bond forming a hydrogen bond with fiH group of a peptide bond located four
residues downstream in the linear polypeptide (€odp Hausman, 2007). This results in a
strong hydrogen bond that has the nearly optimun N distance of 2.8 A. Amino acid side
chains project outward and down ward from the hehereby avoiding steric interference with
the polypeptide backbone and with each other. Tine of the helix is tightly packed; that is, its
atoms are in van der Waals contact. Not all ammdsafavor the formation of the-helix due to
steric constraints of the R-groups. Amino acidshsas alanine, aspartic acid, glutamic acid,
isoleucine, leucine and methionine favor the foraradf a-helices, whereas, glycine and proline

favor disruption of the helix. This is particularigue for proline since it is a pyrrolidine based
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amino acid (HN=) whose structure significantly ries¢ movement about the peptide bond in
which it is present, thereby, interfering with exgen of the helix. The disruption of the helix is
important as it introduces additional folding o&tholypeptide backbone to allow the formation
of globular proteins (Voegt al., 1999). The helical twist of the-helix found in all proteins is
right-handed (Nelson & Cox, 2005). Théelix is a common secondary structure encountered

proteins of the globular class.

3.2.2.2p-Strands

A B-sheet is formed when two parts of a polypeptidarchie side by side with hydrogen bonds
between themp-sheets can be formed between several polypeptid@ds, which can be
oriented either parallel or anti-parallel to eadheo (Cooper & Hausman, 2007). In parallel
sheets adjacent peptide chains proceed in the stmetion whereas, in antiparallel sheets

adjacent chains are aligned in opposite direct{idogtet al, 1999).

3.2.3 Tertiary & Quaternary Structure

Proteins show a great variety of three-dimensiamalformations. The functions of proteins
depend on their adopting the native 3-dimensiotmattire (Lesk, 2005). Tertiary structure is the
folding of the polypeptide chain as a result okérattions between the side chains of amino acids
that lie in different regions of the primary struiet. In most proteins, combinationswhelices
and B-sheets, connected by loop regions of the polydepthain, fold into compact globular
structures called domains, which are the basicwifitertiary structure. The formation of tertiary
structure is usually driven by the burial of hydnopic residues in the interior of the protein but
other interactions such as hydrogen bonding, iamieractions and disulfide bonds can also

stabilize the tertiary structure. The tertiary stame encompasses all the noncovalent interactions
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that are not considered secondary structure, amhad defines the overall fold of the protein,

and is usually indispensable for the function &f pinotein (Cooper & Hausman, 2007).

The highest level of protein structural organizatie the quaternary structure. The quaternary
structure results from association of independamtiary structural units through surface
interactions, such as formation of the hemoglol@tratner from myoglobin-like monomers
(Cooper & Hausman, 2007). The individual chains @ked subunits. The individual subunits
are not necessarily covalently connected, but miightonnected by a disulfide bond. Not all
proteins have quaternary structure, since they inbighfunctional as monomers. The quaternary
structure is stabilized by the same range of ioteyas as the tertiary structure (Nelson & Cox,

2005).

Proteins with multiple polypeptide chains are ofiggric proteins. Oligomeric proteins can be
composed of multiple identical polypeptide chains noultiple distinct polypeptide chains.
Proteins with identical subunits are termed homgemhers. Proteins containing several distinct
polypeptide chains are termed hetero-oligomers. ¢tgobin, the oxygen carrying protein of the
blood, contains twa and twop subunits arranged with a quaternary structur@enform,a2p2.

Hemoglobin is, therefore, a hetero-oligomeric pro{®oetet al.,1999).

3.3 Transcription in Eukaryotes

Transcription is centrally involved in an array lmblogical processes, which include growth,
development and response to external stimuli. Trgoteon in eukaryotes is a much more
complex process than in prokaryotes (Matthetval., 2000). Transcription refers to the process

whereby the double-stranded deoxyribonucleic daMA) blueprint of a gene is converted into a
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single stranded messenger ribonucleic acid (mMRN)eukaryotes, protein-coding genes are
transcribed by the RNA polymerase Il transcriptiomaachinery, which comprises RNA
polymerase Il and other factors that are requi@dbfasal and regulated transcription. Gene
expression is controllediter alia, through: (i) dense packaging of chromatin; (ii)nseription
initiation through assembly of RNA polymerase Iddninding of transcription factors (TFs) at
the core promoter; (iii) enhancer elements; (iv)GCpslands; (v) alternative splicing; (vi)
polyadenylation; and (vii) translation initiatioRi¢kett & Hatzigeorgiou, 1997; Johansseiral.,

2003; Lareawet al.,2004; Pedersest al.,1999).

In order for transcription to begin, the RNA Polymse Il holoenzyme and a number of
accessory proteins, called general transcriptiotofa (TFs), must bind to the core promoter that
spans the transcription start site (TSS) and caaprthe TATA box, which has the sequence
TATAA and is located 25 to 30 nucleotides upstreaginthe TSS, initiation region (Inr) and
downstream promoter element (DPE), located appratdaly 30 base pairs downstream of the
TSS (Cooper & Hausman, 2007). In addition, reguagoroteins may bind to the proximal
promoter, upstream of the core promoter. Transonptesulting from the binding of only the
minimal components to the core promoter is callagiabtranscription and is uncommionvivo

(Pedersemt al. 1999).

In contrast to basal transcription, the activatadgcription that occuis vivois tightly regulated
by the binding of additional TFs to additiora$-regulatory elements. Bound TFs mediate their
regulatory effects by interacting with the basahknscription complex via protein-protein
interactions. This is made possible by the DNAmtrdending back on itself (Wernet al.,

2003). Regulatory elements can be found severab&ges (kb) away up- or downstream from
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the TSS and include both enhancers, that activaiesdription, and silencers, that repress

transcription (Pedersest al.,1999).

The type of TF that binds a DNA sequence will aistbuence whether transcription will be
repressed or stimulated, and to what extent. Soffe binding upstream of a gene may be
nonspecific, whilst others may be specific for thpene (Nikolov & Burley, 1997) and the
conditions under which transcription must occure Bimding of TFs to DNA is influenced by the
degeneracy of the transcription factor binding $fEBS) and the availability of the TFs. For
example, spatial, temporal and environmental camdit may alter the types of TFs that are
available to the cell. A specific combination ofsTBound upstream of a gene may thus modulate
transcription in a different manner than that afifferent combination of TFs bound upstream of

the same gene (Pederssral.,1999).

3.4 Aims

e To identify the biophysical properties (functional and structural) of PNP-B and its
relation to other molecules as reported in literatue.

e To predict the promoter region and the regulatory éements of PNP-B.

3.5 Materials & Methods

3.5.1 Search for the PNP-B gene
The retrieval of all known previously identifiedapit natriuretic peptide and plant natriuretic
peptide-like genes was achieved through use dEtttieez Protein accessed via the NCBI website

(http://www.ncbi.nlm.nih.gov/Entrez) (Altschdt al., 1990). The keywords that were used for
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retrieving the sequences from Protein Entrez weptant natriuretic peptide’ and the default

settings were used. The sequences were saved d8AHAR®nat in a text file.

3.5.2 Sequence Alignments

Sequence alignments were done using CLUSTALW?2
(http://www.ebi.ac.uk/Tools/clustalw2/index.html)afkin et al, 2007) using the relevant text
files that were obtained in section 3.4.1 for inmgt the sequences. Default settings were used in

all the alignments.

3.5.3 Chromosomal Location and Surrounding Genes
Genes up stream and downstream of AtPNP-B weressedefrom NCBI Sequenceviewer

(http://www.ncbi.nlm.nih.gov/projects/sviewer/).

3.5.4 Promoter and Regulatory Elements Prediction

Recognition of promoter elements in PNP-B was addeby scanning the genomic DNA 1 kb
upstream and 200 bp downstream of the transcrigtistart site (TSS) with Neural Network
Promoter Prediction (NNPP; http://www.fruitfly.osgq_tools/promoter.html) and Promoter

Scan (http://www.cbs.dtu.dk/services/promoter)efadit settings.

Recognition of regulatory elements in PNP-B wasea@d by scanning the genomic DNA 1 kb
upstream and 200 bp downstream of the TSS with FLARlant Cis-acting Regulatory DNA
Elements; http://www.dna.affrc.go.jp/PLACE/signasdtml) according to the method of Higo
et al., (1999), Genomatix (http://www.genomatix.de/cgi/matinspector_prof/mat_fam.pl?) and

Plant Care (Cis-Acting Regulatory Element)
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(http://bioinformatics.psb.ugent.be/webtools/planéthtml/) according to the method of Lescot

et al.,(2002) were used at default settings.

3.5.5 Subcellular Location and Signal Peptide Prediion

Subcellular location and signal peptide predictivere done for the PNP-B sequence from
Arabidopsis thalianausing TargetP (http://www.cbs.dtu.dk/services/€#Rg) as described by
Emanuelssoret al, (2007). Default settings were used in the subleel location and signal

peptide predictions.

3.5.6 Secondary Structure Prediction

Protein secondary structures of PNP-B (Q9MOC2.1) BRNP-A (Q92V52.2), fronArabidopsis
thaliana and CjBApl2 (Q9ZP41.1) (citrus blight protein) wepredicted using PSlpred
(http://bioinf.cs.ucl.ac.uk/psipred/) as descrilsdlones (1999). Default settings were used in all

the secondary structure predictions.

3.5.7 Tertiary Structure Prediction
The tertiary structure of PNP-B froArabidopsis thalianavas predicted using SWISS-MODEL
(http://swissmodel.expasy.org/) (Arnodd al, 2006). Default settings were used for the tertia

structure prediction.

3.6 Results

3.6.1 Chromosomal Location and Surrounding Genes
A PNP-B gene fromArabidopsis thaliana(Q9M0C2.1) was identified and targeted for

amplification and expression as further detailede Arabidopsis thalianaPNP-B was termed
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AtPNP-B for future reference. It was shown that #w@coding gene of AtPNP-B sits on
chromosome 4 (NC_003075) in tAeabidopsis thalianagenome. On thérabidopsis thaliana
genome the first 100 base pairs of the AtPNP-B éincpgene correspond to base pair number
14860491 to base pair 14860591. Base pair 101de pair 372 on the AtPNP-B encoding gene
from Arabidopsis thalianacorresponds to base pair number 14860728 toms& 4861000 on
chromosome 4 of thArabidopsis thalianagenome. This shows the presence of a predicted 138

base pair intron in the encoding gene of AtPNP-Bnfuincbi.nim.nih.gov/blast/Blast.cgi).

(@
1 ATGAGTAAAA GTATTGIGIT TTTTTCTACC GITCTTGITT TTCTCTTCTC
51 TTTCTCATAT GCAACTCCCG GGATTGCAAC TTTTTACACA AGITACACTC
101 GTAAGAATTT TTGIGIGITT TACTACCAAA ATTATAAAAC AAATACAAAC
151 AACAAACTTA TCTTATACAT TTTCATATCA ACCTACAGCG AAATGTTATA
201 AAATCATTTT CTTTTATTTC ATGITTGATA GCATCAGCAT GITACAGAGG
251 TACTCAAGAA GGAGTGATGA TCGCTGCAGC GAGTGATACA TTATGGGACA
301 ATGGTCGAGI TTGTGGCAAA ATGITCACCG TGAAATGCAG CGGACCTCGT
351 AACGCCGTGC CTCACCCTTG CACGGGGAAA TCCGTGAAGG TCAAGATCGT
401 TGACCATTGI CCCAGIGGECT GIGCTTCTAC GCTCGATCTT TCTCGAGAAG
451 CTTTTGCTCA GATCGCTAAT CCTGTCGCTG GGATTATTAA CATTGATTAT
501 TTTCCGTAA

(b)

— 1 100 bp \/ 272 bp

138 bp

Figure 3.1: Genomic organization of the tRNP-B encoding gene fronArabidopsis thaliana.(a) DNA
sequence of AtPNP-B with the intron region indicate red. (b) Schematic representation of the ARFN

gene.

Figure 3.1 above shows the genomic organizatioAtBNP-B as predicted from the genomic
sequence data. The genomic sequence is 510 bpatlwhgontains one predicted 138 bp long
intron. The predicted protein is thus expecteddnscst of 123 amino acids (approximately 13

kDa) and an isoelectric point of 8.4.
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The total DNA sequence for chromosome 4 was dowd@ldafrom TAIR and the genes
surrounding AtPNP-B were identified. It was showattAtPNP-B is flanked on either side by
the zinc finger (C3HC4-type RING finger) family pein with a further heat shock protein and
cyclic nucleotide gated channel protein upstreanthef5’ zinc finger, as shown in figure 3.2

below.

AT4G30350.: AT4G30360.: AT4G303°0.1 AtPNF-B AT4G30390.. AT4G30400..

v
v
v
v
v

[
>

Figure 3.2: Schematic diagram of the genes surrounding AtPNR-BAG30350.1 — heat shock protein-related;
AT4G30360.1 — cyclic nucleotide gated channel fgmiT4G30370.1 - zinc finger (C3HC4-type RING finmjye
family protein; AT4G390.1 — Unknown protein; ATAGBI.1 - zinc finger (C3HC4-type RING finger) family

protein.

3.6.2 Transcriptional Signals and Regulatory Elemets

A sequence [‘putative blight-associated protein pi@cursor (oryza sativa japonica group)’;
BAD2245.1] from the rice genome was also identifiedusing BLAST
(http://blast.ncbi.nim.nih.gov/Blast.cgi) for comsn of promoter and regulatory elements with
AtPNP-B. The rice sequence was aligned with bofaNR-A and AtPNP-B (shown in figure 3.3
above) separatelio determine which of the two sequences (AtPNP-AAtRNP-B), had the
highest sequence similarity with the sequence hetefore confirm that it is a PNP-B gene. It
was observed that the rice sequence had more saxsenilarity with AtPNP-B (54% sequence
similarity compared with 38% for AtPNP-A). TH@ryza sativaPNP-B was termed OsJPNP-B

for future reference.
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(@)

OsJPNP- B MAKVI TSWI AAVWALAM/SLVAADSGTATFYTPPYTPSACYGFEDQGTM AAASDVFWA 60
At PNP- B MBK: - - S| VFFSTVLVFLFSFSYATPG ATFYTS- YTP- - CYRGTQEGVM AAASDTLWD 54
OsJPNP- B GGAACGQQYWTCTGPTNQGVPQPCTGQSVTVKI VDHCPSGCAGT! DLSQEAFAI | ANPD 120
At PNP- B NGRVCGKMFTVKCSGPRN- AVPHPCTGKSVKVKI VDHCPSGCASTL DL SREAFAQ ANPY 113
OsJPNP- B AGKVFI DYQQV 131
At PNP- B AG | NI DYFP- 123

(b)
OsJPNP- B - MAKVI TSWI AAVWAL AMVSLVAADSGTATFYTPPYTPSACYGFEDQGTM AAASDVFW 59
At PNP- A M KNAVKFWWM VFAQ| LAPI AEAAQGKAVYYDPPYTRSACYGTQ RETLWGVKNNLW 59
OsJPNP- B NGGAACGQQYWWTCTGPTNQGVPQPCTGQSVTVKI VDHCPSGCAGTI DLSQEAFAI | ANP 119
At PNP- A QNGRACGRRYRVRCI GATYN- FDRACTGRTVDVKVVDFCREPCNGDLNLSRDAFRVI ANT 118

:'* ***::* *  %x *'* ' . :'***::* **:**'* . *  %x ::**::** :***'

OsJPNP- B DAGKVFI DYQQV 131
At PNP- A DAGN RWYTPI 130

*** .

Figure 3.3 Sequence Alignments (a) Alignment of AtPNP-B andJ@P-B (b) Alignment of AtPNP-A and

OsJPNP-B.

The transcription start site was found -31 bp gastr of the AtPNP-B start codon (ATG) and -
109 upstream of the OsJPNP-B start codon (ATG).cldne promoter region was predicted to be
in the region -71 to -21 bp upstream of the stadon for AtPNP-B and in the region -149 to -99
upstream of the start codon for OsJPNP-B. No dawast promoter element (DPE) was found
in both AtPNP-B and OsJPNP-B but three initiatddRNTPSADB) sites were found for AtPNP-

B and one initiator (INRNTPSADB) site for OsJPNP.putative polyadenylation signal is

found 119 bp downstream of the stop codon for AtHBN&nd 83 bp downstream of the stop

codon for OsJPNP-B.
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Figure 3.4: Schematic diagram showing thes regulatory elements for the AtPNP-B gene. The tahibFBS are

shown in pink while the biotic ones are shown ieggr.
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A summary of the predicted transcription factordang sites (TFBS) are found in Appendix 2,
and represented schematically in figure 3.4 forM®@FB and in figure 3.5 for OsJPNP-B. For
AtPNP-B, most of the TFBS were shown to be relatedwvater homeostasis in particular
dehydration responsiveness and water stress; ABRERD1 (Nakashimaet al., 2006),
ACGTATERDL1 (Simpsoret al., 2003), MYB1AT (Abeet al., 2003), MYB2AT (Uraoet al.,
1993), MYCCONSENSUSAT (Abeet al., 2003), MYBCORE (Solanoet al., 1995),
TAAAGSTKST1 (Pleschet al., 2001) and MYCATRD22 (Abeet al., 1997). There were also
other TFBS that were related to abiotic stresseh @8 low temperature response elements

(LTRECOREATCOR15) (Bakegt al.,1994).

The AtPNP-B gene was also shown to have predicte8lSTthat are related to biotic stresses.
These TFBS included, EREELEE4 (ethylene resporaement; Rawagt al.,2005) and the W-

Box 1 (Yuet al.,2001), which is a TFBS that has a function in waing and pathogen response.

The promoters that were predicted to regulate th&P®P-B gene were mostly related to water
homeostasis in particular dehydration and watessirACGTATERD1 (Simpsoet al., 2003),
MYCATERD1 (Simpsonet al., 2003; Tranet al., 2004), MYCCONSENSUSAT (Abet al.,
2003), MYB2CONSENSUSAT (Abeet al., 2003), MYBCORE (Solanoet al., 1995),
ABRELATERD1 (Nakashimat al.,2006), TAAAGSTKST1 (Plescht al.,2001) and MYB1AT
(Abe et al.,2003). The OsJPNP-B gene was also shown to hadicped TFBS that are related
to biotic stresses. These TFBS included, TGAGG{otethyl jasmonate responsiveness), TC-
rich repeats (defense and stress responsivenesS;CGRE (ethylene and jasmonate
responsiveness; Browet al.,2003) and ABREOSRAB21 (abscisic responsive elepttugk &

Pages, 1998).
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Regulatory Element
Figure 3.6: Comparative analysis of ~elements identfied in silico for AtPNB and OsJPNP-B. The query

sequence for each gene was 1 kb upstream of the aygsh 200 bp downstream. Elements identifie— ABA-
response element; B ABRELATERD1; C — ABREOSRAB21; D —ACGTATERD1; E—- CAATBOX1; F —
ERELEE4; G -GCCCORE; H- INRNTPSADB; | — LTRECOREATCOR15; J MYB1AT; K — MYB2AT; L —
MYB2CONSENSUSAT; M -MYBCORE; N— MYCATERD1; O -MYCATRD22; P— MYCCONSENSUSAT; Q
— POLASIG3; R PYRIMIDINEBOXHVEPB1; S— TAAAGSTKST1; T —-TATABOX (1, 2, 4, 5); U- TC-rich

repeats; V — TGAGG-motif; W W-BOX1

The frequeny and occurrence of the TFBS for AtF-B and OsJPN-B were compared as
shown in figure 3.6 abov@&he comparison shows that both AtF-B and OsJPN-B have TFBS
that relate to both water and biotic stress. Irhlg®nes the TFBS that relate to water s and
homeostasis outumber the ones that relate to biotic stress apmately four fold. The TFB¢
that were present for both AtP-B and OsJPNmB were ABRELATERD1, ACGTATERD1
MYB1AT, MYBCORE, MYCCONSENSUSAT and TAAAGSTKST1. BhTFBS that wer
common for both AtPNMB and OsJPN-B were the ones that are related to water stred:

dehydration responsiveness. The core promoter elsn{€AATBOX and TATABOX) were
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also identified for both AtPNP-B and OsJPNP-B. doer there were a greater number of core

promoter elements for AtPNP-B than OsJPNP-B.

The TFBS that were identified for AtPNP-B only wefdA-response element, ERELEEA4,
LTRECOREATCOR15, MYB2AT, MYCATRD22, PYRIMIDINEBOXH¥PB1 and W-BOX1.
The cis-regulatory elements that were identified f0sJPNP-B were ABREOSRABZ21,

GCCCORE, MYB2CONSENSUSAT, MYCATERD1, TC-rich repgand TGACG-maoitif.

3.6.3 Sequence Alignments

Figure 3.7 below shows the alignments of AtPNP-Bhwine different molecules that have been
shown to be related to it. Figure 3.7a below shthesalignment of AtPNP-B with a second plant
natriuretic peptide sequence, frofnabidopsis thalianadenoted as AtPNP-A (Q9ZV52.2) that
shows 37% sequence similarity with AtPNP-B. As shaw Figure. 3.7b, AtPNP-B shows a
strong sequence similarity to CjBApl2 (Q9ZP41.1)blaght-induced protein of unknown
function, isolated from citrusCitrus jambhiri (Ceccardiet al.,1998). AtPNP-B is annotated as a
blight-associated protein homolog (BAPH, accession CAB79756), since it shows a high
degree (54% identity) of sequence similarity witjB&pl2 (accession no. AAD03398). The
cysteine residues in both AtPNP-A and AtPNP-B (FéguB.7a below) are aligned suggesting a
conserved protein folding pattern. While CjBAplatans an additional cysteine in its putative
signal peptide, all other cysteine residues aligtin whe AtPNP-A and AtPNP-B (Ludidst al.,

2002) (Figure. 3.7c below).

69



(@)

At PNP- B - MBKSI VFFSTVLVFLFSFS- - - YATPG ATFYT- - - SYTPCYRGTQEGVM AAASDTLW 53
At PNP- A M KI\/AVKFVWM VFAQ LAPI AEAA(X-IKAVYYDPPYTRSACY GT Q?ET LWG\/KNNLW 59
At PNP- B DNGRVCGKMFTVKCSGPRNAVPHPCTGKSVKVKI VDHCPSGCASTL DL SREAFAQ ANPV 113
At PNP- A QNGRACGRRYRVRCI GATYNFDRACT GRTVDVKVVDFCREPCNGDLNL SRDAFRVI ANTD 119
At PNP- B AG | NI DYFP- 123
At PNP- A AGNI RWYTPI 130
(b)
At PNP- B - MBKSI VFFSTVLVFLFSFSYATPG ATFYTS- YTP- - CYRGTQEGVYM AAASDTLWD 54
G BAp12 I\/C-NGT KVLVI TTMAI CLI SSAAYASEGT ATFYTPPYVPSACNGYKNDGVM AAASYAI V\N 60
At PNP- B NGRVCGKMFTVKCSGPRN- AVPHPCTGKSVKVKI VDHCPSGCASTLDLSREAFAQ ANPV 113
G BAp12 NGAVCNKSFRVKCTGATNQGTPHPCRGGSVL VKI VDL CPAGCQATI DLSQEAFSQ ANPD 120
* % **'* * ***:*' * "**** * kk kkk kK **:** :*:***:***:*****
At PNP- B AG | NI DYFP- 123
G BAp12 AGKI KI EFNQA 131
* % %x : * T
(c)
At PNP- B - - - - MSKSI VFFSTVLVFLFSFSYATPG ATFYTS- YTP- - CYRGTQEGYM AAASDTLW 53
G BAp12 - MGVGTKVLVI TTMAI CLI SSAAYASEGTATFYTPPYVPSACNGYKNDGYM AAASYAI W 59
At PNP- A M KMAVKFV\NM VFAQ LAPI AEAAQSKAVYYDPPYTRSACY GT Q?I:_l' LWC-NKNN- LW 59
At PNP- B DNGRVCGKMFTVKCSGPRN- AVPHPCTGKSVKVKI VDHCPSGCASTLDLSREAFAQN ANP 112
G BAp12 NNGAVCNKSFRVKCTGATNQGT PHPCRGGSVL VKI VDL CPAGCQATI DLSQEAFSQ ANP 119
At PNP- A Q\IG-'\’ACG?RYRVRCI GATY- NFDRACTGRT VD\/KWDFCREPCNGJ_NLSRDAFRVI ANT 118
At PNP- B VAG | NI DYFP- 123
G BAp12 DAGKI KI EFNQA 131
At PNP- A DAGNI R\/VYTPI 130
(d)
At PNP- B P----- CYRGTQEGVM AAASDTLWDNGRVCGK- MFTVK 33
At PNP- A PYTRSACY- GTQRETLVVGVKNNLWONGRACGR- RY- - - 34
ANP SLRRSSCFGGRMDR:- - - | GAQSGL- - - G- - CNSFRY--- 28

Figure 3.7: Protein sequence alignmenga) Alignment of AtPNP-B and AtPNP-A frorArabidopsis thaliangb)
Alignment of AtPNP-B and CjBAp1fc) Alignment of AtPNP-B, AtPNP-A and CjBAp1@l) Alignment of AtPNP-
B, AtPNP-A (33 - 66) and ANP (99 -126); asterisksifentify identical amino acids, colons (:) arenservative

amino acid substitutions and dots (.) are semi-@oive amino acid substitutions.

IrPNPs were first isolated through immunoaffinityrification with an antibody directed against
the biologically active C-terminus of humawANP (a-hANP; NP_006163.1). Previous

investigations have suggested that the portion 88 ef AtPNP-A has similarity to human ANP
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(Morseet al., 2004). Thus, there is a possibility that the @ortB3 - 66 in PNP-B may show
some similarity to ANP. The alignment of AtPNP-A{PNP-B (33 - 66) and the C-terminusoef
hANP (99 - 126) (Figure. 3.7d above) shows considlersimilarity between the two molecules.
There is also the conservation of the two cystegirmeips in all the three molecules. This might

suggest a possibility of disulphide bonds whichartcal in maintaining secondary structures.

3.6.4 Secondary Structure, Subcellular Location an&ignal Peptide Prediction

A secondary structure prediction program using R&ligJones, 1999) was applied to test for the
presence of coilp-sheet and helix domains. The comparison of AtPNRHBR both AtPNP-A
and CjBAp12 shows near congruence in predictedrgkny structure as shown in Figure. 3.8

below and might imply common, albeit unknown fuonality.

Table 3.1 TargetP v1.1 prediction results (Emmanuelssioal., 2007)

Name Len c¢TP mTP SPhet Loc RC

C Chloroplast, sequence conta@®P, a chloroplast transit peptide;
M Mitochondrion, sequence contaimy P, a mitochondrial targeting peptide;
S Secretory pathway, sequence cont&Rsa signal peptide;

RC — “Reliability Coefficient” — a measure of how confident TargetP is in each ptiedi
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(@)

At PNP- B - MBKSI VFFSTVLVFLFSFS- - - YATPG ATFYT- - - SYTPCYRGTQEGVM AAASDTLW 53
R
At PNP- A M KVAVKFVWVM VFAQ LAPI AEAAQGKAVYYDPPYTRSACY- GTQRETLVVGVKNNLW 59
At PNP- B DNGRVCGKMFTVKCSGPRNAVPHPCT GKSVKVKI VDHCPSGCASTLDLSREAFAQ ANPV 113
7/
E —1

At PNP- A ONGRACGRRYRVRCI GATYNFDRACTGRTVDVKVVDFCREPCNGDLNLSRDAFRVI ANTD 119
At PNP- B Ad | Nl DYFP- 123

At PNP- A AGNI RWYTPI 130

(b)

At PNP- B - - - MBKSI VFFSTVLVFLFSFSYATPA ATFYTS- YTP- - CYRGTQEGVM AAASDTLWD 54

Q’ BAp12 MGVGTKVLVI TTVAI CLI SSAAYASEGTATFYTPPYVPSACNGYKNDGVYM AAASYAI VWN 60

At PNP- B NGRVCGKMFTVKCSGPRN- AVPHPCTGKSVKVKI VDHCPSGCASTLDLSREAFAQ ANPV 113
——

Q’ BAp12 NGAVCNKSFRVKCT GATNQGTPHPCRGGSVL VKI VDL CPAGCQATI DLSQEAFSQ ANPD 120

*kk kk ok Kk Kkkk ok * khkkk Kk kk Kkhkkkk kkookk ke kkkekhkke kkkkKk

At PNP- B AG | NI DYFP- 123

G BAp12 AGKI KI EFNQA 131

Figure 3.8: Comparison of predicted secondary structures &N&-B with (a) AtPNP-A and (b) CjBAp12 from
Citrus jambhiri asterisks (*) identify identical amino acids, @as$ () are conservative amino acid substitutions a

dots (.) are semi-conservative amino acid subgiitatand the underlined sequence delineates theopiydbic

signal peptide.

- B-Strand - Helix

—— - Loops

- Different secondary structure
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Table 3.1 above shows that PNP-B is a secretongiprdue to the higher probability of 0.991 of
the protein following a secretory pathway. Furthere) the Reliability Coefficient (RC) obtained
for AtPNP-B was 1. Reliability Coefficient is a nsese of the reliability of the prediction. The
RC ranges from 1 (very reliable prediction; virtyato false positives detected in the TargetP
test set) to 5 (not reliable prediction; many fasxsitives detected). The RC is based on the
difference between the highest and the second stigfe@getP output scores: if this difference is
larger than 0.8, then RC is 1; if it is between &)@ 0.8, then RC is 2, and so on (Emmanuelsson
et al, 2007). The prediction of PNP-B to be a secrefmotein is consistent with the prediction
of the protein to have a signal peptide which &aekd between amino acid 21 and 22 as shown

in Figure 3.9 below.

1 21 22 123

\ 4 A 4
N —

Figure 3.9: Domain organization of AtPNP-B. The open squarthéssignal peptide and the filled region represents

the mature PNP-B peptide.

3.6.5 Tertiary Structure Prediction

The fold model of AtPNP-B was generated using thENP-B sequence (1 - 123) and it was
based on the crystal structure of the N-terminaPbfL P 1 Timothy Grass Pollen Allergen
(accession number P43213). The template has aésoused by Ludidet al., (2004) and Wang

et al., (2007) in the prediction of the plant natriurepeptide tertiary structures. Template
selection, alignment and model building were damapletely automated by the server (Schwede
et al, 2003). The template was selected from the SWIRBEL template library (SMTL),
which is extracted from the Protein Data Bank (Westk et al., 2003) and the template had a

sequence identity of more than 25% with the suletihtPNP-B target sequence. The basic
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common fold for these molecules is a doublefpbarrel structure (Figure 3.10 below) where a
six-stranded3 barrel assumes a pseudo-twofold axes in whichp#neallel strands form two psi

structures (Castillet al.,1999).

Figure 3.10: Modelled fold of AtPNP-B showing the six strandeduble-psip barrel (DPBB) structure. The-
helices are indicated by the blue twisted ribbams thep strands as pink ribbons and the two protrudingqusps
are marked. The model was generated using SWISSHEIQBrnold et al.,2006) using the N-terminal of Ph1 P 1

Timothy Grass Pollen Allergen (accession numberR33as a template.

3.7 Discussion

Plant natriuretic peptides represent a novel ctdssmall proteins that are closely related to
expansins, which are key regulators of cell watkeasgion (Ludidiet al., 2002; Liet al., 2003;
Kende et al., 2004). Thus, homology searches using BLAST
(http://blast.ncbi.nim.nih.gov/Blast.cgi) identifienostly expansins as the protein with significant
sequence similarity to the AtPNP-B sequence. Howesmgnificant sequence similarity of

AtPNP-B with AtPNP-A, ANP and CjBAp12 was also obvesl.

Sequence alignment is fundamental to inferring Hogy (common ancestry) and function. If
the sequence of a protein or other molecule sicamtly matches the sequence of a protein with a

known structure and function, then the moleculey sfaare structure and function (Bergeron,
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2003). Multiple sequence alignment, in which thoeenore sequences must be aligned, is useful
in finding conserved regulatory patterns in nudbtsequences and for identifying structural

and functional domains in protein families (Bergerd003).

Sequence alignments of AtPNP-B with ANP, AtPNP-Al &jBAp12 were done and significant
sequence similarity was observed. A blight assedigtrotein, CjBAp12 shows the highest
sequence similarity (54%) with AtPNP-B thus giviRP-B a possible function in pathogenesis
response. Citrus blight causes zinc deficiencyesvés and accumulation of zinc in bark and
wood up to four times the levels found in healttees (Albrigo & Young, 1981). Xylem vessels
become plugged, reducing water flow throughouttike, resulting in wilting, reduction in leaf
and fruit size and eventual limb dieback (Coherv4)9Affected trees show symptoms of water

stress due to the xylem dysfunction (Syveriseal, 1980).

CjBAp12 has a high sequence similarity to AtPNPB GjBAp12 is not found in healthy plants
while AtPNP-B has been amplified from RNA isolattkdm healthy, unstressed plants. The
presence of PNP-B in healthy plants might sugdegtthe peptide is not pathogen responsive but
this does not preclude a stress-induced up-reguldiiaryaniet al., 2001). This will help to
support the fact that due to the high similarityAdPNP-B to CjBAp12, AtPNP-B could have a
pathogenesis-related response in infections wheteunteracts the disturbances of cation and
water transport or directly towards the pathogdrat tause the infection. It can therefore, be
speculated that PNP-B and CjBAp12 either work togebr independently towards the goal of

counteracting disturbances of cation and watespart in plants.

To further support the possibility of the functiohPNP-B in pathogenesis-related response, the

results from the TFBS prediction showed the preseot the W-BOX and the ERELEE4
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(ethylene responsive element) in the region upstreathe AtPNP-B coding region. The W-

BOX is recognized specifically by salicylic acidrduced WRKY DNA binding proteins (Yat

al., 2001). This gives PNP-B a possible function innplaystemic acquired resistance (SAR)
defense responses which may involve the modifinatib cellular ion and water homeostasis
during stress responses. SAR can be triggered pysexg the plant to virulent, avirulent, and
non-pathogenic microbes, or artificially with cheads such as salicylic acid, 2,6-dichloro-
isonicotinic acid (INA) or benzo (1,2,3) thiadiagel-carbothionic S-methyl ester (BTH) (Sticher
et al.,1997). SAR results in the coordinated accumulatibpathogenesis-related proteins (and

transcripts) and salicylic acid throughout the pl@ameroret al.,1994).

The prediction of a possible function of AtPNP-Bthe SAR pathway is consistent with the
work of Meieret al.,(2008). Meieret al.,(2008) have shown that the expression of AtPNEé4,
other PNP sequence froArabidopsis thalianahat shows similarity (34%) with AtPNP-B, is
significantly correlated with that of genes invalven the SAR defense response pathway in

response to various biotic and abiotic stimuli.

The presence of ERELEE4 (ethylene responsive elerRewatet al.,2005) as one of the TFBS
of AtPNP-B also shows that PNP-B could be involvednduced systemic resistance (ISR).
Unlike SAR, ISR does not involve the accumulatiémpathogenesis-related proteins or salicylic
acid (Pieterset al., 1996), but instead, relies on pathways regulateghémonate and ethylene
(Yan et al., 2002). OsJPNP-B also contains two cis-acting etgsnénvolved in jasmonate
responsiveness namely; the TGACG-motif and GCCCOREher supporting the possible
function of PNP-B in ISR. The GCC-box is found iramy pathogen-responsive genes such as
PDF1.2, Thi2.1 and PR4 (Browet al., 2003). GCC-boxes have been shown to function as

ethylene-responsive elements (Koyaatal.,2003) and they also appear to play important roles

76



in regulating jasmonate-responsive gene expres@yown et al., 2003). The jasmonate-
responsive elements are found in OsJPNP-B alonebbtit AtPNP-B and OsJPNP-B have
ethylene-responsive elements. Jasmonate and e¢hgtenreported to aid in pathogen resistance
(Ranceet al.,1998). Thus, PNP-B could be involved in providplgnts with resistance against
fungi and bacteria. TC-rich repeats, cis-actingnelets that are involved in defense and stress

responsiveness were also predicted upstream @$GENP-B gene.

For both AtPNP-B and OsJPNP-B abscisic acid (ABégponsive (ABA response element and
ABREOSRABZ21) cis-acting regulatory elements weredmted. ABA is well known to regulate
responses to abiotic factors such as salinity aodght (Zhu, 2002). However, more recently,
ABA has also been implicated in the establishmdntompatible interactions between fungal
pathogens and host plants (McDonald & Cahill, 1986hr & Cahill, 2003). Thus, the presence
of this cis-regulatory element in both PNP-B geimeglicates a role for PNP-B in plant defense
responses which may involve the modification ofutat ion and water homeostasis during stress

response.

When AtPNP-B was aligned with AtPNP-A it showed 493 similarity. This implied that
AtPNP-B has a possible role in water homeostasibaasbeen studied before (Morseal,
2004). Studies have shown that AtPNP-A is an osirgitess-responsive peptide hence; AtPNP-

B might also have a role associated with water lastasis due to the similarity between the two.

In order to help confirm the possible function MfRB in water homeostasis, the transcription
factor binding sites (TFBS) were analysed usingAtebidopsis(AtPNP-B) and Rice (OsJPNP-
B) genomes. The result from the TFBS, section 3&8.28hown in figures 3.4 and 3.5 shows that

PNP-B is most likely to have a function in watentemstasis as noted by the fact that most of the
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TFBS were related to dehydration responsivenessaael stress. The frequencies of the water
related TFBS in both AtPNP-B and OsJPNP-B was shimae equal (17 for both) despite the
higher water requirements for rice. This showsha PNP-B regulation is independent of the

extent of water requirements of the plant.

Examples of TFBS that were shown to be related ébydration responsiveness were
ABRELATERD1 (Nakashimeaet al, 2006), ACGTATERD1 (Simpsoet al., 2003), MYB1AT
(Abe et al., 2003), MYCARTRD22 (Abeet al., 1997) and MYCCONSENSUSAT (Abet al.,
2003). Other interesting TFBS that were shown torddated to water stress were MYB2AT
(Urao et al., 1993) and MYBCORE (Solanet al., 1995) which are the binding sites for
ATMYB2. ATMYB?2 is involved in the regulation of ges that are responsive to water stress in
Arabidopsis Another TFBS, which contains a MYB recognitioteghat was found downstream
of the OsJPNP-B gene, was MYB2CONSENSUSAT. The M¥8ognition site is found in the

promoters of the dehydration-responsive gene rdd2 ét al.,2003).

Another TFBS that was found upstream of both AtFN&3d OsJPNP-B was TAAAGSTKST1.
The TAAAG elements are target sites for trans-gcbof proteins controlling guard cell-specific
gene expression (Plesat al., 2001). The presence of the TAAAGSTKST1 cis-reguhat
element upstream of both AtPNP-B and OsJPNP-Bnsistent with the experiments of Gehring
et al., (1996) which demonstrated that synthetic rANP daduce stomatal opening in
Tradescantiasp. in a concentration dependent manner. Biol@lgicactive PNP immune-
analogues (irPNP) and recombinant AtPNP-A have ladsm shown to promote stomatal opening
in a concentration dependent manner (Pharmaetaél., 1998a, 2001; Maryaret al., 2001,

Morseet al.,2004). Therefore, this implies that PNP-B coukbgbromote stomatal opening.
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The experiments of Gehringt al., (1996) have shown that N& required in the medium for
activity in animal systems, but it is not the casplants. Gehring & Irving (2003) suggested that
in plants, natriuretic peptides operate on procestiger than Natransport, such as'Kransport

or the synthesis of compatible solutes. This ispsued by the identification of the
TAAAGSTKST1 regulatory element from both AtPNP-Bda®sJPNP-B because the TAAAG
motif is found in the promoter of the KST1 gene evhencodes a Kinflux channel of guard
cells in potato (Plesclet al., 2001). Thus, it can be concluded that PNP-B opsrain K

transport and has a possible function in promatiognatal opening.

PNPs are recognized by antibodies against vertebteal natriuretic peptides (ANPs) (Veslety
al., 1993; Billingtonet al., 1997; Gehring, 1999). Vertebrate ANPs are a higloiyserved and
well studied group of peptide hormones with an ingoat role in vertebrate salt and water
homeostasis (Kourie & Rive, 1999; Kone, 2001; Ret@rdet al., 2003). PNPs and vertebrate
ANPs can elicit a number of common biological resges in plants (Gehring, 1999; Gehring &
Irving, 2003) and one such response is the promodibstomatal pore opening that causes
increased transpiration and gas exchange. WhileskRiid ANPs can be viewed as functional
analogues, they are not likely to be related mdéscin the evolutionary sense (Ludel al.,
2002). The weak similarity between AtPNP-B and hom#eNP is the result of convergent

evolution (Ludidiet al.,2002).

The region of AtPNP-A (33 - 66) that has homologyANP has also been shown to trigger
protoplast swelling and stomatal guard cell operfMgrseet al.,2004). When the region 33 —
66 of AtPNP-A and AtPNP-B were aligned with ANP somimilarities were found. The
sequence alignment showed conservation of the ygteine residues in the three molecules.

This suggests the formation of a disulphide bondctkvis important in maintaining the function
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of the molecule (Morse et al., 2004). This is supgb by the experiments of Pharmawettial.,
(1998a) who showed that, ANP when linearized latsebiological activity. The experiments of
Wanget al., (2007) have also shown that the linearization tPMP-A removes its ability to
promote increases in protoplast volume. The colasienv of the two cysteine residues in the
three molecules (AtPNP-A, AtPNP-B and CjBApl12) ahd experimental evidence, strongly
suggests that the effect of PNPs is not just ertanléhe primary amino acid sequence but is

dependent on secondary and tertiary structure.

In 1999, the Nobel prize in Physiology or Mediciwas awarded to Gunther Blobel for the
discovery that proteins have intrinsic signals tatern their transport and localization in the
cell. The determination of the subcellular locdii@a of a protein is an important first step
towards understanding its function (Emanuelssbal., 2007) therefore, subcellular localization
and prediction was one of the bioinformatics tdblst was used to determine the localization of

PNP-B. AtPNP-B was shown to follow a secretory peati

The best known protein “zip code” is the secrgtsignal peptide (SP), which is found in all the
three domains of life. It targets a protein forngication across the plasma membrane in
prokaryotes and across the endoplasmic reticuluR) (Bembrane in eukaryotes (von Heijne,
1990). AtPNP-B was found to be a secretory protaid it also has a signal peptide between
amino acid 21 and 22. The signal peptide is cleaadduring its translocation across the
membrane making PNP-B a translocatable proteirs $ihows that PNP-B is associated with the
membranes and also supports the evidence thatasexeNP-dependent processes have been
observed in experimental systems that did not aotll walls such as protoplast or microsomal
and plasma membrane vesicles. The processes indludétro irPNP binding to isolated

Tradescantia multiflora leaf microsomes (Suwasgkal., 2000), irPNP-dependent modulation
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of plasma-membrane Hyradients in potato leaf tissue vesicles (Maryetral., 2000), increases
of cGMP levels in response to irPNP in potato guzelll protoplasts (Pharmawadt al., 2001)
and irPNP-dependent volume changes in protopladésyani et al., 2001). This implies that

PNP-B can act directly on the plasma membrane.

AtPNP-A has an important and systemic role in plgrtwth and homeostasis (Morse al.,
2004). The accumulation of CjBAp12 in the leaftdiss when it is not synthesised there, indicates
systemic mobility (Ceccardet al., 1998). AtPNP-A, CjBApl12 and AtPNP-B all have sipna
peptides. This suggests that AtPNP-B is a systdiyicebile protein due to the similarity that it

has to AtPNP-A and CjBApl12.

The tertiary structure of AtPNP-B was modelled lblase the crystal structure of the N-terminal

of Phl P 1 Timothy Grass Pollen Allergen (accessiomber P43213). Phl P 1 Timothy Grass
Pollen Allergen is a group-1 pollen allergen. Grdupollen allergens of grasses have limited but
significant sequence homology to expansins. Thhes,modelling of AtPNP-B using the pollen

allergen verifies the similarity of plant natriuepeptides to expansions though it is not very
significant. The similarity that is shared with PRIL Timothy Grass Pollen Allergen and PNP-B
is that both molecules are secreted. In termsedf tklation in function very little can be deduced

since their similarity is below 25%.

3.8 Conclusion

In conclusion, we observed that PNP-B shows segusimgilarity to ANP, AtPNP-A, CjBAp12
(a blight-induced protein) and expansins. PNP-Bashbigher sequence similarity to CjBAp12,

giving it a possible pathogenesis-related respohlsgnment of the active site of plant natriuretic
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peptides (the region 33 - 66) with ANP showed that function of plant natriuretic peptides is
not only encoded in the primary structure. The iy of the formation of a disulphide bond
in the active site suggests that the function oPBNs encoded in the secondary and tertiary

structures.

Secondary structure comparison also showed thaNtB has a highly similar secondary
structure to AtPNP-A suggesting a possibility olvater homeostasis role for PNP-B in plants.
There is also similarity in the predicted 3D mofitel AtPNP-B and AtPNP-A molecules. Wang
et al., (2007) and Ludidiet al., (2004) have predicted a double sbarrel (DPBB) fold for

AtPNP-A using the crystal structure of the N-teratiaf Ph1l P 1 Timothy Grass Pollen Allergen
(accession number P43213) as a template. The DBBBwas also predicted for AtPNP-B,
suggesting a similarity in function of these twolewnles. The similarity in fold of AtPNP-B

with AtPNP-A, Barwin and family 45 endoglucanasedgeis an evolutionary relationship

between these molecules.

From the bioinformatics analysis it has been shdvat AtPNP-B has two possible functions; a
pathogenesis-related or water homeostasis role.eMenyit is possible that the two roles work
hand-in-hand, where AtPNP-B might work to countertee effect of pathogens through
regulation of water homeostasis. It is also possibat AtPNP-B might work directly against the
pathogens that cause the infection. However itccowt be concluded whether the roles work
hand-in-hand or independently of each other, tloeeefthere is a need to investigate the actual
role of AtPNP-B using purified recombinant proteifio achieve this it was necessary to develop

and optimise a heterologous expression systemtfoNR-B.
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CHAPTER FOUR: FUNCTIONAL CHARACTERISATION OF PNP-B

IN PLANTS

4. Introduction

Preparations enriched for a specific protein arelyaeasily obtained from natural host cells.
Hence, recombinant protein production is frequetitly sole source for purified proteins. The
ribosomal machinery, located in the cytoplasm iatstanding catalyst of recombinant protein
biosynthesis (Sgrensen & Mortensen, 2005). Amorgy dfstems available for heterologous
protein production, the gram-negative bacteridstherichia coliis one of the most attractive
because of its relative simplicity, its inexpensiaed fast high-density cultivation, its well
characterised genetics and the large number of atioigp tools available for biotechnology

(Baneyx, 1999).

4.1 Essential Components of expression

A number of central elements are essential in thgigth of recombinant expression systems
(Baneyx, 1999; Jonasseh al.,2002). Expression is normally induced from a plasharboured
by a system with compatible genetic background. gdreetic elements of the expression plasmid
include origin of replicationdri), an antibiotic resistance marker, transcriptiopedmoters,
translation initiation regions (TIRs) as well asnscriptional and translational terminators

(Sgrensen & Mortensen, 2005).
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4.1.1 The Replicon

The replicons of plasmids contain the origin ofliegiion and in some cases associais@cting
elements (del Solast al., 1998). Most plasmid vectors used in recombinantgin expression
replicate by the ColEl or p15A replicon. Plasmidogaumber is controlled by the origin of
replication that preferably replicates in a relaxasghion (Baneyx, 1999). The ColEl replicon
present in modern expression plasmids is derivexh fihe pBR322 (copy number 15-20) or the
pUC (copy number 500-700) family of plasmids, wiasréhe pl5A replicon is derived from
PACYC184 (copy number 10-12). These multi-copy pims are stably replicated and

maintained under selective conditions and plasneid flaughter cells are rare (Summers, 1998).

4.1.2 Resistance Markers

The gene coding for antibiotic resistance is neagssoth for identifying transformants and to
ensure antibiotic selective pressure, that is, adls that harbour an expression vector will
divide, thus preventing plasmid loss (Jonassbal., 2002). The most common drug resistance
markers in recombinant expression plasmids conésistance to ampicillin, kanamycin,
chloramphenicol or tetracycline. Plasmid mediatesistance to ampicillin is accomplished by
expression of-lactamase from thbla gene. This enzyme is secreted to the periplasrerenit
catalyses the hydrolysis of tielactam ring. Ampicillin present in the cultivationedium is
especially susceptible to degradation, either loyetedp-lactamase, or acidic conditions in high-
density cultures. The latter effect can be all@ddby the less degradation susceptible ampicillin
analog, carbenicillin. Kanamycin, chloramphenicoidatetracycline interfere with protein
synthesis by binding to critical areas of the rdioe. Kanamyecin is inactivated in the periplasm
by aminoglycoside phosphotransferases and chloramigdl by the cat gene product,

chloramphenicol acetyl transferase (Coneekl.,2003).
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4.1.3 Promoters

Table 4.1:Promoters used in high-level expressioikircoli.

Promoter Induction

lac (lacUV5) Chemical (IPTG); High temperature
trp Chemical (IAA); High temperature
tac (hybrid) Chemical (IPTG)

ypL Chemical (IPTG); High temperature
T7 Chemical (IPTG); High temperature

T7-lac operator
T3-lac operator
T5-lac operator
T4 gene 32
phoA

araBAD

XapA

cadA

recA

Ipp

proU

cst-1

tetA

nar

trc (hybrid)

Chemical (IPTG)
Chemical (IPTG)
Chemical (IPTG)

T4 infection

Phosphate starvation
Chemical (L-arabinose)
Chemical (xanthosine)
Acidic pH

Chemical (nalidixic acid)
Chemical (IPTG)
Osmolarity

Glucose starvation
Chemical (tetracycline)
Anaerobic conditions
Chemical (IPTG)

There are many different types of promoters (Tableabove) that can affect the level of gene

expression irkE. coli. The suitability of promoters for high-level geeepression is governed by

several criteria. First, the promoter must be giraapable of protein production in excess of 10-

30% of the total cellular protein. Secondly, thermpoter should exhibit a minimal level of basal

transcription. Basal transcription in the abserfdaaucer is minimized through the presence of a

85



suitable repressor. Minimization of basal trandwip is especially important when the
expression target introduces a cellular stresatsiio and thereby selects for plasmid loss. An
early overproduction of the heterologous proteume tb a nonsilent promoter, might impair cell
growth. It is therefore desirable to be able ta@ep the promoter during a cell growth phase to
achieve high cell densities, after which the higterprotein production would be initiated by
induction of the promoter. Thirdly, promoters shiblle capable of induction in a simple and
cost-effective manner. Promoter induction is eittrearmal or chemical and the most common
inducer is the sugar molecule isopropyb-thiogalactopyranoside (IPTG). IPTG is an effeeti

inducer of the powerful hybrithc andtrc promoters (Hanning & Makrides, 1998).

4.1.4 Messenger RNA

Translation initiation from the translation iniiian region (TIR) of the transcribed messenger
RNA requires a ribosomal binding site (RBS) inchglthe Shine-Dalgarno (SD) sequence and a
translation initiation codon (Sgrensenal., 2002). The Shine-Dalgarno sequence is located 7+2
nucleotides upstream from the initiation codon, chhis the canonical AUG in efficient
recombinant expression systems (Ringquestal., 1992). Optimal translation initiation is
obtained from mRNAs with the SD sequence UAAGGAGQ®e RBS secondary structure is
highly important for translation initiation and efency is improved by high contents of adenine
and thymine (Laurseet al.,2002). Translation initiation efficiency is in piaular influenced by
the codon following the initiation codon and adeniis abundant in highly expressed genes

(Stenstronet al.,2001).

A transcription terminator placed downstream fréva sequence encoding the target gene, serves
as enhancement of plasmid stability by preventiagdcription through the origin of replication

and from irrelevant promoters located in the plasnmiranscription terminators stabilize the

86



MRNA by forming a stem loop at the 3° end (Newbetal., 1987). Translation termination is
preferably mediated by the stop codon UAA Hn coli. Increased efficiency of translation
termination is achieved by insertion of consecust@ codons or the prolonged UAAU stop

codon (Pooleet al.,1995).

4.2 Expression Systems

A wealth of expression systems designed for variapplications and compatibilities are
available. Approximately 80% of the proteins used sblve three-dimensional structures
submitted to the protein data bank (PDB) in 2008awmepared in ak. coli expression system.
The T7 pET expression system (commercialized byagen) is the most used in recombinant
protein preparation (PET represents more that 99%he PDB protein preparation systems).
Systems using th@PL promoter/cl repressor (e.g., Invitrogen pLEX)c Tpromoter (e.g.,
Amersham Biosciences pTrc), Tac promoter (e.g., ishean Biosciences pGEX) and hybrid
lac/T5 (e.g., Qiagen pQE) promoters are common (Hamniylakrides, 1998). A radically

different system is based on #&@BAD promoter (e.g., Invitrogen pBAD).

In this study the pQE expression system was usegh-ldvel expression of 6xHis-tagged
proteins inE. coli using pQE vectors is based on the T5 promotersérgstion-translation
system. pQE plasmids belong to the pDS family @fsplids (Bujardet al., 1987) and were
derived from plasmids pDS/RBSII and pDS781/RBSIIHRSE (Stuebeet al.,1990). These low-

copy plasmids have the following features:
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Optimized promoter-operator element consistingr@fge T5 promoter (recognised by the
E. coli RNA polymerase) and two lac operator sequenceshmnicrease lac repressor

binding and ensure efficient repression of the péw/@5 promoter

Synthetic ribosomal binding site, RBSII, for highrislation rates

6xHis-tag coding sequence either 5" or 3" to theaiag region

Multiple cloning site and translational stop codansall reading frames for convenient

preparation of expression construct

Two strong transcriptional terminators:ftom phage lambda (Schwaet al., 1978), and
T1 fromrrnB operon ofE. coli, to prevent read-through transcription and enstaiailgy

of the expression construct

B-lactamase genddl@) conferring resistance to ampicillin (Sutcliffe979) at 100 pg/ml.
The chloramphenicol acetyl transferase (CAT) prebetweeng¢and T1 has no promoter

and is not normally expressed

ColEL1 origin of replication (Sutcliffe, 1979).

The extremely high transcription rate initiated the T5 promoter can only be efficiently

regulated and repressed by the presence of higlisle¥ thelac repressor proteirk. coli host

strains used in the QlAexpress System ubsc aepressor gene itmans or cis to the gene to be

expressed. In thé&rans system, the host strains contain the low-copympidspREP4 which

confers kanamycin resistance and constitutivelyresges théac repressor protein encoded by

thelac | gene (Farabaugh, 1978). The cis-repressed wep@E-80L, 81L, and -82L contain the

lac 19 gene and do not require the presence of pREP4.
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Expression of recombinant proteins encoded by p&dfovs is rapidly induced by the addition of
IPTG which binds to thdac repressor protein and inactivates it. Once ldee repressor is
inactivated, the host cell’'s RNA polymerase camgcaibe the sequences downstream from the
promoter. The transcripts produced are then treatsliato the recombinant protein. The special
‘double operator’ system in the pQE expressionorsctin combination with the high levels of
thelac repressor protein generated by pREP4 or thé tmie on pQE-80L, pQE-81L, or pQE-

82L, ensure tight control at the transcriptionakle

4 .3E. coli Host Strains

The strain or genetic background for recombinargression is highly important. Expression
strains should be deficient in the most harmfulrdtproteases, maintain the expression plasmid
stably and confer the genetic elements relevantth® expression system (e.g., DE3).

Advantageous strains for a number of individuall@pfions are available.

In this research BL21, BL21(DE3), BL21(DE3) pLys&dalM109 were th&. coli host strains
that were usedE. coli BL21 is the most common host and has proven oustg in standard
recombinant expression applications. BL21 is a sbBucoli B strain, able to grow vigorously in
minimal media but however, non-pathogenic and @hiko survive in host tissues and cause
disease (Chast al.,2000). BL21 is deficient in ompT and lon, two mases that may interfere

with isolation of intact recombinant protein (Sggen & Mortensen, 2005).

In the E. coli host strain BL21(DE3), the T7 RNA polymerase isduced from the lysogenic
prophage DE3, and its expression is under the @ootrthe IPTG-inducible lac UV5 promoter.

The target gene cloned downstream from the T7 ptems transcribed from the vector by
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bacteriophage T7 RNA polymerase (Studgeral., 1990). BL21(DE3)pLysS cells can be used
with protein expression vectors that are under dbetrol of the T7 promoter, such as pET
vectors. This strain is lysogenic farDE3 (Studier & Moffatt, 1986), which contains tA&
bacteriophage gene 1, encoding T7 RNA polymerasgdblooet al.,1984) under the control of
thelacUV5 promoter. BL21(DE3)pLysS also contains the fhydasmid, which carries the gene
encoding T7 lysozyme. T7 lysozyme lowers the bamligd expression level of target genes
under the control of the T7 promoter but does ntdrfere with the level of expression achieved

following induction with IPTG.

The JM109 strain is aB. coli K-12 derivative and is appropriate for routinercig applications.
JM109 cells are endonucleasndA deficient, greatly improving the quality of mimgp DNA,

and are recombinatiomgcA) deficient, improving insert stability. THesdRmutation prevents
the cleavage of cloned DNA by thecoK endonuclease system. JM109 cells also contain the
lacl%ZAM15 gene on the F~ episome, allowing blue-white scregrior recombinant plasmids

(Yanisch-Perroret al.,1985).

4.4 Fusion Proteins

A wide range of protein fusion partners have besretbped in order to simplify the purification
and expression of recombinant proteins (Steven80)20Fusion proteins or chimeric proteins
usually include a partner or ‘tag’ linked to thespanger or target protein by a recognition site for
a specific protease. Most fusion partners are @goldor specific affinity purification strategies.
Fusion partners are also advantageousvivo, where they might protect passengers from
intracellular proteolysis (Jacquet al., 1999), enhance solubility (Davet al., 1999) or be used

as specific expression reporters (Waddal., 1999). An additional advantage of fusion proteins
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is that they appear to permit the synthesis ofratise poorly translated polypeptides. Common
affinity tags are the polyhistidine tag (His-tagghich is compatible with immobilized metal-
affinity chromatography (IMAC) and the glutathioBetransferase (GST) tag for purification of

glutathione based resins.

In this study, the polyhistidine tag (His-tag) wased for tagging the target protein. This method
utilizes immobilized metal-affinity chromatograpfyMAC) to purify recombinant proteins
containing a short affinity-tag consisting of palstidine residues. IMAC as described by Porath
et al., (1975) is based on the interaction between aitransnetal ion (C&', Ni**, CU/*, Zré"
immobilized on a matrix and specific amino acidesithains. Histidine is the amino acid that
exhibits the strongest interaction with immobilizegtal ion matrices, as electron donor groups
on the histidine imidazole ring readily from coaraiion bonds with the immobilized transition
metal. Peptides containing sequences of conseduiitidine residues are efficiently retained on
IMAC. Following washing of the matrix material, g&fes containing polyhistidine sequences

can be easily eluted by either adjusting the pthefcolumn buffer or by adding free imidazole.

The method of purifying proteins with histidine ickges was first described in 1987 (Hochetli
al., 1987). Hochuli has developed a nitrilotriacetiada¢NTA) adsorbent for metal-chelate
affinity chromatography. The NTA resin forms a gudentate chelate and is especially suitable
for metal ions with coordination numbers of sixjcg two valencies remain for the reversible
binding of biopolymers. Dihydrofolate reductasehwi poly-His-tag was successfully purified
with Ni**-NTA matrices in 1988 (Hochuét al.,1988). The purification efficiency of this system
was dependent on the length of the polyhistiding thie solvent system. Elution of His6-tagged
proteins is effective within a range of 20-250 mividazole (Hetftiet al.,2001; Janknecldt al.,

1991). A disadvantage of using imidazole is thatai influence NMR experiments, competition
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studies, and crystallographic trials, and the preseof imidazole often results in protein

aggregates (Hef@t al.,2001).

Poly-histidine affinity tags are commonly placed either the N- or the C-terminus of
recombinant proteins. Optimal placement of theisagrotein-specific. Purification using poly-
histidine tags has been carried out successfullygus number of expression systems including
bacteria (Chen & Hai, 1994; Ramd al., 2001), yeast (Borsingt al., 1997), mammalian cells

(Janknechet al.,1991), and baculovirus-infected insect cells (Schet al.,1998).

Although the relatively small size and charge & polyhistidine affinity tag ensures that protein

activity is rarely affected, it cannot be excludbdt the affinity tag may interfere with protein

activity (Wu & Filutowicz, 1999). Moving the affity tag to the opposite terminus (Halliwel

al., 2001) or carrying out the purification under demeig conditions often solves this problem.

4.5 Aim

Optimization of the heterologous expression of AtPR-B to obtain purified recombinant

protein for the functional characterisation of PNPB in plants.

92



4.6 Materials & Methods

4.6.1 Amplification of the AtPNP-B gene using RT-P®&
The amplification of the AtPNP-B gene was done gsdine Qiagen® OneStep RT-PCR Kit
(Qiagen). TheArabidopsis thalianaRNA samples were obtained from J. Goble (Rhodes

University).

4.6.1.1 Oligonucleotide Primers

Forward and reverse oligonucleotide primers (omiérem Ingaba Biotechnical Industri¢svere
designed to flank the 5" and 3' regions of the ARFB\coding region and to incorporat@antl
andSad restriction endonuclease site respectively fgention of the amplified gene product into

the multiple cloning site of the pQES8OL expressiector (Qiagen).

Table 4.2: RT-PCR Oligonucleotide Primers. The table summearie respective sequence,
length and Tm of each primer. The incorporaBasirHI and Sad restriction sites in the forward

and reverse primers respectively are indicatedoid Bnd underlined. The Tm values provided
indicate the temperature at which the primer segegrexcluding the introduced restriction sites

are expected to bind to the target sequence.

Primer Sequence Tm Length
BanHIF 5- GTA GGA TCC ATG AGT AAA AGT 65.3°C 38-mer
(Forward ATTGTGTTTTTT TCT AC - 3
Primer)

SadR 5- GTA GAG CTC TTA CGG AAA ATA 66.4°C 30-mer

(Reverse Primer) ATC AAT AAT C- 3'

93



For the RT-PCR procedure, 10 uM working solutiohshe forward and reverse primers were

prepared by dilution of the 100 uM stock solutiothwnuclease-free water (Inqaba instruction

sheet supplied with primers).

4.6.1.2 Reaction Mixtures

The reaction mixtures were prepared as summansédble 4.3 below.

Table 4.3:RT-PCR Reaction Components and Control Mixture Casrtfpns

Component Volume/reaction  Negative Final Concentration

Control

RNase-free water 20.0 pl 30.0 pl _

5X QIAGEN OneStep RT-PCR 10.0 pl 10.0 pl 1X

Buffer

dNTP Mix (10 mM of each 2.0 ul 2.0 ul 400 uM (each dNTP)

dNTP)

Forward Primer 3.0 ul 3.0 ul 0.6 uM

Reverse Primer 3.0 ul 3.0 ul 0.6 uM

QIAGEN OneStep RT-PCR 2.0 ul 2.0 ul _

enzyme mix

Template RNA 1.5 pg (10 pl) _ 1 pg — 2 pg/reaction

Total Volume 50.0 pl 50.0 pl

4.6.1.3 Temperature Cycling Parameters

The PCR reactions detailed in Table 4.4 below wendormed in the Eppendorf Mastercycler

personal thermocycler.
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Table 4.4: Thermal Cycling Conditions for RT-PCR Amplification

Step Temperature Time Number of Cycles
Reverse Transcription 50 °C 30 min 1
Initial PCR activation step 95°C 15 min 1

3-Step Cycling

Denaturation 94 °C 1 min 40
Annealing 55°C 1min 40
Extension 72 °C Imin 40
Final Extension 72 °C 10 min 1
Soak 4°C Indefinite 1

4.6.1.4 Agarose Gel Electrophoresis of the RT-PCR&ducts

The RT-PCR products were resolved at 100V for 1rlovua 1.0% agarose TAE (Tris, Acetic
acid, EDTA) gel stained preceding electrophoregithie addition of 0.5 pg/ml ethidium bromide
to the gel mixture. A 10 pl sample of each reactmrture was run with 2 pl of 6 X DNA gel

loading buffer. The molecular weight marker usedsvi®0 bp O’Gene Ruler (Fermentas).

Visualization of the gel was performed in the UViBBoc-It" System 2UV Transilluminator.
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4.6.2 Preparation of the expression vector (pQE80L)

(2) e
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(b)
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Figure 4.1(a) The map of the pQEB8OL vector showing the followiR§5: T5 promoterjac O: lac operatorRBS:
ribosome-binding siteATG: start codongxHis: 6xHis tag sequenc®ICS: multiple cloning site with restriction
sites indicated Stop Codons stop codons in all three reading fram&gl E1. Col Elorigin of replication,
Ampicillin : ampicillin resistance gendacl® lacl® repressor gene (Adapted from the QIAExpressianidt)

pQES8OL multiple cloning site (Adapted from the Q4iessionist).

4.6.2.1 Transformation of the pQEB8OL vector into TP10F' cells

Ten pl of TE buffer was added to 5 pg of the lyipbd pQES8OL vector (Qiagen) whose map is
shown in figure 4.1. The resuspended vector wassfibamed into chemically competent
TOP10F’ cells. One vial of competent TOP10F c€l® pl) was thawed on ice and 1 ul of the
pPQEB8OL vector was added and gently mixed by sgrvisth a pipette tip. The vial was incubated
on ice for 30 minutes and a heat-shock treatmesst apgplied for 30 seconds at 42 °C without

shaking. The vial was immediately placed on ice 26dul of room temperature SOC medium
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was added. The tube was tightly capped, placedsoside for better aeration and incubated for
an hour at 37 °C while shaking at 200 rpm. Thegi@mation mix (10 pl, 50 pl and 100 ul) was

plated on LB plates with 100 pg/ml ampicillin (Amand left to grow overnight at 37 °C.

4.6.2.2 Preparation of a master plate

Ten colonies were picked from the LB plates anddusethe construction of an LB Amp agar

master plate. The plate was incubated at 37 °Chayter

4.6.2.3 Minipreparation of the pQES8O0L vector

The minipreparation was done using the QIlAprep pmep kit (Qiagen). Two colonies were
picked from the LB Amp master plate, inoculatea iftml of LB medium containing 100 pg/mi
ampicillin and grown at 37 °C with shaking overrifr approximately 16 hours. The bacterial
cells were harvested by centrifugation at 6800otg3fmin at room temperature (15 — 25 °C) and
all the supernatant was removed leaving no traca8i.al'he resulting pellet was resuspended in
250 ul Buffer P1, 250 pl of Buffer P2 was also atlded mixed thoroughly by inverting the tube
4 — 6 times. Following addition of Buffer P2, 350 Buffer N3 was added and mixed
immediately and thoroughly by inverting the tube 8 times. Samples were then centrifuged for
10 min at 13,000 rpm (~17,900 xg). After centriftiga, the supernatant was applied to the
QIAprep spin column by decanting or pipetting, céaged for a minute and the flow-through
was discarded. The QIAprep spin column was waslyeadding 0.5 ml Buffer PB, centrifuged
for a minute and the flow-through discarded. Th&®é&p spin column was washed again by
adding 0.75 ml Buffer PE and centrifuged for a nenurhe flow-through was discarded and
centrifuged for an additional 1 min to remove rasidwash buffer. The QIAprep spin column

was then placed in a clean 1.5 ml microcentrifugget To elute DNA 50 ul of nuclease-free
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water was added to the centre of each QIAprep epinmn, allowed to incubate for 1 min at
room temperature and then centrifuged for 1 mionfFeach minipreparation performed some of
the eluted DNA was reserved for restriction enzyhigestion and the remaining DNA was stored

at -20 °C.

4.6.3 Construction of the pQE8OL-AtPNP-B plasmid

Cloning of the AtPNP-B insert into the pQE8OL exgmien vector was performed by double
restriction enzyme digestion of the vector andrinag&h BanH| and Sad restriction enzymes as

detailed below.

4.6.3.1 Double Restriction enzyme digestion of veetand insert

Table 4.5:Double Restriction enzyme digestion mixture couostits of the vector

Components Volume/ul Control Control
Promega Buffer E 10 pl 10 pl 10 pl
Rnase-free water 10 pl 20 pl 20 pul
Template DNA 10 pl _ 10 pl
Promega BamHI 5 ul 5 ul _
Promega Sacl 5 pl 5 ul _
Total 40 pl 40 pl 40 pl

The vector and insert were cut in separate tub#s 1U/ulBanH| and Sad (Promega), 10 X
buffer E (Promega) in a double digest at 37 °C2fdrours and analyzed on a 1 % agarose gel.

Restriction mixtures were prepared as detailedaibld 4.5 above and 4.6 below.
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Table 4.6:Double Restriction enzyme digestion mixture couostitts of the insert

Components Volume/ul Control Control
Promega Buffer E 2 pl 2 ul 2 ul
Rnase-free water 14 ul 16 pl 16 pul
Template DNA 2 ul _ 2 ul
Promega BamHlI 1l 1l _
Promega Sacl 1l 1l _
Total 20 pl 20 pl 20 pul

4.6.3.2 Agarose gel electrophoresis of restricticenzyme digests

Restriction enzyme digests and control reactionsewesolved at 100 V for 1.5 hrs on a 1 %

agarose TAE gel as per the protocol detailed itieed.6.1.4.

4.6.3.3 Gel Purification of the vector and insert

The gel purification of the vector and insert wasiel using the WizafdSV Gel and PCR Clean-
Up System (Promega). After the running of the gapid visualisation was performed with a
long-wavelength UV lamp and the two DNA fragmentyavexcised using a sterile scalpel — one

corresponding to the RT-PCR-amplified insert aredgcond to the vector.

The gel slices were then transferred to weighedauentrifuge tubes and the weights recorded.
The weight of the empty tube was subtracted froentdhial weight to obtain the weight of the gel
slice. Membrane Binding Solution was then addethéogel slices at a ratio of 10 ul of solution
per 10 mg of agarose gel slice. The mixture wasexed and incubated at 50 — 65 °C for 10 mins
until the slice was completely dissolved. For edddsolved gel slice one SV Minicolumn was

placed in a Collection Tube. The dissolved gel omxtwas transferred to the SV Minicolumn
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assembly and incubated for 1 min at room tempezatihe SV Minicolumn was then
centrifuged at 16,000 xg (14,000rpm) for 1 min ahe liquid in the collection tube was
discarded. The column was washed by adding 700f (Membrane Wash Solution to the SV
Minicolumn and centrifuging the column assembly fomin at 16,000 xg (14,000rpm). The
column was washed again with 500 pl of MembraneRA&dution and centrifuged for 5 mins at
16,000 xg. After the wash step, the collection tulzes emptied and the column assembly was
recentrifuged for 1 min with the microcentrifugel loff to allow evaporation of any residual
ethanol. Following centrifugation, the SV Minicolamwas transferred to a clean 1.5 ml
microcentrifuge tube and 50 pl of nuclease-freeewatas applied directly to the centre of the
column, incubated at room temperature for 1 min @nah centrifuged for 1min at 16,000 xg
(14,000rpm). The SV Minicolumn was discarded, savhehe eluted gel purified vector and
insert was reserved for ligation and the remaimihged gel purified vector and insert was stored

at-20 °C.

4.6.3.4 Ligation of the pQES8OL vector and the AtPR-B insert

To enable a 1:2 molar ratio of vector: insert ie tlgation reaction, the reaction mixture was
composed as specified in Table 4.7, below. Theaitigamixture was incubated at 16 °C for four

hours followed by incubation at 4 °C for 30 minepto transformation into thE. coli cells.
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Table 4.7:Ligation Reaction of pQE80L and AtPNP-B

Reaction Constituent Volume (pl)
BamHI/Sacl-restricted pQES8O0L vector 4 pul
BamHI/Sacl-restricted AtPNP-B (RT-PCR-amplified) 6 i
10x Ligation Buffer (Promega) 2 ul
1.5 U/ul T4 DNA Ligase 1pl
RNase-free water 2 pul
Total 15ul

4.6.3.5 Transformation of the pQE80L-AtPNP-B plasnd into TOP10F

The pQES8OL-AtPNP-B construct was transformed irttergically competent TOP10Eells. As
described in the manual (pER7 TOPC TA Expression Kits, Invitrogen), one vial (50 jof
the competent cells per transformation was thawedce and 2ul of plasmid DNA (pQES8OL-
AtPNP-B) was added and gently mixed by stirringhvat pipette tip. The vial was incubated on
ice for 30 minutes and a heat-shock treatment vpgdieal for 30 seconds at 42 °C without
shaking. The vial was immediately placed on ice 26dpul of room temperature SOC medium
was added. The tube was tightly capped, placedsoside for better aeration and incubated for
an hour at 37 °C while shaking at 200 rpm. Thedfi@mation mix was plated on LB plates with

ampicillin and allowed to grow overnight at 37 °C.

4.6.3.6 Verification of the pQE80L-AtPNP-B ligation

Verification of the ligation of the pQE8OL vectond the AtPNP-B insert was achieved by
colony PCR followed by agarose gel electrophores$ishe colony PCR products as detailed

below.
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Colony PCR of transformed pQE80L-AtPNP-B

From the overnight LB Amp plates prepared in secti5.3.5 ten colonies were picked and used
in the construction of an LB agar master plate medbated at 37 °C overnight. Templates for
the colony PCR screening procedure were prepanedigh the re-suspension of the picked
colonies in 10 pl of nuclease-free water. The ctresits specified in Table 4.8 were added to the
re-suspended cells. A PCR negative control wasiatdaded containing 10 pl of nuclease-free
water in place of the template. The GoT®CR Core Systems Kit (Promega) was used for the

colony PCR procedure.

Table 4.8:Colony PCR reaction constituents

Component Component Volume Final concentration
MgCl,, 25mM Solution 2.0-8.0 ul 1.0-4.0 mM
5X Colorless GoTaq Flexi Buffer 10 pl 1.0X
OR 5X Green GoTaq Flexi Buffer
PCR Nucleotide Mix, 10mM each 1l 200 puM each
Forward primer 2 pl 0.1-1.0uM
Reverse primer 2 ul 0.1-1.0uM
GoTag DNA Polymerase, 5 U/ul 0.25 pl 1.25 U/50pl
Template DNA 10 pl <0.5 pg/50 pl
Nuclease-Free water to a 50 ul
final vol of

The PCR temperature cycling performed is shownabld 4.9, below.
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Table 4.9: Thermal Cycling Guidelines for Colony PCR Amplifitn

Step Temperature Time Number of

Cycles

Initial Denaturation 95°C 2minutes 1

Denaturation 95°C 0.5 — Iminute 25-35

Annealing 55°C 0.5 — Iminute

Extension 72 °C Iminute/kb

Final Extension 72 °C 5 minutes 1

Soak 4 °C Indefinite 1

Agarose Gel Electrophoresis of Colony PCR Products

The colony PCR products and control reactions weselved at 100 V for 1.5 hrs on a 1 %

agarose TAE gel as per the protocol detailed ii@ed.6.1.4.

4.6.3.7 Minipreparation of the pQE8O0L-AtPNP-B constuct

The minipreparation was done using the QlAprep pnep kit (Qiagen). Two colonies were
picked from the LB Amp master plate, prepared ictisa 4.6.3.6, inoculated into 5 ml of LB
medium containing 100 pg/ml ampicillin and grown &t °C with shaking overnight for
approximately 16 hours. The bacterial cells wemésted by centrifugation at 6800 xg for 3 min
at room temperature (15 — 25 °C) and all the s@tem was removed leaving no traces at all.
The resulting pellet was resuspended in 250 plésWfL, 250 pl of Buffer P2 was also added and
mixed thoroughly by inverting the tube 4 — 6 timésllowing addition of Buffer P2, 350 pl
Buffer N3 was added and mixed immediately and thghty by inverting the tube 4 — 6 times.

Samples were then centrifuged for 10 min at 13@00 (~17,900 xg). After centrifugation, the
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supernatant was applied to the QlAprep spin colbbsndecanting or pipetting, centrifuged for a
minute and the flow-through was discarded. The @éfspin column was washed by adding 0.5
ml Buffer PB, centrifuged for a minute and the flttlwough discarded. The QIAprep spin
column was washed again by adding 0.75 ml BuffeaR& centrifuged for a minute. The flow-
through was discarded and centrifuged for an amditil min to remove residual wash buffer.
The QIAprep spin column was then placed in a cte&mml microcentrifuge tube. To elute DNA
50 ul of nuclease-free water was added to the eaiteach QIAprep spin column, allowed to
incubate for 1 min at room temperature and thentriteged for 1 min. From each
minipreparation performed some of the eluted DNAswsored at -20 °C to be used for

expression.
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4.6.4 Expression Analysis of AtPNP-B

4.6.4.1 Overview of the procedure employed for optiization of expression

BL21;
BL21 (DE3); BL21

(DE3) pLysS
]

0.5 mM IPTG 1.0 mM IPTG
25 °C (Room 25 °C (Room
Temperature) Temperature)

(b)
|

1.0 mM IPTG

|

Figure 4.2 Overview of the conditions used during the optitian of expression

For the optimization of expression BL21, BL21 (DEB) BL21 (DE3) pLysS were used at 0.5

mM and 1.0 mM IPTG concentrations and 37 °C and@%oom temperature) as shown in the
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flow diagram above (Figure 4.2a). However, usinglOMexpression was done at 1.0 mM IPTG

concentration and 37 °C only (Figure 4.2b above).

4.6.4.2 Preparation of competenE. coli cell cultures [BL21, BL21 (DES3), BL21 (DE3)

pLysS, JM109]

A starter culture was prepared by inoculating d 2ljguot of commercially prepared cells into
5ml of LB medium and grown for 4 — 6 hrs at 37 “@mwshaking. Two millilitres of the starter
culture was inoculated into 200 ml of LB medium ayrdwn at 37 °C with shaking to an Qo

of approximately 0.4. Following this, the cultwas placed on ice and the cells were harvested
by centrifugation for 15 min at 2,500 xg, 4 °C. &ftcentrifugation, the supernatant was
discarded carefully and the cell pellet re-suspdrgkntly in 100 ml of sterile, ice cold 100 mM
CaCb. The re-suspended pellet was centrifuged againlfomin at 2,500 xg, 4 °C and the
supernatant discarded carefully. The pellet waslgee-suspended in 50 ml of sterile, ice cold
100 mM Cad] and centrifuged for 15min at 2,500 xg, 4 °C. Rweifgy centrifugation, the cell
pellet was gently re-suspended in 5 ml of sterde,cold 100 mM CaGJ 20 % glycerol and 100
ul of the competent cells aliquoted into pre-chijlsterile polypropylene tubes. The competent

cells were then frozen in liquid nitrogen and immaéely stored at -80 °C.

4.6.4.3 Transformation of pQE8OL- AtPNP-B for overexpression

For over-expression of AtPNP-B, the pQES8OL-AtPNPeBnstruct was transformed into
chemically competenE. coli cells (BL21, BL21 (DE3), BL21 (DE3) pLysS and JM10%s
described in the manual (pER7 TOPC TA Expression Kits, Invitrogen). One vial (50 |off

E. coli cells per transformation was thawed on ice aptid plasmid DNA (pQE8SOL AtPNP-B)
was added and gently mixed by stirring with a ggép. The vial was incubated on ice for 30

minutes and a heat-shock treatment was applie@Gaeconds at 42 °C without shaking. The

106



vial was immediately placed on ice and 280o0f room temperature SOC medium was added.
The tube was tightly capped, placed on its sidéétter aeration and incubated for an hour at 37
°C while shaking at 200 rpm. The transformation mixs plated on LB plates with ampicillin

and allowed to grow overnight at 37 °C.

4.6.4.4 Small scale — expression of recombinant e

One colony that was confirmed to contain the pQES@RNP-B plasmid was picked from the
master plate prepared in section 4.6.3.6 and iatedlinto 2 ml of LB containing 100 pg/mi
ampicillin. The culture was allowed to grow ovetmigit 37 °C with shaking. The following day,
10 ml of LB media containing, 100g/ml Amp was inoculated with 200l of the overnight
culture (50 x dilution). The culture was incubat®7 °C vigorously shaking to an gjof 0.6.
After reaching an ORo of 0.6, a 1 ml sample was takengXTand the cells harvested by
centrifugation at maximum speed (13 000 rpm) fors80onds. The supernatant was discarded
and the pellet stored at -20 °C. The remaininguceltvas then split into two with one culture
being induced by the addition of IPTG (IsopropyD-thiogalactopyranoside, Roche) to a final
concentration of 0.5 mM or 1.0mM. The other cult(uainduced sample) was left incubating
under the same conditions and at every hour foo&rsha 1 ml sample was taken from both
induced and uninduced cultures. Cells were harddsgecentrifugation and the pellets stored at —
20 °C before analysis by SDS PAGE. Glycerol stagkse prepared using the overnight culture

and stored at -70 °C till needed.
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4.6.5 Monitoring of Expressed Proteins

4.6.5.1 SDS-PAGE

Protein samples were analysed in a discontinuotierbaystem according to the method of
Laemmli (1970) on a 15 % resolving and 4 % staclge The composition of resolving and

stacking gels are described below:

Resolving gel 5.0 ml 30 % Acrylamide/Bis (Bio Rad), 0.1 ml 10 $©BS (Sodium Dodecyl
Sulfate, Roche), 2.5 ml 1.5 M Tris-HCI buffer (pE88 2.4 ml sterile distilled water, 50 10 %
APS (Ammonium persulfate, Bio Rad) and 5 pl Tem¢gdN(N"N"- Tetramethylethylenediamine,

Bio Rad).

Stacking gel 1.3 ml 30 % Acrylamide/Bis (Bio Rad), 0.1 ml 10S8®S (Roche), 2.5 ml 0.5 M
Tris-HCI buffer (pH 6.8), 6.1 ml sterile distillegater, 50ul 10 % APS (Bio Rad) and 1fl

Temed (Bio Rad).

Sample preparation for SDS-PAGE

Prior to use 50 ul of-mercaptoethanol was added to 950 pl of sampleeb(@®5 M Tris-HCI,
pH 6.8, glycerol, 10 % (w/v) SDS, 0.5 % (w/v) broohenol blue, deionized water). The cell
pellets from section 4.2.4.4 were re-suspended d@hul of sample buffer. The samples were
then heated at 95 °C for 5 min and then spun @&03pm in a microcentrifuge for 1 min. After
spinning, 20 ul of each sample was loaded on thargkrun at 200 V for 45 min. Following the
running of the gel, it was washed in 200 ml ultnegpwater with gentle shaking for 15 min. The

gels were stained with Imperial™ Protein Stain (& for 2 hrs and destained with 200 ml
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ultrapure water overnight or until protein bandseveisualized. SDS-PAGE gels to be used for

western analysis were also prepared in a similgramal set aside prior to staining.

4.6.5.2 Western Blotting

Western analysis of the His-AtPNP-B was performétth the penta- and RGS- anti-His primary
antibodies from mouse serum (Qiagen; Roche) andxase-labeled Goat Anti-Mouse 1gG
secondary antibody (KPL; Roche). Resolved proteimshe SDS-PAGE gels of the induction
procedure were allowed to transfer to a nitroceialmembrane 100 V for 1 hr or 30 V overnight
in a BioRad Western analysis apparatus loaded Wwitnsfer Buffer (48 mM Tris, 39 mM
glycine, 20 % (v/v) methanol, pH 9.2). The membrares incubated in blocking buffer (10%
(w/v) milk powder in TBS-T) for 1 hr at room tempéuire on an orbital shaker and rinsed with
TBS-T. The membrane was incubated with Anti-Hiskeody (diluted 1: 1500 in TBS-T/1: 2500
in TBS-T) at room temperature for 1 hr on an ottstaaker. Following washing of the membrane
with TBS-T the membrane was incubated with percsedabeled Goat Anti-Mouse 1gG
secondary antibody (KPL; Roche) (diluted 1: 10 @000BS-T) for 1 hr at room temperature on
an orbital shaker. After washing of the membranth WBS-T, the blot was developed using the
ECL Advance™ Western blotting detection kit (Amersh Biosciences) and the resulting

chemiluminescence signal detected using a BioRaiIboc.

4.7 Results

The Arabidopsis thaliangotal RNA samples obtained from J. Goble (Rhodas/éfsity) were
run on a 0.8% agarose gel to check on the qudlittyeoRNA. As shown in Fig 4.3, the RNA was

shown to be intact by the sharp clear bands oR8% and 18S ribosomal RNA (rRNA) bands
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that were visualized by ethidium-bromide stainibis was an indication that the RNA samples

could be used for RT-PCR.

The Arabidopsistotal RNA was quantified and the purity was al$®aked. Using the RNA
concentration factor of 40 pg/ml, the RNA concetidres of the three RNA samples were
determined as 192, 210 and 280 pg/ml. Thg/Aago ratios of the total RNA samples indicated a

negligible presence of contaminating proteins waitime RNA samples.
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Figure 4.3 Verification of the quality of theArabidopsis thalianatotal RNA samples by non-denaturing 0.8%
agarose gel electrophoresis. Lanes: 1 - 1kb DNAdad 2 — 40 mg RNA sample; 3 — 120 mg RNA samgle;80

mg RNA sample.

From the bioinformatics analysis in Chapter 3 (Biormatics Analysis of PNP-B) it was
predicted that AtPNP-B has a 138 bp intron. The d3&tron was determined to still be present
by the RT-PCR results which showed an RT-PCR priodtiapproximately 510 bp (Figure 4.4

below). This is contrary to expectations and themeefa control PCR reaction was performed to
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eliminate the possibility of contaminating DNA ihet RNA sample. No band was detected,

showing that there was no DNA contamination.

Figure 4.40.8% agarose gel electrophoresis of the RT-PCRifiogtion of AtPNP-B. Lanes: 1 — O’GeneRuler™
50 bp DNA Ladder; 2 — RT-PCR product (2 pg RNA s&))p3 — RT-PCR product (1 pg RNA sample); 4 —

Negative control (no RNA template).

Although the predicted intron was still found inetamplified product after RT-PCR, it was
decided to attempt expression to determine whettanctional protein could still be expressed.
For the optimization of the heterologous expressibAtPNP-B, pQE80OL was was used as the
expression vector. Therefore, the AtPNP-B geneligased into the pQES8OL expression vector.
Before ligation, both the RT-PCR product and thpregsion vector were restricted wianHl|

and Sad restriction enzymes and run on a 1.0% agaroseTded positions of the expression
vector and the insert are shown in figure 4.5 be&hewing that the vector and insert were
successfully restricted as they migrated to thdtipos corresponding to their actual sizes of
approximately 4.8 kb and 510 bp respectively. TRpression vector and the AtPNP-B gene

were excised from the gel for gel purification. €Tgrel purified vector and insert were ligated and
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transformed into competent TOP10F cells. Ten debrrresulting from the transformation
procedure were screened for the pQE8OL-AtPNP-B toacisby colony PCR. The colony PCR

products were analysed by 1.0% agarose electrogpiBpes presented in figure 4.6 below.
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Figure 4.51.0% agarose gel electrophoresis of the doublyicest (BamHI and Sacl) pQE80OL and the AtPNP-B
gene. Lanes: 1 — Perfect DNA™ 1kb Ladder; 2 — Rwsibf the excised doubly restricted RT-PCR amgpiifi

AtPNP-B gene; 3 — Position of the excised doubsrieted pQES8OL expression vector.

Following colony PCR, the AtPNP-B inserted into tlepression vector was expected to be
amplified and visualised on an agarose gel atethiat corresponds to approximately 510 bp as
depicted in figure 4.6 below. All the colonies stemivthe presence of the pQE8OL-AtPNP-B

construct.

112



103
900
80Q_—Y
700

v

40 /
30
25

Figure 4.6 Verification of the pQE8BOL-AtPNP-B ligation by calp PCR, as visualised by 1.0% agarose

electrophoresis. Lanes: 1 — O’'GeneRuler™ 50 bp ONwder; Colony PCR products from; 2 — colony 1; 3 —
colony 2; 4 — colony 3; 5 — colony 4; 6- colony®: colony 6; 8 — colony 7; 9 — colony 8; 10 — egl®; 11 —

colony 10.

After the confirmation of the insert in the expiessvector, only one of the ten colonies was
picked for the expression of AtPNP-B. The exprasssbd AtPNP-B encoded by the pQES8OL-

AtPNP-B construct was done using the conditionsvshio figure 4.2 under IPTG induction. The

E. coli hosts used were BL21, BL21 (DE3), BL21 (DE3) pLy®® JM109. Protein fractions

were collected from the induced and non-inducedpdesn When SDS-PAGE analysis was
performed on all the SDS-PAGE gels there was noded protein that was observed and typical
gels showing the SDS-PAGE results is presentedyird 4.7 below. The assumption was that
the protein had been induced in very small quastithat could not be resolved on the SDS-
PAGE gels, thus western blot analysis was alsdethiout on the gels. However, the western
analysis also yielded no results and typical westdot pictures are presented in figure 4.8

below.
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Figure 4.7 SDS-PAGE of protein fractions.

(a) IPTG-inducecE. coli BL21(DE3) cells; Lanes: 1 —;TIinduced; 2 — T Uninduced; 3 — JInduced; 4 — T
Uninduced; 5 — TInduced; 6 — TUninduced; 7 — TInduced; 8 — §; 9 — peqGOLD Protein Marker V.

(b) IPTG-induced JM109 cells; Lanes: 1z Uninduced; 2 - TInduced; 3 - 3 Uninduced; 4 - TInduced; 5 - T

Uninduced; 6 - TInduced; 7 - § 8 - peqGOLD Protein Marker 1V. The unfilled bloarrow indicates the

expected position of the induced 13kDa His-taggeN®-B protein.
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(b)

Figure 4.8 Western analysis of resolved proteins.

(a) IPTG-inducecE. coliBL21 cells; Lanes: 1 —4linduced; 2 — TUninduced; 3 — JInduced; 4 — 7 Uninduced; 5
— T, Induced; 6 — TUninduced; 7 — TInduced; 8 — ; 9 — peqGOLD Protein Marker IV.

(b) IPTG-induced JM109 cells; Lanes: 1 3 Uninduced; 2 - TInduced; 3 - 3 Uninduced; 4 - TInduced; 5 - T

Uninduced; 6 - TInduced; 7 - § 8 - peqGOLD Protein Marker 1V.
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4.8 Discussion

The presence of the predicted 138 bp intron of AMBNwas confirmed by the RT-PCR results
giving an RT-PCR product of approximately 510 bgisTcould mean that AtPNP-B is a

pseudogene or the predicted intron is not cornedtthe gene could express a functional protein.
Expression studies under different conditions vasefore attempted to determine if a functional

protein could be expressed.

For expression, the T5-based pQES8OL expressionovegas used. The T5 bacteriophage
promoter has the advantage of being expresseddigrizd RNA polymerase, unlike the T7 RNA
polymerase (Zomorrodipowt al.,2004).E. coli strains used in the QlAexpress System use a lac
repressor gene itrans or cis to the gene to be expressed. In titaas system, the host strains
contain the low-copy plasmid pREP4 which confergataycin resistance and constitutively
expresses the lac repressor protein encoded bgdhegene (Farabaugh, 1978). Lac | is a weakly
expressed gene and a 10-fold enhancement of thesstpn is achieved when the over-
expressing promoter mutant 14¢$ employed (Calos, 1978). Therefore, the cisasgped vector,
PQESOL which contains the ldoene and does not require the presence of pRER4isel in
this study. The special “double operator” systerp@ES8OL, in combination with the high levels
of the lac repressor protein generated by thé ahe ensures tight control at the transcriptional

level thus suppressing basal protein expressiorpladaty before induction.

The other advantage of a T5-based expression visctioat it is recognized by an endogen&us
coli RNA polymerase (Tyleet al., 2005) while the T7 promoter is recognized by ahhjig
specific viral T7 RNA polymerase (Dubendorff & Steid 1991). The cis-repressed, pQESOL

series of vectors can also easily be used with Bnyoli host strain. Thus, the pQES8OL
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expression vector was used for expression in thewimg E. coli strains; BL21, BL21(DE3),

BL21(DE3) pLysS and JM109.

BL21 and its derivatives, BL21(DE3) and BL21(DE3)ypS were used in this research for
expression at the conditions shown in figure 4.22B and its derivatives, BL21(DE3) and
BL21(DE3) pLysS lack the OmpT and lon, two protsa#deat may interfere with isolation of
intact recombinant protein. The lon protease isrdiracellular protease th&. coli makes to
degrade abnormal proteins and the ompT proteaaepi®tease theE. coli makes to degrade
extracellular proteins. Cells deficient in thesetpases accumulate recombinant proteins at a
high rate and are less likely to degrade some motduring purification (Moffatt & Studier,
1987). BL21(DE3) pLysS is also less leaky, but sfin tends to produce less recombinant
protein after induction (Studieet al., 1990). However, BL21 and its derivatives were not
successful in inducing the expression of AtPNPtBvds concluded that the level of recombinant
protein was too low to be detected on the SDS-PAEIEr the mRNA was not compatible with
the bacterial expression machinery of BL21 andlé@svatives. Thus, western analysis was also
done on the SDS-PAGE gels to check if there wadradhyction at all. The westerns also yielded

negative results.

Since BL21 cells have the T7 promoter expressiatesy and pQES8OL is a T5-based expression
vector it could have contributed to the expressiohbeing successful. Thus, JIM109, a T5-based
E. colistrain was also used for the heterologous exmesdgiAtPNP-B. JM109 also contains the
lacl® gene (Yanisch-Perroet al., 1985) which is compatible with the mutant lacl gen the
PQEBOL expression vector. The use of IM109 wasaggddo give an expression product but no
induction was observed from the SDS-PAGE gels. &astnalysis was also done on the SDS-

PAGE gels. However, no induction was observed ds we
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Introns interrupt the continuity of many eukaryagenes and therefore their removal by splicing
is a crucial step in gene expression. Since thdii@pAtPNP-B gene contained an intron it was
also crucial to splice the intron out. The preseoicthe intron in the AtPNP-B gene could have
contributed to the expression of the protein beinguccessful because tBecoli host strains do

not have splicing systems to excise the intron ftbmtranscript resulting in the gene not being

expressed.

Premature translational termination could have ls@ther factor that resulted in the expression
being unsuccessful. The presence of sequencesitfANP-B gene that act as termination
signals inE. coli could also have resulted in premature translakti@meination. These sequences
will be perfect in the plant cell but in the bacewill result in premature termination and loss of

gene expression.

4.9 Conclusion

Since expression was unsuccessful for the PNP-B gbtained fronArabidopsis thalianat was
considered important to check in other plants wérethe PNP-B gene is present and whether
there were any plants that had an intronless PNje+ie. If such a plant could be found then it
would be used for the heterologous expression ¢f-BNor functional characterisation.

It was also realised that there was a need to carryan evolutionary study of the gene if it was
going to be found in any other plants. In line wather studies of the Plant Stress group at UFH
which focus on cereal studies, it was decided tduate the presence of PNP-B genes in cereals

and compare these results with other dicotyledons.

118



CHAPTER FIVE: EVOLUTIONARY RELATIONSHIP OF PNP-B

IN PLANTS

5. Introduction

The process of evolution changes the distributibrgenotypes and phenotypes in successive
generations (Lesk, 2005). A genotype is an orgasigi@netic information. All other observable
features of an organism - macroscopic and bioch@micomprise its phenotype (Griffitles al.,
2008). The genotype is inherited from a parentasepts, subject to modification by mutation or

lateral transfer of genetic material (Lesk, 2005).

Evolution alters the composition and distributioh the gene pools and phenotypes in
populations. Natural selection (enhanced reprodoctoy ‘fitter’ individuals) is the most
important mechanism of evolution (Stearns & Hoeks005). Another is genetic drift, the
random change in allelic frequencies, not in respoto selection. Mechanisms that produce
genetic variety such as mutations, recombinatigase duplication, followed by divergence and

gene flow create the potential for evolution (Aledeov, 1994; Lesk, 2005).

Microevolution refers to relatively small changes a few genes, leading in most cases to
relatively small changes in phenotypes. Microevotut affects the individuals within a
population. On the other hand, macroevolution sferlarger-scale changes in populations as a

whole, including formation of new species (LeskO2)

The information archive in each organism is theegjenmaterial, DNA, or, in some viruses,

RNA. Implicit in the structure of the DNA are medisms for self-replication and for translation
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of genes into proteins. However, not all DNA is egsed as proteins or structural RNA. Most
genes in higher organisms contain internal untededl regions, or introns. Proteins are the
molecules responsible for much of the structure aotlvities of organisms. Near-perfect

replication is essential for stability of inherita but some imperfect replication, or mechanism

for import of foreign genetic material, is also@ssal for evolution to take place (Lesk, 2005).

5.1 Aim

To investigate the evolutionary development of PNB- in plants and sequence the coding

region of the peptide in different evolutionary-rehated plants.

5.2 Materials & Methods

5.2.1 Plants Used in This Study

The following plants were used in this study;

Wheat (Betta), Wheat (Tugella), Barley (Clipper),aie (CRN 3505), Cabbage (Cape
Spitz/Sugar loaf), Tobacco, Millet, Sorghum, Sudagans, Tomato (Tamatie-Floradade,
PEZ8732), Mustard (Brassica nigra), Yellow maizeh@a, PEZ8716) and Maize (Early Pearl)
were grown in the glass house under natural sehgdaghght. The plants were harvested after

two weeks. Moss and cycad were harvested fromdifresisting plants.
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5.2.2 Isolation of Total RNA from the Plants

Using the SV Total Isolation System (Promega), RiNAs isolated from the two-week old

plants, fern and cycad. All instruments and equipmesed in the isolation procedure were
treated with RNAse Away (Molecular BioProducts) amdautoclaved, followed by rinsing with

DEPC-treated dddjD.

5.2.2.1 Preparation of the plant tissue

The leaves from the plants were frozen in liquitlagien and ground vigorously in a pestle and
mortar to a fine, dry powder. Two reaction tubes dach plant were comprised as detailed in
Table 5.1 below and treated with RNA Lysis BufferdaRNA Dilution Buffer (Promega) as

specified.

Table 5.1: Preparation of plant tissue for RNA isolation

Sample Plant Tissue (mg)  RNA Lysis Buffer (ul)  RNADilution Buffer (ul)

1 60 175 350
2 120 175 350

Samples were centrifuged for 10 minutes at apprateig 12,000 xg (14,000 rpm) and the

resulting lysate transferred to a sterile microg&rge tube.

5.2.2.2 RNA Isolation Procedure

After the addition of 200 ul of 95% ethanol to tlesulting lysate, the mixture was transferred to
a Spin Column assembly and centrifuged at appraeina2,000 xg for 1 minute. The resulting
flow-through solution was discarded and 600 pl & BNA Wash Solution (Promega) was

added to the column, followed by an additional e of centrifugation at 12,000 xg. The
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flow-through was discarded and 50 pul of DNAse iratidn mix, comprised of 40 ul of Yellow
Core Buffer, 5 pl of 0.09 M MnGland 5 pul of DNAse | (Promega) was added to theroal
The column was centrifuged for 1 minute as before the flow-through was discarded. The
column was washed with 600 pl of SV RNA Wash Solutas detailed before. An additional
wash was performed with 200 pl of SV RNA Wash Soht followed by 2 minutes of
centrifugation at 12,000 xg. Elution of the RNAdrda sterile microcentrifuge was done through
the addition of 50 ul of nuclease-free dd@H(Promega) to the column and centrifugation at
12,000 xg for 1 minute following 1 minute of inctioé at room temperature. A 20 pl sample
from, each isolation performed was retained forngjfiaation and agarose gel electrophoresis

and the remaining isolated RNA was stored at -20°C.

5.2.2.3 Quantification of isolated RNA

The quality and quantity of isolated RNA was sirankously assessed through a measurement of
the Apso and Ago Oof each sample obtained from the isolation prooedd 50x dilution of each
sample was prepared in ddgBHand the absorbance read using the BioMate3 Th&peotronic

spectrophotometer. ddd8& was used as the blank.

5.2.2.4 Agarose gel electrophoresis of the isolatBiNA

Agarose gel electrophoresis was performed for ieatibn of the isolation of RNA from the

plants as well as to assess the integrity of thé& RThe RNA was resolved at 100 V for 1 hour
on a 1% agarose TAE gel containing ethidium bronada final concentration of 0.5 ug/ml. A
10 pl sample from each isolation was run with 2iuéx DNA gel loading buffer (30% glycerol,

0.25% bromophenol blue). Visualization was donengighe UVP BioDoc-lt System 2UV

Transilluminator.
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5.2.3 Amplification of the PNP-B gene by RT-PCR

The total RNA extracted from the plants was used &ful RT-PCR reaction volume to amplify
the PNP-B gene. The RT-PCR reaction was carriedising a RT-PCR Kit (Qiagen) according

to the manufacturer's instructions.

RT-PCR was optimised with respect to RNA quantided temperature. The RT-PCR reactions
were optimised at 1.0, 1.5 and 2.0 pg of RNA and’6p 55 °C and 60 °C. The optimal
conditions for amplification of the PNP-B gene waed to be at 1.5 pg RNA concentration

and 55 °C (as shown in figure 5.3 and 5.4 below).

5.2.3.1 Oligonucleotide Primers

The forward and reverse oligonucleotide primersiéoed from Ingaba Biotechnical Industries)
used to amplify the PNP-B coding region, were desigbased on thArabidopsis thaliana,

AtPNP-B gene sequence.

Table 5.2: RT-PCR Oligonucleotide Primers. The table sumrearighe respective sequence,
length and Tm of each primer. The incorporaBaasrHI and Sad restriction sites in the forward
and reverse primers respectively are indicatedoid nd underlined. The Tm values provided
indicate the temperature at which the primer segegrexcluding the introduced restriction sites
are expected to bind to the target sequence.

Primer Sequence Tm Length

BanHIF 5'- GTA GGA TCC ATG AGT AAA AGT ATT 65.3°C  38-mer
(Forward Primer) GTG TTT TTT TCT AC - 3
SadR 5'- GTA GAG CTC TTA CGG AAA ATA ATC 66.4°C  30-mer

(Reverse Primer) AAT AAT C- 3'
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For the RT-PCR procedure, 10 uM working solutiohshe forward and reverse primers were

prepared by dilution of the 100 uM stock solutiothvwuclease-free water (Promega).

5.2.3.2 Reaction Mixtures

The reaction mixtures were prepared comprisinghef ¢onstituents summarised in Table 5.3

below.

Table 5.3:RT-PCR Reaction Components and Control Mixture Casitfpns

Component Volume/reaction  Negative Final Concentration

Control

RNase-free water 20.0 pl 30.0 pl _

5X QIAGEN OneStep RT-PCR 10.0 pl 10.0 pl 1X

Buffer

dNTP Mix (10 mM of each 2.0 pl 2.0 pl 400 uM (each dNTP)

dNTP)

Forward Primer 3.0 ul 3.0 ul 0.6 uM

Reverse Primer 3.0 ul 3.0 ul 0.6 uM

QIAGEN OneStep RT-PCR 2.0 ul 2.0 ul _

enzyme mix

Template RNA 1.5 pg (10 pl) _ 1 pg — 2 pg/reaction

Total Volume 50.0 pl 50.0 pl

5.3.2.3 Temperature Cycling Parameters

The PCR reactions detailed in Table 5.4 were penéorin the Eppendorf Mastercycler personal

thermocycler.
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Table 5.4: Thermal Cycling Conditions for RT-PCR Amplification

Step Temperature Time Number of Cycles

Reverse Transcription 50 °C 30 min 1
Initial PCR activation step 95°C 15 min 1
3-Step Cycling

Denaturation 94 °C 1 min 40
Annealing 55°C 1min 40
Extension 72 °C 1min 40
Final Extension 72°C 10 min 1
Soak 4°C Indefinite 1

5.2.3.4 Agarose Gel Electrophoresis of the RT-PCR&ducts

The RT-PCR products were resolved at 100V for 1rlovua 1.0% agarose TAE (Tris, Acetic
acid, EDTA) gel stained preceding electrophoregithle addition of 0.5 pg/ml ethidium bromide
to the gel mixture. A 10 pl sample of each reactmrture was run with 2 pl of 6 X DNA gel

loading buffer. The molecular weight marker usedsvil®0 bp O’'Gene Ruler (Fermentas).

Visualization of the gel was performed in the UViBBoc-It" System 2UV Transilluminator.

5.2.4 Construction of the pDrive-PNP-B plasmid

The RT-PCR isolated cDNA fragments were ligated atpDrive cloning vector (map is shown

in figure 5.1) using the Qiagen® PCR Cloning Kitpgs manufacturer’s instructions.
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Figure 5.1 Representation of the linearized pDrive Cloningctde with U overhangs. The unique restriction
endonuclease recognition sites on either side of e thcloning site are listed.

(http://www1.giagen.com/literature/pDrive/pcr_clogRl.pdf)

5.2.4.1 Ligation of the pDrive cloning vector andhe PNP-B insert

To enable a 1:2 molar ratio of vector: insert ie tlgation reaction, the reaction mixture was
comprised as specified in Table 5.5, below. Thatian mixture was incubated at 16 °C for four
hours followed by incubation at 4 °C for 30minsoptio transformation into competent TOP10F

cells (Invitrogen).
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Table 5.5: Ligation Reaction of the pDrive cloning vector éPNP-B

Component Volume/Reaction
pDrive Cloning Vector (50 ng/ul) 1l
PCR Product 2 ul
Distilled Water 2 ul
Ligation Master Mix, 2X 5 ul
Total 10 ul

5.2.4.2 Transformation of the pDrive-PNP-B plasmidnto TOP10F

The pDrive-PNP-B construct was transformed intonaically competent TOP10Fcells. As
described in the manual (pER7 TOPX TA Expression Kits, Invitrogen), one shot vialtbg
competent cells (50 ul) per transformation was #then ice and 2l of plasmid DNA (pDrive-
PNP-B) was added and gently mixed by stirring veithipette tip. The vial was incubated on ice
for 30 minutes and a heat-shock treatment was egppdr 30 seconds at 42 °C without shaking.
The vial was immediately placed on ice and 260f room temperature SOC medium was
added. The tube was tightly capped, placed byidis for better aeration and incubated for an
hour at 37 °C while shaking at 200 rpm. The tramsfdion mix was plated on LB plates with

ampicillin (100 pg/ml) and allowed to grow overnigtt 37 °C.

5.2.4.3 Verification of the pDrive-PNP-B ligation

Verification of the ligation of the pDrive cloningector and the PNP-B insert was achieved by
colony PCR followed by agarose gel electrophoresithe Colony PCR products as detailed

below.
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Colony PCR of transformed pQE80L-AtPNP-B

From the overnight LB Amp plates prepared in sectd.4.2 above ten colonies were picked
and used in the construction of an LB agar madgge ontaining 100 pg/ml ampicillin and
incubated at 37 °C overnight. Templates for themplPCR screening procedure were prepared
through the re-suspension of the picked coloniegipl of nuclease-free water. The constituents
specified in Table 5.6 were added to the re-susggmkrells. A PCR negative control was also
similarly comprised containing 10 pl of nucleaseefwater in place of the template. The GS&Taq

PCR Core Systems Kit (Promega) was used for trangdPCR procedure.

Table 5.6:Colony PCR reaction constituents

Component Component Volume Final concentration
MgCl,, 25mM Solution 2.0-8.0 ul 1.0-4.0 mM
5X Colorless GoTaq Flexi Buffer 10 pl 1.0X
OR 5X Green GoTaq Flexi Buffer
PCR Nucleotide Mix, 10mM each 1l 200 uM each
Forward primer 2 ul 0.1-1.0uM
Reverse primer 2 ul 0.1-1.0uM
GoTaqg DNA Polymerase, 5 U/ul 0.25 pl 1.25 U/50 pl
Template DNA 10 pl <0.5 ug/50 pl
Nuclease-Free water to a 50 pl
final vol of

The PCR temperature cycling performed is shownahbld 5.7, below.
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Table 5.7: Thermal Cycling Guidelines for Colony PCR Amplifitn

Step Temperature Time Number of

Cycles

Initial Denaturation 95°C 2minutes 1

Denaturation 95°C 0.5 — Iminute 25-35

Annealing 55°C 0.5 — Iminute

Extension 72 °C Iminute/kb

Final Extension 72 °C 5 minutes 1

Soak 4 °C Indefinite 1

Agarose Gel Electrophoresis of Colony PCR Products
The colony PCR products and control reactions weselved at 100 V for 1.5 hrs on a 1 %

agarose TAE gel as per the protocol detailed ii@e6.2.3.4.

5.2.4.4 Minipreparation of the pDrive-PNP-B constrict

The minipreparation was done using the QlAprep pnep kit (Qiagen). Two colonies were
picked from the LB Amp master plate, prepared ictiea 5.2.4.2 above, inoculated into 5 ml of
LB medium containing 100 pug/ml ampicillin and growah 37 °C with shaking overnight for
approximately 16 hours. The bacterial cells wemésted by centrifugation at 6800 xg for 3 min
at room temperature (15 — 25 °C) and all the spent was removed leaving no traces at all.
The resulting pellet was resuspended in 250 pléWfL, 250 pl of Buffer P2 was also added and
mixed thoroughly by inverting the tube 4 — 6 timésllowing addition of Buffer P2, 350 pl
Buffer N3 was added and mixed immediately and thghty by inverting the tube 4 — 6 times.

Samples were then centrifuged for 10 min at 13;@00 (~17,900 xg). After centrifugation, the
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supernatant was applied to the QlAprep spin colbbsndecanting or pipetting, centrifuged for a
minute and the flow-through was discarded. The @éfspin column was washed by adding 0.5
ml Buffer PB, centrifuged for a minute and the flttlwough discarded. The QIAprep spin
column was washed again by adding 0.75 ml BuffeaR& centrifuged for a minute. The flow-
through was discarded and centrifuged for an amditil min to remove residual wash buffer.
The QIAprep spin column was then placed in a cte&mml microcentrifuge tube. To elute DNA
50 ul of nuclease-free water was added to the eaiteach QIAprep spin column, allowed to
incubate for 1 min at room temperature and thentriteged for 1 min. From each
minipreparation performed some of the eluted DNAswsored at -20 °C to be used for

sequencing and the rest was used for quantifyiadothA.

5.2.5 Sequencing of the PNP-B gene

Sequencing was done using the ABI Pri¥nBigDye™ Terminator Cycle Sequencing Ready
Reaction Kit (PE Applied Biosystems) at the Centfadalytical Facility, University of

Stellenbosch. The resulting sequence chromatograens analysed and all anomalies were
corrected before verification of the nucleotidewsatres using BLAST (blastn; Search nucleotide

database using a nucleotide sequence).

5.2.6 Search for other sequences similar to PNP-B

BLAST (tblastn; Search translated nucleotide datahsing a protein query and tblastx; Search
translated nucleotide database using a translatedeatide query) was used to get other
sequences that are similar to the AtPNP-B sequé&oce other plant genomes on “The Gene
Index Project” (http://compbio.dfci.harvard.eduffgiThe default settings were used in the

BLAST searches. The nucleotide sequences werettaeslated into all 6 reading frames using
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the GeneRunner Software ver 3.05 (Hasting Softwang, The applicable protein sequence was

selected, copied to a text editor and saved in @TAAformat.

5.2.7 Sequence Alignments and Evolutionary Trees

Sequence alignments were done using CLUSTALW2
(http://www.ebi.ac.uk/Tools/clustalw2/index.html)afrkin et al, 2007) using the relevant text

files that were obtained in section 5.2.6 aboveifputting the sequences. Phylogenetic trees
were constructed using MEGA4 (Tamueg al., 2007). Default settings were used in all the

alignments and the construction of trees.

5.2.8 Pattern Searches

The signature pattern was designed from the alignmmeAtPNP-B, OsJPNP-B, CjBApl12 and
WhBPNP-B. Motif searches were performed againstRhosite (http://au.expasy.org/prosite/)
database as described by Sigestal., (2002). Default settings were used for all thetgrat

searches.

5.3 Results

The isolated total RNA samples from all the plaamples were run on a 0.8% agarose gel to
check on the quality of the RNA. The RNA was shdwibe intact by the presence of sharp clear
bands representing the 28S and 18S ribosomal RIRAA) bands that were visualized by
ethidium-bromide staining (Figure 5.2). This wasimagication that the RNA samples could be

used for RT-PCR.
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(@) 1 2 3 4 5 6 7 8 9 10 11

(b) 1 2 3 4 5 6 7 8 9 10 11

28S

18S

Figure 5.2 Verification of the quality of the isolated totaNR from the plants by non-denaturing 0.8% agarcse g

electrophoresis.

(a) Lanes: 1 - 1kb DNA ladder; 2 - 60 mg wheatt@)eRNA sample; 3 — 120 mg wheat (betta) RNA sampl—
120 mg wheat (tugella) RNA sample; 5 — 60 mg wifeaella) RNA sample; 6 — 60 mg maize (early peRMA
sample; 7 — 120 mg maize (early pearl) RNA sarmple;60 mg moss RNA sample; 9 — 120 mg moss RNA Eamp

10 — 120 mg cycad RNA sample; 11 — 60 mg cycad Rafple.
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(b) Lanes: 1 — 1kb DNA ladder; 2 — 60 mg barleypfokr) RNA sample; 3 — 120 mg barley (clipper) Rs&#mple; 4

— 120 mg cabbage RNA sample; 5 — 60 mg cabbage Badple; 6 — 120 mg tobacco RNA sample; 7 — 60 mg
tobacco RNA sample; 8 — 60 mg sorghum RNA sample;120 mg sorghum RNA sample; 10 — 120 mg tomato
RNA sample; 11 — 60 mg tomato RNA sample; 12 — @0 mustard RNA sample; 13 — 120 mg mustard RNA

sample.

The isolated total RNA was quantified and the pumitas also checked. Using the RNA
concentration factor of 40 pug/ml, the RNA conceantres of the isolated RNA samples were
determined as shown in table 5.8 below. The conagons of RNA from plants where the PNP-
B gene could not be amplified are not shown int#ide. The Agd/Ago ratios of the isolated total

RNA samples indicated a negligible presence ofaromtating proteins within the RNA samples.

Table 5.8: Quantification of the isolated total RNA from tpkants

Sample Tissue mass (mg) Aoec Aogc Ratio Conc. (ug/ml)
Maize 60 0.126 0.059 2.136 116.0
(Early 120 0.103 0.049 2.102 94.29
Pearl)

Wheat 60 0.169 0.080 2.112 155.0
(Betta) 100 0.411 0.201 2.045 372.3
Wheat 60 0.179 0.084 2.131 164.7
(Tugella) 100 0.334 0.162 2.062 303.5
Moss 60 0.044 0.028 1571 35.2

120 0.083 0.048 1.729 66.40
Cycad 60 0.035 0.021 1.667 28.00

120 0.071 0.042 1.700 56.80

From the plants that were used in this study, ttesgnce of the PNP-B gene was noted from
wheat (betta), wheat (tugella) and maize (earlylpeBhe 138 bp intron was shown to be present

from the RT-PCR results which showed an RT-PCR yebdf approximately 510 bp (Figure 5.3
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below). However, no PNP-B product could be amgydiffrom RNA isolated from the plants
representing the pterophytes and gymnosperms. N#-B° coding region could also not be

amplified from the RNA isolated from the other garepresenting angiosperms in this study.

After the confirmation of the PNP-B gene in thetlie three plant species [wheat (betta), wheat
(tugella) and maize (early pearl)], the amplifietbguct was cloned to enable sequencing. For
cloning the pDrive cloning vector was used. Themefdhe amplified PNP-B genes from the
different plants were ligated into the pDrive clogivector. Due to the presence of U/A
overhangs, the PNP-B gene was directly inserteal tim¢ vector. The pDrive-PNP-B construct
was then transformed into competent TOP10F cellen colonies resulting from the
transformation procedure, for all the plants wereeasned for the pDrive-PNP-B construct by
colony PCR. The colony PCR products were analysgdl.B% agarose electrophoresis, as
presented in figure 5.4 below. Only the colony P@Rults for wheat (betta) are shown in the

figure below.
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(@)

(b)

Figure 5.30.8% agarose gel electrophoresis of the RT-PCRifioapion of PNP-B.
(a) Lanes: 1 —100 bp DNA Ladder (Promega); 2 — W(etta); 3 — Wheat (Tugella); 4 — Moss; 5 — Negat
control (No RNA template).

(b) Lanes: 1 — 100 bp DNA Ladder (Promega); 2 —2ddEarly pearl); 3 — Cycad; 4 — Control (No RNAntdate)
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Figure 5.4 Verification of the pDrive-WhBPNP-B ligation by amly PCR, as visualised by 1.0% agarose
electrophoresis. Lanes: 1 — O’'GeneRuler™ 50 bp ONwWder; Colony PCR products from; 2 — colony 1; 3 —
colony 2; 4 — colony 3; 5 — colony 4; 6- colony?®: colony 6; 8 — colony 7; 9 — colony 8; 10 — egl®; 11 —

colony 10.

A band corresponding to 510 bp was expected fofigwdgolony PCR, (figure 5.4). For all the
plants, colonies were identified that showed thesence of the pDrive-PNP-B construct. After
the confirmation of the insert in the cloning vectonly one of the ten colonies was picked for
the mini-preparation of the PNP-B plasmid for sempireg. The sequences of the plants where the
PNP-B gene could be amplified are shown in figurg Below (original chromatograms are

attached in Appendix 1).
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(@)
MBKSI VFFSTVLVFLFSFSYATPA ATFYTSYTRVTEVLKKERRSLQRVI HYGT WEFVAKCSPRNAADL VTPCLTLARGNPRRSRS
LTI VSVAVLLRSI FLGKLLLRSLI LSLGLLTLI | FRK

(b)
NKYKQQTYLI HFHI NLQRNVI KSFSFI SCLI ASACYRGTQEGVM AAASDTLWDNGRVCGKMFTVKCSGPRNAVPHPCT GKSAKVKI
VDHCPSGCASTLDLSREAFAQ ANPVAG | NI DYFP

(©)
MBKSI VFFSTDYEHRL FSVRAL QSEFVDKL L EPRRL AAHPPFASVWRNSEEARTDRPSQQL RSLNGEVKL QAL FCENSRY! FVKSAH
FLTNRPKSAKSLI NQKNRPRSCRVLFQFGTRVHYCQRT

Figure 5.5PNP-B sequences of the cereal plants. (a) Maizdy(gearl) (b) Wheat (Betta) (c) Wheat (Tugella).

Homology searches to the sequences obtained, BA$T (Basic Local Alignment Search
Tool; Altschul et al., 1990) identified mostly the expansin family witigrgficant sequence
similarity to AtPNP-B. CjBAp12, citrus blight pratewas also shown to have some sequence
similarity. It was interesting to note that the yoslkequences that could be amplified using the
AtPNP-B primer sequences were limited to cereals.was therefore decided to attempt to
identify possible other plant PNP-B sequences dtgmbs protein databases, using a signature
pattern derived from these sequences. Pattern hasarc against PROSITE
(http://au.expasy.org/prosite/) showed that AtPNPsBares a structural motif with an
endoglucanase belonging to family 45. The signgpateern ([PA]-C-[YN]-[RG]-[GFY]-[TEK]-
[QDN]-[EQD]-G-[VT]-M-I-A-A-A-S-[DY]-[TVA]-[LFI]-W-[ DN]-[NG]-G-[RA]-[VA]-C-[GN])
was derived from within the ANP-homologous regioh AiIPNP-B (33 - 66). Using this
signature pattern however, only identified otheotgins belonging to the endoglucanase 45

family.
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Figure 5.6 Phylogenetic tree of PNP-B like sequences encdyedarious plant genomes. The numbers represent
bootstrap values from 1 000 replicates. Sequeratifitation: Apple (TC10919), AtPNP-A (Q92V52.tPNP-B
(Q9M0C2.1), Beet (TC6463), CjBApl2 (Q9ZP41.1), @eff (EE192624), Cotton (EX166047), Erucastrum
(AAO85279), Hedera (AAM18791), Leafy Spurge (TC6A38aize (TC418589), Morning glory (TC5961), Moss
(NP13134739), Oilseed Rape (TC81032), Onion (CF@9),20sJPNP-B (BAD2245.1), Pepper (TC11504), Pine
(DR019211), Poplar (TC114006), Rice (TC360733), &agne (CA286353), Sorghum (CF484893), Sunflower
(TC33321), Tobacco (EB424615), WhBPNP-B, OsEXPA®AR62180), OsEXPB1 (AAF72983), EXPB2
(AAB61710), EGV (P43316). The AtPNP-B cluster i®ai in red and the AtPNP-B related cluster 1 iswah@n

pink while cluster 2 is shown in blue. The AtPNR:lster is shown in purple and the expansins aliistgreen.
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An alternative approach was therefore followed dentify other possible gene sequences
encoding for PNP-B like proteins from different plagenomes using BLAST (tblastn and
tblastx). The search was done against all the glanbmes that are available on the “Gene Index
Project” (http://compbio.dfci.harvard.edu/tgi/pldntinl) and seventeen genomes gave sequences
that were related to PNP-B. The conserved MIAAAusgte was used to distinguish between
protein sequences that are related to PNP-B arsttreated to PNP-A. The PNP-B sequences
that were obtained were then aligned and a phyktgetree was constructed as shown in figure

5.6 above.

5.4 Discussion

The intron predicted in thArabidopsisgene for PNP-B was found in the cloned sequences
[wheat (betta and tugella) and maize (early pearhis then raises the question of whether this is
truly an intron or not, or maybe an insertion as BNP-B coding region was amplified from
RNA. A DNA contamination test was done on the ismdaRNA to eliminate the possibility of
contaminating DNA in the RNA sample. The DNA coniaation test proved negative, showing
that there was no DNA contamination (data not showhe presence of the 138 bp fragment
within the PNP-B gene was contrary to expectatginee if it was an intron, it would have been
spliced out in the mature RNA. Thus, this suggésis PNP-B could be a pseudogene based on

the plants that had introns in them.
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Pseudogenes are DNA sequences that resemble fuslctienes but are thought to have no
purpose. The first pseudogene was reported in 19&3qet al., 1977) and pseudogenes have
since been grouped into two namely; ‘processed*amprocessed’ pseudogenes (Gibson, 1994).
‘Processed’ pseudogenes lack introns and certgjula®r genes, often terminate in adenine
series and are flanked by direct repeats, whichaaseciated with movable genetic elements.
They may be complete or incomplete copies of gememixtures of several genes (Gibson,
1994). While ‘unprocessed’ pseudogenes have inmodsassociated regulatory sequences. Their
expression is usually prevented by a misplaced sbdpn or codons. They are believed to have
arisen by gene duplication, which produced an ety of the functional gene. The extra copy
could then accumulate mutations without harming dnganism since it would still have a

completely functional original copy (Gibson, 1994).

Therefore, if PNP-B is a pseudogene at all, thikewadt an ‘unprocessed’ pseuodogene since it
has an intron and the associated regulatory seqae8top codons were also identified within the
PNP-B gene after sequencing thus, supporting tbietif@t ‘unprocessed’ pseudogenes usually
have misplaced stop codons. The misplaced stopnsga@vent expression and therefore explain
why the expression of the PNP-B gene that was ateiin Chapter 4 was not successful. It can

also be speculated that if PNP-B is a pseudogeneith functional gene is PNP-A.

However, although based on the cloned sequencesrevsuggesting that PNP-B could be a
pseudogene; the evolutionary gene duplication hhgs$ also suggests that over time, random
mutations may produce a new gene with new functiopsusing the gene duplicate while
maintaining the original gene function (Long & Laeyg 1993). Thus, it is also possible that if
PNP-B is not functional at the moment then oveetitrwill obtain a new function that is linked

to the original gene function. Therefore, it cangpeculated that since PNP-B has got sequence
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similarity to PNP-A and CjBAp12 then it could haaeole in pathogenesis response to stresses

that affect water and salt homeostasis.

The PNP-B gene was only amplified and sequencead fuheat (betta and tugella) and maize
(early pearl) while it could not be amplified fratime other plants where RNA was isolated. The
reason why the gene could not be amplified fromater plants was due to the diversity in the
5" region of the PNP-B of the genes in differeran$. This would result in the forward primers
that were used in this study, which were designasetd on theArabidopsis thalianagene
sequence, not annealing to the template RNA. Th&videnced by the homology searches that
were done using BLAST against different plant geesnusing the AtPNP-B sequence as a
query. Examples of plants from which PNP-B relatealecules were identified and from which
PNP-B amplification was also attempted but was cosssful were tobacco, sorghum and moss.
For moss the only region of the AtPNP-B gene thas wdentified was from 73 - 230, for
sorghum it was 133 — 362 and for tobacco it wasréiggon from 73 — 338. Therefore, since the
primers were designed against the first about 2&edaf AtPNP-B, the gene could not be

amplified from the other plants.

Sequences from the BLAST searches that were doaiesighe different plant genomes were
aligned and a phylogenetic tree was constructee. gitylogenetic tree showed that AtPNP-B
clustered with CjBApl12 in a group that containeteotPNP-B related molecules from other
plants such as cotton, oilseed and wheat (bettagrel were also two other clusters in the
phylogenetic tree (shown in blue and pink in figbté above) that were shown to be related to
PNP-B. The cluster shown in blue represented cer@abnocotyledons) namely; rice, maize,
sorghum and sugarcane. The cluster shown in ppilesented dicotyledons (apple, leafy spurge

and pepper), with the only anomaly being the rieguence. Another cluster group contained
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AtPNP-A. This showed that AtPNP-B is more evoluéaly related to CjBApl12 than it is to

AtPNP-A.

From the blast (tblastx) searches against therdifiteplant geneomes showed us that there are
some plants in which the intron is not includedhses; rice (oryza sativa), leafy spurge, oilseed
rape, onion, poplar, sugar cane, sunflower andctbalhere were also other plants where only
the region from 200 — 500 was the only one thatdcbe identified from the AtPNP-B gene that
was used as the query. These plants included apaiey, coffee, cotton, maize (zea mays),
morning glory, moss, pine and sorghum. There isssipility that these plants could be lacking

the intron as well.

Homology searches using BLAST in NCBI identified stip expansins as the molecules that are
related to PNP-B. This was consistent with the ltesaf Ludidi et al., (2002) where they also
identified expansins as molecules with similargyifPNP-like molecules. This is also consistent
with the results from the phylogenetic tree whitlowed that the PNP-B related proteins from
onion, pine and coffee were clustering in the sgnoeip with then- andp- expansins. PNPs are
similar to expansins but do not contain the tryptop and tyrosine rich C-terminal putative
polysaccharide-binding domain typical of expansittigis, making PNPs considerably shorter
than the expansin sequences (~ 12 — 14 kDa rdthar- 25 kDa). The C-terminal in expansins
that is absent in PNPs was assigned as a putalitdose binding, and thus cell wall binding
region of expansins (Cosgrove, 1999). The absehtteeexpansin C-terminal in PNP-Bs shows
that although, PNP-Bs could be related to expan#irey do not interact with the cell wall and
are therefore mobile. It has been previously defnatesl that irPNPs act on protoplasts (plant
cells without cell walls) as well as microsomes litag et al., 1996; Pharmawagt al., 2001),

indicating that the novel peptides specificallyenaict with the plasma membrane. This shows
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that the cell wall cannot be an obligatory substfat PNP-Bs. Thus, the absence of the cellulose
binding C-terminal of expansins, in PNP-Bs poirits molecules to having a systemic role in
water and solute homeostasis. Furthermore to shatvRNP-B does not act on the cell wall like
expansins; the BLAST homology searches also idedtiCjBAp12, a blight-induced protein
which has no apparent expansin activity (Ceccardil., 1998). Thus, it can be speculated that
PNP-B has a role in pathogenesis response which imepve regulation of water and salt

homeostasis.

Expansins also share structural motifs with theatiwg catalytic sites of endoglucanases of the
family 45, which in turn do not have expansin atyiyCosgrove, 1999; Cosgrove, 2000). Thus,
pattern searches against PROSITE showed that PNBhBse a structural motif with an
endoglucanase belonging to family 45. The fact thgiansins, endoglucanase family 45 and
PNP-Bs share structural motifs reflects an evoharg relationship among the molecules and
therefore a relationship in function where the dtite of PNP-B had to be changed to adapt to a
new function that is different from both expansarsd endoglucanases. Unfortunately further

studies will have to be conducted to elucidateetkect function of PNP-B in plants.

5.5 Conclusion

In conclusion it can be noted that there is a [nilgyi that PNP-B could be a pseudogene only in
certain plants that contain the intron in them sasHArabidopsis wheat (betta and tugella) and

maize (early pearl)] and its functional gene is PNRvhich has been extensively studied on and
has evidence pointing towards a role in water altdh®meostasis. But in other plants such as

rice, leafy spurge, oilseed rape, onion, poplagaswcane, sunflower and tobacco it appears to be
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a functional protein since there is no intron ingé particular plants. In this case, PNP-B would

take up a function related to water and salt hotascs

It can also be noted that PNP-B is evolutionarédlated to expansins and the endoglucanase
family 45, and that PNP-Bs lost the C-terminal domianportant for the functional role of
expansins and endoglucanases. The loss of the damilathen relate PNP-B to a systemic role
and also increased mobility. Increased mobilitgupported by the fact that CjBApl2, a citrus
blight-induced protein which has sequence simyaff4%) to AtPNP-B is also a systemically

mobile protein (Ceccardit al.,1998), present, but not synthesized in leaves.

Furthermore, given the evolutionary relationshipP®§P-Bs and expansins we can go with the
argument of Ludidet al., (2002) which gives a possible link in functionexfpansins and PNPs.

There has been evidence that PNP molecules cae esmlnced osmoticum-dependent water
uptake (Maryaniet al., 2001; Pharmawatet al., 2001) and hence increases in cell turgor.
Increasing cell turgor will pose stress on celllsvand may in turn signal the need for expansin-
dependent wall loosening. Thus, inferring fronsthiis possible that PNP-B and expansins both
respond towards water and salt homeostasis buiffereht capacities. Where PNP-B would

enhance water uptake and expansins will be invalveel!l wall loosening.

This work has revealed some evidence pointing PNRe&ards a functional role in both abiotic
stress and pathogen response. However, further mels to be done to conclusively determine
whether PNP-Bs are functional proteins that hawela in water and salt homeostasis or a

possible role in pathogenesis response.
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CHAPTER SIX: GENERAL DISCUSSION & FUTURE RESEARCH W ORK

6.1 General Discussion & Conclusion

Sustaining water and solute homeostasis is a kquirament for living systems and in
vertebrates homeostasis is, in part achieved biyuretic peptides (NPs), a family of peptide
hormones (Anand-Srivastava & Trachte, 1993; Kon@)12 Suzukiet al., 2001). There is
structural and functional evidence to suggest #matimmunological related peptide hormone
system may operate in plants (Veselyal., 1993; Billington et al., 1997; Gehring, 1999).
Biologically active plant natriuretic peptide immasanalogues (irPNP) have been isolated and
purified by immunoaffinity chromatography (Billingnt et al., 1997). TwoArabidopsis thaliana
irPNP-encoding genes termed AtPNP-A and AtPNP-Behalgo been identified and isolated

(Ludidi et al.,2002).

This study was done with a major focus on PNP-BeiRNP-A has been extensively studied.
Immunological evidence for the presence of PNP-ikaecules has been found in angiosperm
species (Veselet al., 1993; Billingtonet al., 1997; Gehring, 1999; Ludidit al., 2002). In this
study the coding region of the PNP-B gene was sstekly amplified from wheat (tugella and
betta) and maize (early pearl) (Chapter 5) and RRRvas used to amplify the gene. A 138 bp
intron was identified for all the plants where tRBIP-B gene was amplified, including from
Arabidopsis thalianan chapter 4. The presence of the intron afterldicgtion of the PNP-B
coding region from template RNA frodrabidopsis wheat (betta and tugella) and maize (early
pearl) suggested that PNP-B could be an ‘unprodégseudogene. ‘Unprocessed’ pseudogenes

have misplaced stop codons which result in thembaitg expressed. Thus, the attempts at
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amplifying PNP-B in chapter 4 were not succesdfulias also speculated that PNP-A could be

the functional gene of PNP-B.

Although it would appear that PNP-B has an intranfaund from searching the plant genomes
by tblastx that some did not have an intron regienin, rice, leafy spurge, oilseed rape, onion,
poplar, sugar cane, sunflower and tobacco and withddefore encode a functional PNP-B
protein. Bioinformatic and structural analysis (gtea 3) as well as evolution studies (chapter 5)
pointed towards PNP-Bs having a functional roldath abiotic stress and pathogen responses.
Firstly, AtPNP-B was found to have some sequentdagiity with AtPNP-A (chapter 3), which
has been extensively studied. Biologically activélPP immuno-analogues (irPNP) and

recombinant AtPNP-A have been shown to have theviolg effects on plants;

* Induction of stomatal opening in a concentrationd @onformation dependent manner
(Gehringet al., 1996; Pharmawagt al.,1998a, 2001; Maryarat al.,2001; Morseet al.,
2004),

« Enhancement of osmoticum-dependent volume changdeaf mesophyll protoplasts
(Maryaniet al.,2001),

* Modulation of ion fluxes across plant membranesa(Rtawatiet al.,1999) and

« Induction of volume changes in protoplasts isoldtedn Arabidopsis cell suspensions

(Rafudeeret al.,2003; Morseet al.,2004).

Furthermore it has also been reported that in thesicaceous wedgrucastrum strigosunthe
PNP-like molecules are significantly up-regulatetier salinity stress conditions (Rafudestn
al., 2003). The PNP-like molecules have also been fegignily up-regulated inrArabidopsis

thaliana suspension culture cells in response to 150 mMINed in response to iso-molar
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amounts of sorbitol (Rafudeeat al.,2003). In addition, time-dependent increases i RiNthe
xylem of the African sag®lectranthus ciliatusvere registered after shoot removal (Maryeini
al., 2003) which causes severe homeostatic disturbafd@en together, these observations
establish PNP-A as having a role in osmotic stresponsiveness and the regulation of water and
solute movements. Thus, it can be inferred thatesPNP-B has sequence similarity with PNP-A,

it might also have a function in water and salt bostasis.

Secondly, the transcription factor binding siteBB5) that were predicted upstream of the
AtPNP-B and OsJPNP-B in chapter 3, also showedRh&-Bs might have a role in water and
salt homeostasis. The TFBS that were predicteddtn AtPNP-B and OsJPNP-B were mostly

those that were regulating water stress and hom&egirocesses.

However, the sequence similarity of AtPNP-B to CB& (Chapter 3) and the fact that AtPNP-
B and CjBAp12 clustered in the same group in thglqgenetic tree (Chapter 5) suggested a
pathogenesis-related role for PNP-B. This was @&srtbupported by the prediction of TFBS
(Chapter 3) that were related to biotic stressrepst of both the AtPNP-B and OsJPNP-B genes.
This evidence suggests that there could be anagvefiroles for PNP-B where PNP-B responds

to biotic stresses that are related to water aldhemeostasis in plants.

To further characterize PNP-B we went on in chaptéo search for other known proteins that
are related to it. Using signature patterns seatahe protein was shown to have an evolutionary
link with endoglucanase family 45 molecules. WhelbABT was used to search the protein
databases for more molecules that could be retat&NP-B, mostly expansins were identified.

This was consistent with previous studies that rslha@vn that expansins share structural motifs
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with the putative catalytic sites of endoglucanasfethe family 45 (Cosgrove, 1999). Thus, this

shows us that there is an evolutionary link amdragthree molecules.

PNPs might be similar to expansins but they do nonhtain the C-terminal putative
polysaccharide-binding domain typical of expansexsd glucanases, thus, making PNPs
considerably shorter. This loss in the C-terminajgests that during evolution the domain was
lost so that PNP-B could adopt another functioneotthan the function of expansins and
glucanases in plants. This suggests a systemicfool®NP-Bs. The systemic role is further
supported by the sequence similarity that AtPNPaB Wwith CjBAp12 and the fact that AtPNP-B
and CjBAp12 cluster together in the same groupméphylogenetic tree. CjBApl12 appears to be
a systemically mobile protein (Ceccaddial., 1998) since it is present but not synthesizedhén t

leaves.

The relationship that PNP-B has with expansins algggests a divergence in the substrate that
the molecules act on. Expansins are proteins th@ngte cell wall loosening and extension
(Cosgrove, 1999) thus they act on the cell walllevliNPs have been shown to act on the
membrane. However, irPNP-dependent processes lemre dbserved in experimental systems
that do not contain the cell wall such as protdglas microsomal and plasma membrane vesicles
(Suwastikeet al.,2000; Maryanet al.,2000; Pharmawagt al.,2001; Maryanet al.,2001). This

suggests that PNP-B could also act directly orptaema membrane.

Another BLAST search against the different plarmagaes in the “Gene Index Project” database
in chapter 5 also showed that PNP-B related modsculere also present in other plants. The
identification of other PNP-B related molecules Idobelp explain why PNP-B could not be

amplified from various plants other than the thceesal plants. This was due to the diversity of
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the signal peptide coding region of the differe™NFPB related genes, the primers that were
designed based on the PNP-B sequence foabidopsis thalianacould not amplify the gene
from some of the plants. The sequences that waesnglal from other plant genomes were also

used in the construction of a phylogenetic tree.

In conclusion, it was shown that the PNP-B gengrésent in other plants from where the gene
could not be amplified thus there is a need togiesiegenerate primers so as to amplify the
respective PNP-B genes from the different plantse B the sequence similarity of AtPNP-B to
both AtPNP-A and CjBApl2, it can be concluded tiRXIP-B may have a function in
pathogenesis related stresses that affect watesahdomeostasis. The evolutionary relationship
of PNP-B with expansins and endoglucanases alsgestgya divergence in function where PNPs

are systemic mobile and act on cell membraneskeiskpansins which act on the cell walls.

6.2 Future Research Work

In this study, RT-PCR was done on total RNA fromdifferent plants but the PNP-B gene was
successfully amplified from only three plants. THas future studies it is important to design
degenerate primers or specific primers, that welldble to amplify the gene from all the plants
where the gene can be found. After amplificationtled gene from different plants, it is also
important to amplify and express a PNP-B gene faghin intron. Expression of PNP-B can then
be optimised using these plants. The purified rdooent PNP-B will be used to investigate the
cellular responses of plants to recombinant PNPA8 #&us elucidate its function. The
recombinant PNP-B will also be used to further gsal the structure of PNP-B using

experimental methods such as NMR (nuclear magretimance) and X-ray crystallography.
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It has been reported that the region sufficient tfaggering protoplast swelling and stomatal
guard cell opening of AtPNP-A lies within the regi@3 — 66 which has been shown to be
homologous to ANP (Morset al.,2004; Wanget al.,2007). Thus, it is also important to confirm

the region of PNP-B that is responsible for itschion.

A further aspect of this work would be to investegthe responses of PNP-B to biotic and abiotic
plant stress responses. Immuno-localisation of BNR-the plants pre- and post stress is also
suggested in order to have an idea of the locaizaif PNP-B in plants. Furthermore, it will be
important to research on the regulatory elemen8N-B using DNA foot-printing and reporter

genes such as GUS.

Further research work on PNP-B will help to brifmgpat a conclusive role for the molecule. The
functional characterization of PNP-B will help tmprove biotechnological stress tolerance
strategies and to further elucidate the role otgins/peptides involved in plant stress signaling

responses.

150



REFERENCES

Abe, H., Urao, T., Ito, T., Seki, M., Shinozaki, K.and Yamaguchi-Shinozaki, K.(2003).
“ArabidopsisAtMYC2 (bHLH) and AtMYB2 (MYB) function as transigtional activators
in abscisic acid signalingPlant Cell,15: 63-78.

Abe, H., Yamaguchi-Shinozaki, K., Urao, T., lwaski,T., Hosokawa, D. and Shinozaki, K.
(1997). “Role ofArabidopsisMYC and MYB homologs in drought- and abscisic acid
regulated gene expressioiRlant Cell,9: 1859-1868.

Albrigo, L. G. & Young, R. H. (1981). “Phloem zinc accumulation in citrus tre#fected with
blight.” Hort Sciencel6: 158-160.

Aldington, S. & Fry, S.C. (1993). “Oligosaccharins.Advances in Botanical Researd®: 1—
107.

Alexandrov, D. A. (1994). Filipchenko and Dobzhansky: Issues in Etwohary Genetics in the
1920s. InThe Evolution of Theodosius Dobzhansky. MB Adams, Princeton: Princeton
University Press.

Altschul, S. F., Gish, W., Miller, W., Myers, E. W.and Lipman, D. J. (1990). “Basic local
alignment search toolJournal of Molecular Biology215:403-10.

Alvarez, M. E. (2000). “Salicylic acid in the machinery of hypemsitive cell death and disease
resistance.Plant Molecular Biology44: 429-442.

Amin, J., Carretero, I. A. and Ito, S. (1996). “Mechanisms of action of atrial natriucefactor
and C-type natriuretic peptidedypertension27: 684—687.

Anand-Srivastava, M. B. & Trachte, G. J.(1993). “Atrial natriuretic factor receptor andsal

transduction mechanism$?harmacological Reviewg5:455-497.

151



Antikainen, M., Griffith, M., Zhang, J., Hon, W-C., Yang, D. S. C. and Pihakashi-
Maunsbach, K. (1996). “Immunolocalization of antifreeze proteimswinter rye leaves,

crowns, and roots by tissue printing2lant Physiology110: 845-857

Arnold, K., Bordoli, L., Kopp, J. and Schwede, T.(2006). “The SWISS-MODEL Workspace:
A web-based environment for protein structure hagplmodelling.”Bioinformatics,22:
195-201.

Arteca, R. N.(1996). “Plant Growth Substances: Principles apglisations.” Chapman & Hall,
New York, pp332.

Atici, O. & Nalbantoglu, B. (2003). “Antifreeze proteins in higher plant®hytochemistry64:
1187-1196.

Baker, S. S., Wilhelm, K. S. and Thomashow, M. K1994). “The 5 -region oArabidopsis
thaliana corl5a has cis-acting elements that confer caldbught- and ABA-regulated
gene expressionPlant Molecular Biology24: 710-713.

Bandurski, R. S., Cohen, J. D., Slovin, J. and Reatke, D. M. (1995). “Auxin biosynthesis
and metabolism.” In Davies, P. J. (ed). Plant Hareso— Physiology, Biochemistry and
Molecular Biology, Kluwer Academic Publishers: Dordht, Boston, London. pp. 39-65.

Baneyx, F.(1999). “Recombinant protein expressionEscherichia coli’ Current Opinion in
Biotechnologyl10: 411-421.

Bartel, B. (1997). “Auxin biosynthesis.Annual Review of Plant Physiology & Plant Molecular
Biology,48:51-66.

Berger, S., Bell, E. and Mullet, J. E(1996). “Two methyl jasmonste-insensitive mutastisw
altered expression of Atvsp in response to methgimonate and woundingPlant

Physiology,111: 525-531.

152



Bergeron, B. (2003). “The complete, practical guide to bioinfatms for life scientists:
Bioinformatics Computing.” Pearson Education, Inc.

Bergey, D. R., Howe, G. A. and Ryan, C. A1996). “Polypeptide signaling for plant defensive
genes exhibits analogies to defense signaling imas” Proceedings of the National
Academy of Sciences UD8; 12053-12058.

Bernier, F. & Berna, A. (2001). “Germins and germin-like proteins: plaotall proteins. But
what do they do exactly?” Plant Physiology & Bioctistry, 39:545-554.

Bewley, J. D.(1997). “Seed germination and dorman&ant Cell,9: 1055-1066.

Bialek, K. & Cohen, J. D. (1986)."Isolation and partial characterizationtb& major amide-
linked conjugate of indole-3-acetic acid frd?haseolus vulgaris.L Plant Physiology80:
99-104.

Billington, T., Pharmawati, M. and Gehring, C. A. (1997). “Isolation and immunoaffinity
purification of biologically active plant natriuretpeptide.”Biochememical & Biophysical
Research Communicatior335: 722-725.

Bishop, G. J. & Yokota, T.(2001). “Plant steroid hormones, brassinosterdiasrent highlights
of molecular aspects on their synthesis/metabolisamsport, perception and response.”
Plant Cell Physiology42(2): 114-120.

Bohlmann, H. (1994). “The role of thionins in plant protectibrCritical Reviews in Plant
Sciences]3: 1-16.

Bol, J. F., Linthorst, H. J. M. and Cornelissen, B.J. C. (1990). “Plant pathogenesis-related
proteins induced by virus infectionAnnual Review of Phytopatholodg: 113-138.

Bolter, C. & Jongsma, M. A.(1997). “The adaptation of insects to plant proteahibitors.”

Journal of Insect Physiology3: 885-895.

153



Borsing, L., Berger, E. G. and Malissard, M.(1997). “Expression and purification of His-
tagged beta-1,4 galactosyltransferase in yeast iandCOS cells.” Biochemical &
Biophysical Research CommunicatioR40: 586—-590.

Boudart, G., Jamet, E., Rossignol, M., Lafitte, C.Borderies, G., Jauneau, A., Esquerre-
Tugaye, M. T. and Pont-Lezica, R.(2004). “Cell wall proteins in apoplastic fluid$ o
Arabidopsis thaliana rosettes: Identification byssiapectrometry and bioinformatics.”
Proteomicsp: 212-221.

Bourne, P. E. & Weissig, H(2003). “Structural Bioinformatics.” John Wiley &ons, Inc.

Broadway, R. M. & Duffey, S. S.(1986). “Plant proteinase inhibitors mechanism aifcsm and
effect on the growth and digestive physiology afvéh Heliothis zeaand Spodoptera
exiqua” Journal of Insect Physiolog@2: 827-833.

Broekaert, W. F., Terras, F. R. G. and Cammue, B. PA. (2000). “Induced and preformed
antimicrobial proteins.’Mechanisms of Resistance to Plant DiseaBesdrecht: Kluwer.
pp. 371-477.

Brown, R. L., Kazan, K., McGrath, K. C., Maclean, D. J. and Manners, J. M.(2003). “A
role for the GCC-box in jasmonate-mediated actoratiof the PDF1.2 gene of
Arabidopsis’ Plant Physiology132: 1020-1032.

Brummell, D. A., Harpster, M. H., Civello, P. M., Ralys, J. M., Bennett, A. B. and
Dunsmuir, P. (1999). “Modification of expansin protein abundann tomato fruit alters
softening and cell wall polymer metabolism durimgening.” Plant Cell,11: 2203-2216.

Brunner, F., Stintzi, A., Fritig, B. and Legrand, M. (1998). “Substrate specificities of tobacco
chitinases.”The Plant Journall4: 225-234.

Buchanan-Wollaston, V., Earl, S., Harrison, E., Mahas, E. and Navabpour, S(2003). “The
molecular analysis of leaf senescence—a genomigsoagh.” Plant Biotechnology

Journal,1: 3-22.

154



Bufe, A., Spangfort, M. D., Kahlert, H., Schlaak, M and Becker, WM. (1996). “The major
birch pollen allergen, Bet v 1, shows ribonucleastvity.” Planta,199: 413—-415.

Buhtz, A., Kolasa, A., Arlt, K., Walz, C. and Kehr, J. (2004). “Xylem sap protein composition
is conserved among different plant speci€dnta,219: 610-618.

Bujard, H., Gentz, R., Stueber, D., Mueller, M., Ibahimi, I., Haeuptle, M. T. and
Dobberstein, B. (1987). “A T5 promoter-based transcription-tratisla system for the
analysis of proteins in vitro and in vivdViethods in Enzymolog{b5: 416-433.

Busk, P. K. & Pages, M.(1998). “Regulation of abscisic acid-induced taimpion.” Plant
Molecular Biology,37: 425-435.

Butenko, M. A., Stenvik, G.-E., Alm, V., Saether, B Patterson, S, E. and Aalen, R. B.
(2006). “Ethylene-dependent and —independent pathwantrolling floral abscission are
revealed to converge using promoter::reporter geomstructs in the ida abscission
mutant.”Journal of Experimental Botan$/: 3627-3637.

Butenko, M. A., Patterson, S, E., Grini, P. E., Stevik, G. E., Amundsen, S. S., Mandal, A.
and Aalen, R. B. (2003). “Inflorescence deficient in abscission tcols floral organ
abscission irArabidopsisand identifies a novel family of putative ligandsplants.”Plant
Cell, 15: 2296-2307.

Calos, M. P.(1978). “DNA sequence for a low-level promotertloé lac repressor gene and an
‘up’ promoter mutation.’Nature,274: 762—765.

Cameron, R. K., Dixon, R. A. and Lamb, C. J.(1994). “Biologically induced systemic
acquired resistance #rabidopsis thaliand. Plant Journal,5: 715-725.

Campalans, A., Kondorosi, A. and Crespi, M.(2004). “Enod40, a short open reading frame-
containing mMRNA, induces cytoplasmic localizatidnaonuclear RNA binding protein in

Medicago truncatuld.Plant Cell,16: 1047-1059.

155



Carmelo, C., Lopez-Farre, A., Riesco, A., OliveraA., Cragoe, E. J., Tsai, P., Briner, V. A.
and Schrier, R. W. (1994). “Atrial Natriuretic and cGMP inhibit N&d* antiporter in
vascular smooth muscle cell cultur&itney International45: 66-75.

Carpita, N. C. (1996). “Structure and biogenesis of the cell waflgrasses.Annual Review of
Plant Physiology & Plant Molecular Biology,7: 445—-476.

Casson, S. A., Chilley, P. M., Topping, J. F., Evan |. M., Souter, M. A. and Lindsey, K.
(2002). “The POLARIS gene ofrabidopsisencodes a predicted peptide required for
correct root growth and leaf vascular patternir®jdant Cell,14: 1705-1721.

Castillo, R. M., Mizuguchi, K., Dharanaj, V., Albert, A., Blundell, T. L. and Murzin, A. G.
(1999). “A six-stranded double-p§i barrel is shared by several protein superfamilies.
Structure,7: 227-236.

Ceccardi, T. L., Barthe, G. A. and Derrick, K. S.(1998). “A novel protein associated with
citrus blight has sequence similarities to expans$tant Molecular Biology38: 775-783.

Cercos, M., Gomez-Cadenas, A. and Ho, T. H. 01999). “Hormonal regulation of a cysteine
proteinase gene, EPB-1, in barley aleurone layass:and trans-acting elements involved
in the co-ordinated gene expression regulated bpegellins and abscisic acidPlant
Journal,19: 107-118.

Cermak, R., Kleta, R., Forssmann, W. G. and Schlagr, E. (1996). “Natriuretic peptides
increase a Kconductance in rat mesangial cellEliropean Journal of Physiolog¢31:
571-5717.

Charon, C., Sousa, C., Crespi, M. and Kondorosi, A1999). “Alteration of enod40 expression
modifies Medicago truncatularoot nodule development induced §inorhizobium

meliloti.” Plant cell,11: 1953-1966.

156



Charon, C., Johansson, C., Kondorosi, E., KondorosiA. and Crespi, M. (1997). “Enod 40
induces dedifferentiation and division of root amat cells in legumes.Proceedings of the
National Academy of Sciences USA; 8901-8906.

Chart, H., Smith, H. R., La Ragione, R. M. and Woodard M. J. (2000). “An investigation
into the pathogenic propertiesB$cherichia colstrains BLR, BL21, DH5alpha and EQ1.”
Journal of Applied Microbiologyg9: 1048—-1058.

Chen, B. P. & Hai, T.(1994). “Expression vectors for affinity purificat and radiolabeling of
proteins usindgescherichia colias host.'Gene, 139: 73-75.

Chilley, P. M., Casson, S. A., Tarkowski, P., Hawkis, N., Wang, K. L., Hussey. P. J., Beale,
M., Ecker, J. R., Sandberg, G. K. and Lindsey, K(2006). “The POLARIS peptide of
Arabidopsis regulates auxin transport and root ¢nowia effects on ethylene signalling.”
Plant Cell,18: 3058-3072.

Cho, H.-T. & Cosgrove, D. J.(2000). “Altered expression of expansin moduldézg growth
and pedicel abscission #rabidopsis thaliand Proceedings of the National Academy of
Sciences USA)7: 9783-9788.

Choi, D., Lee Y., Cho, H.-T. and Kende, H(2003). “Regulation of expansin gene expression
affects growth and development in transgenic rleats.” Plant Cell,15: 1386-1398.

Chothia, C. & Lesk, A. (1986). “The relation between the divergence ofuseice and structure
in proteins.”"EMBO Journal5(4): 823-826.

Christensen, A. B., Ho Cho, B., Naesby, M., Gregezg, P. L. and Brandt, J.(2002). “The
molecular characterization of two barley proteissablishes the novel PR-17 family of
pathogenesis-related proteinMblecular Plant Pathology3:135-144.

Clark, S. E., Williams, R. W., and Meyerowitz, E. M (1997). “TheCLAVATAlgene encodes
a putative receptor kinase that controls shootflamal meristem size idrabidopsis’ Cell,

89:575-585.

157



Cohen, J. D.(1982). “Identification and quantitative analysisindole-3-acetyl-L-apartate from
seeds ofslycine maxX_.” Plant Physiology74: 749-753.

Cohen, M. (1974). “Diagnosis of young tree decline, blighdidasand hill decline by
measurement of water uptake using gravity injectidtlant Disease Reportef8: 801-
805.

Cohen, J. D. & Bandurski, R. S.(1982). “Chemistry and physiology of the bound iaaX
Annual Review of Plant Physiolog33: 403-430.

Compaan, B., Ruttink, T., Albrecht, C., Meeley, R.Bisseling, T. and Franssen, H(2003).
“Identification and characterization of Zea maysline carrying a transposon-tagged
ENODA40.”Biochemical & Biophysical Actag29: 84-91.

Compaan, B., Yang, WC., Bisseling, T. and Franssen, H2001). “ENOD40 expression in the
pericycle precedes cortical cell division Rhizobiumlegume interaction and the highly
conserved internal region of the gene does notdmameptide.Plant & Soil,230: 1-8.

Connell, S. R., Tracz, D. M., Nierhaus, K. H. and &ylor, D. E. (2003). “Ribosomal protection
proteins and their mechanism of tetracycline rass.” Antimicrobial Agents &
Chemotherapy47: 3675-3681.

Cooper, G. M. & Hausman, R. E.(2007). “The Cell: A molecular Approach.‘hLEdition, ASM
Press, Washington, D.C.

Cooper, J. B. & Long, S. R.(1994). “Morphogenetic rescue Bhizobiummeliloti nodulation
mutants by trans-zeatin secretioRlant Cell,6: 215-225.

Cornelissen, B. J. C., Horowitz, J., Van Kan, J. AL., Goldberg, R. B. and Bol, J. F(1987).
“Structure of tobacco genes encoding pathogeneksed proteins from the PR-1 group.”
Nucleic Acids Researcth5:6799-6811.

Cosgrove, D. J(2000). “Loosening of plant cell walls by exparssirNature 407: 321-326.

158



Cosgrove, D. J(1999). “Enzymes and other agents that enhanteva#tlextensibility.” Annual
Review of Plant Physiology & Plant Molecular Biojo§0: 391-417.

Cosgrove, D.J.(1997). “Relaxation in a high-stress environmenlie molecular basis of
extensible walls and cell enlargemerlant Cell,1031-1041.

Cosgrove, D. J., Li, L. C., Cho, H-T., Hoffmann-Bening, S., Moore, R. C. and Blecker, D.
(2002). “The growing world of expansing2lant Cell Physiology43(12): 1436-1444.

Creelman, R. A. & Mullet, J. E. (1997). “Oligosaccharins, brassinolides, and jasaes:
Nontraditional regulators of plant growth, develagrhand gene expressiolant Cell,9:
1211-1223.

Custers, J. H. H. V., Harrison, S. J., Sela-Buurlag, M. B., Van Deventer, E. and Lageweg,
W. (2004). “Isolation and characterization of a clasarbohydrate oxidases from higher
plants, with a role in active defenc®lant Journal,39: 147-160.

Davanloo, P., Rosenberg, A. H., Dunn, J. J. and Stier, F. W. (1984). “Cloning and
expression of the gene for bacteriophage T7 RNAmetaseProceedings of the National
Academy of Sciences USA, 2035-2039.

Davies, P. J(1995). “The plant hormones: Their nature, ocawresand functions.” In Davies, P.
J. (ed). Plant Hormones — Physiology, Biochemistnd Molecular Biology. Kluwer
Academic. Netherlands. pp. 1-12.

Davis, G. D., Elisee, C., Newham, D. M. and HarrisoR. G. (1999). “New fusion protein
systems designed to give soluble expressiornEstherichia coli’ Biotechnology &
Bioengineeringp5: 382—-388.

Davoine, C., Le Deunff, E., Ledger, N., Avice, J-Cand Billard, J-P. (2001). “Specific and
constitutive expression of oxalate oxidase during &geing of leaf sheaths of ryegrass

stubble.”Plant Cell & Environment24:1033-1043.

159



De Bold, A. J.(1985). “Atrial Natriuretic factor: a hormone promkd by the heart.Science,
230: 767.

De Bold, A.J., Borenstein, B.H., Veress, A.T. andd@nenberg, H.(1981). “A rapid and potent
natriuretic response to intravenous injection afahtmyocardial extract in rats.Life
Sciences?8: 89 — 94.

Delaney, T. P.(1997). “Genetic dissection of acquired resistaiocdisease.Plant Physiology,
113: 5-12.

del Solar, G., Giraldo, R., Ruiz-Echevarria, M.J.,Espinosa, M. and Diaz-Orejas, R(1998).
“Replication and control of circular bacterial piasigls.” Microbiology & Molecular
Biology Reviews52: 434—-464.

De Plater, G. M., Matrtin, R. L. and Milburn, P. J. (1998). “The natriuretic peptide (ovCNP-
39) from platypus @rnithorhynchus anatingsvenom relaxes the isolated uterus and
promotes oedema and mast cell histamine rele@saiton,36: 847-857.

Donaldson, P. A., Anderson, T., Lane, B. G., Davids, A. L. and Simmonds, D. H.(2001).
“Soybean plants expressing an active oligomeridat@aoxidase from the whegt-2.8
(germin) gene are resistant to the oxalate-seggtahogenSclerotina sclerotiorun
Physiological & Molecular Plant Patholog$9:297-307.

Dubendorff, J. W. & Studier, F. W. (1991). “Controlling basal expression in an indleiT7
expression system by blocking the target T7 promutigh lac repressor.”Journal of
Molecular Biology,219: 45-59.

Durner, J., Wendehenne, D. and Klessig, D. §1998). “Defense gene induction in tobacco by
nitric oxide, cyclic GMP and cyclic ADP-ribos@’roceedings of the National Academy of
Science USAQ5: 10328—-10333.

Edreva, E. (2005). “Pathogenesis-related proteins: Researolgress in the last 15 years.”

General & Applied Plant Physiolog$1: 105-124.

160



Emanuelsson, O., Brunak, S., von Heijne, G. and Nsgen, H.(2007). “Locating proteins in the
cell using TargetP, SignalP, and related toolsdture Protocols2: 953-971.

Epstein, E. & Ludwig-Muller, J. (1993). “Indole-3-butyric acid in plants: occurrensynthesis,
metabolism and transport?hysiologia Plantarum88: 382-387.

Epstein, E. Baldi, B. G. and Cohen, J. {1984). “Chromatographic evidence for the presence
of indole-3-acetyl-glutamate in seed of soybedrdceedings of Plant Growth Regulators
Society of Americdl,1: 184-188.

Epstein, E., Cohen, J. D. and Bandurski, R. §1980). “Concentration and metabolic turnover
of indoles in germinating kernels déa may4..” Plant Physiology65:415—-421.

Faktor, O. & Raviv, M. (1997). “Inhibition of molt inSpodoptera littoralidarvae treated with
soybean Bowman-Birk protease inhibitoEfitomologia Expis Applicat&2: 109-113.

Farabaugh, P. J.(1978). “Sequence of the lac | genddture,274: 765.

Farrell, A. P. & Olson, K. R. (2000). “Cardiac natriuretic peptides: A physiotay lineage of
cardioprotective hormonePhysiological & Biochemical Zoology3: 1-11.

Feller, S. M., Gagelmann, M. and Forssman, W. G(1989). “Urodilatin: A newly described
member of the ANP family. Trends in Pharmacological Sciencd§); 93-94.

Ferry, N., Jouanin, L., Ceci, L. R., Mulligan, A., Emami, K., Gatehouse, J. A. and
Gatehouse, A. M. (2005). “Impact of oilseed rape expressing the aneilal serine
protease inhibitor, mustard trypsin inhibitor-2 ¢ime beneficial predatoPterostichus
madidus:. Molecular Ecology14: 337-349.

Fickett, J. W. & Hatzigeorgiou, A. G. (1997). “Eukaryotic promoter predictionGenome

Research7: 861-878.

161



Fiers, M., Hause, G., Boutilier, K., Casamitjana-Matinez, E., Weijers, D., Offringa, R., van
der Geest, L., van Lookeren Campagne, M. and Liu, (Q2004). “Mis-expression of the
CLV3/ESR-like gene CLE19 iMrabidopsisleads to a consumption of root meristem.”
Gene,327: 37-49.

Finkelstein, R. R., Gampala, S. S. L. and Rock, . (2002). “Abscisic acid signalling in
seeds and seedlingg.he Plant Cell14: S15-S45.

Fletcher, J. C., Brand, U., Running, M. P., SimonR., and Meyerowitz, E. M. (1999).
“Signaling of cell fate decisions BYLAVATASIn Arabidopsisshoot meristems.Science,
283:1911-1914.

Fowkes, R. C. & McArdle, C. A. (2000). “C-type natriuretic peptide: An important
neuroendocrine regulatorTtends in Endocrinology and Metabolisii,(8): 333-338.

Fujioka, S. (1999. “Natural occurrence of brassinosteroids in thepkingdom.”In A Sakurai,

T Yokota, SD Clouse, eds, Brassinosteroids: Statdilant Hormones. Springer-Verlag,
Tokyo, pp 21-45.

Garbers, D. L. & Lowe, D. G. (1994). “Guanylyl cyclase receptorsJburnal of Biological
Chemistry269: 30741-30744.

Garthwaite, J., Southam, E., Boulton, C. L., Nielse, E. B., Schmidt, K. and Mayer, B.
(1995). “Potent and selective inhibition of nitwxide-sensitive guanylyl cyclase by 1H-
[1,2,4]oxadiazolo[4,3x]quinoxalin-1-one."Molecular Pharmacology48: 184-188.

Gaudin, V., Vrain, T. and Jouanin, L. (1994). “Bacterial genes modifying hormonal baksc
in plants”Plant Physiology & Biochemistr32: 11-29.

Gehring, C. A. (1999). “Natriuretic peptides - A new class ofrglaormone?’Annals of Botany,
83: 329-334.

Gehring, C. A. & Irving, H. R. (2003). “Natriuretic peptides — a class of hetegolus

molecules in plants.The International Journal of Biochemistry & CelldBgy,1482: 1-5.

162



Gehring, C. A., Khalid, K. M., Toop, T. and Donald, J. A. (1996). “Rat natriuretic peptide
binds specifically to plant membranes and indudesatal opening.’Biochemical and
Biophysical Research CommunicatioB28: 739-744.

Gibson, L. J.(1994). “Pseudogenes and Origin®rigins, 21(2): 91-108.

Grace, M. L., Chandrasekharan, M. B., Hall, T. C. ad Crowe, A. J. (2004). “Sequence and
spacing of TATA box elements are critical for aaterinitiation from the beta-phaseolin
promoter.”Journal of Biological Chemistry79: 8102-8110.

Gressent, F., Rahioui, I. and Rahbe, Y(2003). “Characterization of a high-affinity bimgj site
for the pea albumin 1b enterotoxin in the weeSitophilus” European Journal of
Biochemistry270: 2429-2435.

Griffith, M. & Yaish, M. W. (2004). “Antifreeze proteins in overwintering plana tale of two
activities.” Trends in Plant Scienc8; 399-405.

Griffiths, A. J. F., Wessler, S. R., Lewontin, R. Cand Carroll, S. B.(2008). “Introduction to
genetic analysis.”'9Edition, W. H. Freeman & Company, New York.

Grove, M. D., Spencer, F. G., Rohwedder, W. K., Maslava, N. B., Worley, J. F., Warthen
Jr., J. D. Steffens, G. L. Flippen-Anderson J. Land Carter-Cook J. Jr. (1979).
“Brassinolide, a plant growth promoting steroidl&ged fromBrassica napud.. Pollen.”
Nature,281: 216-217.

Grunwald, I., Rupprecht, I., Schuster, G. and Klopgstech, K. (2003). “ldentification of
guttation fluid proteins: the presence of pathogeneelated proteins in non-infected barley
plants.”Physiologia Plantaruml19: 192-202.

Gulyyaev, A. P. & Roussis, A.(2007). “Identification of conserved secondarystures and
expansion segments in enod40 RNAs reveals new 8nooithologues in plantsNucleic

Acids Researci5: 3144-3152.

163



Guzzo, F., Portaluppi, P., Grisi, R., Barone, S., @mpieri, S., Franssen, H. and Levi, M.
(2005). “Reduction of cell size induced by enoddAQArabidopsis thaliand. Journal of
Experimental Botanyg6: 507-513.

Halliwell, C. M., Morgan, G., Ou, C. P. and Cass, A E. (2001). “Introduction of a
(poly)histidine tag in L-lactate dehydrogenase pam$ a mixture of active and inactive
molecules.”’Analytical Biochemistry295: 257-261.

Hanai, H., Matsuno, T., Yamamoto, M., MatsubayashiyY., Kamada, H. and Sakagami, Y.
(2000). “A secreted peptide growth factor, phytéskihe, acting as a stimulatory factor of
carrot somatic embryo formatiorPlant Cell Physiology41: 27-32.

Hannig, G. & Makrides, S. C. (1998). “Strategies for optimizing heterologousotpm
expression ifEscherichia coli’ Trends in Biotechnology,6: 54—60.

Hefti, M. H., Caroline, J. G., der Toorn, V. V., Dixon, R. and Vervoort, J.(2001). “A novel
purification method for histidine-tagged proteingntaining a thrombin cleavage site.”
Analytical Biochemistry295: 180-185.

Heidecker, G. & Messing, J.(1986). “Structural analysis of plant geneArinual Review of
Plant Physiology37: 439-466.

Higo, K., Ugawa, Y., lwamoto, M. and Korenaga, T(1999). “Plant cis-acting regulatory DNA
elements (PLACE) database:1998llicleic Acids ResearcBy(1): 297-300.

Hisamatsu, T., Koshioka, M., Kubota, S., Nishijima,T., Yamane, H., King, R. W. and
Mander, L. N. (1998). “Isolation and identification of GA& (128-hydroxy-GA,) in
Matthiola incana” Phytochemistry47(1): 3-6.

Hobe, M., Muller, R., Grunewald, M., Brand, U. and Simon, R.(2003). “Loss of CLE40, a
protein functionally equivalent to the stem celstreeting signal CLV3, enhances root

waving inArabidopsis: Development Genes & Evolutiail 3: 371-381.

164



Hochuli, E., Bannwarth, W., Dobeli, H., Gentz, R. ad Sttber, D. (1988). “Genetic approach
to facilitate purification of recombinant proteimgth a novel metal chelate adsorbent.”
Bio/Technology6: 1321-1325.

Hochuli, E., Doébeli, H. and Schacher, A(1987). “New metal chelate adsorbent selective for
proteins and peptide containing neighbouring hiséid residues.” Journal of
Chromatography411: 177-184.

Hoegen, E., Stromberg, A., Pihigren, U. and Kombrik, E. (2002). “Primary structure and
tissue-specific expression of the pathogenesiseelprotein PR-1b in potatoMolecular
Plant Pathology3: 329-345.

Hoffmann-Sommergruber, K. (2000). “Plant allergens and pathogenesis-relatemteins -
What do they have in common®iternational Archives of Allergy & Immunolog$22:
155-166.

Hon, W-C., Griffith, M., Mlynarz, A., Kwok, Y. C. and Yan g, D. S. C.(1995). “Antifreeze
proteins in winter rye are similar to pathogenesiated proteins.Plant Physiology109:
879-889.

Horvath, B., Heidstra, R., Lados, M., Moerman, M., Spaink, H. P., Promé, J-C., van
Kammen, A. and Bisseling, T. 1993. “Lipo-oligosaccharidesof Rhizobiuminduce
infection-related early nodulin gene expressiopea root hairs.The Plant Journal4(4):
727-733.

Huffaker, A. & Ryan, C. A. (2007). “Endogenous peptide defense signal®@rnabidopsis
differentially amplify signalling for the innate mune response.Proceedings of the
National Academy of Sciences U3A4: 10732-10736.

Huffaker, A., Pearce, G. and Ryan, C. A.(2006). “An endogenous peptide signal in
Arabidopsisactivates components of the innate immune resporeceedings of the

National Academy of Sciences U3A3: 10098-10103.

165



Humphreys, M. H. & Valentin, J-P. (2000). “Natriuretic humoral agents.” in Seldin DW
Giebisch G (eds): The Kidney: Physiology and Patlysmplogy (ed 3). Philadelphia, PA,
LippincottWilliams &Wilkins, pp 1371-1410.

Inagami, T., Misono, K. S., Fukumi, H., Maki, M., Tanaka, I., Takayanagi, R., Imada, T.,
Grammer, R. T., Naruse, M., Naruse, K., Pandey, KN, Parmentier, M., Yasujima, M.
and Abe, K. (1987). “Structure and physiological actions df a&rial natriuretic factor.”
Hypertension 10 (suppl 1)113-1117.

Ito, Y., Nakanomyo, I., Motose, H., lwamoto, K., S&a, S., Dohmae, N. and Fukuda, H.
(2006). “Dodeca-CLE peptides as suppressors oft gigam cell differentiation.’Science,
313: 842-845.

Itoh, H. & Nakao, K. (1994). “Antagonism between the vascular renini@egsin and
natriuretic peptide systems in vascular remodé€liBgpod Pressure 5 (suppl49-53.

Jackson, A. O. & Tailor, C. B. (1996). “Plant-microbe interactions: life and deaththe
interface.”Plant Cell Journal 8: 10.

Jacq, C., Miller, J. R. and Brownlee, G. G.(1977). “A pseudogene structure in 5S DNA of
Xenopus laeviLell, 12: 109-120.

Jacquet, A., Daminet, V., Haumont, M., Garcia, L.,Chaudoir, S., Bollen, A. and Biemans,
R. (1999). “Expression of a recombinahbxoplasma gondiROP2 fragment as a fusion
protein in bacteria circumvents insolubility andotgolytic degradation.” Protein
Expression & Purification17: 392—-400.

Janknecht, R., de Martynoff, G., Lou, J., Hipskind,R., Nordheim, A. and Stunnenberg, H.
G. (1991). “Rapid and efficient purification of natistidine-tagged protein expressed by
recombinant vaccina virusProceedings of the National Academy of Sciences, 88A

8972-8976.

166



Jinn, T. L., Stone, J. M. and Walker, J. C.(2000). “HAESA, anArabidopsisleucine-rich
repeat receptor kinase, control floral organ alsgmis” Genes & Development; 108-117.

Joffy, S. & Rosner, M. H. (2005). “Natriuretic peptides in ESRDAmerican Journal of Kidney
Diseases46(1): 1-10.

Johansson, O., Alkema, W., Wasserman, W. W. and Laggren, J. (2003). “Identification of
functional clusters of transcription factor bindimptifs in genome sequences: the MSCAN
algorithm.” Bioinformatics,19:i1169-i176.

John, P. C. L., Zhang, K., Dong, C., Diederich, Land Wightman F. (1993). “p34%°? related
proteins in control of cell cycle progression, #vatch between division and differentiation
in tissue development, and stimulation of divisioy auxin and cytokinin.”Australian
Journal of Plant Physiology20: 503-526.

Jonasson, P., Liljegvist, S., Nygren, P. A. and St§ S. (2002). “Genetic design for facilitated
production and recovery of recombinant protein€stherichia col’ Biotechnology &
Applied Biochemistry35: 91-105.

Jones, D. T.(1999). “Protein secondary structure predictiosdahon position specific scoring
matrices.”Journal of Molecular Biology292: 195-205.

Jord’a, L., Conejero, V. and Vera, P.(2000). “Characterization oP69E and P69F, two
differentially regulated genes encoding new membgrdhe subtilisin-like proteinase
family from tomato plants.Plant Physiologyl122: 67—-73.

Kashiwagi, M., Katafuchi, T. and Kato, A. (1995). “Cloning and properties of a novel
natriuretic peptide receptor NPR-OEuUropean Journal of Biochemistr®33: 102-109.

Katafuchi, T., Takashima, A., Kashiwagi, M., Hagiwaa, H., Takei, Y. and Hirose, S.
(1994). “Cloning and expression of eel natriurgieptide receptor B (NPR-B) and its
comparison with the mammalian counterpartSsuropean Journal of Biochemistr222:

835-842.

167



Kecskemeti, V., Pacher, P., Pankucsi, C. and Nanadp. (1996). “Comparative study of
cardiac electrophysiological effects of atrial nattic peptide.”"Molecular and Cellular
Biochemistry,161: 53-59.

Kende, H. & Zeevart, J. A. D.(1997). “The five ‘classical’ hormonesThe Plant Cell9: 1197—-
1210.

Kende, H., Bradford, K. J., Brummell, D. A., Cho, HT. and Cosgrove, D. J.(2004).
“Nomenclature for members of the expansin supehamwii genes and proteinsPlant
Molecular Biology 55: 311-314.

Kehr, J., Buhtz, A. and Giavalisco, P.(2005). “Analysis of xylem sap proteins fraBmassica
napus” BMC Plant Biologyb:11.

Kim, T. G., Kim, H. M., Lee, H. J., Shin, Y. J., Kwon, T. H., Lee, N. J., Jang, Y. S. and
Yang, M. S.(2007). “Reduced protease activity in transformed cell suspension cultures
expressing a proteinase inhibitoPfotein Expression & Purificatiorf3: 27-274.

Khripach, V., Zhabinskii, V. and deGroot, A. (2000). “Twenty years of brassinosteroids:
Steroidal plant hormones warrant better cropstierXXI century.”Annals of Botany86:
441-447.

Knox, B. & Suphioglu, C. (1996). “Environmental and molecular biology ofllpo allergens.”
Trends in Plant Sciencé; 156-164.

Kobayashi, T., Eun, C.-H., Hanai, H., Matsubayashi,Y., Sakagami, Y. and Kamada, H.
(1999). “Phytosulfokiner, a peptidyl plant growth factor, stimulates cellision that leads
to somatic embryogenesis in carraldurnal of Experimental Botan$0:1123-1128.

Koiwa, H., Bressan, R. A. and Hasegawa, P. M1997). “Regulation of protease inhibitors and

plant defense.Trends in Plant Science; 379-384.

168



Koller, K. J., Lowe, D. G., Bennett, G. L., Minamiro, N., Kangawa, K., Matsuo, H. and
Goeddel, D. V.(1991). “Selective activation of the B natriurgbieptide receptor by C-type
natriuretic peptide (CNP)S3cience252: 120-123.

Komarnytsky, S., Borisjuk, N., Yakoby, N., Garvey,A. and Raskin, I. (2006). “Cosecretion
of protease inhibitor stabilizes antibodies produbg plant roots.’Plant Physiology141:
1185-1193.

Kombrink, E. & Somssich, I. E. (1997). “Pathogenesis-related proteins and plafgrge.” In
The Mycota V, Part A. Plant Relationshiesl. G Carroll, P Tudzynski, pp. 107-28. Berlin:
Springer-Verlag.

Kondo, T., Sawa, S., Kinoshita, A., Mizuno, S., Kaknoto, T., Fukuda, H. and Sakagami, Y.
(2006). “A plant peptide encoded by CLV3 identifiey in situ MALDI-TOF MS
analysis.”Science313: 845-848.

Kone, B. C. (2001). “Molecular biology of natriuretic peptidesd nitric oxide synthases.”
Cardiovascular Researchl: 429-441.

Kourie, J. I. & Rive, M. J. (1999). “Role of natriuretic peptides in ion trpang mechanisms.”
Medicinal Research Reviewl: 75-94.

Koyama, T., Okada, T., Kitajima, S., Ohme-Takagi, M, Shinshi, H. and Sato, F(2003).
“Isolation of tobacco ubiquitin-conjugating enzyraBNA in a yeast two-hybrid system
with tobacco ERF3 as bait and its characterizatbrspecific interaction.”Journal of
Experimental Botanyg4: 1175-1181.

Lamb, C. & Dixon, R. A. (1997). “The oxidative burst in plant disease s&sice.”Annual
Reviews of Plant Physiology and Plant Molecularl&yy, 48: 251-275.

Lang, R. E., Tholken, H., Ganten, D., Luft, F. C.Ruskoaho, H. and Uger, T(1985). “Atrial
Natriuretic factor-a circulating hormone stimulateg volume loadingNature (London),

314: 264.

169



Lang, J. M., Eisinger, W. R. and Green, P. B(1982). “Effects of ethylene on the orientation of
microtubules and cellulose microfibrils of pea eyt cells with polylamellate cell walls.”
Protoplasma110: 5-14.

Lareau, L. F., Green, R. E., Bhatnagar, R. S. and f8nner, S. E.(2004). “The evolving roles
of alternative splicing.Current Opinion in Structural Biology,4: 273-282.

Larkin, M. A., Blackshields, G., Brown, N. P., Chema, R., McGettigan, P. A., McWilliam,
H., Valentin, F., Wallace, I. M., Wilm, A., Lopez,R., Thompson, J. D., Gibson, T. J.
and Higgins, D. G.(2007). “Clustalw2 and ClustalX version Bioinformatics,23(21):
2947-2948.

LaRosa, P. C., Chen, Z., Nelson, D. E., Singh, N. KHasegawa, P. M., Bressan, R. A1992).
“Osmotin gene expression is posttranscriptionatyutated.”Plant Physiology,100: 409—
415.

Laursen, B. S., Steffensen, S., Hedegaard, J., Moi® J. M., Mortensen, K. K. and
Sperling-Petersen, H. U(2002). “Structural requirements of the mRNA fotracistronic
translation initiation of the enterobacteriafiiB gene.”Genes Cells7: 901-910.

Lay, F. T. & Anderson, M. A. (2005). “Defensins—components of the innate immsystem in
plants.”Current Protein & Peptide Sciencg;, 85-101.

Lee, Y. & Kende, H. (2002). “Expression ofi-expansin and expansin-like genes in deepwater
rice.” Plant Physiology130: 1396-1405.

Lee, Y., Choi, D. and Kende, H(2001). “Expansins: everexpanding numbers andtiwoins.”
Current Opinion in Plant Biology}: 527-532.

Leon, P., & Sheen, J.(2003). “Sugar and hormone connectionBRENDS in Plant Science,

8(3): 110-116.

170



Lescot, M., Dehais, P., Thijs, G., Marchal, K., Moeau, Y., Van de Peer, Y., Rouze, P. and
Rombauts, S.(2002). “PlantCARE, a database of plaigacting regulatory elements and
a portal to tools for in silico analysis of promoter sequences.”
Nucleic Acids ResearcB0(1): 325-327.

Lesk, A. M. (2005). “Introduction to bioinformatics.”2 Edition, Oxford University Press Inc.,
New York.

Levin, E. R. (1993). “Natriuretic peptide C-receptor: more ttzanlearance receptor&merican
Journal of Physiology264: E483-E489.

Li, Y., Jones, L. and McQueen-Mason, S(2003). “Expansins and cell growthCurrent
Opinion in Plant Biology6: 603—610.

Li, Y., Darley, C. P., Ongaro, V., Fleming, A., Scipper, O., Baldauf, S. L. and McQueen-
Mason, S. J.(2002). “Plant expansions are a complex multigiemeily with an ancient
evolutionary origin.”Plant Physiology128: 854—864.

Linder, M. & Teeri, T. T. (1997). “The roles and function of cellulose-bimglidomains.”
Journal of Biotechnologyb7: 15— 28.

Lindsey, K., Casson, S. and Chilley, R2002). “Peptides: new signalling molecules innpga’
TRENDS in Plant Sciencé(2): 78-83.

Long, M. & Langley, C. H. (1993). “Natural selection and the orgin of jingwa chimeric
processed functional genelmosophila’ Science260: 91-95.

Ludidi, N. & Gehring, C. (2003). “Identification of a novel protein with gudyl cyclase
activity in Arabidopsis thaliand Journal of Biological Chemistry278(8): 6490-6494.

Ludidi, N., Morse, M., Sayed, M., Wherret, T., Shalla, S. and Gehring, C.(2004). “A
recombinant plant natriuretic peptide causes rapidl spatially differentiated K Na™ and

H* flux changes irArabidopsis thalianaoots.” Plant Cell Physiology45: 1093-1098.

171



Ludidi, N. N., Heazlewood, J. L., Seoighe, C. J.nling, H. R. and Gehring, C. A. (2002).
“Expansin-like molecules: Novel functions derivadrh common domains.Journal of
Molecular Evolution54: 587-594.

MacMillan, J. (1997). “Biosynthesis of the gibberellin plant hames.” Natural Product
Reports,14: 221-243.

Martin, D. R., Pevahouse, J. B., Trigg, D. J., Vese D. L. and Buerkert, J. E. (1990). “Three
peptides from the ANF prohormone Berminus are natriuretic and/or kaliuretic.”
American Journal of Physiolog258: F1401-1408.

Maryani, M. M., Morse, M. V., Bradley, G., Irving, H. R., Cabhill, D. M. and Gehring, C. A.
(2003). ‘In situlocalization associates biologically active plaatriuretic peptide immuno-
analogues with conductive tissue and stomakaiirnal of Experimental Botang4: 1553—
1564.

Maryani, M. M., Bradley, G., Cahill, D. M. and Gehring, C. A. (2001). “Natriuretic peptides
and immunoreactants modify osmoticum-dependentwelohanges iSolanum tuberosum
L. mesophyll cell protoplastsPlant Sciencel61: 443-452.

Maryani, M. M., Shabala, S. N. and Gehring, C. A.(2000). “Plant natriuretic peptide
immunoreactants modulate plasma-membraheyiddients inSolanum tuberosum. lleaf
tissue vesicles.Archives of Biochemistry & Biophysic&/6: 456-458.

Matsubayashi, Y. & Sakagami, Y.(2006). “Peptide hormones in plant®hnual Review of
Plant Biology,57: 649-674.

Matsubayashi, Y. & Sakagami, Y.(1996). “Phytosulfokine, sulphated peptides thauoe the
proliferation of single mesophyll cells &sparagus officinalid..” Proceedings of the
National Academy of Sciences U8SA&:7623-7627.

Matsubayashi, Y., Yang, H. and Sakagami, Y(2001). “Peptide signals and their receptors in

higher plants.Trends in Plant Sciencé(12): 573-577.

172



Matsubayashi, Y., Takagi, L., Omura, N., Morita, A. and Sakagami, Y.(1999). “The
endogenous sulfated pentapeptide, phytosulfokjnestimulates tracheary element
differentiation of isolated mesophyll cells dinnia elegans. Plant Physiology120:1043-
1048.

Matsubayashi, Y., Takagi, L., and Sakagami, Y.(1997). “Phytosulfokine-a, a sulfated
pentapeptide, stimulates the proliferation of weds by means of specific high- and low-
affinity binding sites.”Proceedings of the National Academy of Sciences, 9&A3357—
13362.

Matthews, C. K., van Holde, K. E. and Ahern, K. G.(2000). “Biochemistry.” § Edition,
Addison Wesley Longman, Inc. Benjamin/Cummings, CA.

McDonald, K. L. & Cahill, D. M. (1999). “Influence of abscisic acid and the ahsc&id
biosynthesis inhibitor, Norflurazon, on interacsoretweenPhytophthora sojaeand
soybeanGlycine max” European Journal of Plant Pathologi05: 651-658.

McDougall, G. J. & Fry, S. C. (1990). “Xyloglucan oligosaccharides promote giovand
activate cellulase: Evidence for a role of cellalas cell expansion.Plant Physiology93:
1042-1048.

McDougall, G. J. & Fry, S. C.(1989). “Anti-auxin activity of xyloglucan oligosaharides: The
role of groups other than the terminal-fucose residue.Journal of Experimental Botany,
40: 233-239.

McGaw, B. A. & Burch, L. R. (1995). “Cytokinin biosynthesis and metabolisrm’Davies, P.
J. (ed). Plant Hormones — Physiology, Biochemistnd Molecular Biology. Kluwer
Academic. Netherlands. pp. 98-117.

McGurl, B., Pearce, G., Orozco-Cardenas, M. and Rya C.A. (1992). “Structure, expression,

and antisense inhibition of the systemin precugsnre.”Science255(5051)1570-1573.

173



McKeon, T. A., Fernandez-Maculet, J. A. and Yang, SF. (1995). “Biosynthesis and
metabolism of ethylene.” In Davies, P. J. (ed)nPlaormones — Physiology, Biochemistry
and Molecular Biology. Kluwer Academic. Netherlandp. 118-139.

McQueen-Mason, S. J. & Cosgrove, D. J(1995). “Expansin mode of action on cell walls.
Analysis of wall hydrolysis, stress relaxation, ddding.” Plant Physiology,107(1): 87—
100.

McQueen-Mason, S. J., Durachko, D. M. and Cosgrove). J. (1992). “Two endogenous
proteins that induce cell wall extension in plahBlant Cell,4: 1425-1433.

Meier, S., Bastian, R., Donaldson, L., Murray, S.Bajic, V. and Gehring, C. (2008). “Co-
expression and promoter content analyses assigie arbiotic and abiotic stress responses
to plant natriuretic peptidesBMC Plant Biology8: 24-36.

Meindl, T., Boller, T. and Felix, G.(1998). “The plant wound hormone systemin bind$ e
N-terminal part to its receptor but needs the @Giteal part to activate it.Plant Cell, 10:
1561-1570.

Mergaert, P., Nikovics, K., Kelemen, Z., Maunoury,N., Vaubert, D., Kondorosi, A. and
Kondorosi, E. (2003). “A novel family inMedicago truncatulaconsisting of more than
300 nodule-specific genes coding for small, sedret@ypeptides with conserved cysteine
motifs.” Plant Physiology132:161-173.

Metraux, J. —P. (2002). “Recent breakthroughs in the study ofcgat acid biosynthesis.”
TRENDS in Plant Sciencé(8): 332-334.

Meyerowitz, E. M. (1999). “Plant, animals and the logic of developtieTrends in Cell
Biology, 9: M65 — M68.

Michener, M. L., Gierse, J. K., Seetharam, R., FokK. F., Olins, P. O., Mai, M. S. and
Needleman, P.(1986). “Proteolytic processing of atriopeptin lppomone.” Molecular

Pharmacology30(6): 552-557.

174



Minami, E., Kouchi, H., Cohn, J. R., Ogawa, T. andStacey, G.(1996). “Expression of the
early nodulin, ENOD40, in soybean roots in responsevarious lipo-chitin signal
molecules.”ThePlant Journal,10(1): 23-32.

Mishima, M., Takayama, S., Sasaki, K.-1., Jee, J.-GKojima, C., Isogai, C. and Shirakawa,
M. (2003). “Structure of the male determinant factor Brassica self-incompatibility.”
Journal of Biology Chemistr278: 36389-36395.

Mohr, P. G. & Cahill, D. M. (2003). “Abscisic acid influences the susceptipitf Arabidopsis
thaliana to Pseudomonas syringgav. tomato andPeronospora parasitica Functional
Plant Biology,30: 461-469.

Monteiro, A. M., Crozier, A. and Sandberg, G.(1988). “The biosynthesis and conjugation of
indole-3-acetic acid in germinating seed and segdlbfDalbergia dolchipetald. Planta,
174:561-568.

Morishita, Y., Sano, T. and Ando, K. (1991). “Microbial polysaccharide, HS-142-1
competitively and selectively inhibits ANP bindirtg its guanylyl cyclase containing
receptor.”Biochemical & Biophysical Research Communicatid§: 949-957.

Morse, M., Pironcheva, G. and Gehring, C.(2004). ‘AtPNP-A is a systemically mobile
natriuretic peptide immunoanalogue with a role Amabidopsis thalianacell volume
regulation.”FEBS Letters556: 99 — 103.

Miulsch, A., Busse, R., Liebau, S. and Forstermanty. (1988). “LY 83583 interferes with the
release of endothelium-derived relaxing factor amlibit soluble guanylate cyclase.”
Journal of Pharmacology and Experimental Therap=g847: 283—288.

Mussig, C. & Altman, T. (1999). “Physiology and molecular mode of actiof o

brassinosteroidsPlant Physiology & Biochemistr7(5): 363-372.

175



Nakamura, M., Tsunoda, T. and Obokata, J(2002). “Photosynthesis nuclear genes generally
lack TATA-boxes: a tobacco photosystem | gene nedpdo light through an initiator.”
Plant Journa) 29: 1-10.

Nakashima, K., Fujita, Y., Katsura, K., Maruyama, K., Narusaka, Y., Seki, M., Shinozaki,
K. and Yamaguchi-Shinozaki, K.(2006). “Transcriptional regulation of ABI3- andBA-
responsive genes including RD29B and RD29A in see@sminating embryos, and
seedlings oArabidopsis’ Plant Molecular Biology60: 51-68.

Narita, N. N., Moore, S., Horiguchi, G., Kubo, M.,Demura, T., Fukuda, H., Goodrich, J.
and Tsukaya, H. (2004). “Overexpression of a novel small peptid@TRINDIFOLIA4
decreases cell proliferation and alters leaf shap&rabidopsis thaliand. Plant Journal,
38: 699-713.

Narvaez-Vasquez, J. & Ryan, C.(2004). “The cellular localization of prosystemanfunctional
role for phloem parenchyma in systemic wound sigmal Planta,218: 360-369.

Narvaez-Vasquez, J., Pearce, G. and Ryan, C. A(2005). “The plant cell wall matrix harbours
a precursor of defense signalling peptideBroceedings of the National Academy of
Sciences USAL02: 12974 — 12977.

Neale, A. D., Wahleithner, J. A., Lund, M., BonnettH. T., Kelly, A., Meeks-Wagner, D. R.,
Peacock, W. J. and Dennis, E. §1990). “Chitinase,-1,3-glucanase, osmotin, and
extension are expressed in tobacco explants déiomger formation.” The Plant Cell,2:
673-684.

Needleman, P., Blaine, E. H., Greenwald, J. E., khener, M. L., Saper, C. B., Stockmann,
P.T. and Tolunay, H. E. (1989). “The biochemical pharmacology of atrialppees.”
Annual Review of Pharmacology & Toxicolog9®; 25-54.

Nelson, D. L. & Cox, M. M. (2005). “Lehninger: Principles of biochemistry® &dition, W. H.

Freeman and Company, New York.

176



Nembaware, V., Seoighe, C., Sayed, M. and GehrinG@, (2004). “A plant natriuretic peptide-
like gene in the bacteridanthomonas axonopodisay induce hyper-hydration in the plant
host: a hypothesis of molecular mimicrf@MC Evolutionary Biology4: 10-17.

Newbury, S. F., Smith, N. H., Robinson, E. C., Hig I. D. and Higgins, C. F.(1987).
“Stabilization of translationally active mRNA by gkaryotic REP sequencesCell, 48:
297-310.

Newton, R. P., Roef, L., Witters, E. and Van Onckehn, H.(1999). “Tansley Review No. 106 -
Cyclic nucleotides in higher plants: the enduriagauox.”"New Phytologist143: 427-455.

Ni, J. & Clark, S. E. (2006). “Evidence for functional conservation,feugéncy, and proteolytic
processing of the CLAVATA3 CLE domainPlant Physiology140: 726-733.

Nikolov, D. B. & Burley, S. K. (1997). “RNA polymerase Il transcription initiatipa structural
view.” Proceedings of the National Academy of Sciences B8A5-22.

Normanly, J. (1997). “Auxin metabolism.Physiologia Plantarum]100:431-442.

Normanly, J., Slovin, J. P. and Cohen, J. D(1995). “Rethinking auxin biosynthesis and
metabolism.Plant Physiology107: 323-329.

Oh, M. H. & Clouse, S. D.(1998). “Brassinolide affects the rate of cellidion in isolated leaf
protoplasts oPetunia hybridd’ Plant Cell Reports]17: 921-924.

Olesen, S-P., Drejer, J., Axelsson, O., Moldt, PBang, L., Nielsen-Kudsk, J. E., Busse, R.
and M"ulsch, A. (1998). “Characterization of NS 2028 as a spedifiabitor of soluble
guanylyl cyclase.British Journal of Pharmacology,23: 299-309.

Olsen, A. N., Mundy, J. and Skriver, K.(2002). “Peptomics, identification of novel cationi
Arabidopsispeptides with conserved sequence motifs.3ilico Biology,2: 441-451.

Olson, K. R. (1998). “Hormone metabolism by the fish gillComparative Biochemistry &

Physiology,119A: 55-65.

177



Orozco-Cardenas, M. & Ryan, C. A.(1999). “Hydrogen peroxide is generated systeryical

plant leaves by wounding and systemin via the @adoid pathway.Proceedings of the
National Academy of Sciences USA: 6553-6557.

Park, C. =J., An, J. —=M., Shin, Y. —C., Kim, K. =J. Lee, B. =J. and Paek, K. —H(2004).
“Molecular characterization of pepper germin-likeotein as novel PR-16 family of
pathogenesis-related proteins isolated during ¢lsestance response to viral and bacterial

infection.” Planta, 219: 797-806.
Passardi, F., Penel, C. and Dunand, C(2004). “Performing the paradoxical: How plant

peroxidases modify the cell wallTrends in Plant Scienc8; 534-540.
Pearce, G. & Ryan, C. A.(2003). “Systemic signaling in tomato plants forfeshse against

herbivores. Isolation and characterization of thnesel defense-signaling glycopeptide
hormones coded in a single precursor gedeurnal of Biological Chemistry278: 30044-
30050.

Pearce, G., Siems, W. F., Bhattacharya, R., Chen,.YXC. and Ryan, C.(2007). “Three
hydroxyproline-rich glycopeptides derived from agle petunia polyprotein precursor
activate defensin I, a pathogen defense responsg”giournal of Biological Chemistry,
282: 17777-17784.

Pearce, G., Moura, D.S., Stratmann, J., and Ryan, 8. (2001). “RALF, a 5-kDa ubiquitous
polypeptide in plants, arrests root growth and tgeent.” Proceedings of the National
Academy of Sciences US#8:12843-12847.

Pearce, G., Strydom, D., Johnson, S. and Ryan, C.A1991). “A polypeptide from tomato
leaves induces wound-inducible proteinase inhibjtateins.” Science,253(5022): 895-

898.
Pedersen, A. G., Baldi, P., Chauvin, Y. and BrunaksS. (1999). “The biology of eukaryotic

promoter prediction — a reviewComputers & Chemistr3:191-207.

178



Penson, S. P., Schuurink, R. C., Fath, A., Gublel., Jacobsen, J. V. and Jones, R. L.
(1996). “cGMP is required for gibberellic acid-irmhd gene expression in barley aleurone
layer.” The Plant Cell3: 2325-2333.

Percival, F. W. & Bandurski, R. S.(1976). “Esters of indole-3-acetic acid frohwenaseeds.”
Plant Physiologys8: 60-67.

Petrov, V., Amery, A. and Lijnen, P.(1994). “Role of cyclic GMP in atrial-natriuretmeptide
stimulation of erythrocyte N&H* exchange.European Journal of Biochemistrg21: 195-
199.

Pharmawati, M., Maryani, M. M., Nikolakopoulos, T., Gehring, C. A. and Irving, H. R.
(2001). “Cyclic GMP modulates stomatal opening et by natriuretic peptides and
immunoreactive analogues?lant Physiology & Biochemistrg9: 1-10.

Pharmawati, M., Shabala, S. N., Newman, I. A. and &hring, C. A. (1999). “Natriuretic
peptides and cGMP modulate K+, Na+ and H+ fluxeZea maysoots.” Molecular &
Cell Biology Research Communicatip8s53-57.

Pharmawati, M., Billington, T. and Gehring, C. A. (1998a). “Stomatal guard cell responses to
kinetin and natriuretic peptides are cGMP depenti€rellular & Molecular Life Sciences,
54: 272-276.

Pharmawati, M., Gehring, C. A. and Irving, H. R. (1998b). “An immunoaffinity purified plant
natriuretic peptide analogue modulates cGMP levelthe Zea maysroot stele.” Plant
Sciencel37: 107-115.

Pidgeon, G. B., Richards, A. M., Nicholls, M. G., Bpiner, E. A., Yandle, T. G. and
Frampton, C. (1996). “Differing metabolism and bioactivity ofrial and brain natriuretic

peptides in essential hypertensioHypertension27(4): 906—913.

179



Pien, S., Wyrzykowska, J., McQueen-Mason, S. J., &m, C. and Fleming, A. J.(2001).
“Local expression of expansin induces the entiocgss of leaf development and modifies
leaf shape.Proceedings of the National Academy of Sciences B&A.1812-11817.

Pieterse, C. M. J., van Wees, S. C. M., Hoffland,.Evan Pelt, J. A. and van Loon, L. C.
(1996). “Systemic resistance Arabidopsisinduced by biocontrol bacteria is independent
of salicylic acid accumulation and pathogenesiateel gene expressionPlant Cell, 8:
1225-1237.

Piskornik, R. & Bandurski, R. S. (1972). “Purification and partial characterizatioiha glucan
containing indole-3-acetic acidPlant Physiology50: 76-182.

Plesch, G., Ehrhardt, T. and Mueller-Roeber, B.(2001). “Involvement of TAAAG elements
suggests a role for Dof transcription factors irargucell-specific gene expressioflant
Journal,28: 455-464.

Poole, E. S., Brown, C. M. and Tate, W. R1995). “The identity of the base following thest
codon determines the efficiency of in vivo translaal termination inEscherichia coll’
EMBO Journal,14: 151-158.

Porath, J., Carlsson, J., Olsson, |I. and BelfrageG. (1975). “Metal chelate affinity
chromatography, a new approach to protein fractiond Nature,258: 598-599.

Quirino, B. F., Noh, Y-S., Himelblau, E. and Amasio, R. M. (2000). “Molecular aspects of
leaf senescenceTrends in Plant Sciencs; 278-82.

Rademaker, M. T., Charles, C. J., Lewis, L. K., Yadle, T. G., Cooper, G. J. S., Coy, D. H.,
Richards, A. M. and Nicholls, M. G.(1997) “Beneficial hemodynamic and renal effects
of adrenomedullin in an ovine model of heart faltiCirculation, 96: 1983-1990.

Rafudeen, S., Gxaba, G., Makgoke, G., Bradley, GRironcheva, G., Raitt, L., Irving, H.
and Gehring, C. (2003). “A role for plant natriuretic peptide immeranalogues in NaCl-

and drought-stress responsdatiysiologia Plantarum]19: 554-562.

180



Rance, |., Fournier, J. and Esquerre-Taugaye, M-T(1998). “The incompatible interaction
between Phytophthora parasitica var. nicotinae rfacand tobacco is suppressed in
transgenic plants expressing antisense lipoxygersespiences.”Proceedings of the
National Academy of Sciences U.$9%.: 6554-6559.

Rank, K. B., Mildner, A. M., Leone, J. W., Koeplinger, K. A., Chou, K. C., Tomasselli, A.
G., Heinrikson, R. L. and Sharma, S. K. (2001). “[W206R]-procaspase 3: an
inactivateable substrate for caspaseP8dtein Expression & Purificatior22: 258—-266.

Raskin, I. (1995). “Salicylic acid.” In Davies, P. J. (ed)la® Hormones — Physiology,
Biochemistry and Molecular Biology. Kluwer Academidetherlands. Pp. 188-205.

Rawat, R., Xu, Z. F., Yao, K. M. and Chye, M. L.(2005). “Identification of cis-elements for
ethylene and circadian regulation of tB®lanum melongengene encoding cysteine
proteinase.Plant Molecular Biology57: 629-643.

Rawlings, N. D., Morton, F. R. and Barrett, A. J.(2006). “MEROPS: the peptidase database.”
Nucleic Acids ResearcB4: D270-D272.

Razem, F. A., Baron, K. and Hill, R. D.(2006). “Turning on gibberellin and abscisic acid
signaling.”Current Opinion in Plant Biology9: 454—459.

Reeck, G. R., Kramer, K. J., Barker, J. E., KanostM. R., Fabrick, J. A. and Behnke, C. A.
(1997). “Proteinase inhibitors and resistance afggenic plants to insects.” lAdvances
in Insect Control: the Role of Transgenic Plaf@arozzi, N. and Koziel M., eds), pp. 157-
183. London: Taylor & Francis.

Rep, M., Dekker, H. L., Vossen, J. H, De Boer, A. Dand Houterman, P. M. (2003). “A
tomato xylem sap protein represents a new familysrafll cysteine-rich proteins with

structural similarity to lipid transfer proteind"EBS Letters534: 82—86.

181



Rep, M., Dekker, H. L., Vossen, J. H., De Boer, A. and Houterman, P. M.(2002). “Mass
spectrometric identification of isoforms of PR mrios in xylem sap of fungus-infected
tomato.”Plant Physiology130: 904-17.

Ringquist, S., Shinedling, S., Barrick, D., Greenl..., Binkley, J., Stormo, G.D. and Gold, L.
(1992). “Translation initiation ifEscherichia coli sequences within the ribosome-binding
site.” Molecular Microbiology,6: 1219-1229.

Rivard, D., Anguenot, R., Brunelle, F., Le, V. Q.Veézina, L. P., Trgpanier, S. and Michaud,
D. (2006). “An in-built proteinase inhibitor systemrfthe protection of recombinant
proteins recovered from transgenic planBdnt Biotechnology Journadl: 359-368.

Roéhrig, H., Schmidt, J., Miklashevichs, E., SchellJ. and John, M. (2002). “Soybean
ENOD40 encodes two peptides that bind to sucrosthage.”Proceedings of the National
Academy of Sciences US9: 1915-1920.

Rosenzweig, A. & Seidman, C. E.(1991). “Atrial natriuretic factor and related piele
hormones.’Annual Review of Biochemisti§Q: 229-255.

Ryan, C. A. (1992). “The search for the proteinase inhibitadtioing factor, PIFF."Plant
Molecular Biology,19: 123-133.

Ryan, C. A.(1990). “Protease inhibitors in plants: genes foprioving defenses against insects
and pathogensAnnual Reiew of Phytopathology, 2825-449.

Ryan, C. A., Huffaker, A. and Yamaguchi, Y.(2007). “New insights into innate immunity in
Arabidopsis.”Cellular Microbiology,9: 1902—-1908.

Sagili, R. R., Pankiw, T. and Zhu-Salzmman, K(2005). “Effects of soybean trypsin inhibitor
on hypopharyngeal gland protein content, total midgotease activity and survival of the
honey beeApis mellifera L)’ Journal of Insect Physiolog,1: 953-957.

Schaller, A. & Ryan, C. A. (1995). “Systemin - a polypeptide defense sigmalplants.”

Bioessays18(1): 27-33.

182



Schmidt, M., Tuominen, N., Johansson, T., Weiss, 3., Keinamen, K. and Oker-Blom, C.
(1998). “Baculovirus-mediated large-scale exprassiad purification of a polyhistidine-
tagged Rubrella virus capsid proteiRrotein Expression & Purification2: 323-330.

Schopfer, C. R. & Nasrallah, J. B(2000). “Self-incompatibility. Prospects for a nbpetative
peptide-signaling moleculePlant Physiology124: 935-939.

Schopfer, C. R., Nasrallah, M. E. and Nasrallah, JB. (1999). “The male determinant of self-
incompatibility inBrassica.” Science?286:1697-1700.

Schrammel, A., Behfrends, S., Schmidt, K., KoeslingD. and Mayer, B. (1996).
“Characterization of 1H-[1,2,4]oxadiazolo[4¢3guinoxalin-1-one as a heme-site inhibitor
of nitric oxide-sensitive guanylyl cyclaseMolecular Pharmacology50: 1-5.

Schroeder, J. 1., Kwak, J. M. and Allen, G. J.(2001). “Guard cell abscisic acid signalling and
engineering drought hardiness in plantddture,410: 327-330.

Schulz, S., Singh, S., Bellet, R. A., Singh, G., b, D. J., Chin, H. and Garbers, D. L.
(1989). “The primary structure of a plasma membrgonanylate cyclase demonstrates
diversity within this new receptor familyCell, 58: 1155-1162.

Schwartz, D., Geller, D., Manning, P. T., Siegel, NR., Fok, K. F., Smith, C. E. and
Needleman, P.(1985). “Ser-Leu-Arg-Arg-atriopeptin 1ll: the majairculating form of
atrial peptide.’Science229: 397-400.

Schwarz, E., Scherer, G., Hobom, G. and Késsel, K1978). “Nucleotide sequence of cro, cll
and part of the O gene in phage lambda DN¥ature,272: 410-414.

Schwede, T., Kopp, J., Guex, N. and Peitsch, M. @003). “SWISS-MODEL: an automated
protein homology-modeling serveiNucleic Acids ResearcB]1(13): 3381-3385.

Shah, J. & Klessig, D. F.(1999). “Salicylic acid: signal perception andngduction.” In
Biochemistry and Molecular Biology of Plant Hormsné&dited by Libbenga K, Hall M,

Hooykaas, P. J. J., London: Elsevier, pp 513-541.

183



Shang, C., Shibahara, T., Hanada, K., Iwafune, Y. ral Hirano, H. (2004). “Mass
spectrometric analysis of posttranslational modifans of a carrot extracellular
glycoprotein.”Biochemistry43: 6281-6292.

Shapiro, L. & Harris, T. (2000). “Finding function through structural geriosa” Current
Opinion in Biotechnologyl 1: 31-35.

Sharma, Y. J., Leon, J., Raskin, I. and Davis K. R(1996). “Ozone-induced responses in
Arabidopsis thaliana: The role of salicylic acid timle accumulation of defense related
transcripts and induced resistandetbceedings of the National Academy of Sciences USA
93: 5099-5104.

Shimekake, Y., Ohta, Y. and Nagata, K.(1994). “C-type natriuretic peptide stimulates
secretion of growth hormone from rat-pituitary-ded GH3 cells via a cyclic-GMP-
mediated pathwayEuropean Journal of Biochemistr22: 645—-650.

Shirsat, A., Wilford, N., Croy, R.and Boulter, D.(1989). “Sequences responsible for the tissue
specific promoter activity of a pea legumin genetabacco.” Molecular & General
Genetics215: 326-331.

Sigrist, C. J. A, Cerrutti, L., Hulo, N., Gattiker, A., Falquet, L., Pagni, M., Bairoch, A. and
Bucher, P.(2002). “PROSITE: A documented database usingpettand profiles as motif
descriptors.’Briefings in Bioinformatics3(3): 265-274.

Simpson, S. D., Nakashima, K., Narusaka, Y., SekM., Shinozaki, K. and Yamaguchi-
Shinozaki, K. (2003). “Two different novel cis-acting elements erdl, a clpA
homologousArabidopsisgene function in induction by dehydration stresd dark-induced
senescencePlant Journal,33: 259-270.

Singh, N. K., LaRosa, P. C., Handa, A. K., Hasegaw#®. M. and Bressan, R. A(1987).
“Hormonal regulation of protein synthesis associatgth salt tolerance in plant cells.”

Proceedings of the National Academy of Sciences B&A39-743.

184



Singh, N. K., Handa, A. K., Hasegawa, P. M. and Besan, R. A.(1985). “Proteins associated
with adaptation of cultured tobacco cells to Na®ldnt Physiology79: 126- 137.

Solano, R., Nieto, C., Avila, J., Canas, L., Diad, and Paz-Ares, J.(1995). “Dual DNA
binding specificity of a petal epidermis-specificYld transcription factor (MYB Ph3) from
Petunia hybridd EMBO Journal,14: 1773-1784.

Sponsel, V. M (1995). “Gibberellin biosynthesis and metabolisin. Davies, P. J. (ed) Plant
Hormones — Physiology, Biochemistry and Moleculaiol@®yy. Kluwer Academic.
Netherlands. pp. 66-97.

Staswick, P. E.(1995). “Jasmonate activity in plants.” In Daviés,J. (ed) Plant Hormones —
Physiology, Biochemistry and Molecular Biology. Milar Academic. Netherlands. pp.
179-187.

Stearns, S. C. & Hoekstra, R. F(2005). “Evolution: An introduction.” ¥ Edition, Oxford
University Press, USA.

Stenstrom, C. M., Jin, H., Major, L. L., Tate, W. P. and Isaksson, L. A.(2001). “Codon bias
at the 3'-side of the initiation codon is correthtgith translation initiation efficiency in
Escherichia col’” Gene,263: 273-284.

Stenvik, G.-E., Butenko, M. A., Urbanowicz, B. R.Rose, J. K. C. and Aalen, R. B(2006).
“Overexpression of Inflorescence Deficient in Alssoon activates cell separation in
vestigial abscission zonesAmabidopsis: Plant Cell,18: 1467-1476.

Stevens, R. C(2000). “Design of high-throughput methods of pmtproduction for structural
biology.” Structure Fold Des8: R177—-R185.

Sticher, L., Mauch-Mani, B. and M#raux, J.-P. (1997). “Systemic acquired resistance.”

Annual Review of Phytopatholodg: 235-270.

185



Stintzi, A., Heitz, T., Kauffmann, S., Legrand, M.and Fritig, B. (1991). “Identification of a
basic pathogenesis-related thaumatin-like protéiwvitus-infected tobacco as osmotin.”
Physiological & Molecular Plant Patholog8: 137-146.

Stockand, JD. & Sansom, S. C(1996). “Role of large, Ca-activated K channelsegulation
by nitroprusside and ANP of mesangial contractidmierican Journal of Physiolog®,70:
C1773-C1779.

Studier, F. W. & Moffatt, B. A. (1986). “Use of bacteriophage T7 RNA polymeraselitect
selective high-level expression of cloned genéstirnal of Molecular Biology189: 113-
130.

Studier, F. W., Rosenberg, A. H., Dunn, J. J. and @bendorff, J. W. (1990). “Use of T7 RNA
polymerase to direct expression of cloned gerdsthods in Enzymolog{85: 60-89.
Stueber, D., Matile, H. and Garotta, G. (1990). “System for high-level production in
Escherichia coli and rapid purification of recomdmi proteins: application to epitope
mapping, preparation of antibodies, and structuretion analysis.” In: Immunological
Methods, Lefkovits, I. and Pernis, B., eds., v®l, Academic Press, New York, pp. 121-

152.

Sudoh, T., Kangawa, K., Minamino, N. and Matsuo, H(1988). “A new natriuretic peptide in
porcine brain."Nature,332: 78-81.

Sudoh, T., Minamino, N., Kangawa, K. & Matsuo, H.(1990). “C-type natriuretic peptide
(CNP): a new member of natriuretic peptide familyentified in porcine brain.”
Biochemical & Biophysical Research Communicatidre§:863-870.

Summers, D.(1998). “Timing, self-control and a sense of dii@t are the secrets of multicopy
plasmid stability."Molecular Microbiology,29: 1137-1145.

Sutcliffe, J. G. (1979). “Complete nucleotide sequence of Ehecoli plasmid pBR322."Cold

Spring Harbor Symposia on Quantitative Biolod$; 77-90.

186



Suwastika, I. N. & Gehring, C. A.(1998). “Natriuretic peptide hormones promote ahdiater
movements from the xylem of Tradescantia shoots.”
Cellular & Molecular Life Science$4: 1161-1167.

Suwastika, I. N., Toop, T., Irving, H. R. and Gehmg, C. A. (2000). ‘In situ andin vitro
binding of natriuretic peptide hormonesTiradescantia multiflord Plant Biology,2: 1-3.
Suzuki, T., Yamazaki, T. and Yazaki, Y.(2001). “The role of natriuretic peptides in the

cardiovascular systemCardiovascular Research]1(3): 489-494.

Suzuki, E., Hirata, Y., Kohmoto, O., Sugimoto, T.Hayakawa, H., Matsuoka, H., Sugimoto,
T., Kojima, M., Kangawa, K., Minamino, N. and Matsa H. (1992). “Cellular
mechanisms for synthesis and secretion of atrigiunatic peptide and brain natriuretic
peptide in cultured rat atrial cellCirculation Research71(5): 1039-1048.

Syvertsen, J. P., Bauscher, M. G. and Albrigo, L. (1980). “Water relations and related leaf
characteristics of healthy and blight affectedusittrees.”Journal of the American Society
of Horticultural Sciencel05: 431-434.

Szerszen, J. B., Szczyglowski, K. and Bandurski, F&. (1994). ‘iaglu, a gene fronZeamays
involved in conjugation of the growth hormone, ited8-acetic acid (IAA)."Science265:
1699-1701.

Sztein, A. E., Cohen, J. D., Slovin, J. P. and Coek T.J. (1995). “Auxin metabolism in
representative land plant®ainerican Journal of Botany2: 1514-1521.

Sgrensen, H. P. & Mortensen, K. K.,(2005). “Advanced genetic strategies for recomhinan
protein expression igscherichia coli” Journal of Biotechnologyl15: 113-128.

Sgrensen, H. P., Laursen, B. S., Mortensen, K. K.nd Sperling-Petersen, H. U.(2002).
“Bacterial translation initiation—mechanism and ulegion.” Recent Research in

Development of Biophysics & Biochemisy243-270.

187



Takayama, S., Shimosato, H., Shiba, H., Funato, MChe, F.-S., Watanabe, M., lwano, M.
and Isogai, A.(2001). “Direct ligand-receptor complex interactioontrolsBrassicaself-
incompatibility.” Nature,413: 534-538.

Takayama, S., Shiba, H., lwano, M., Shimosato, HChe, F. S., Kai, N., Watanabe, M.,
Suzuki, G., Hinata, K. and Isogai, A.(2000). “The pollen determinant of self-
incompatibility in Brassica campestris Proceedings of the National Academy of Sciences
USA 97: 1920-1925.

Takayanagi, R., Snajdar, R. M., Imada, T., Tamura,M., Pandey, K. N, Misono, K. S. and
Inagami, T. (1987). “Purification and characterization of twges of atrial natriuretic
factor receptors from bovine adrenal cortex: Guateylcyclase-linked and cyclase-free
receptors.’Biochemical & Biophysical Research Communicatiddigl: 244—-250.

Takeda, S., Sato, F., Ida, K. and Yamada, Y(1990). “Characterization of polypeptides that
accumulate in cultureNicotiana tabacuneells.” Plant Cell Physiology31: 215-21.

Takei, Y. (2001). “Does the natriuretic peptide system emisbughout the animal and plant
kingdom?”Comparative Biochemistry & Physiology B9: 559-573.

Takei, Y. (2000). “Structural and functional evolution ofetatriuretic peptide system in
vertebrates.International Review of Cytolog$94: 1-66.

Takei, Y., Ueki, M. and Nishizawa, T.(1994). “Eel ventricular natriuretic peptide: cDNA
cloning and mRNA expressionJburnal of Molecular Endocrinology,3: 339-345.

Tamura, K., Dudley, J., Nei, M. and Kumar, S.(2007). “MEGA4: Molecular Evolutionary
Analysis (MEGA) software version 4.0Molecular Biology & Evolution24: 1596-1599.

Thummler, F. & Verma, D. P. (1987). “Nodulin-100 of soybean is the subunitsoicrose
synthase regulated by the availability of free hemenodules.” Journal of Biological

Chemistry262: 14730-14736.

188



Todd, A., Orengo, C. and Thornton, J.(2001). “Evolution of function in protein superfdi®s,
from a structural perspectivelburnal of Molecular Biology307(4): 1113-1143.

Topping, J. F. & Lindsey, K. (1997). “Promoter trap markers differentiate swual and
positional components of polar developmenArabidopsis’ Plant Cell,9: 1713-1725.

Tran, L. S., Nakashima, K., Sakuma, Y., Simpson, P., Fujita, Y., Maruyama, K., Fuijita,
M., Seki, M., Shinozaki, K. and Yamaguchi-Shinozaki K. (2004). “Isolation and
functional analysis of arabidopsis stress-inducheC transcription factors that bind to a
drought-responsive cis-element in the early respen® dehydration stress 1 promoter.”
Plant Cell,16: 2481-2498.

Tsurumi, S. & Wada, S.(1986). “Dioxindole-3-acetic acid conjugates forroatfrom indole-3-
acetylaspartic acid iWicia seedlings.’Plant Cell Physiology27:1513-1522.

Tuominen, H., Ostin, A., Sandberg, G. and Sundberdg. (1994). “A novel metabolic pathway
for indole-3-acetic acid in apical shoots Bbpulus tremulaL.) x Populus tremuloides
(Michx.).” Plant Physiology106:1511-1520.

Tyler, R. C., Hassan, S. K., Singh, S., Aceti, D.,JBingman, C. A., Markley, J. L. and Fox,
B. G. (2005). “Auto-induction medium for the productioh[U-*N] — and [U**C, U-°N]-
labeled proteins for NMR screening and structureemenation.” Protein Expression &
Purification, 40: 268-278.

Urao, T., Yamaguchi-Shinozaki, K., Urao, S. and Shiozaki, K. (1993). “AnArabidopsismyb
homolog is induced by dehydration stress and e goduct binds to the conserved MYB
recognition sequencePlant Cell,5: 1529-1539.

Valueva, T. A. & Mosolov, V. V. (2004). “Role of inhibitors of proteolytic enzymes plant
defense against phytopathogenic microorganisBis¢hemistry (Moscow9: 1305-1309.

Van Loon, L. C. (1985). “Pathogenesis-related proteiriadnt Molecualr Biology4: 111-116.

189



Van Loon, L. C. & Van Strien, E. A. (1999). “The families of pathogenesis-related @i,
their activities, and comparative analysis of PRype proteins.” Physiological &
Molecular Plant Pathology55:85-97.

Van Loon, L. C. & Van Kammen, A. (1970). “Polyacrylamide disc electrophoresis o th
soluble leaf proteins froNicotiana tabacunvar. “Samsun” and “Samsun NN” Il. Changes
in protein constitution after infection with tobacmosaic virus.Virology, 40: 199-211.

Van Loon, L. C., Rep, M. and Pieterse, C. M. J(2006). “Significance of inducible defense-
related proteins in infected plant&hnual Review of Phytopathologl4: 135-162.

Van Loon, L. C., Pierpoint, W. S., Boller, T. and @nejero, V.(1994). “Recommendations for
naming plant pathogenesis related proteifdant Molecular Biology Reporter, 1245-
264.

Vesely, D. L. & Giordano, A. T.(1991). “Atrial natriuretic peptide hormonal systémplants.”
Biochemical & Biophysical Research Communicatjdm®(1): 695—700.

Vesely, M. D., Gower, W. R., Perez-Lamboy, G., Ovean, R. M., Graddy, L. and Vesely, D.
L. (2001). “Evidence for an atrial natriuretic peptidee gene in plants.’Experimental
Biology and Medicine226:61-65.

Vesely, D. L., Dietz, J. R., Parks, J. R., Baig, M.McCormick, M. T., Cintron, G. and
Schocken, D. D. 1998). “Vessel dilator enhances sodium and wateretion and has
beneficial hemodynamic effects in persons with estige heart failure.Circulation, 98:
323-329.

Vesely, D. L., Douglass, M. A., Dietz, J. R., Gowerdr, W. R., McCormick, M. T.,
Rodriguez-Paz, G. and Schocken, D. §1994). “Three peptides from the atrial natriwreti
factor prohormone amino terminus lower blood pressund produce diuresis, natriuresis,

and/or kaliuresis in human<Circulation, 90: 1129-1140.

190



Vesely, D. L., Gower, Jr, W. R. and Giordano, AT. (1993). “Atrial natriuretic peptides are
present throughout the plant kingdom and enhandetesdlow in plants.” American
Journal of Physiology265: E465-E477.

Vigers, A. J., Wiedemann, S., Roberts, W. K., Legrad, M., Selitrennikoff, C. and Fritig, B.
(1992). "Thaumatin-like pathogenesis-related pnsteare antifungal'Plant Science,
83:155-161.

Vigers, A. J., Roberts, W. K. and Selitrennikoff, C P. (1991). “A new family of plant
antifungal proteins.Molecular Plant- Microbe Interactiongl: 315-323.

Voesnek, L. A. C. J., Van Der Sman, A. J. M., Harre, F. J. M. and Blom, C. W. P. M.
(1992). “An amalgamation between hormone physiolagg plant ecology: A review on
flooding resistance and ethylen&jurnal of Plant Growth & Regulatiori,1: 171-188.

Voet, D., Voet, J. G. and Pratt, C. W(1999). “Fundamentals of biochemistry.” John Wiy
Sons, Inc., USA.

Vollmar, A. M., Gerbes, A. L., Nemer, M. and Schulz R. (1993). “Detection of C-type
natriuretic peptide (CNP) transcript in the rat theand immune organsEndocrinology,
132: 1872-1874.

von Heijne, G. (1990). “The signal peptideJournal of Membrane Biology,15: 195-201.

Waldo, G. S., Standish, B. M., Berendzen, J. and Twilliger, T. C. (1999). “Rapid protein-
folding assay using green fluorescent proteiature Biotechnologyl7: 691-695.

Walton, D. C. (1980). “Biochemistry and Physiology of Abscisimd Annual Review of Plant
Physiology 31: 453-489.

Wang, Y. H., Gehring, C., Cahill, D. M. and Irving, H. R. (2007). “Plant natriuretic peptide
active site determination and effects on cGMP all \wlume regulation.”Functional

Plant Biology,34: 645-653.

191



Wang, D., Amornsiripanitch, N. and Dong, X. (2006). “A genomic approach to identify
regulatory nodes in the transcriptional networksgétemic acquired resistance in plants.”
PLoS Pathogeng: e123.

Warneck, H. M., Fulton, D. C., Seitz, H. U. and Fry S. C.(1998). “Transport, degradation and
cell wall-degradation of XXFGol, a growth-regulainonasaccharide of xyloglucan, in pea
stems.”Planta,204: 78-85.

Watanabe, M., Ito, A., Takada, Y., Ninomiya, C., K&izaki, T., Takahata, Y., Hatakeyama,
K., Hinata, K., Suzuki, G., Takasaki, T., Satta, Y, Shiba, H., Takayama, S. and Isogai,
A. (2000). “Highly divergent sequences of the polleti-excompatibility (S) gene in class-
I S haplotypes oBrassica campestrigyn. rapa).’FEBS Letters473: 139-144.

Watanabe, Y., Barbashov, S. F., Komatsu, S., HemngnA. M., Miyagi, M., Tsunasawa, A.
and Hirano, H. (1994). “A peptide that stimulates phosphorylat@nthe plant insulin-
binding protein: isolation, primary structure anBONA cloning.” European Journal of
Biochemistry224: 167-172.

Wen, J., Lease, K. A. and Walker, J. C.(2004). “DVL, a novel class polypeptides:
overexpression alters Arabidopsis developmdright Journal,37: 668-677.

Werner, T., Fessele, S., Maier, H. and Nelson, P. 2003). “Computer modeling of promoter
organisation as a tool to study transcriptionaegatation.”FASEB Journall7: 1228-

1237.

Westbrook, J., Feng, Z., Chen, L., Yang, H. and Benan, H. M. (2003). “The Protein Data
Bank and structural genomicdNucleic Acids ResearcBl: 489-491.

Woloshuk, C. P., Meulenhoff, J. S., Sela-BuurlageM., van den Elzen, P. J. M. and
Cornelissen, B. J. C(1991). “Pathogen-induced proteins with inhibit@stivity toward

Phytophthora infestansThePlant Cell,3: 619-628.

192



Wu, F. & Wu, Q. (2003). “Corin-mediated processing of pro-atriatriuretic peptide in human
small cell lung cancer cellsCancer Researcl§3: 8318—-8322.

Wu, J. & Filutowicz, M. (1999). “Hexabhistidine (His6)-tag dependent pmotdimerization: a
cautionary tale.’Acta Biochimica Polonica46: 591-599.

Wu, C., Wu, F., Pan, J., Morser, J. and Wu, Q(2003). “Furin-mediated processing of pro-C-
type natriuretic peptide Journal of Biological Chemistry278(28): 25847-25852.

Wu, C-T., Leubner-Metzger, G., Meins, F. and Bradfod, K. J. (2001). “Class Ip-1,3-
glucanase and chitinase are expressed in the nglarggndosperm of tomato seeds prior to
radicle emergencePlant Physiology126: 1299-1313.

Xiong, L., Schumaker, K. S. and Zhu, J-K.(2002). “Cell signaling during cold, drought, and
salt stress.The Plant Cell14: S165-S183.

Yalpani, N. & Raskin, 1. (1993). “Salicylic acid: A systematic signal indiurced plant decrease
resistance.Trends in Microbiology]: 88-92.

Yalpani, N., Silverman, P., Wilson, T. M. A., Kleig, D. A. and Raskin, I. (1991), “Salicylic
acid is a systemic signal and an inducer of pathegjs-related proteins in virus-infected
tobacco."Plant Cell,3: 809-818.

Yamakawa, S., Matsubayashi, Y., Sakagami, Y., Kamaj H. and Satoh, S.(1999).
“Promotive effects of the peptidyl plant growth tiag phytosulfokines, on the growth and
chlorophyll content of Arabidopsis seedlings under high night-time temperature
conditions.”Bioscience, Biotechnology & Biochemist®g: 2240-2243.

Yamakawa, S., Sakurai, C., Matsubayashi, Y., Sakaga, Y., Kamada, H. and Satoh, S.
(1998). “The promotive effects of a peptidyl plagrowth factor, phytosulfokine, on the
formation of adventitious roots and expression ajeme for a root-specific cystatin in

cucumber hypocotylsJournal of Plant Researcii11: 453-458.

193



Yamazaki, T., Takaoka, M., Katoh, E., Hanada, K., &kita, M., Sakata, K., Nishiuchi, Y.
and Hirano, H. (2003). “A possible physiological function and tlegtiary structure of a 4-
kDa peptide in legumesEuropean Journal of Biochemistrg70:1269-1276.

Yan, Z., Reddy, M. S., Yyu, C.-M., Mclnroy, J. A.,Wilson, M. and Kloepper, J. W.(2002).
“Induced systemic protection against tomato laighblby plant growth-promoting
rhizobacteria.’Phytopathology92: 1329-1333.

Yang, G., Shen, S., Kobayashi, T., Matsubayashi, YSakagami, Y. and Kamada, H.
(1999a). “Stimulatory effects of a novel peptidyamt growth factor, phytosulfokine; on
adventitious bud formation iantirrhinum majus’ Plant Biotechnologyl6: 231-234.

Yang, H., Matsubayashi, Y., Nakamura, K. and Sakagai, Y. (1999b). Oryza sativaPSK
encodes a precursor of phytosulfokine, a sulfatgtige growth factor found in plants.”
Proceedings of the National Academy of Sciences B&AL3560-13565.

Yang, W., Katinakis, P., Hendriks, P., Smolders, A.de Vries, F., Spee, J., van Kammen, A.,
Bisseling, T. and Franssen, H(1993). “Characterization ddmENOD40 a gene showing
novel patterns of cell-specific expression durimaylean nodule developmentPlant
Journal, 3(4):573-585.

Yanisch-Perron, C., Vieira, J. and Messing, J(1985). “Improved M13 phage cloning vectors
and host strains: nucleotide sequences of the M18ngmd pUC19 vectorsGene,33:
103-1109.

Yu, D., Chen, C. and Chen, Z(2001). “Evidence for an important role of WRKY BMNinding
proteins in the regulation of NPR1 gene expressiBltant Cell,13: 1527-1540.

Zeevart, J. A. D. and Creelman, R. A(1988). “Metabolism and physiology of abscisicdci
Annual Review of Plant Physiology and Plant Molac@iology,39: 439 -473.

Zeevart, J. A. D., Rock, C. D., Fantauzzo, F., Helat T. G. and Gage, D. A.(1991).

“Metabolism of abscisic acid and its physiologidatplications” In Abscisic Acid:

194



Physiology and Biochemistry, W. J. Davies and HJ@hes, eds. BIOS Scientific, Oxford,
UK, pp 39-52.

Zenoni, S., Reale L., Tornielli, G.B., Lanfaloni, L, Porceddu, A., Ferrarini, A., Moretti, C.,
Zamboni, A., Speghini, A., Ferranti, F. and Pezzott M. (2004). “Downregulation of the
Petunia hybrida a-expansin gene PhEXP1 reducesmtibent of crystalline cellulose in cell
walls and leads to phenotypic changes in petaldifrPlant Cell, 16: 295-308.

Zhu, J. K. (2002). “Salt and drought stress signal transdaat plants.”Annual Review of Plant
Biology,53: 247-273.

Zomorrodipour, A., Yakhchali, B., Khodabandeh, M., Deezagi, A., Hosseini Mazinani, S.
M., Valian Borujeni, S., Ahmadzadeh Raji, M., Rahim, M., Ahmadi Danesh, H. and
Sanati, M. H. (2004). “The over-expression of biologically aetiluman growth hormone
in a T5-based system Escherichia coli studying temperature effectiburnal of science,

Islamic Republic of Iran]15(1): 1016-1104.

Websites

http://au.expasy.org/prosite/

http://bioinf.cs.ucl.ac.uk/psipred/
http://bioinformatics.psb.ugent.be/webtools/plargdatmi/

http://blast.ncbi.nlm.nih.gov/Blast.cqgi

http://www.cbs.dtu.dk/services/promoter

http://www.cbs.dtu.dk/services/TargetP/

http://compbio.dfci.harvard.edu/tgi/
http://www.dna.affrc.go.jp/PLACE/signalscan.html

http://www.ebi.ac.uk/Tools/clustalw2/index.html

http://www.fruitfly.org/seq_tools/promoter.html

195



http://www.genomatix.de/cqgi-bin/matinspector praftnfam.p?

http://www.ncbi.nlm.nih.gov/Entrez

http://www.ncbi.nlm.nih.gov/projects/sviewer

http://wwwl.giagen.com/literature/pDrive/pcr clogii.pdf

http://swissmodel.expasy.org/

196



APPENDICES

APPENDIX 1: Sequence Chromatograms
Wheat (Betta) — M13 Forward

Model 3100 File: EO1_WhB1-2_M13F_009.abl Signal G:1110 A:991 T:1310 C:1143 Page 1 of 2
$ KB.bcp Miss R. M Hove KB_3130_POP7_BDTv3.mob 12/11/2007
BIO 6286250-02 6286202HEI1628@16B-04 6258005-00 ?7? no 'MTXF field Spacing: 14.108362197876
TRACE Lane 9 Points 1665 to 12648

BioEdit version 7.0.5.3 (10/28/05)
MG TCAG G ATTGTGCG GCCATTTAGGTGACACTATAGAATACAGCGGCCGCGAGCTCGGGCCCCCACACGTGTGGTCTAGAGCTAGCCTAGGCTCGAGAAGCTTGTCGACGAATTCA
10 20 30 40 50 60 70 80 90 110

&&AWWWWWWWWWMMMWNWWMMMWM

GATTGTGGATCCATG AGTAAAAGTATTGTGTTTTTT TCTACTAGGAT TATTAACATTGATTATTTTCCGTAAGAGCTCGACAAT CACGAATT CTGGATCCGATACGTAACGCGTCT GCAG
120 140 150 160 170 180 190 200 210 220 230

AJWM\N\I\MWMW WMMMWWAWMW MWWM\WMM&WWA MW\AM\MMAMMWA

CATG CGTGGTACCGAGCT TTCCCTATAGTGAGTCGTATTAGAGCTTGGCGTAATCATGG TCATAGCTGTTTCCTGTGTG AAATTGT TATCCGCTCACAATTCCACACAACATACGAGCCG
240 250 260 270 280 300 310 320 330 340 350

T

GAAGCATAAAGT GT AAAGCCTGGGGTGCCTAATG AGTGAGCTAACTCACAT TAATTGCGT TGCGC TCACTGCCCGCT TTCCAGTCGGGAAACCTGT CGTGCCAGCT GCAT TAAT GAAT CG
360 370 380 390 400 410 420 430 440 450 460 470

/WMMMWWWWMMWMWWWWMMWMMWWM

GCCAACGCGCGGGGAGAGGCGGT TTGCGTAT TGGGCGCTCTTCCGCTTCCT CGCTCACTGACTCGCTGCGCTCGGTCGTT CGGCTGCGGCGAGCGGTATCAGCTCACTCAAAGGCGGTAA
480 490 500 510 520 530 540 550 560 570 580 590

N\N\N\AAI\AAAAN\{\N\/\/\{\f\/\/\/\{\’\/\/\/\f\/\/\hf\/\MMN\MN\M{\/\N\/\{\/\/V\i\/\ml\/\/\/\/\/\mm’\/\/\f\f\/\f\/\/\/\/\AMAA}\A/\AAMAI\}\AMNA{\/\/\/\{\/\f\r\/\f\/\/\/\/\/\n/\f

Model 3100 File: EO1_WhB1-2_M13F_009.ab1l Signal G:1110 A:991 T:1310 C:1143 Page 2 of 2
A KB.bcp Miss R. M Hove KB_3130_POP7_BDTv3.mob 12/11/2007
BIO 6286250-02 6286208HE1628@16B-04 6258005-00 ?? no 'MTXF field Spacing: 14.108362197876
TRACE Lane 9 Points 1665 to 12648

BioEdit version 7.0.5.3 (10/28/05)
TACGGTTATCCACAGAATCAGGGGATAACGCAGGAAAGAACATGTGAGCAAAAGGCCAGCAAAAGGCCAGGAACCGTAAAAAGGCCGCGTTGCTGGCGTTTTTCCATAGGCTCCGCCCCCC T
600 610 620 630 640 650 660 670 680 690 700 710 72

B e e S e e e e

G ACG AG CAT CACAAAAATCGACGCT CAAGT CAGAGGTGGCGAAACCCGACAGG ACTAT AAAGATACCAGGCGTTTCCCC TGG AAGCTCCC TCG TGCGCTCTCCTGTT CCGACCCTGCCGCTTACCG

IGAWACTGTCGC TTCTCC TTCGGEG AGCGTG CGCTTTCTCATAGCTCACGC TGTA G TATCY CAG TTCGGKG TA G TCG TTGGCTC AGCT GG C TGK KTG A G A CCC
850 860 870 880 890 900 910 920 930 940

CG TICR TC G AAC SCGTG GCCC TWWTCCG G TA MCMTAY SG@G C C
950 960 970 980 990
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Wheat (Tugella) — Qiagen Forward

Model 3100 File: BO2_WhTPNP-B_QiagenF_004.abl Signal G:538 A:'509 T:405 C:406 Page 1 of 3
A KB.bcp Dr Greame Bradley KB_3130_POP7_BDTv3.mob 10/18/2006
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BioEdit version 7.0.5.3 (10/28/05)

CAT AA TCATTACGCC AGCTCTAATACGACT CACTATAGGGAAAGCTCGG TACCACG CAKGCTGCARACGCGTTACGTATCGRAT CCARAATTCGKGAT TTACGGAAAATAAT CAAKG
10

TTAATAAT CCCAGCRACRGGATTAGCGAT CTGAGCAAAAGCTTCCCRAG AAAGAT CGAGCGT ARAAGCACAG CCMCKGGG ACAATGGTCAACGATCTTG ACCTTCGCGGATTTCCCCGTG
120

o Ot it hl“ hm o

ICAAGGGTGAGGCACGGCGTTMCRAGGTCCGCTGCWT TT CACGGKGAACWTT T TGCCACAAACTCRACCATTGTCCCATAATGTAT CACTCGCTGCAGCGATCATCACTCCTTCTTGAGTAC
240 250 260 270 280 290 300 310 320 330 340 350

;mlmAum.mm,amum‘ ot ettt

CTCTGTAACATGCTGATGCTATCAAACATGAAATAAAARAAAATGAT TTTATAACWT TTCGCTGTAGGT TGATAT GAAAATGTATAARATAAGTTTGTTGT TTGTATTTGT TTTATAATT
360 370 380 390 400 410 420 430 440 450 460 470

e T o e

TTGGTAGTAAAACACACAAAAATT CTTACRAGTGTAACTTGTGTAAAAAGT TGCAATCCCGGGAGTTGCATATGAGAAAGAGAAGAGAAAAACAAGAACGGT ARAAAAAAACACAATAC
480 490 500 510 520 530 540 550 560 570 580 590

Model 3100 File: BO2_WhTPNP-B_QiagenF_004.abl Signal G:538 A:'509 T:405 C:406 Page 2 of 3
A KB.bcp Dr Greame Bradley KB_3130_POP7_BDTv3.mob 10/18/2006
BIO 6286200-02 628620RHPOIBEL T3l 6E58005-00 ?7? no 'MTXF field Spacing: 13.8944635391235
TRACE Lane 4 Points 1719 to 16286

BioEdit version 7.0.5.3 (10/28/05)
TTTTACTCATAATCT GAATTCGTCRACAAGCT TCTCGAGCCTAGGCTAGCTCTAGACCACACGTGTGGGGGCCCGAGCTCGCGGCCGCTGTATTCTATAGTGT CACCTAAATGGC CG
600 610

CACAATT CACTG GCCG
720 73

CGTTTTACAACGTCGTGACTGGG AAAACCCTG GCGT TACCCAACTTAATCGCCTTGCAGCACATCCCCCTTTCGCCAGCTGGCGT A
0 760 770 780 790 800 810 820 830

[CCGCACCGATCGCCCTTCCCAACAGTTGCGCAGCCTGAATGGCGAAT GG AAATTGTAAGCGTT AATATTTT GTT AAAATTCGCGTT AATTTTGTTAATCAGCTCATTTTT A CC
840 850 860 870 880 890 900 910 920 41

AATA G CGAA TCGGC AAA TCC T ATAATCAAA GA TAGA C GAGATA GG T GAG TG T G T C AG TTT G AM A GAG TCCAC TA T A G ACGIG ACTC
970 980 990 1000 1010 1020

C ACGTC AA GG C A A CG YTWTCA GG S AAT G oc WC TG A CT AC C T A
030 1040 1050 1060 1070
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6286200-02 6286 20RHIP6IBEL (B 6E58005-00

Lane 4

Signal G:538 A:509 T:405 C:406 Page 3 of 3
KB_3130_POP7_BDTv3.mob 10/18/2006
?? no 'MTXF field Spacing: 13.8944635391235

Points 1719 to 16286

———
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Maize (early pearl) — Qiagen Forward

Model 3100 File: G0O2_MEPPNP-B_QiagenF_014.ab1l Signal G:664 A:704 T:744 C:642 Page 1 of3
A KB.bcp Dr Greame Bradley KB_3130_POP7_BDTv3.mob 10/18/2006
BIO 6286200-02 6286202HPP6IBELT3: 8005-00 ?? no 'MTXF field Spacing: 13.8408336639404
TRACE Lane 14 Points 1776 to 16085

BioEdit version 7.0.5.3 (10/28/05)
C KT AMA G ATTCGCCAGCTCTAATACRACT CACTATA GGGAAAGCTCGGTACCACGCAKGCTGCARACSCGT TACGTATCG RATCCARAATT CGKGATT TTACGGAAAATAAT CAAK|
10

T T e

GTTAATAATCCCAGCGACRGGATTAGCGWT CTGAGCAAAAGCTT CCCRAGAAARATCGAGCGT ARAASCACAGCCMCTG ARACAAKGGTCAACGATCTTGACCTTCSCGGATTTCCCCGK
120 130 140 150 160 170 180 190 200 210

lk bl g mm.h M

GCAAGGGKGAGGCACGGCG TTMCRAGGTCCGCTGCWTTTCACGGKGAACWTTTTGCCMCAAACTCRACCWTTGTCCCATAAKGTATCACTCGCTGCASCGATCWTCACTCCTTCTTGAGT Al
240 250 260 270 280 290 300 310 320 330 340 350

,n“LALMMAHALMammnﬂhﬂn.uuMkmﬂl Mgl lmm Wt s

CCTCTGTAACATGCTGAKGCTATCAAACATGAAATAAAARAAAATGATTTTATAACWT TTCSCTGTAGGT TGATATGAAAATGTATAARATAAGTTKGTTGTTKGTATTTGT TTTATAAT
360 370 380 390 400 410 420 430 440 450 460 470

o s e

TTTGGTAGTAAAACACACAAAAWT TCTTACRAGKGTAACTTGTGTAAAAAGT TGCAATCCCGGGAGTT GCATATGARAAAGAGAARAGAAAAACAAGAACGGTARAAAAAAACACAAT
480 490 500 510 520 530 540 550 560 570 580 590
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Model 3100 File: G0O2_MEPPNP-B_QiagenF_014.ab1l Signal G:664 A:704 T:744 C:642 Page 2 of 3
A KB.bcp Dr Greame Bradley KB_3130_POP7_BDTv3.mob 10/18/2006
BIO 6286200-02 6286202HPP6IBELT3: 8005-00 ?? no 'MTXF field Spacing: 13.8408336639404
TRAC Lane 14 Points 1776 to 16085

BioEdit version 7 0.5.3 (10/28/05

ACTTTTACTCATAATCTGAATTCGTCRACAAGCTTCTCGAGCCTAGGCTAGCTCTAGACCACACGTGTGGGGGCCCGAGCTCGCGGCCGCTGTAT TCTATAGKGTCACCTAAAKGGCC
600 610 620 630 640 650 660 670 680 690 700 710

750 76! 770 780 790 800 811

CACCGATCGCCCTTCCCAACAGTTGCGCAGCCTGAATGG CGAATGG AAATTGTAAGCGTT AATATTTT GTT AAAATTCGCGTT AA TTTTTGTT AATCAGCTCATTTTT A CC AA
860

TAGGCGAATCGGCA ATCC T AT AA TCAAA GATAGA C GAGATA GG T GAGIG TG T CAG TT G ACA G TC MTW T A GAC TGG ACT C AC
950 960 970 980 990 1000 1010 1020 1030

GTC MA GGCA AAA CG Y TATCA GG C AT G cCC cwcC T66 A C TA C TAT CAG TT TT G TC A GT c T AAG C T
1040 1050 1060 1070
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Signal G:664 A:704 T:744 C:642 Page 30f3

Model 3100 File: G0O2_MEPPNP-B_QiagenF_014.abl
o ﬁ KB.bcp Dr Greame Bradley KB_3130_POP7_BDTv3.mob 10/18/2006
{B—ll?ACE 6286200-02 6286202HPP6IBEL (B 6258005-00 ?? no 'MTXF field Spacing: 13.8408336639404
BioEdit version 7.0.5.3 (10/28/05) Lane 14 Points 1776 to 16085
A TC G A C T AA GG A CCTGG A

1100 1110
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APPENDIX 2: Transcription Binding Factors

Transcription

Factor

Consensus Description Species

Sequence

Reference

ABRELATERD1

ACGTG

ABRE-like sequence (from - Arabidopsis
199 to -195) required for thaliana
etiolation-induced expression

of erdl (early responsive t
dehydration) irArabidopsis

Nakashimaet
al., 2006

ABREOSRAB21

ACGTSSSC

ABA responsive element rice Oryza

(ABRE) of wheat Em and rice sativg; wheat

(O.s.) rab21 genes. (Triticum
aestivun

Busk & Pages,
1998

ACGTATERD1

ACGT

ACGT sequence (from -155 toArabidopsis
-152) required for etiolation- thaliana
induced expression of erdl

(early responsive to
dehydration) imArabidopsis

Simpsoret al.,
2003

CAATBOX1

CAAT

CAAT promoter consensusPea Pisum
sequence found in legA genesativumn)
of pea.

Shirsatet al.,
1989

ERELEE4

AWTTCAAA

"ERE (ethylene responsivetomato
element)" of tomato (L.e.) E4(Lycopersicon
and carnation GST1 genesgesculentum
GST1 is related to senescencesarnation
Found in the 5-LTR region of (Dianthus
TLC1.1 retrotransposon family aryophillug;
in Lycopersicon chilense; Lycopersicon
ERE motifs mediate ethylene-chilense
induced activation of the U3

promoter region.

Rawatet al.,
2005

GCCCORE

GCCGCC

Core of GCC-box found inArabidopsis
many pathogen-responsivehaliang
genes such as PDF1.2, Thi2.1,ycopersicon
and PR4; Has been shown tesculentum
function as ethylene- (tomato)
responsive element; Appears to

play important roles in

regulating jasmonate-
responsive gene expression;

Tomato Pti4 (ERF) regulates
defence-related gene
expression via GCC box and

non-GCC box cis elements

(Mybl (GTTAGTT) and G-

box (CACGTG).

Koyamaet al.,
2003
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INRNTPSADB

YTCANTYY

Inr (initiator) elements found Tobacco
in the tobacco psaDb gengNicotiana
promoter  without TATA tabacumn)
boxes; Light-responsive
transcription of psaDb depends

on Inr, but not TATA box.

Nakamuraet
al., 2002

LTRECOREATCO
R15

CCGAC

Core of low temperatureArabidopsis
responsive element (LTRE) ofthaliang

corl5a gene in Arabidopsis; ABrassica napus

portion of repeat-C (C-repeat),
TGGCCGAC, which is

repeated twice in corlba
promoter (Bakeret al., 1994);

ABA responsiveness; Involved
in cold induction of BN115
gene from winter Brassica

napus Light signaling

mediated by phytochrome is
necessary for cold- or drought-
induced gene  expression
through the C/DRE in
Arabidopsis

Bakeret al.,
1994

MYBI1AT

WAACCA

MYB recognition site found in Arabidopsis
the promoters  of  thethaliana
dehydration-responsive  gene

rd22 and many other genes in

Arabidopsis

Abeet al.,
2003

MYB2AT

TAACTG

Binding site for ATMYB2, an Arabidopsis
Arabidopsis MYB homolog; thaliana
ATMYB2 binds
oligonucleotides that contained

a consensus MYB recognition
sequence (TAACTG), such as

is in the SV40 enhancer and

the maize bronze-1 promoter

(Urao et al., 1993); ATMYB2

is involved in regulation of

genes that are responsive to
water stress idrabidopsis

Uraoet al.,
1993

MYB2CONSENSU

SAT

YAACKG

MYB recognition site found in Arabidopsis
the promoters  of  thethaliana
dehydration-responsive  gene

rd22 and many other genes in
Arabidopsis

Abe et al.,
2003
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MYBCORE CNGTTR Binding site for all animal Arabidopsis Solanoet al.,
MYB and at least two plant thaliana;animal; 1995
MYB proteins ATMYB1 and petunia Petunia
ATMYB2, both isolated from hybrida)

Arabidopsis ATMYB2 is
involved in regulation of genes
that are responsive to water
stress in  Arabidopsis; A
petunia MYB protein
(MYB.Ph3) is involved in
regulation of flavonoid
biosynthesis.

MYCATERD1 CATGTG MYC recognition sequenceArabidopsis Tranet al.,
(from -466 to -461) necessarythaliana 2004
for expression of erdl (early
responsive to dehydration) in
dehydrated Arabidopsis; NAC
protein bound specifically to
the CATGTG motif (Tranet
al., 2004); NAC protein bound
specifically to the CATGTG
motif (Tranet al.,2004).

MYCATRD22 CACATG Binding site for MYC Arabidopsis Abeet al.,
(rd22BP1) in Arabidopsis thaliana 1997
dehydration-resposive  gene,
rd22; MYC binding site in
rd22 gene of Arabidopsis
thaliang ABA-induction;

Located at ca. -200 of rd22
gene; Also MYB at ca. -141 of

rd22 gene.
MYCCONSENSUS CANNTG MYC recognition site found in Arabidopsis Abeet al.,
AT the promoters  of  thethaliana 2003

dehydration-responsive  gene
rd22 and many other genes in
Arabidopsis; Binding site of
ATMYC2 (previously known

as rd22BP1); MYC recognition
sequence in CBF3 promoter;
Binding site of ICE1 (inducer
of CBF expression 1) that
regulates the transcription of
CBF/DREBL1 genes in the cold

in Arabidopsis
POLASIG3 AATAAT "Plant polyA signal"; Maize Zea mays Heidecker &
Consensus sequence for plant Messing, 1986

polyadenylation signal.
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PYRIMIDINEBOX  TTTTTTCC “Pyrimidine box" found in the Barley Hordeum Cercoset al.,
HVEPB1 barley (H.v.) EPB-1 (cysteine vulgare 1999
proteinase) gene promoter;
Located between -120 to -113;
Required for GA induction.

TAAAGSTKST1 TAAAG TAAAG motif found in Potato Solanum Pleschet al.,
promoter of Solanum tuberosum 2001
tuberosum KST1 gene; Target
site for trans-acting StDofl
protein controlling guard cell-
specific gene  expression;

KST1 gene encodes a K+
influx channel of guard cells.

TATABOX1 CTATAAAT "TATA box"; TATA box rice Oryza Graceet al.,
AC found in the 5'upstream regionsativg); bean 2004
of rice alpha-amylase; TATA (Phaseolus
box found in beta-phaseolinvulgaris
promoter (Graceet al., 2004);
sequence and spacing of
TATA box elements are
critical for accurate initiation
(Graceet al.,2004).

TATABOX2 TATAAAT "TATA box"; TATA box pea Pisum Shirsatet al.,
found in the 5'upstream regionsativun); tobacco 1989
of pea legA gene; sporamin A(Nicotiana Graceet al.,
of sweet potato; TATA box tabacun); bean 2004
found in beta-phaseolin (Phaseolus
promoter (Graceet al., 2004); vulgarig
sequence and spacing of
TATA box elements are
critical for accurate initiation
(Graceet al.,2004).

TATABOX4 TATATAA "TATA box"; TATA box sweet potato Graceet al.,
found in the 5'upstream regior(|pomoea 2004
of sweet potato sporamin Abatatas); bean
gene; TATA box found in (Phaseolus
beta-phaseolin promotervulgaris)
(Graceet al., 2004); sequence
and spacing of TATA box
elements are critical for
accurate initiation (Graceet
al., 2004).
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WBOXATNPR1

TTGAC

W-box found in promoter of Arabidopsis
Arabidopsis thaliana NPR1 thaliana
gene; Located

between +70 and +79 in
tandem; They were recognized
specifically by salicylic acid
(SA)-induced WRKY DNA

binding proteins; A cluster of

WRKY binding sites act as
negative regulatory elements

for the inducible expression of
AtWRKY18 (Chen and Chen,

2002).

Yu et al.,2001

The symbols used in addition to A, G, C, or T are:

N: A,C,GorT;

R: Aor G;
W: AorT,
Y:CorT
S:CorG
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