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Abstract

During the early stages of meiosis, three key processes occur: chromosome
pairing, synapsis and DNA recombination. Chromosomes are first replicated
during interphase, after which they are aligned together in a non-random fashion
to enable the installation of the synaptonemal complex (SC) along the
chromosome axes leading to synapsis. Recombination machinery then enables
strand invasion to occur, which then leads to the formation of chiasmata and
ultimately, genetic recombination. Meiosis is further complicated in organisms
with multiple genomes such as allohexaploid bread wheat (Triticum aestivum L.)
which has three genomes (inherited from similar yet distinct progenitors), each
with seven chromosomes. Thus a large number of proteins are likely to be
required for the successful execution of this biological process.

The first approach in this study used proteomics to identify proteins that
have possible roles during the early stages of wheat meiosis. Total protein
samples isolated from staged meiocytes (specifically from pooled stages of pre-
meiotic interphase to pachytene and from telophase I to telophase I1) of wild-type
Chinese Spring and the Pairing homoeologous deletion mutants, phlb and ph2a,
were analysed by 2-dimensional gel electrophoresis (2DGE). This resulted in
identifying six differentially expressed protein spots (designated KKO01 to KK06);
from which three full-length coding sequences and one partial coding sequence of
the candidate genes encoding these proteins were isolated (a putative speckle-type
POZ protein, a pollen-specific SF21-like protein, a putative HSP70-like protein,
as well as a partial hexose transporter peptide). Southern blot analysis revealed

that these genes were spread across four different chromosome groups (2, 7, 5 and
XX



1 respectively) with a copy on each of the three genomes (A, B and D). Q-PCR
analysis of these four genes across the two pooled meiotic stages and various
genotypes suggests that both KK01 and KKO06 have roles during the early stages of
meiosis and that they may be directly/indirectly regulated by a combination of
elements within the Phl and Ph2 loci. The high level of KKO3 mRNA transcript
detected in the later stages of meiosis is consistent with its role as a pollen-
specific protein-encoding gene. In contrast, KK04 expression suggests that it is
post-transcriptionally regulated resulting in KKO04 being translated in the ph2a
mutant. Both the speckle-type POZ protein and putative dnaK/HSP70 protein
were also shown to interact with DNA in vitro.

The second approach of this study focused on isolating and characterising
wheat homologues of two known meiotic proteins, namely PHS1 and ZYP1. In
the maize PHS1 mutant Zmphs1-0, homologous chromosome pairing and synapsis
are significantly affected, with homoeologous chromosome interactions occurring
between multiple partners. More recently, co-immunolocalisation assays using
anti-PHS1 and anti-RAD50 antibodies showed that both proteins had similar
localisation patterns in the wild-type maize plants and that RAD50 localisation
into the nucleus was affected by the absence of PHS1 thus implicating PHS1 as a
regulator of RAD50 nuclear transport. In this study, the full-length coding
transcript of wheat PHS1 (TaPHS1) was isolated, sequenced and characterised.
TaPHS1 is located on chromosome group 7 with copies on the A, B and D
genomes. Expression profiling of TaPHS1 in both wild-type and the phlb mutant
during and post-meiosis show elevated levels of TaPHS1 expression in the phlb
background. The TaPHS1 protein has sequence similarity to other plant

PHS1/PHS1-like proteins but also possesses a unique region of oligopeptide
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repeat units. DNA-binding assays using both full-length and partial peptides of
TaPHS1 show conclusively that TaPHSL1 is able to interact with both single- and
double-stranded DNA in vitro, even though no known conserved DNA-binding
domain was identified within the TaPHS1 sequence, indicating TaPHS1 possesses
a novel uncharacterised DNA-binding domain. Immunolocalisation data from
assays conducted using an antibody raised against TaPHS1 demonstrates that
TaPHS1 associates with chromatin during early meiosis, with the signal persisting
beyond chromosome synapsis. Furthermore, TaPHS1 does not appear to co-
localise with the asynapsis protein — TaASY1 — possibly suggesting that these
proteins are independently coordinated. Combined, these results provide new
insight into the potential functions of PHS1 during early meiosis in bread wheat.
Similar to PHS1, Arabidopsis knock-down mutants of ZYP1 also display
non-homologous chromosome interactions. ZYP1 has previously been
characterised as a SC protein required for holding homologous chromosomes
together in other species. In this study, the full-length coding sequence of the
wheat ZYP1 (TaZYP1) homologue was isolated, sequenced and characterised.
Expression of TaZYP1 analysed by Q-PCR across wild-type, phlb and multiple
Taasyl mutants during meiosis showed an approximate 1.3-fold increase in the
phlb mutant. In addition, DNA-binding assays demonstrate that TaZYP1 interacts
with dsDNA under in vitro conditions while immunolocalisation (using an anti-
TaZYP1 antibody) across wild-type, phlb and Taasyl revealed the spatial and
temporal localisation pattern of TaZYP1. Taken together, these results show that
TaZYP1 plays an identical role to its homologues in other species as a SC protein

and is affected by reduced levels of TaASY1 in wheat.
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This body of work utilised a two-pronged approach to investigate meiosis
in wheat with the overall outcome of identifying new meiotic proteins as well as
characterising the wheat equivalents of two known meiotic proteins previously
reported in other organisms. To this end, two previously uncharacterised wheat
proteins with possible roles (involving interactions with chromatin) during
meiosis have been successfully identified using the proteomics approach while
both TaPHS1 and TaZYP1 have been characterised with antibodies raised against
both these proteins. The characterisation of TaPHS1 and its DNA-binding
capabilities, both in vitro and in planta, has shed light on a previously unknown
function of the PHS1 protein while the localisation profile of TaZYP1 in Taasyl
mutant lines has contributed to our understanding of how ASY1 levels can affect

chromosome pairing in wheat.

XXI11



Declaration

| declare that the work presented in this thesis contains no material which has
been accepted for the award of any other degree or diploma in any university or
other tertiary institution to Kelvin Khoo Han Ping, and to the best of my
knowledge and belief, this thesis does not contain any material previously written

or published by another person, except where due reference is made in the text.

| give consent to this copy of my thesis, when deposited in the University Library,
being made available for loan and photocopying, subject to the provisions of the

Copyright Act 1968.

The author acknowledges that copyright of the published works contained within
this thesis (as listed* below) resides with the copyright holder(s) of those works. 1
also give permission for the digital version of my thesis to be made available on
the web, via the University digital research repository, the Library catalogue and
also through web search engines, unless permission has been granted by the

University to restrict access for a period of time.

* Kelvin H.P. Khoo, Amanda J. Able & Jason A. Able (2011) Poor
Homologous Synapsis 1 (PHS1) interacts with chromatin but does not co-localise
with ASYnapsis 1 (ASY1) during early meiosis in bread wheat. BMC Plant
Biology, (submitted).

Kelvin Khoo Han Ping
May 2011

XXIV



Acknowledgements

What a rollercoaster ride these past three and a half years have been. There are so
many people | need to thank for helping me conquer this proverbial Everest.

First and foremost: Dr Jason Able — my principle supervisor. Thank you
for your constant guidance and support throughout this project. Thank you for
pushing me to be the best that | can be and for believing in my abilities. My
achievements are a reflection of your commitment and dedication to this project. |
am grateful for the passion for science that you have instilled in me and | hope to
keep that the rest of my scientific career. | am sure that in the years to come, I will
look back fondly on my years spent in the Able Meiosis Lab.

I would also like to acknowledge my co-supervisors and all of the other
people that have guided me or provided a service: Dr Amanda Able, Dr Tim
Chataway, Miss Margie Pallotta, Dr Neil Shirley, and Mr Jelle Lahnstein.
Amanda, thank you for your supervision, guidance, and assistance throughout my
project. Tim, thank you for your proteomics expertise and the use of your
proteomics equipment. Margie, thank you for the use of your unbelievable nulli-
tetra membranes. Neil, indeed you are the guru of all things Q-PCR. Thank you
for your help and guidance in all things Q-PCR related. Jelle, thank you for the
use of your proteomics equipment and for your useful experimental advice.

I would also like to acknowledge all of the members of the Able Lab over
the years: Dr Scott Boden, Dr Wayne Crismani, Dr William Bovill, Dr Hayley
Jolly, and Dr Damien Lightfoot. Thank you all for your guidance in experimental
procedures, for taking the time to answer all my questions, for nuggets of wisdom

and advice — in both science and life, and also for all the laughs we have had as a

XXV



group. It has been a pleasure working with all of you and | will always cherish
these early years of my scientific career that | have spent with you all.

Thank you also to all the funding bodies that have made this research
possible: The Australian Government, the University of Adelaide, the Farrer
Memorial Trust, and the Grains Research and Development Corporation.

On a personal note, | would like to acknowledge my dear parents - Mum
and Dad, for their ever-present love, support, guidance and prayers in my life. |
thank you with utmost gratitude and sincerity for all the sacrifices that you have
both made for my education, life and future. Though I know that | will never be
able to repay my debt to you both, | hope that this achievement has made it
worthwhile and that | have made you proud. To Alex and Adriana, thank you both
for giving me a safe haven to rest in and for all the good times we have had
together. To the whole Khoo family, I could never wish for a family better than
ours - | love each and every one of you with all my heart.

I would also like to thank my close friends here in Adelaide that have
made this path a little easier to walk. Indeed, it is not only in Liverpool that you
never walk alone. Thank you to the whole Tan family, Hong Yau, Jingwen and
Wan Chin for the bonds of friendship that we share. Last but not least, thank you
Hong Pin, for being the loving, caring and patient person that you are. Thank you
for turning good times into great times and bad ones into good ones. Thank you
for always making me smile and for your unwavering support through these last

few months.

XXVI



Abbreviation

2DGE
3

5

9mer
a-dCTP
°C
AFD1
Amp

At
ASY1

BCIP/NBT

BLAST
Bo

bp
BSA
BTB
BW26
CDK
cDNA
Ce

CHAPS

Glossary of abbreviations

Full term

2-dimensional gel electrophoresis
three prime

five prime

9 base pair nucleotide
alpha-deoxycytidine triphosphate
degrees Celsius

Absence of First Division 1

ampicillin

Arabidopsis thaliana

ASYnapsis 1
5-bromo-4-chloro-3-indolyl  phosphate/nitro
tetrazolium

Basic Local Alignment and Search Tool
Brassica oleracea

base pair

Bovine Serum Albumin

Bric-a-Brac, Tramtrack, Broad domain
Bob White 26 cultivar of bread wheat
Cyclin Dependent Kinase
complimentary deoxyribonucleic acid
Caenorhabdatis elegans

3-[(3-Cholanidopropyl) Dimethylammonio]-1

XXVII

blue



CL cell lysate

CT cycle threshold

Cv. cultivar

D-A diplotene to anaphase | pooled stage

Da Dalton

DABCO diazabicyclo-[2,2,2] octane

DAPI 4'.6-diamidino-2-phenylindole

DIGE 2-dimensonal  fluorescence  difference

electrophoresis

DMC1 Disrupted Meiotic cDNA 1

DNA deoxyribonucleic acid

dNTP deoxynucleotide triphosphate

ds double-stranded

DSB double-stranded break

DTT dithiothreitol

E Expect value

EBT eriochrome black T

EDTA ethylene diamine tetra-acetic acid
ELP1 Elongator Complex Protein 1
EST expressed sequence tag

FISH fluorescent in situ hybridisation
FT flow-through

g gram

GAPDH GlycerAldehyde-3-Phosphate DeHydrogenase
Ha Helianthus annuus

XXV



His

hr

Hs
HSP70/70-2
Hv

HYP6

IEF
IPTG
kb
KCI
kD

L

LB
ML
Mg
MM
M
MATH

MALDI-TOF/TOF

Mb
MCS
MES

MFS

histidine

hour(s)

Homo sapiens

Heat Shock Protein 70/70-2

Hordeum vulgare

Hypothetical 6

immunoglobulin G

isoelectric focusing
isopropyl-1-thio-P-D-galactoside
kilobase

potassium chloride

kilo Dalton

ladder/molecular weight marker

Luria Bertani

microlitre

microgram

micromolar

molar

Mephrin and TRAF homology domain
Matrix-Assisted Laser Desorption lonisation Time-
of-Flight tandem mass-spectrometry
megabase
maleimidocaproyl-N-hydroxysuccinimide
2-(N-morpholino)-ethane sulphonic acid

Major Facilitator Superfamily

XXIX



mg milligram

Mm Mus musculus

mM millimolar

min minute(s)

MLH3 Mut L Homologue 3

MND1 Meiotic Nuclear Divisions 1
MRNA messenger ribonucleic acid
MRE11 Meiotic REcombination 11
MRN MND1-RAD50-NBS1 protein complex
MSH4/5 MutS Homologue 4/5
MS/MS tandem mass spectrometry
MW molecular weight

NaCl sodium chloride

NBS1 Nijmegen Break Syndrome 1
NCBI National Center of Biotechnology Information
ng nanogram

Ni-NTA nickel-nitrilotriacetic acid
nm nanometre

NMR nuclear magnetic resonance
NT nullisomic-tetrasomic

ORF open reading frame

Os Oryza sativa

P probability

PBS phosphate buffered saline
PCR polymerase chain reaction

XXX



Ph1/2
PHS1

pl

PM-LP
PVP
PVPP
Q-PCR

r

R40
RAD50/51
Rc

RNA
RNAI
RNAse

Rr

rpm

S

Sb

Sc

SC

SDS
SDS-PAGE
SF21/21C1
SMC

SS

Pairing homeoelogous 1/2

Poor Homologous Synapsis 1

isoelectric potential

pre-meiotic interphase to pachytene pooled stage
polyvinyl pyrrolidone

polyvinyl polypyrrolidone

guantitative real-time PCR

correlation coefficient

40 pg pL™* RNAse in 1x TE

RADiation sensitive 50/51

Ricinus communis

ribonucleic acid

RNA interference

ribonuclease

Rattus rattus

revolutions per minute

second(s)

Sorghum bicolor

Saccharomyces cerevisiae

synaptonemal complex

sodium dodecyl sulphate

SDS - polyacrylamide gel electrophoresis
Sunflower 21/21 variant C1

Structural Maintenance of Chromosomes domain

single-stranded

XXXI



SSC
SPO11
TI-TH
Ta
Taq
TCA
T-DNA
TE
T-IP
Tm
Tris

TUC

uv

Vhr
\A%
viv
wiv
X-gal
Y2H
Zm

ZIP1/ZYP1/ZEP1

standard saline citrate
SPOrulation-deficient 11

telophase | to telophase 11 pooled stage
Triticum aestivum

Thermus aquaticus

trichloroacetic acid

transfer DNA

Tris EDTA solution

tetrad to immature pollen pooled stage
melting temperature
tris(hydroxymethyl)aminomethane
thiourea-urea-CHAPS

units

ultra-violet

volts

volt hours

Vitus vinifera

volume per volume

weight per volume
5-bromo-4-chloro-3-indolyl-P-D-galactopyranoside
yeast-2-hybrid

Zea mays

Molecular Zipper 1

XXXII



Chapter 1 — Literature review

1.1 Meiosis and meiosis in bread wheat

1.1.1 — A brief overview of meiosis

Meiosis is a specialised cellular reduction-division process that is unique to
sexually-reproducing organisms. It involves a single round of DNA replication
followed by two consecutive rounds of chromosome segregation and cellular
division, resulting in the generation of four haploid daughter cells from a single
diploid cell. This process is important for the production of haploid gametes in
sexually-reproducing species as it allows the correct amount of genetic material to
be present in the diploid offspring. In addition, meiosis helps to generate genetic
variation through the formation of new allelic combinations within offspring via
homologous recombination and the independent assortment of chromosomes
during during anaphase | (Pawlowski and Cande 2005).

The process of meiosis can be broken into two broad stages with the first
round of chromosome segregation and cellular division termed meiosis I, and the
second termed meiosis Il. In both meiosis | and Il, the meiotic cell progresses
through five main stages — prophase, metaphase, anaphase, telophase and
cytokinesis. Prophase | can be further broken down into five sub-stages —
leptotene, zygotene, pachytene, diplotene and diakinesis (Figure 1.1 A-E). During
these sub-stages of prophase I, an array of complex and vital cellular events such
as homologous chromosome pairing, synapsis of homologous chromosomes,

homologous recombination of DNA, and crossing-over occur (Hamant et al.



2006). Given that these events occur in prophase I, its study is important in the

quest to thoroughly understand meiosis.

NOTE:
This figure is included on page 2
of the print copy of the thesis held in
the University of Adelaide Library.

Figure 1.1 — The five sub-stages of prophase | followed by the major stages of
meiosis in regal lily (Lilium regale). The five substages of prophase I (A — E): A)
leptotene; B) zygotene; C) pachytene; D) diplotene; and E) diakinesis. This is followed
by early metaphase | (F), late metaphase | (G), anaphase | (H), telophase I (I), interphase
Il (J); prophase 11 (K); metaphase Il (L); anaphase Il (M); telophase 1l (N); tetrads (O);
and immature pollen (P). This figure has been adapted from McLeish and Snoad,
Looking at chromosomes, 1958, Macmillan and Company Limited (Reproduced with
permission of Palgrave Macmillan. This material may not be copied or reproduced
without permission from Palgrave Macmillan).

At pre-meiosis, the centromeres and telomeres cluster and attach to the
nuclear envelope. During leptotene (the first sub-stage of prophase I),

chromosome condensation is initiated and followed by the addition of



proteinaceous structures, known as axial elements, along the chromosomes once
the condensation process is complete (Zickler and Kleckner 1999). Structural
changes of the chromatin between leptotene and zygotene are thought to initiate
the formation of double strand breaks (DSBs) within the DNA that are required
for homologous recombination to occur. Homologous chromosome pairing is
initiated during zygotene when many essential proteins such as RADS51
(RAD:iation sensitivity protein 51), ASY1 (ASYnapsis 1) and ZYP1 (Arabidopsis
synaptonemal complex protein 1) are recruited to the chromosomes (Armstrong et
al. 2002, Higgins et al. 2005). The addition of the central element to the axial
elements during the transition period into pachytene completes the formation of
the proteinaceous synaptonemal complex (SC), thus allowing homologous
chromosome pairing and synapsis to occur (Heyting 1996, Heyting 2005, Moses
1969, von Wettstein 1984). Completion of the SC and synapsis of the homologues
in pachytene is then followed by diplotene where the SC disassembles causing the
homologue juxtaposition effect to stop. However, the homologues stay connected
as bivalents until metaphase 1, joined together by the chiasmata that result from
the crossing-over of the non-sister chromatid DNA strands (Page and Hawley
2004). Chromosome condensation and thickening continues into diakinesis, the
last sub-stage of prophase I. Upon completion of condensation, the chromosomes
are detached from the nuclear envelope where they were initially tethered by the
telomere bouquet. Resolution of the DNA double Holliday Junctions (dHJs)
formed during the recombination process is thought to occur during late
metaphase | or the very early part of anaphase | prior to separation of the
individual chromosomes of each chromosome pair to separate poles of the cell

(Page and Hawley 2004, Petronczki et al. 2003). Completion of the first meiotic



division is followed by the second meiotic division, in which sister chromatids of
each chromosome are separated to give rise to the four haploid daughter cells
(Figure 1.1 O). Normal diploid chromosome numbers are restored upon
fertilisation of the female gamete by a male gamete.

Meiosis has been extensively studied in model diploid organisms such as
budding yeast, Saccharomyces cerevisiae (reviewed by Zickler and Kleckner
1998; and references therein), and Arabidopsis (Arabidopsis thaliana) (Armstrong
et al. 2003, Armstrong and Jones 2003, reviewed by Hamant et al. 2006, and
references therein). Such research has led to the discovery of many complex
biochemical, molecular and cytological processes that occur during diploid
meiosis. This collective data has been used to piece together the various pathways
that lead to cell commitment into meiosis as well as those that occur during
meiosis to form a chronological model (reviewed by Hamant et al. 2006; and
references therein). However, research on the meiotic processes of more complex
polyploid species has yet to reach parity with that of diploid meiosis, leading to a
subsequent gap in the knowledge-base of such organisms.

Although meiosis is relatively well-conserved in sexually-reproducing
species; given that polyploid organisms contain two or more genomes per cell, a
higher level of complexity during this already complex cellular process is likely
(Moore 2002). With many cropping commaodities, and up to 70% of all flowering
plants being polyploids (Bowers et al. 2003, Masterson 1994), the need to
understand meiosis in complex organisms such as bread wheat should therefore

not be underestimated.



1.1.2 — Meiosis in bread wheat

Bread wheat (Triticum aestivum) is one of the most commercially-important
polyploid crops. The polyploidisation of bread wheat resulted through the fusion
of three distinct, yet similar progenitor species: Triticum urartu (Riley 1975),
Aegilops speltoides (Riley and Chapman 1958) and Aegilops tauschii (Riley
1975); each donating the A, B, and D genomes respectively. However, some
conjecture still remains as to whether A. speltoides is the B genome progenitor.
Each progenitor genome contributes seven chromosome pairs to the genome
complement of bread wheat giving a total of 21 chromosome pairs (42
chromosomes) (Petersen et al. 2006).

Even though the A, B and D genomes within bread wheat originate from
different progenitor species, the level of both gene content and gene order are
highly conserved due to their relatedness. Inevitably, regions of varying genetic
material do exist between the three genomes and normally occur in non-coding
regions that consist largely of repetitive DNA sequences. Even so, the
chromosomes of all three genomes genetically correspond with each other and are
referred to as homoeologous chromosomes. This differs from homologous
chromosomes which are chromosomes that share the same linear genetic
sequence, gene order and repetitive DNA. In bread wheat, chromosomes 1A, 1B
and 1D are homoeologues, while 1A and 1A are homologues.

Although bread wheat is an allohexaploid, it displays diploid behaviour
during meiosis, whereby only homologous chromosome interactions are
maintained. This occurs despite the high level of conservation of both gene order
and content between corresponding chromosomes of the same groups but

different genomes (e.g. between 1A, 1B, and 1D or between 4A, 4B, and 4D).



Aragén-Alcaide and colleagues (1997) previously reported the presence of
chromosomal associations occurring between homoeologous chromosomes and
even non-homologous chromosomes in pre-meiotic stages, albeit generally within
the centromeric regions of the interacting chromosomes. However, these
associations did not persist beyond pre-meiotic interphase suggesting the presence
of cellular surveillance mechanisms that detect and actively prevent non-
homologous chromosomal interactions from persisting beyond pre-meiotic
interphase. Homoeologous chromosome pairing is detrimental as it results in
multivalent associations and improper chromosome segregation at anaphase |I.
Consequently, it causes the production of non-viable gametes with unequal, and
hence incorrect, haploid chromosome numbers. While research to uncover and
understand the mechanisms that control homology searching/recognition between
chromosomes as well as chromosome pairing within polyploids is occurring,
many questions still remain unanswered.

Although researchers studying chromosome pairing in various diploid
organisms can use single-copy probes targeted at specific sites of a chromosome
pair to study the pairing behaviour of homologous chromosomes (Ding et al.
2004, Fung et al. 1998, Kerzendorfer et al. 2006, Scherthan et al. 1996, Weiner
and Kleckner 1994), this technique is not suitable for use in polyploid organisms
such as bread wheat as polyploidisation has led to the presence of multiple copies
of each gene. In the simplest case, at least two other alleles of a given gene are
located on each of the two homoeologous chromosome pairs in addition to the
two alleles found on the homologous chromosome pair, equating to six possible
sites being visualised using this method (Martinez-Pérez et al. 1999); thus making

interpretation difficult with regards to whether homologous or homoeologous



chromosomes are involved. Further complications arise when the large amount of
genetic duplication that has occurred in the bread wheat genome is taken into
account. Previous studies have shown large regions of gene duplication on both
homoeologous and non-homologous chromosomes which could further increase
the number of sites that are possibly visualised using a single-copy site-specific

probe (Foote et al. 1997).

1.2 — Meiotic processes

Due to the complexity of meiosis, many cytogenetic processes have to occur
before and during the process of meiosis to ensure the formation of normal viable
gametes. The most important processes are pre-meiotic chromosome interactions;
telomere bouquet formation; homologous chromosome alignment; formation of
the proteinaceous SC; and recombination of DNA, synapsis and pairing. Needless
to say, a plethora of proteins are required to function either in protein complexes
or as individual molecules to ensure that these key processes are initiated and

completed.

1.2.1 — Pre-meiotic chromosome interactions

While observations of pre-meiotic chromosome interactions have been previously
reported in some species, it does not appear to occur in the pre-meiotic interphase
stage of all sexually-reproducing organisms. Some species that do display pre-
meiotic chromosome interactions include allohexaploid wheat and other members
of the Triticeae family (Abranches et al. 1998, Martinez-Pérez et al. 1999,

Schwarzacher 1997), budding yeast (S. cerevisiae) (Jin et al. 1998) and fission



yeast (Schizosaccharomyces pombe) (Chikashige et al. 2006). In these organisms,
the chromosome centromeres congregate at one pole of the cell while the
telomeres are spread out at the opposite pole. This pre-meiotic chromosome
arrangement based on the interphase cell polarity is known as the Rabl
configuration. In contrast, humans (Homo sapiens) (Scherthan et al. 1998) and
maize (Zea mays) (Dong and Jiang 1998) are among the many organisms that
display neither the pre-meiotic chromosome interactions nor the Rabl
chromosome arrangement.

While budding and fission yeast share a similar pre-meiotic chromosome
arrangement to that seen in bread wheat, a further level of complexity is present
during the pre-meiotic association in wheat that is not normally seen in other
species. During the initiation of telomere clustering at one pole of the cell, the
centromeres are seen to form seven distinct clusters at the other pole of the cell.
Both these events occur simultaneously just prior to entry of the cell into prophase
| (Martinez-Pérez et al. 2003). The seven centromere clusters are also observed in
diploid wheat progenitors suggesting their formation is independent of both the
presence of homologous chromosomes and the number of genomes present
(Martinez-Pérez et al. 2003, Martinez-Pérez et al. 2000). One possible
explanation for this elaborate centromeric cluster association is to bring
homologues into close proximity of each other for efficient DNA homology base
searching.

The seven homoeologous centromere clusters persist throughout the
formation of the telomere bouquet (discussed further in section 1.2.2), after which
the centromeres elongate and form complex tripartite structures during the final

formation of the telomere cluster. These tripartite complexes are thought to allow



resolution of any non-homologous centromere associations to ensure that only
homologous centromere associations persist (Martinez-Pérez et al. 2003). Upon
complete formation of the telomere cluster, the seven homoeologous centromere
groups dissociate and appear as 21 paired homologous centromere groups. In
wheat, this signals the onset of prophase I, the condensation of the diffused
chromatin, and further pairing interactions along the length of each homologous

chromosome pair.

1.2.2 — Telomere bouquet formation

During pre-meiosis, chromosomes remain unpaired along their lengths with the
exception of centromeric and telomeric regions. The telomeres attach to the
nuclear envelope randomly, actively brought to one pole of the cell, and
subsequently arranged to form a tight cluster termed the telomere bouquet (Bass
et al. 1997, Scherthan et al. 1998). The timing of this clustering occurs during late
pre-meiosis/early leptotene in hexaploid wheat (Martinez-Pérez et al. 2003) and
Arabidopsis (Armstrong et al. 2001) but differs between species. Previous studies
in maize report that telomeric clustering and bouquet formation occur during the
leptotene-zygotene transition in maize (Carlton and Cande 2002, Harper et al.
2004), a much later stage compared to hexaploid wheat.

Telomere bouquet mutant analysis conducted in plants show that bouquet
formation is not vital for the homologous chromosome pairing process to occur
but seems to facilitate it (Hamant et al. 2006). By bringing the telomeres into
close proximity with each other, the cluster may serve to keep homologous
sequences in a small volume within the nucleus thus making the association of
homologous telomeric and sub-telomeric regions easier. This is widely thought to

9



be part of the first step towards homologous chromosome recognition. Overall
this results in more efficient pairing and synapsis of the homologues (Hamant et
al. 2006, Martinez-Pérez et al. 1999). Indeed, maize mutant analysis conducted by
Golubovskaya and colleagues (2002) shows that bouquet formation and
homologous recombination are independent processes; but when coupled together
lead to more efficient homologue pairing.

Telomere bouquet formation in fission yeast (S. pombe) has been proposed
by Chikashige et al. (2006) to involve oscillation of chromosomes and the whole
nucleus to bring the chromosomes together during what is known as the horsetail
stage (Ding et al. 2004). While extensively studied in yeast, knowledge of the
underlying mechanisms controlling telomere bouquet formation in cereals is
relatively limited. One known difference between bouquet formation in fission
yeast and plants is that cytoskeletal microtubules may play a different role.

Although Chikashige et al. (2006) hypothesise the use of cytoskeletal
microtubules in the fission yeast model, no bouquet inhibition in the presence of
microtubule depolymerising drugs such as amiprophos methyl (APM) was
observed in rye (Secale cereale) (Cowan and Cande 2002). However colchicine, a
known microtubule polymerisation inhibitor, was shown to inhibit bouquet
formation even though the cytoskeletal microtubules were still present 15 hours
post-colchicine treatment (Cowan and Cande 2002). This result suggests that in
rye, and possibly plants in general, bouquet formation is not dependent on
cytoplasmic microtubules and may occur via a different unknown cellular
mechanism. This discrepancy serves to highlight that while meiotic processes in

diploid organisms may be well-understood, the use of diploid meiosis models to
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explain the same events in more complex organisms such as rye and wheat is not

ideal.

1.2.3 — Homologous chromosome alignment

The formation of the homoeologous centromere clusters and their resolution into
homologous centromere pairs, which occurs simultaneously with telomere
bouquet formation, brings chromosomes within close proximity of one another.
As previously discussed in section 1.2.2, this may lead to more efficient pairing of
homologues by confining the chromosomes to a small volume within the nucleus
thus making it relatively easier for the homologues to find and pair with each
other. Upon entering into leptotene, rough alignment of homologous
chromosomes is initiated in preparation for synapsis which occurs during
zygotene (Schwarzacher 1997). The mechanism by which the rough alignment of
homologous chromosomes occurs is not known though a number of mechanisms
have been proposed. Wilson and colleagues (2005) suggested that it may occur by
bringing specific DNA sequences located on homologues together at specific
points, termed ‘rendezvous’ locations. The presence of highly-similar sequences
such as telomeric and centromeric repeats, as well as highly-transcribed regions of
DNA along both homologous chromosomes, is thought to facilitate the alignment
process. Ribosomal RNA (rRNA) sequences present on certain chromosomes may
also be utilised in this process (reviewed by Wilson et al. 2005; and references

therein).
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1.2.4 — Recombination, synapsis, and pairing

Upon completion of rough chromosome alignment, further processes are initiated
to bring homologous chromosomes into closer contact with one another. Intimate
physical connections are required for correct alignment of chromosomes during
metaphase | and subsequent segregation of the homologues during anaphase 1.
Previous work has shown that the mechanisms used to achieve this are species-
dependent. In organisms such as budding yeast (Peoples et al. 2002), Arabidopsis
(Grelon et al. 2001), rye (Mikhailova et al. 2001) and maize (Ronceret et al.
2009); the stable pairing of homologous chromosomes during meiosis is
dependent on the mechanisms that control recombination and/or synapsis. This is
in contrast to organisms such as fission yeast (Nabeshima et al. 2001) and worm
(Caenorhabditis elegans) (Dernburg et al. 1998) that use processes independent

of recombination and synapsis.

1.2.4.1 — Recombination and its effects on chromosome pairing

Homologous recombination of DNA is initiated by the formation of programmed
double-stranded breaks (DSBs) of DNA. Previous research has shown that at least
ten gene products are required for this process, namely: SPO11, RAD50, MRE11,
NBS1, MEI2, MER2, REC102, REC104, REC114 and SKI8 (Hamant et al. 2006,
Keeney 2001, Nag et al. 2006).

Szostak and colleagues (Szostak et al. 1983) initially proposed the classical
recombination double-strand break repair (DSBR) model based on their findings
in yeast and animal cells. In this model, recombination is initiated by a DSB that
normally occurs in the non-sister chromatids of bivalents during meiosis. The

DSB is caused by SPO11 (SPOrulation 11), a type Il topoisomerase with in-built

12



transesterase activity, with the assistance of other proteins (Klapholz et al. 1985).
In the plant kingdom, SPO11 has been identified in several species; however,
several homologues of SPO11 have typically been identified within any given
species. Arabidopsis is one such example, where three homologues of SPO11
have been isolated. Even so, only one (AtSPO11-1) has been shown to be
involved in catalysing or causing the DSB formation in meiotic recombination to
date (Grelon et al. 2001, Hartung and Puchta 2000, Hartung and Puchta 2001).

In Arabidopsis, the DSB is then resected from 5' to 3' by the AtRAD50-
AtMRE11-AtNBS1 (Arabidopsis thaliana RADiation sensitivity protein 50 -
Arabidopsis thaliana Meiotic REcombination 11 - Arabidopsis thaliana Nijmegen
Breakage Syndrome 1) protein complex forming 3' single-stranded overhangs on
the ends of the DNAs (Bleuyard et al. 2004, Daoudal-Cotterell et al. 2002,
Waterworth et al. 2007). Recombinase proteins such as RAD51 (RADiation-
sensitive mutant 51) and DMC1 (Disrupted Meiotic cDNA 1), as well as other
associated proteins are then recruited and loaded onto the single-stranded DNA
(reviewed by Shinohara and Shinohara 2004; and references therein). Both
RAD51 and DMC1 promote strand invasion, with DMC1 being vital for
facilitating inter-homologue recombination (Schwacha and Kleckner 1997). A
multitude of proteins interact to regulate this recombination process and help in
the regulation of RAD51 and DMC1 activity (reviewed by Hamant et al. 2006;
and references therein). In addition to its function as a recombinase; previous
research conducted using nuclear magnetic resonance (NMR) imaging of the
DNA-RAD51 nucleoprotein filament structure (Nishinaka et al. 1998), as well as
in vitro DNA pairing assays, have shown that RAD51 is capable of homology

searching and can promote homologous chromosome pairing over regions of
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DNA several kilobases in length (Eggler et al. 2002).

Upon completion of DMC1/RADS51 loading onto the 3' single-stranded
DNA, one strand then invades the intact homologous double-stranded DNA of the
partnering chromatid causing the formation of the D-loop. DNA repair synthesis
of the invading strand commences using the intact DNA strand as the template.
The second broken strand of DNA from the DSB follows the same process
resulting in the formation of the double Holliday junction (dHJ). This process of
strand invasion and the formation of the dHJ has been postulated as the
mechanism by which the chromosomes are brought into intimate juxtaposition
with one another thus bringing the homologues close enough to facilitate the
installation of the proteinaceous elements of the synaptonemal complex (SC) and
complete synapsis (Chen et al. 2004, Wilson et al. 2005). Resolution of the dHJ
occurs during late metaphase I/early anaphase | by the cutting of the DNA on
alternative strands. Crossover or non-crossover of genetic material is thus
dependant on which strands are cut.

Alternatively, Bishop and Zickler (2004) hypothesised that the choice of
which DNA strands are cut could be pre-determined in the early stages of
recombination. They hypothesised the Early Crossover Decision model (ECD)
that suggests there may be two different pathways after the D-loop formation,
with the decision of which pathway is to be taken made much earlier. The first
pathway leads to formation of the dHJ followed by its resolution resulting in a
crossover event while the second pathway involves the repaired invading DNA
strand dissociating from the intact template strand, re-annealing to the other
broken end, and DNA repair synthesis rejoining the two strands. This restores the

chromosome leading to a non-crossover event (Bishop and Zickler 2004, Borner
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et al. 2004, Haber et al. 2004).

In either model, a vast number of proteins are required to function
individually as well as in protein complexes to ensure that the processes of
homologous recombination, homologue juxtaposition, and homologue pairing are
achieved correctly. While some of these proteins have already been identified,
many yet remain to be identified. Of those that have been identified, the roles of

many of these proteins and/or complexes are yet to be fully understood.

1.2.4.2 — Poor Homologous Synapsis 1 (PHS1) — a role in regulating
recombination and homology searching?

In addition to the already complex array of proteins required for recombination,
the recent discovery of the maize gene PHS1 has added another level of
complexity to the regulation of recombination events in plants. First discovered in
a Mutator transposon-mutagenised maize population, analysis of the phsl-
knockout mutant (Zmphs1-0) showed that PHS1 had a meiosis-specific function
with the mutant plants being sterile (Pawlowski et al. 2004). Based on sequence
conservation searches of the databases, PHS1 appears to be a plant-specific gene
with no reported homologues in any other non-plant species (Pawlowski et al.
2004). Detailed microscopic and fluorescent in situ hybridisation (FISH) analyses
of the Zmphs1-0 mutant meiocytes showed that the mutant had decreased levels of
synapsis with improper alignment of the chromosomes in the synapsed regions
observed. In addition to the mis-alignment, synapsis also occurs between multiple
chromosome partners; highlighting the severity of the non-homologous
chromosome interactions in the absence of the PHS1 protein (Pawlowski et al.
2004). Interestingly, the number of RADS51 recombination foci was also
dramatically decreased in the Zmphs1-0 mutant although the levels of RAD51
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protein within the cells were equivalent to wild-type. This indicated that ZmPHS1
regulated recombination during early meiosis and could possibly have a role in
homology searching (Pawlowski et al. 2004).

The only other report on PHS1 details further characterisation in maize
and Arabidopsis (Ronceret et al. 2009). Based on the FISH data obtained,
Ronceret and colleagues (2009) concluded that PHS1 appeared to function in a
similar manner regardless of genome size and complexity. Screening the maize
and Arabidopsis phsl mutant meiocytes in dual 3-dimensional immuno-
fluorescence localisation assays with antibodies against various meiotic proteins
such as ASY1 and ZYP1 revealed that chromosome axis formation and
installation of the SC components were similar to wild-type albeit with delayed
ZYP1 loading observed in some instances (Ronceret et al. 2009). In contrast to
ASY1 and ZYP1, the number of RAD50 foci within the nucleus was severely
decreased in the phsl mutants while cytoplasmic accumulation of RAD50 was
observed. Using the same technique, both PHS1 homologues were localised to the
cytoplasm during the early stages of meiosis with peak cytoplasmic accumulation
of the PHS1 protein seen during zygotene. In contrast to the Arabidopsis
meiocytes where PHS1 was localised solely to the cytoplasm, observations of the
maize meiocytes revealed that some foci clustered along the nuclear envelope
during zygotene and a few foci were observed within the nuclei during pachytene
(Ronceret et al. 2009). Combining the localisation data of PHS1 and RAD50,
Ronceret and colleagues (2009) hypothesised that PHS1 regulates the transport of
RAD50 into the nucleus (thereby indirectly regulating recombination and
homology searching). Indeed this data explained the loss of RAD51 foci observed

by Pawlowski and colleagues (Pawlowski et al. 2004), as the MRN complex (of
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which RAD5O0 is a part) is required for the resection of the DSB before RAD51
can be recruited to the 3’ overhangs.

While these findings have added significantly to the current knowledge
base, they have also raised some significant questions. Firstly, does PHS1 act as a
direct shuttling protein for RAD50 and other, as yet unknown, meiotic proteins or
does it regulate this process indirectly? What other proteins does it regulate? And
does it have a direct role in homology searching? Seeing as there are subtle
differences between the localisation profiles of the PHS1 homologues in both
Arabidopsis and maize, do these differences translate into different functions for
these proteins or suggest different regulation mechanisms in various plant
species? Given that the absence of PHS1 leads to dramatically reduced levels of
recombination, synapsis between multiple mis-aligned chromosomes, and non-
homologous chromosome interactions, PHS1 is a prime candidate for further
research, especially so in a complex organism such as bread wheat which has

three highly similar, yet distinct genomes.

1.2.4.3 — Synaptonemal complex formation and synapsis

Synapsis is the formation of the tripartite SC along the entire length of the
homologous chromosomes. Once the homologues have been juxtaposed, the
process of synapsis is initiated. During leptotene, axial elements are attached to
the non-sister chromatids (Zickler and Kleckner 1999). When pairing occurs in
the later stages of SC formation, the axial elements come together and are then
referred to as the lateral elements. The assembly of the central transverse
filaments between the lateral elements completes the structure of the SC

(reviewed by Page and Hawley 2004). Previous research has shown that the
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process of synapsis starts from the telomeric and centromeric regions of the
homologues first (Pawlowski and Cande 2005, Schwarzacher 1997, Zickler and
Kleckner 1999).

The presence of recombination nodules (sites where recombination
occurs) is thought to be linked with initiation of chromosome synapsis, thus
linking the processes of synapsis and recombination (Pawlowski and Cande
2005). In yeast experiments, the recombinase enzyme, RAD51, localises within
these nodules and has been shown to interact with ZIP3 (also known as CST9), a
SC protein (Agarwal and Roeder 2000). ZIP3 itself has been shown to interact
with other recombination proteins such as MSH4 (MutS Homologue 4) and
MSHS5 (MutS Homologue 5), which localise to late recombination nodules.

While both recombination and synapsis occur simultaneously during
prophase |, they remain separate processes. However, recombination and synapsis
could occur synchronously to stabilise chromosome associations during the
process of recombination by holding the homologues in very close proximity.
During pachytene, synapsis and recombination are completed. At this stage, the
SC disassembles and the homologues are held together by the physical linking of
the chiasmata that were formed during the recombination process (reviewed by
Page and Hawley 2004, Zickler and Kleckner 1999). These chiasmata persist
throughout metaphase | holding the homologues together as they align along the
metaphase plate. Coupling the resolution of the chiasmata at late metaphase 1/
early anaphase | with the removal of cohesion proteins such as SYN1 and AFD1
(by a yet unknown plant protease) from the chromatids, allows the homologous
chromosomes to segregate and separate correctly to opposite poles of the cell. In

asynaptic zypl Arabidopsis mutants, homologous chromosome pairing and
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bivalent formation are severely disrupted resulting in non-homologous
chromosome associations, and in some cases, the formation of multivalents
(interactions between more than two chromosomes) (Higgins et al. 2005). This
serves to highlight the importance of the synaptonemal complex and the need for
complete synapsis, due to significant downstream effects in the later stages of
meiosis. However, even after decades of analysis, the role of the SC in pairing and
recombination is still poorly understood and continues to be debated (reviewed by

Hamant et al. 2006).

1.2.4.4 —The roles of ASY1 and ZYP1 in SC formation and synapsis

Two key proteins identified to have roles in synapsis and pairing of homologous
chromosomes in plants are ASYnapsis 1 (ASY1) (Armstrong et al. 2002, Boden
et al. 2007) and Molecular Zipper Protein 1 (ZYP1) (Higgins et al. 2005). Both
have been shown to be directly or indirectly vital for synapsis and pairing to
occur. ASY1 is also indirectly involved in homologous recombination as synapsis
Is an important event that leads to homologous recombination (Armstrong et al.
2002, Boden et al. 2007). In wheat, ASY1 has been shown to associate with axial
elements of homologous chromosomes in addition to promoting homologous
chromosome interactions (Boden et al. 2009). Analysis of Taasyl knock-down
mutants have shown that lowered levels of TaASY1 leads to homoeologous
chromosome interactions caused by the reduced promotion of homologous
chromosome interactions (Boden et al. 2009). Gene expression analysis of
TaASY1 in the pairing homoeologous 1 (ph1l) mutant (phlb) revealed that TaASY1
expression is controlled by this locus and that absence of this locus results in a

dramatic increase of the TaASY1 transcript. These increased levels of TaASY1l
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lead to an excess of TaASY1 protein being produced, which subsequently leads to
both homologous and non-homologous chromosome interactions being observed
(Boden et al. 2009).

Unlike ASY1, which is associated with the axial elements of the SC, the
yeast ZYP1 homologue (known as Molecular ZIPper 1, ZIP1) is a coiled-coil
protein with globular N- and C- termini and forms the transverse filaments of the
SC (Figure 1.2) (Sym et al. 1993, Sym and Roeder 1995). Studies of the yeast
ZIP1 protein show that the C-terminus of ZIP1 interacts with chromatin, while the
N-terminus stretches out into the central region of the SC and interacts with the
N-termini of other ZIP1 molecules (thus forming the central element of the SC)
(Figure 1.2) (Dong and Roeder 2000). While ZIP has been extensively studied in
yeast, the ZIP1 homologues of plants have only been recently discovered.

The Arabidopsis ZYP1a and ZYPb genes were the first plant homologues
of ZIP1 discovered in addition to being the first two SC proteins isolated from
plants (Higgins et al. 2005). The discovery of these genes has since paved the way
for the isolation and/or characterisation of other ZYP1 homologues in both Secale
cereale (ScZYP1) (Mikhailova et al. 2006) and Oryza sativa (OsZEP1) (Wang et
al. 2010). In the analysis of the Atzypl mutants by Higgins and colleagues (2005),
they observed non-homologous chromosome pairing interactions that resulted in
non-homologous recombination of DNA. This led them to suggest that ZYP1, and
possibly the SC as a whole, may act to ensure that homologous recombination
proceeds correctly in plants. This role is in addition to the other roles, including
physically holding homologous chromosomes together to stabilise the

homologues during the recombination process.
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Localisation of the ZYP1 homologues of both Arabidopsis and rye have
shown that ASY1 and ZYP1 do not co-localise but instead form a tripartite signal
with ZYP1 being sandwiched by the ASY1 signal on either side. Such results
confirm that these ZYP1 homologues share the same function as their yeast
homologue even though the plant ZYP1 homologues share very little sequence
similarities with their fungal homologue (Higgins et al. 2005, Mikhailova et al.
2006). Although the plant ZYP1 homologues appear to have the same functions
during the early stages of meiosis, differences in the localisation profiles of the
ZYP1 homologues of various species have previously been reported. One
example of this is the formation of ZYP1 foci seen in the leptotene stage of both
Arabidopsis (Higgins et al. 2005) and rice (Wang et al. 2010), while ZYP1 signal
appears as linear tracts in rye meiocytes of the equivalent stage (Mikhailova et al.
2006). In a recent study of the rice ZEP1 homologue, Wang and colleagues found
that unlike any previously reported ZYP1 homologues, the rice ZEP1 protein is
re-loaded onto chromosomes two more times post-prophase |1, and that ZEP1 is
able to re-load onto the chromosomes normally even at the dyad and tetrad stages
of pollen formation. This led Wang and colleagues (2010) to hypothesise that the
ZEP1 protein may have a role in normalising chromosome behaviour after it has
fulfilled its SC functions during the early stages of meiosis. Such differences in
localisation profiles and functions highlight the need for species-specific studies
to be conducted on the ZYP1 homologues. Considering that rice and wheat are
closely related, the wheat ZYP1 homologue appears to be a prime candidate for
characterisation using a gene-targeted approach as this protein may also reveal

significant new data in terms of its function in a complex hexaploid species.
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Figure 1.2 — Cartoon model of ZIP1 molecules within the synaptonemal complex.
The ZIP1 protein molecule has a coiled-coil (green coils) central region capped at both
ends by globular structures (C-terminus - yellow circles, N-terminus - grey circles). The
C-termini of ZIP1 proteins interact with the lateral elements (LE, red rods) that are
installed onto the chromatin (blue loops) while the N-termini interact with one another
forming the central element of the SC. In doing so, the ZIP1 protein molecules form the
transverse elements of the SC and hold the homologous sister chromosomes together.

1.2.5 — Homoeologous pairing of chromosomes in bread wheat

As previously discussed in section 1.1.2, bread wheat arose from hybridisation
events between three independent progenitor species. While the early assumption
that the three progenitor species were strongly differentiated was used to explain
why hexaploid bread wheat displays diploid behaviour during meiosis, it was
proven wrong when nullisomic-tetrasomic (compensation of a loss of one
chromosome pair with another) experiments showed otherwise (Sears 1952, Sears

1976). This established that the three genomes were actually very closely-related
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in both gene content and order. It also raised new questions as to how bread wheat
chromosomes pair in a diploid-like manner. This resulted in the hypothesis that
cellular mechanisms must exist to regulate and control chromosome pairing in
hexaploid bread wheat in an effort to actively prevent non-homologous
chromosome pairing interactions that result in multivalent associations, improper
chromosome segregation at anaphase I, and thus production of non-viable
gametes with incorrect haploid chromosome numbers (Riley and Chapman 1958).

The genetic control of chromosome pairing in bread wheat has previously
been shown to be dependent on a series of promoting and suppressing pairing
homoeologous (Ph) loci. The two main suppressors of homoeologous pairing are
the Phl and Ph2 loci. The Phl locus was first identified and located on the long
arm of chromosome 5B (Riley and Chapman 1958, Sears and Okamoto 1958)
while a second locus, termed Ph2, was identified and located on the short arm of
chromosome 3D (Mello-Sampayo 1968, Mello-Sampayo 1971, Mello-Sampayo
and Canas 1973). Of the two main suppressor loci, the Phl locus displays the
strongest regulation of homologous chromosome pairing (Moore 2002, Sears
1976). An X-ray irradiated deletion mutant of Phl, designated phlb (originally
identified by Sears (1977)), has increased homoeologous pairing at metaphase I.
Mapping of the deleted region has shown a loss of approximately 70 Mb,
predicted to possibly account for the loss of 200 or more genes (Gill et al. 1993).
However, recent work by Griffiths and colleagues (2006) has significantly
reduced the size of the Phl locus to a region spanning only 2.5 Mb. A sub-
telomeric insertion from chromosome 3A as well as seven Cyclin-dependent
kinase (Cdk)-like genes that share sequence similarities to the Cdk2 genes of both

human and mouse (Griffiths et al. 2006, Martinez-Perez and Moore 2008) reside
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within this refined Phl locus (Griffiths et al. 2006). The presence of these Cdk-
like genes within the Ph1 locus is a significant finding as a previous study of the
mouse Cdk-2 deletion mutant has shown that homologous chromosome synapsis
and recombination are severely disrupted in the absence of Cdk-2 (Ortega et al.
2003, Viera et al. 2009). Furthermore, a study conducted by Al-Kaff and
colleagues (2008) in wheat has shown that these Cdk-like genes within the Phl
region function to suppress the expression of their equivalents located on the
chromosome 5A and 5D. In the absence of the Phl locus, the Cdk-like equivalents
of the A and D genome are expressed at levels that are significantly higher than
normal (Al-Kaff et al. 2008). This led Al-Kaff and colleagues to suggest that a
possible role of the Phl locus is to coordinate the overall regulation of Cdk-like
genes within the wheat genome. As previously discussed in section 1.2.4.4., one
gene that appears to be directly regulated by the Phl locus is TaASY1, where the
absence of the Phl locus results in a 20-fold increase in TaASY1 transcript
expression during early meiosis (Boden et al. 2009). This mis-regulated
expression of TaASY1 by the Cdk-like genes on the A and D genome may be the
reason for the homoeologous chromosome pairing observed in the phlb mutants.
Similar to the initial studies of the Phl locus that focused on mutant
analyses, two deletion mutants of Ph2 have also been identified, namely ph2a
(Sears 1977) and ph2b (Wall et al. 1971). The ph2a mutant was generated by X-
ray irradiation (Sears 1977) with mapping of the deleted region showing a loss of
approximately 80 Mb, predicted to account for the loss of at least 215 genes
(Sutton et al. 2003). However, this figure could be as high as several thousand
given the research reported in Sutton et al. (2003) which relied upon a

comparative genetics approach with the completed rice genome sequence. The
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ph2b mutant, which was generated by EMS (ethyl-methane sulfonate)
mutagenesis, is thought to be either an INDEL (insertion/deletion) or a point
mutation (substitution) (Wall et al. 1971). However, compared to the phlb
mutant, the ph2 mutants exhibit only a moderate level of homoeologous
chromosome pairing (Sears 1976).

While a significant amount of research has been conducted to uncover the
mechanisms by which suppression of homoeologous pairing is achieved via the
Phl and Ph2 loci, much is still left unknown; more so in the case of the Ph2
locus. Analysis of the phlb and ph2b wheat mutants by Martinez and colleagues
(2001) showed that synapsis is affected in the ph2b mutant, whereas synapsis
progresses normally in the phlb mutant. Scoring multivalent associations and the
timing at which these associations were corrected, revealed that only Phl has a
role in the correction of homoeologous associations. Taken together, these results
suggest that the Phl and Ph2 loci work to promote homologous pairing and
suppress homoeologous pairing via separate molecular pathways. More
interestingly, these results raise the question as to whether the Ph2 locus is a true
pairing homoeologous locus or a synapsis protein that was initially mis-
characterised (Martinez et al. 2001).

With the domestication of wheat over thousands of years, the selective
pressures of plant breeding have led to a significant narrowing of the gene pool
resulting in a loss of genetic diversity. The ability of the ph mutants to perform
homoeologous pairing suggests that by understanding the molecular mechanisms
of these loci, these loci may prove to be useful tools for increasing genetic
diversity in current bread wheat lines. This could be achieved by the introgression

of alien genetic material from closely-related plant relatives by either regulating
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the Ph loci or by circumventing the effects of these loci. However, due to the
presence of the seven Cdk-like genes within the Phlb region, mutant analysis of
the Phlb region using RNAI mutants may prove unfeasible due to the relatively
high levels of conservation between Cdk genes that could cause several of the (or
all seven) Cdk-like genes to be silenced even if only one is targeted. One possible
approach to overcoming this problem is to use proteomics to further study the ph

mutants.

1.3 — Proteomics: A global approach to cell biology

Although DNA is viewed as the essential building block of life, the cell uses the
translated gene products to perform all its required physiological and biochemical
processes. Thus, while there is much to gain through studying the transcript levels
of genes, the information gained from studies at the level of translated gene
products may prove equally, if not more, important. Previous research on various
species such as bacteria, yeast, and humans have shown the limitations of studies
conducted solely at the transcript level, with many examples in the literature
showing that levels of gene transcription are not indicative of the levels of the
translated product (Bitton et al. 2008, Chen et al. 2002, Futcher et al. 1999,
Ghaemmaghami et al. 2003, Gygi et al. 2000, Gygi et al. 1999a, Gygi et al.
1999Db, Tian et al. 2004, Unwin et al. 2006, Waters et al. 2006). In the worst case
scenario, little or no correlation could be made between transcription and
translation profiles of some genes (Gygi et al. 1999a). However, this is not to say
that a coupled proteomic and mRNA-based approach (e.g. microarray analysis)
does not work. Previous research by Greenbaum and colleagues (Greenbaum et
al. 2002) showed that in some cases, a coupled approach yields two sets of data
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that complement each other, allowing correlations to be made, and is thus able to
provide even more in-depth information than could have been gained by either
approach independently.

Generally however, the poor correlation between transcript and protein
levels in addition to the non-predictive nature of the two processes serves to
highlight the need for analysis at the end point of the central dogma. While
MRNA expression is important and cannot be dismissed, too little is currently
known about the cell to accurately predict when an increase in mRNA species
results in protein production and functional activity. Multiple explanations have
been suggested as to why such significant differences exist between the transcript
and protein levels. Of the more plausible reasons, it has been suggested that some
genes may encode multiple protein isoforms due to differential splicing and
translational efficiencies (reviewed by Peck 2005; and references therein). In
addition, post-transcriptional regulation of mMRNA and post-translational
modifications of proteins that determine protein half-life may contribute to the
large discrepancies often observed (Varshavsky 1996).

Due to the constant interaction of the cell with its surroundings as well as
its own cellular processes, the proteome of a cell is in a constant state of dynamic
flux. The study of cell biology via a proteomics approach could therefore assist in
presenting a direct and realistic representation of the cellular environment at the
specific time of analysis. To this end many different tools have been developed to
study the proteome including 2-dimensional gel electrophoresis (2DGE) coupled
with Matrix-Assisted Laser Desorption lonisation Time-of-Flight tandem mass-
spectrometry (MALDI-TOF/TOF). 2DGE allows separation and quantification of

proteins while the MALDI-TOF-TOF allows identification of specific proteins.
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1.3.1 — 2-dimensional gel electrophoresis (2DGE)

2DGE is the separation of proteins in two consecutive dimensions; firstly by their
isoelectric potentials (pl) using an isoelectric focusing (IEF) procedure, and
secondly by their molecular weights (MW) using sodium dodecyl sulphate
polyacrylamide gel electrophoresis (SDS-PAGE). Since the first documentation of
its use in 1975 (Klose 1975, O'Farrell 1975), the technology has significantly
improved making it one of the most promising tools for proteomics (Fey and
Larsen 2001, Gorg et al. 2000, Harry et al. 2000).

Previous research has shown that 2DGE has the ability to resolve
thousands of individual proteins from a given sample (Klose and Kobalz 1995),
making it an efficient high-throughput method to study cellular protein profiles at
a global scale. With the addition of sample pre-fractionation, specialised pH
gradient isoelectric focusing (IEF) strips, and a new ultra-sensitive fluorescent dye
sample labelling technique known as 2-dimensional fluorescence difference gel
electrophoresis (DIGE), the resolving power of this already powerful proteomics

tool has been further enhanced.

1.3.2 — A proteomics approach to plant meiosis

While proteomics has previously been used to study meiotic processes, most of
the work done has focused on animal systems. An example of this is the use of
2D-DIGE coupled with MALDI-TOF/TOF to analyse the proteomic profiles of
male rat cells at different stages of spermatogenesis (Rolland et al. 2007). The

authors were able to identify 123 unique proteins that were differentially-
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expressed in male rat germ cells using this approach. More recent work in cows
dissected the proteomic profile of male spermatozoa using differential detergent
fractionation multi-dimensional protein identification technology (DDF-Mud PIT)
and identified 125 putative biomarkers for bovine fertility (Peddinti et al. 2008).

Only two previous reports attempting to dissect the proteomic profiles of
plant meiocytes at different stages of meiosis have been reported. Work by
Sanchez-Moran et al. (2005) used a coupled 2DGE-MALDI-TOF/TOF approach
to dissect the stage-specific proteomic profiles of Chinese cabbage (Brassica
oleracea) double-haploid plants during meiosis. The results showed that between
18% to 33% of the proteins identified through this method have putative roles in
meiosis based on their sequence similarities with known meiotic proteins found in
other species. Importantly, the authors showed that a proteomics approach to
studying meiosis is a viable, albeit labour-intensive method with regards to the
isolation of sufficient suitable meiotic material required for such analysis.

More recently, Phillips and colleagues (2008) utilised a combination of
proteomics tools, which they collectively termed translation proteomics, to dissect
meiosis in rye (S. cereale). Immunocytology using antibodies of known meiotic
proteins and a 2DGE-Western blot showed that ASY1 and ZYP1 proteins
probably had different functions when compared to their respective Arabidopsis
homologues while there also appears to be multiple forms (active/inactive)
present within the cell.

While a comprehensive chronological transcriptome profile of meiosis in
allohexaploid bread wheat has already been constructed via microarray analysis
(Crismani et al. 2006), there are no reported studies on the meiotic proteome of

allohexaploid bread wheat. With only two previous studies on the plant meiotic
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proteome published and the emerging awareness of the non-predictive nature of
the transcriptome profile on the proteome profile, any study that aims to add to

this limited knowledge-base is of significant importance.

1.4 — Rationale of the current study

While a significant volume of research has been conducted in model organisms
such as yeast and Arabidopsis, much less is known about the proteins that are
involved in the complex biochemical pathways that occur during meiosis in
hexaploid bread wheat. With plant meiosis research, especially in more complex
species lagging farther behind, this project has used two different approaches to
study meiosis in hexaploid bread wheat.

The first component of this study involves using a broad-scale proteomics
approach to identify and characterise proteins that are differentially expressed
between stages of meiosis as well as between wild-type and the ph mutants.
Through using such a strategy it is anticipated that novel meiotic proteins will be
identified and characterised, and with the addition of the ph mutants, proteins that
are differentially-expressed may also be detected.

The second component of this study involves a gene-targeted approach to
isolate and characterise the wheat homologues of PHS1 and ZYP1. These
candidates have been selected for characterisation to determine their function(s)
and localisation profiles during early meiosis in order to further the current
understanding of these proteins. In addition, the presence of ZYP1 loading in
wild-type and Taasyl knock-down mutants will be investigated to determine

whether reduced levels of TaASY1 affects ZYP1 function.

30



Broadly, the overall aim of this study is to increase the current knowledge
base of bread wheat meiosis with a view that such results will eventually
contribute to the development of molecular tools capable of introducing new
genetic material into current wheat breeding lines. Such success will significantly
accelerate plant breeding programs and allow for the generation of superior crop

lines.
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Chapter 2 — Identification of proteins with potential roles

In meiosis via an optimised proteomics approach

2.1 — Introduction

Although meiosis research using yeast (Saccharomyces spp.) has been ongoing
for decades, the focus of our understanding for this tightly coordinated process
has only shifted to more complex organisms (such as plants) in the last 10 years.
Consequently, the meiosis community has added significantly to our knowledge
of specific gene function in plants such as Arabidopsis thaliana, Zea mays (maize)
and Triticum aestivum (bread wheat). Examples include SPOrulation 11-1
(SPO11-1) (Grelon et al. 2001), ASYnapsis 1 (ASY1) (Boden et al. 2009, Boden et
al. 2007, Caryl et al. 2000, Ross et al. 1997), Molecular ZIPper 1 (ZYP1)
(Higgins et al. 2005), Disrupted Meiotic cDNA 1 (DMC1) (Klimyuk and Jones
1997) and the plant-specific Poor Homologous Synapsis 1 (PHS1) (Pawlowski et
al. 2004, Ronceret et al. 2009).

While many of these studies have relied on various classical genetic
approaches, a possible alternative approach to study meiosis, especially in
complex organisms, is proteomics. Proteomics has the potential to provide a more
accurate profile of the cell as protein species present at a particular given time-
point are studied rather than the mRNA transcripts. Recent studies performed by
various investigators in multiple fields of research have shown that gene

expression levels do not always correspond directly to the levels of their protein
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products within the cell, further highlighting the importance of proteomic data in
truly understanding cellular processes (reviewed by Waters et al. 2006).

Two dimensional gel electrophoresis (2DGE) is one of the many
proteomics techniques available today. However, 2DGE has not been widely used
to study meiosis in plants. Amongst the reported attempts are those by Sanchez-
Moréan et al. (2005) and Phillips et al. (2008). Using protein samples extracted
from Brassica anthers, Sanchez-Morén and colleagues (2005) showed that 2DGE
was a viable and powerful tool for studying meiosis. Work by Phillips and
colleagues (2008) showed that translational proteomics based on 2DGE
experiments can also be used to further investigate post-translational
modifications to protein species isolated from plant meiotic tissue.

The objective of the work presented in this chapter was to optimise a
2DGE proteomics approach for investigating meiosis in bread wheat with the aim
of identifying proteins that have roles in meiosis. Among the many parameters
investigated and subsequently optimised were protein extraction techniques to
find a suitable method for total protein extraction from meiotic bread wheat tissue,
the amount of total protein required for adequate spot detection, various spot
visualisation techniques as well as horizontal and vertical resolution parameters
for successful 2DGE gels. The optimised method was then used to detect
differences between protein profiles of four pooled stages of meiosis.
Comparative analyses of the protein profiles for tissue from the earlier stages of
meiosis in wild-type and pairing homoeologous mutants (phlb and ph2a) were
also performed to help elucidate the mechanisms by which homologous pairing is

achieved.
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2.2 Materials & Methods

2.2.1 — Staging and harvesting of wheat anthers and meiocytes

2.2.1.1 — Collection of meiotic tissue
Spikes were collected from Chinese Spring, phlb and ph2a wheat plants grown in
a controlled-environment room programmed with a 16 hr daylight 8 hr night

photoperiod at approximately 23°C.

2.2.1.2 — Staging and harvesting of meiotic anthers and meiocytes

The anthers were staged and grouped into four pooled stages (pre-meiotic
interphase to pachytene, PM-LP; diplotene to anaphase I, D-A; telophase | to
telophase 11, TI-TIl; and tetrads to immature pollen, T-IP) prior to protein
extraction (refer to Figure 2.1 for classification of stages used in this study).
Florets and anthers were dissected under a Leica MZ 6 stereo dissecting
microscope (Leica Microsystems, North Ryde, New South Wales, Australia).
Using PrecisionGlide™ syringes (Becton Dickinson Medical (S) Pty Ltd., Tuas
Avenue, Singapore), the central floret was removed and the remaining spike tissue
kept on ice. Primary and secondary anthers were removed from this floret, placed
on clear glass microscope slides (Livingstone International Pty Ltd., Rosebury,
New South Wales, Australia), stained for 5 min with 2% aceto-carmine (see
Appendix A) at room temperature, and then cut in half longitudinally. Cover-slips
(HD Scientific Supplies Pty Ltd., Sunshine, Victoria, Australia) were placed over
the anther halves on the microscope slides and then gently squashed to release the
meiocytes. These were observed using a compound microscope (Olympus

MODEL CK40-RPSL, Richmond, South Australia, Australia) at 400x to 1000x
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magnification. Anthers from alternating florets along the spike were staged this
way with the last five florets at each end of the spike being discarded. For whole
anther samples, the anthers from identical stages were pooled, snap-frozen and
stored at -80°C until required for extraction. For meiocyte-enriched samples,
anthers from identical stages were cut on one end and the meiocytes extruded into
an ice-cold drop of phosphate buffered saline (PBS). The drop was then put into a

1.5 mL tube and treated the same as the pooled whole anther samples.
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Figure 2.1 — Meiotic divisions | and 11 as observed in bread wheat (Triticum aestivum) meiocytes
using light microscopy. Prophase | is represented by (A) pre-meiotic interphase, (B) leptotene-
zygotene transition, (C) zygotene, (D) pachytene, (E) diplotene, (F) diplotene-diakinesis transition
and (G) diakinesis. The remaining stages of meiosis | are represented by (H) metaphase I, (1) early
anaphase I, (J) late anaphase | and (K) telophase I. The second meiotic division is represented by (L)
interphase 1l, (M) prophase Il, (N) metaphase II, (O) anaphase Il, (P) telophase Il and (Q) tetrad
formation. (R) and (S) represent immature and mature pollen respectively. The four pooled stages
analysed in this study were PM-LP (A-D), D-A (E-J), TI-Tll (K-P), and T-IP (Q-R). Scale bar, 5 um.
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2.2.2. — Optimising the protein extraction method from whole wheat
anthers and meiocytes

2.2.2.1 — Trichloroacetic acid (TCA)-acetone extraction and precipitation
This protocol was previously described by Sanchez-Moran et al. (2005) for
extracting proteins from Chinese cabbage (Brassica oleraceae) anthers. Pooled
whole anther samples (40 mg) were vortex-ground using metal ball-bearings and a
MS 3 Digital vortex (IKA Works, Petaling Jaya, Selangor, Malaysia) in the
presence of liquid nitrogen. The homogenate was resuspended by vortexing for 20
s in 2 mL of acetone containing 10% w/v trichloroacetic acid (Sigma) that was
pre-chilled to -20°C. The sample was incubated overnight at -20°C then
centrifuged at 13000 rpm at 4°C for 15 min. The supernatant was removed and the
pellet was washed with 2 mL of acetone containing 20 mM DTT by incubating
the pellet for 1 hr at -20°C. The pellet was then collected by centrifugation at
13000 rpm at 4°C for 15 min. The wash and centrifugation steps were repeated
twice more with 30 min incubations. A final wash using 90% (v/v) acetone in
nanopure water was performed to remove excess salts from the sample.

After the final centrifugation, the pellet was air-dried in a laminar-flow
cabinet and resuspended with 200 puL of 7 M thiourea-2 M urea-2% (w/v) 3-[(3-
cholamidopropyl) dimethylammonio]-1-propanesulfonate (CHAPS) resuspension
buffer (TUC buffer). The proteins were resuspended by 4 hr of slow vortexing at
room temperature. Cellular debris was cleared from the resuspended solution by
centrifugation at 9000 rpm for 15 min at room temperature. The supernatant was
inserted into a fresh tube and the centrifugation step repeated to remove any
residual debris. The resulting supernatant isolated was the cleared protein sample

that was used for the 2DGE assay.
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This protocol was subsequently further optimised by pre-chilling all tips,
tubes and extraction solutions to -20°C prior to use. In addition, an additional
wash step using 90% acetone (v/v) in nanopure water was added to reduce the salt
concentration within the precipitated protein pellets. Two further centrifugation
steps were also added post-resuspension of the samples in TUC buffer to help

remove any residual tissue debris from the samples.

2.2.2.2 — Urea-mercaptoethanol-NP40 extraction with acetone precipitation

This protocol was previously described by Islam et al. (2003) for extracting
proteins from endosperm tissue. Pooled whole anther samples (40 mg) were
vortex-ground as previously described (Section 2.2.2.1). The homogenate was
digested for 1 hr in 300 pL of lysis buffer [8 M urea, 2% (v/v) NP-40, 0.8% (v/v)
ampholyte (Amersham Biosciences, Roosendaal, Netherlands), 5% (v/v) 2-
mercaptoethanol and 5% (w/v) polyvinylpyrryolidone-40]. The resuspended
sample was centrifuged at 9000 rpm for 10 min prior to a 2 hr incubation of the
pellet in 80% (v/v) acetone at -20°C. The sample was centrifuged at 9000 rpm for
10 min and the pellets isolated and resuspended in 50 pL of lysis buffer. Residual
cellular debris was removed from the resuspended sample by centrifugation at

max speed for 10 min. The resultant supernatant was used for the 2DGE assay.

2.2.2.3 — Phenol extraction with methanol/ammonium acetate precipitation

This protocol was previously described by Carpentier et al. (2005) for extracting
proteins from recalcitrant tissue. Pooled whole anther samples (40 mg) were
vortex-ground as previously described (section 2.2.2.1). The homogenate was

resuspended by vortexing for 30 s in 500 pL of ice-cold extraction buffer [50 mM
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Tris-HCI pH8.5, 5 mM EDTA, 100 mM KClI, 1% (w/v) dithiothreitol (DTT), 30%
(w/v) sucrose and one tablet of Roche C@mplete protease inhibitor cocktail
(Roche Applied Science, Mannheim, Germany)]. Five hundred pL of ice-cold
Tris-buffered phenol (pH 8.0) (Sigma) was added and the sample vortexed for 15
min at 4°C followed by a 3 min centrifugation step (9000 rpm, 4°C). The phenolic
phase was collected and the extraction, vortexing and centrifugation steps
repeated. The phenolic phase was collected and 2.5 mL of 100 mM ammonium
acetate in methanol was added to precipitate the extracted proteins. The sample
was incubated overnight at -20°C then centrifuged at 10000 rpm for 30 min at
4°C. The supernatant was removed and rinsed twice with 2.5 mL of ice-cold
acetone/0.2% (w/v) DTT with 1hr incubations at -20°C between rinses. The
pellet was air-dried in a laminar-flow cabinet then resuspended by vortexing for 1
hr at room temperature in 100 pL of lysis buffer [7 M urea, 2 M thiourea, 4%

(w/v) CHAPS, 1% (w/v) DTT, 0.8% ampholyte (Amersham)].

2.2.3 — Protein Quantification

Protein was quantified using a method adapted from Bradford (1976). Triplicates
of 1/10 dilutions of samples were made using nanopure water. Two hundred pL of
Bradford reagent (BIO-RAD Laboratories Inc., Hercules, California, USA) was
added to 800 uL of each sample and incubated for 7 min at room temperature
before the absorbance was measured at 595 nm using a spectrophotometer
(Metertech SP8001, Metertech Inc., Nankang, Taipei, Taiwan, Republic of
China). To develop a standard curve, a Bovine Serum Albumin (BSA) dilution
series was made with concentration values of 13.7 ng mL™, 10.275 pg mL™, 6.85

ng mL™, 3.425 ug mL? and 1.37 pg mL™ using the BIO-RAD Protein Assay
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Standard 11 (BIO-RAD), lyophilised BSA and nanopure water. Each dilution was
done in triplicate to ensure that an average value could be obtained. Each standard
was then spectrophotometrically quantified in the same manner as the samples.
The values of the dilution series were used to generate a BSA linear regression
curve from which the protein concentrations of the samples were predicted using

Genstat (version 11.0, Numerical Algorithms Group).

2.2.4 — Visual assessment of protein quality via sodium dodecyl
sulphate polyacrylamide gel electrophoresis (SDS-PAGE)

2.2.4.1 - SDS-PAGE

Either 1 nug or 5 ug of each extract was added to 2.5 uL of NUPAGE® LDS
Sample Buffer (4x) (Invitrogen, Carlsbad, California, USA) and 1 uL of
NuPAGE® Reducing Agent (10x) (Invitrogen). When the protocol was further
refined, 8 pg of extract was used instead. Samples were then made up to a total of
10 pL with nanopure water. The samples were heated at 70°C for 10 min before
being loaded into 15-well NUPAGE® Novex® 4-12% Bis(2-hydroxyethyl)-imino-
tris(hydroxymethyl)-methane (Bis-Tris) mini gels (Invitrogen). Bio-Rad Precision
Plus Dual Colour Protein Standard (10 pL) was also loaded onto the gels to
estimate protein size. Electrophoresis was performed using 2-(N-morpholino)-
ethane sulphonic acid (MES) (Invitrogen) buffer according to the manufacturer’s
instructions to separate the protein species within the samples according to their

molecular weights.
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2.2.4.2 — Fixing, staining and storage of Bis-Tris gels

Upon completion of the SDS-PAGE in section 2.2.4.1, gels were removed from
their cassettes and left to shake in 100 mL of fixing solution [10% (v/v) methanol,
10% (v/v) glacial acetic acid, 40% (v/v) ethanol, nanopure water] for 1 hr. The
fixing solution was then removed and replaced with 100 mL sensitisation solution
[10% (w/v) ammonium sulphate, 1% (v/v) glacial acetic acid, nanopure water].
The sensitisation solution was then replaced with 100 mL of staining solution
[0.125% (w/v) Coomassie Brilliant Blue R250 (CBB R250), 5% (v/v) glacial
acetic acid, 45% (v/v) ethanol, nanopure water] and left to stain overnight on a
TASP-OS1 orbital shaker (Thermoline, Northgate, Queensland, Australia). De-
staining of the gels was performed for 1 hr using de-stain solution | [5% (v/v)
glacial acetic acid, 40% (v/v) ethanol, nanopure water], followed by de-stain
solution 11 [3% (v/v) glacial acetic acid, 30% (v/v) ethanol, nanopure water] until
the background of the gels were clear. Even though the protein bands could be
seen clearly by eye under normal lighting conditions, a light-box was used to
further illuminate the gels during analysis. Gel images were obtained by scanning
using an Epson Perfection 4180 Photo scanner (Epson Australia Pty Ltd.,
Adelaide, South Australia, Australia). Analysed gels were stored in preservation

solution [5% (v/v) glacial acetic acid, nanopure water] at 4°C.

2.2.5 — 2-Dimensional Gel Electrophoresis (2DGE)

2.2.5.1 — First dimension: Isoelectric focusing (IEF) of 2DGE samples

Carrier ampholytes (GE Healthcare), DTT and bromophenol blue were added to
samples from section 2.2.3 to final concentrations of 1% (v/v), 65 mM and 0.02%
(v/v) respectively. Each sample (at 75 pg, 100 pg or 150 pg of protein as
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determined by Bradford assay as per Section 2.2.3) was made up to a final volume
of 125 pL for 7 cm strips and 200 pL for 11cm strips using TUC buffer. The
sample was loaded into a Ettan IPGphor strip holder (GE Healthcare Life Science,
Uppsala, Sweden) of the appropriate length corresponding to the use of either a 7
cmor a1l cm IPG Readystrip (BIO-RAD). During the optimisation of the 11 cm
IPG Readystrip (BIO-RAD) IEF protocol, strips with pH 3-10, 3-6, 5-8 and 7-10
ranges were used. The IPG strip was lowered gel-side down into the strip holder
and subsequently covered with DryStrip Cover Fluid (GE Healthcare). The strip
holder cover was then attached and the holder set in place in the Ettan IPGphor
(GE Healthcare). The IEF protocol for the 7 cm strips was performed at 20°C with
a set maximum of 50 mA per strip. The strip was passively rehydrated for 6 hr
then focused at 30 V for 8 hr (step-and-hold), 1000 V for 0.5 hr (gradient), 5000
V for 1 hr 20 min (gradient), 5000 V for 3000 Vhr (step-and-hold). During the
optimisation of isoelectric focusing for the 11 cm strips, the same IEF protocol
was repeated but with differing total Vhr used (35000 and 45000 Vhr) (Section
2.3.2.1). The optimised 11 cm IEF protocol was performed at 20°C with a set
maximum of 50 mA per strip focused at 30 V for 13 hr (step-and-hold), 200 V for
1 hr (step-and-hold), 500 V for 1 hr (step-and-hold), 1000 V for 1 hr (step-and-

hold), 8000 V for 30 min (gradient), 8000 V for 45000 Vhr (step-and-hold).

2.2.5.2 — Equilibration of 1EF strips

Prior to performing the second dimension SDS-PAGE, the IEF strips were
removed from the strip holders and dried gently to remove excess Cover Fluid.
The strips were then equilibrated with equilibration buffer [8M urea, 50 mM Tris,

20% (v/v) glycerol and 2% (w/v) SDS; all components were mixed then adjusted
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to a final pH of 8.8] containing 1% w/v DTT for 20 min on a platform mixer
(Ratek Instruments Pty Ltd., Boronia, Victoria, Australia) before being rinsed
with sterile nanopure water. The equilibration and rinsing process was repeated

with equilibration buffer containing 2.5% (w/v) iodoacetamide.

2.2.5.3 — Second dimension: SDS-PAGE

The equilibrated IEF strips were slotted into BIO-RAD Criterion XT Bis-Tris 11
cm gels (4-12.5%, 10% or 12%) and sealed in place with 0.5% (w/v) agarose
dissolved in MES buffer. The gels were electrophoresed in a Criterion 11 cm
SDS-PAGE cell (BIO-RAD) under the following conditions and parameters:
23°C, 200V constant for 45 min in 1xMES buffer, starting at 200 mA and
finishing at 110 mA per gel. The same was done for the 7 cm strips with
NuPAGE® 4-12.5% ZOOM Bis-Tris gels (Invitrogen) with the exception that gel

running parameters were as per the manufacturer’s protocol.

2.2.6 — 2DGE gel staining

During the optimisation process, gels were initially fixed, stained and visualised
using the CBB R250 protocol as per section 2.2.4.2. Upon completion of an
optimised 2D protocol, optimised gels were stained using an eriochrome black T
(EBT) silver staining procedure post-CBB R250 staining and de-staining. To stain
each gel using the EBT technique, 100 mL of the following solutions were made
fresh: sensitiser solution [0.006% (w/v) EBT, 30% (v/v) ethanol, silver solution
[0.25% (wl/v) silver nitrate, 0.037% (v/v) formaldehyde (added just before use)],
developer solution [2% (w/v) potassium carbonate, 0.04% (w/v) sodium
hydroxide, 0.002% (w/v) sodium thiosulphate, 0.007% (v/v) formaldehyde (added
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just before use)], and stop solution [30% (v/v) ethanol, 10% (v/v) acetic acid]. To
silver-stain the gels, de-stained CBB R250 gels were sensitised for 2 min with
sensitiser solution, de-stained for 2 min with de-stain solution, washed twice for 2
min with deionised water, incubated in silver solution for 5 min, washed twice for
2 min with deionised water, and incubated in developer solution until the desired
staining intensity was achieved. The developing reaction was quenched with stop
solution. All steps were performed at room temperature on a TASP-OS1 orbital
shaker (Thermoline).

Imaging of protein spots from CBB R250 gels and silver stain gels was
done using either an Epson Perfection 4180 Photo scanner (as per section 2.2.4.2)
or an ImageScanner (GE Healthcare) operated by the Lab-Scan 3.00 software (GE
Healthcare). Intensity calibration of the Imagescanner was performed using an
intensity stepwedge prior to gel image capture. Image analysis was performed
using the ImageMaster 2D Elite 4.01 software (GE Healthcare). Gels were
compared manually as well as using the automated spot detection mode. Once
spot matching was completed, the background was subtracted using the ‘average
on boundary’ method while spot normalisation was performed using the ‘total
spot volume’ method. The normalised spot volume data for each spot was then
used in a one-way analysis of variance (ANOVA) test in Genstat (version 11.0,
Numerical Algorithms Group) to determine the least significant difference (LSD)

(p < 0.05) between the mean volume for the spots in each treatment.
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2.2.7 — 2-Dimensional Fluorescence Difference Gel Electrophoresis

(DIGE)

2.2.7.1 — Sample pH adjustment

Due to the nature of the fluorescent dyes used in DIGE, the pH of the protein
sample has to be adjusted prior to addition of the dyes to the sample. Protein
sample (1 pL) was spotted onto a pH-Fix 4.5-10.0 indicator strip (Macherey-
Nagel GmbH & Co.KG, Duren, Germany) to determine the pH of the sample. The

sample pH was then adjusted to the pH 8.5 using 50 mM sodium hydroxide.

2.2.7.2 — Preparation of CyDyes and protein labelling

Prior to labelling, the CyDye 2-D Fluorescence Difference Gel Electrophoresis
(DIGE) Fluor minimal dyes (GE Healthcare) were reconstituted then diluted
according to the manufacturer’s protocol using 99.8% anhydrous N,N-
dimethylformamide (Sigma). Fifty pug of each protein sample (as determined by
the Bradford assay as per section 2.2.3) was labelled with 400 pmoles of its
respective CyDye (Cy3 or Cy5) and left to incubate for 30 min on ice in the dark.
One pL of 10 mM L-lysine monohydrochloride (Sigma) was then added to each
sample to stop the labelling reaction. The samples were incubated on ice for 10
min before they were snap-frozen with liquid nitrogen and kept in the -80°C
freezer until required for isoelectric focusing. The internal standard protein
sample, which is a mixture of all the protein samples required for the experiment,

was labelled with the Cy2 dye and treated exactly like the other protein samples.
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2.2.7.3 — IEF and SDS-PAGE of DIGE samples

The Cy2-labelled internal standard was mixed with the Cy2- and Cy3-labelled
protein samples before carrier ampholytes (GE Healthcare), DTT and
bromophenol blue were added to the sample to final concentrations of 1% (v/v),
65 mM and 0.02% (v/v) respectively. The mixed sample was made up to 200 pL
using TUC buffer. The sample was applied to an 11 cm IPG Readystrip (pH5-8)
(BIO-RAD) as per section 2.2.5.1 with the final IEF step modified to reach a total
of 35000, 45000 or 55000 Vhrs. IEF strips were then equilibrated as per section

2.2.5.2 and the second dimension (SDS-PAGE) run as per section 2.2.5.3.

2.2.7.4 — Visualisation of DIGE protein spots

Gels were transported on ice to the Flinders Proteomics Centre where they were
removed from their cassettes and placed on a low fluorescence glass plate before
being scanned using a Typhoon 9400 Laser Scanner (GE Healthcare). Gel images
were analysed using both DeCyder 2D (version 6.5; GE Healthcare) and

ImageMaster 2D Elite 4.01 (GE Healthcare).

2.3 — Results

2.3.1 — Optimisation of a suitable protein extraction technique

In order to determine a suitable protocol for extracting total cellular proteins from
wheat meiotic tissue, three different extraction protocols were investigated.
Extraction protocol 1 was a TCA-acetone extraction and precipitation protocol
while extraction protocol 2 utilised a urea-mercaptoethanol-NP40 extraction

followed by acetone precipitation. Extraction protocol 3 consisted of a phenol
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extraction step followed by methanol/ammonium acetate precipitation. Results of
Bradford assays conducted on the protein extracts obtained indicated that protocol
2 (both soluble and insoluble PVP) yielded the most protein followed by protocol
1 and lastly protocol 3 (data not shown). However, SDS-PAGE analysis of the
protein extracts revealed that the quality of the extracts were significantly
different (Figure 2.2). Intact protein species (as evidenced by tight bands) were
observed for extracts using protocol 1 and 3 with extracts using protocol 1
containing more bands over a broader range of molecular weights. Samples
extracted using protocol 2 (soluble PVP) appeared smeary within the gel
suggesting protein degradation had occurred. Although 1 or 5 pg of total protein
(as quantified via the Bradford assay) were loaded into the gel lanes, no bands or
smears were present in lanes loaded with extracts of protocol 2 (using insoluble
PVP). This was most likely due to contaminating residual PVP debris giving false
spectrophotometric readings of the samples in the Bradford assay. Based on this

result, protocol 1 was chosen for further optimisation.
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Figure 2.2 — Qualitative SDS-PAGE evaluation of proteins extracted from wheat
anthers (T-1P) using three different extraction techniques (extraction protocol 1 —
TCA/acetone extraction and precipitation; extraction protocol 2 - urea-
mercaptoethanol-NP40 extraction with acetone precipitation; extraction protocol 3
— phenol extraction with methanol/ammonium acetate precipitation). Total protein
extracts of three biological replicates from three technical replicates of extraction
protocols 1 and 3 were loaded while four were loaded for protocol 2 (for both insoluble
and soluble PVP respectively). The presence of defined protein bands in protocols 1 and
3 indicated that the two protocols worked better than protocol 2 which yielded no bands
with insoluble PVP and degraded proteins with soluble PVP.

When the TCA-acetone extraction was further refined (section 2.2.2.1), far
superior yields and much more defined protein bands in subsequent extractions

were observed (Figure 2.3).
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Figure 2.3 — Qualitative SDS-PAGE evaluation of total protein extracts from wheat
anthers (T-1P) using the optimised protocol 1. Optimisation of extraction protocol 1
resulted in an increased number of protein species being extracted as evidenced by the
increased number of bands (compared to Figure 2.2), higher protein yields, and minimal
protein degradation. Total protein extracts of three biological replicates from three
technical replicates are shown with 8 pg of total protein from each sample loaded.
Further assessment of the protein extracts involved pilot 2DGE
experiments using 7 cm IEF strips (pH 3-10) to ensure samples obtained from the
optimised extraction protocol 1 were suitable for use in 2DGE experiments

(Figure 2.4).
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Figure 2.4 — Suitability of protein extracts for use in 2DGE was assessed in pilot
experiments using a 7 cm 2DGE gel format. Fifty pg of total protein extracted from
pooled T-IP wheat anthers was loaded onto an IEF strip (pH 3-10), focused in the first
dimension for 8164 Vhr then separated on a 4-12% NuPAGE Bis-Tris gel. The presence
of well-defined spots over a large molecular weight range indicated that the samples
obtained from the optimised extraction protocol 1 were of suitable quality for 2DGE.

2.3.2 — Optimisation of 2DGE gel resolution

2.3.2.1 — Horizontal resolution (1* dimension of 2DGE)

In an effort to increase the horizontal resolution of the 2DGE gels obtained, an 11
cm IEF strip and gel format was adopted. In order to determine the appropriate
amount of protein required for good separation and visualisation of protein spots
in this gel format, different amounts of protein (50, 100 or 150 pg) were
investigated (Figure 2.5). The results indicated that while 50 pg of protein (Figure
2.5 A) was insufficient; little difference was seen between gels loaded with 100 or
150 ug of protein (Figure 2.5 B and C). One difference observed was the over-
representation of high abundance protein species in gels loaded with 150 pg of
protein which led to larger protein spots that masked spots of low abundance
proteins. One hundred pg of total protein was therefore deemed an appropriate

amount for loading onto the 11 cm format. In addition, determining the
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appropriate amount of protein required was important due to the large amount of
time and effort required for staging and pooling the wheat anthers according to the
four pooled stages as well as for extracting sufficient amounts of protein from the
meiotic tissue.

Initial pilot experiments (refer to Figure 2.5) focused for the recommended
35000 Vhr resulted in some spots remaining diffuse and smeary, indicative of the
samples being under-focussed. IEF parameters were then investigated to ensure
that proper separation of the protein species within the 100 pg of protein extracts
was achievable. This involved increasing the length of the IEF protocol to a total
of 45000 Vhr. Comparisons between gels loaded with 100 or 150 pg of total
protein focused for 35000 (Figure 2.6 A and C) and 45000 Vhr (Figure 2.6 B and
D) revealed that at both protein loads, the prolonged IEF protocol resulted in
superior protein spot separation and definition while also reducing background

smears in the gels.
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Figure 2.5 — Three different amounts of proteins were loaded onto the 11 cm gel
format to determine the appropriate amount of protein required for adequate
visualisation of the spots using the nanogram-sensitive CBB R250 staining technique
used in this study. Gels with only 50 g of protein (A) showed reduced loading, while
little difference was seen between the spot patterns of gels loaded with 100 or 150 ug of
protein (B and C respectively). Compared to gels loaded with 100 pg, gels with 150 pg
displayed spots that appeared slightly less well-defined with spots of high abundance
protein species (that appear as larger darker spots) masking spots of low abundance
proteins. IEF strips used were pH 3-10, focused for 35000 Vhr.
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In an effort to further increase the horizontal resolution obtainable using the larger 11
cm format, narrow range pH strips were utilised. This involved using IEF strips with narrow
pH ranges from pH 3-6, 5-8, and 7-10 (Figure 2.7 B, C, and D). Results showed that while
some protein species had isoelectric potentials between pH 3-6 and 7-10, the majority of the
proteins appeared to have isoelectric potentials within the pH 5-8 range. Comparisons
between the relative horizontal resolutions afforded by broad range pH 3-10 (Figure 2.7 A)
and narrow range pH 5-8 (Figure 2.7 C) strips showed that narrow range pH 5-8 strips gave
far superior protein spot resolution while also encompassing the majority of protein species

present within the samples analysed.
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2.3.2.2 — Vertical resolution (2" dimension of 2DGE)

Optimisation of vertical resolution was achieved by loading 100 g aliquots of the
same T-IP protein extract onto 11 cm IEF strips that were focused then inserted
into Bis-Tris gels of differing percentages (Figure 2.8 A and B). Vertical
separation of the proteins by molecular weight was significantly better in 12%
Bis-Tris gels compared to that of 10% gels. This was evident when comparing the

distances between equivalent spots in each gel.
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Figure 2.8 — Optimising vertical resolution for 2DGE. Aliquots (100 pg) of T-IP
protein extracts were focused for 45000 Vhr then separated in the second dimension in
10% Bis-Tris gels (A) and 12% Bis-Tris gels (B). Four reference spots (denoted by the
red, purple, yellow and green ovals) were identified and the distances between them
measured for each gel. In all cases, the 12% gels gave greater vertical separation by
molecular weight than the 10% gels.

2.3.3 — Optimising a spot visualisation technique

In addition to the nanogram sensitive CBB R250 spot visualisation technique
used, other visualisation techniques such as the super-sensitive 2-dimensional

fluorescence difference gel electrophoresis (DIGE) method and mass-
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spectrometry (MS) compatible Eriochrome black T (EBT) silver staining were
investigated. This was done to determine whether an increase in spot visualisation

sensitivity and hence increased spot data, could be obtained from the 2D gels.

2.3.3.1 - 2-dimensional fluorescence difference gel electrophoresis (DIGE)

The use of fluorescent CyDyes in DIGE appeared to be a good alternative to
classical visualisation techniques such as Coomassie staining and silver staining.
This is because CyDyes allow for much more sensitive detection of protein spots
resulting in less protein sample(s) needing to be loaded per gel. In addition to
following the manufacturer’s protocol, optimisation of the DIGE protocol
included varying the length of the IEF protocol and reducing the ampholyte
concentration from 2% to 1%. However, DIGE was not compatible with the
samples in this study (Figure 2.9) with a significant amount of smearing present
within the gels, most likely indicative of under- or over-focusing of the samples.
This isoelectric focusing problem could not be remedied by decreasing (Figure
2.9 A) or increasing (Figure 2.9 C) the total Vhr of the IEF protocol even though
the reduced ampholyte concentration ensured that the samples were focused at the

maximum voltage of 8000 V.
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Figure 2.9 — Significant amounts of smearing were detected in DIGE gels with protein samples
analysed in this study. One hundred g of protein (33.33 pg of Cy2-tagged sample, 33.33 pg of
Cy3-tagged sample, and 33.33 pg of an equivalent mixture of both samples tagged with Cy5 to be
used as an internal standard), added with 1% ampholyte (v/v), was loaded onto each narrow range pH
5-8 11 cm IEF strip and then focused for (A) 35000 Vhr, (B) 45000 Vhr or (C) 55000 Vhr.
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2.3.3.2 — MS compatible eriochrome black T (EBT) silver staining

Having determined that DIGE was not compatible, a MS compatible EBT silver
stain protocol was investigated (section 2.2.6.2). Although less sensitive than
DIGE, EBT silver staining is significantly more sensitive than the CBB R250
method. Consequently, only 75 pg of protein had to be loaded per gel instead of
the 100 g required for the CBB R250 method. This protocol involved staining
the gels with CBB R250, de-staining and then staining the gels with the EBT
silver stain. The resulting gels had a larger number of spots that were more

defined (Figure 2.10 A and B).
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Figure 2.10 — Sensitivity of protein spot visualisation was increased by using the
EBT protocol post-CBB R250 staining. Protein (75 pg) was loaded onto an 11 cm pH5-
8 IEF strip and focused for 45000 Vhr then separated on a 12% Bis-Tris gel. The gel was
stained with CBB R250 (A) and a scanned image obtained before being de-stained. The
gel was re-stained with the EBT silver stain, and another scanned image obtained (B).
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2.3.4 — 2DGE of anther proteins from four pooled stages of meiosis

The triplicate gels of each pooled stage showed consistent spot patterns in
addition to an increase in spot number across the triplicate gels of the four pooled
stages (Figure 2.11). The gels also showed a decrease in lower molecular weight
proteins and a consequent increase in those with higher molecular weights. In
addition, visual analyses of the gels showed that PM-LP and D-A gels had almost
identical spot patterns. Thus comparisons between the pooled stages were only
conducted between the PM-LP and TI-TII pooled stages.

Gel analysis was however complicated by the large number of spots
present within each gel leading to the 2DGE software being unable to correctly
detect and match equivalent protein spots accurately even with manual spot
matching of numerous spots. To overcome this, the tissue type used for this study
was refined from anthers to meiocytes in an effort to reduce ‘contaminating’
protein species extracted from mitotic cells that constitute the anther sac. A pilot
experiment showed that protein extracts from meiocyte-enriched samples (Figure
2.12 A) resulted in a reduced number of protein spots compared to that of whole

anthers (Figure 2.12 B).
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Figure 2.12 — Changing the tissue type analysed from whole anthers (A) to meiocytes (B)
reduced the number of spots present in the 2DGE gels. Total protein was extracted from whole
anthers and meiocyte-enriched samples (where meiocytes were extruded from the anther sacs) using
the TCA-acetone precipitation method. Total protein (75 pg) was loaded onto each narrow range pH
5-8 IEF strip and focused for 45000 Vhr then separated on 12% Bis-Tris gels. Gels were then stained
with CBB R250, de-stained and then stained with the EBT silver stain protocol.

2.3.5 — 2DGE of PM-LP meiocyte-enriched samples

Based on the results shown in section 2.3.4, further analyses were conducted using total
protein extracts from meiocyte-enriched samples. Due to the specific nature of this study
(that is, the identification of proteins required during the early stages of meiosis), and the

extensive amount of time required to obtain meiocyte-enriched samples as well as the limited
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availability of the tissue samples; only two pooled stages were analysed — namely PM-LP and
TI-TII. For analyses between stages, wild-type Chinese Spring PM-LP and TI-TIl samples
were used while PM-LP samples of wild-type and ph mutants (phlb and ph2a) were used to
investigate differences that are present between the three genotypes during the early stages of
meiosis.

Analyses of the gels conducted using both 2DGE analysis software and manual visual
detection revealed three regions with differences (Figure 2.13), with six spots being
differentially detected (named KKO01, KKO02, KKO03, KK04, KKO05, and KKO06) (either
between pooled stages, genotypes, or both) (Table 2.1, Figure 2.14 and Figure 2.15). The

physicochemical properties of these regions are detailed in Table 2.1.

Table 2.1 — Approximate physicochemical properties of six candidate spots identified via 2DGE
analyses. Total protein extracts from two pooled stages (PM-LP and D-A) of Chinese Spring were
analysed to determine differences between stages of meiosis while PM-LP samples of both ph
mutants were compared to that of Chinese Spring to identify possible spot differences between the

genotypes that may help elucidate the mechanisms that control homologous pairing.
Spot name(s) Notation of Notation of spot Approximate Approximate pH
regionin in Figure 2.14 molecular weight of of region
Figure 2.13 region
KKO01 Red oval
KK02 Blue oval
KO3 Red square Orange Gircle 20-25 kD pH 6.0-6.5
KKO04 Green circle
KKO05 Blue rectangle Yellow circle 60-100 kD pH 7.0-7.5
KKO06 Green rectangle Purple oval 50-100 kD pH 7.5-8.0
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Figure 2.14 — Magnified view of the three regions with spot differences seen in
Figure 2.13 (A — red square; B — blue rectangle, C — green rectangle). Candidate spots
KKO1 (red circle), KK02 (blue oval), KKO03 (orange circle) and KK04 (green circle) were
identified within the region denoted by the red square in Figure 2.13 while KKO05 (yellow
circle) and KKO06 (purple oval) were identified within the blue and green rectangles in
Figure 2.13 respectively. Spots were identified using ImageMaster 2D Elite software as
well as by manual inspection.

Candidate spot KK01 was present only in the wild-type PM-LP sample
while KKO02 was present in both PM-LP samples of wild-type and the ph2a
mutant (Figure 2.14 A, red oval and blue oval respectively). Analyses of KKO03
and KK04 were complicated due to the fact that both spots appeared at almost the
same coordinates within the gels albeit with KK04 having a slightly higher pl and
spot intensity in the ph2a PM-LP samples than KKO3 in the wild-type TI-TII

samples (which possibly indicated that they were isoforms of the same protein
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species). KK05 was present in all PM-LP samples but was absent in the later
stages of meiosis (Figure 2.14 B, yellow circle) while KK06 was present in both
pooled stages of the wild-type but absent in both PM-LP samples of the ph
mutants (Figure 2.14 C, purple oval). Statistical analyses of the normalised spot
volumes revealed all spots were present at different levels of abundance which
were statistically significant (p<0.05) (Figure 2.15). The spots were then excised

from the gels and sent for mass-peptide identification (refer to Chapter 3).
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Figure 2.15 — Comparisons of normalised spot volumes of the six candidate spots
identified. KKO1 was present only in the wild-type PM-LP sample while KK02 was
present in PM-LP samples of both wild-type and the ph2a mutant. Statistical analysis was
conducted on the assumption that KK03 and KK04 were isoforms of the same protein
species. However, if these were indeed separate protein spots, KK04 was present at
significantly higher levels (based on LSD value) in the PM-LP ph2a samples than KK03
was in the TI-TIl wild-type samples. KKO05 was present in all PM-LP samples analysed
albeit at very low levels while KKO06 was only present in both pooled stages of the wild-
type. LSD values (p < 0.05) for KK01, KK02, KK03, KK04, KK05 and KK06 were
558.7, 116.8, 70.5, 70.5, 32.62 and 74.0 respectively. Data shown are the mean = SE of
three biological replicates for each sample (n=12).
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2.4 — Discussion

The aim of this study was to optimise a proteomics methodology that was suitable
for investigating meiosis in bread wheat with a view to identifying proteins that
have roles in meiosis. This was achieved by determining and optimising a suitable
protein extraction technique from wheat anthers and meiocytes, systematically
optimising parameters that affect 2DGE, investigating protein spot visualisation
techniques of differing sensitivities, and refining the tissue type used for the
analyses.

An essential factor in any proteomic analysis is sample quality which is
directly affected by the protein extraction method utilised. The choice of
extraction technique used is influenced by multiple factors such as the starting
material (tissue type, availability and time required for harvesting the samples),
the quantity and quality of the extracted sample required for downstream
experiments as well as the subset of proteins targeted for analysis. Protein species
extracted by any given protocol are determined by the biochemical properties of
the proteins and their compatibility with the protocol used. Thus, no one single
extraction is able to extract all cellular proteins; with differing protein extraction
techniques having been shown to yield different subsets of protein species
(Carpentier et al. 2005).

Of the three extraction techniques investigated in this study, the TCA-
acetone extraction and precipitation technique proved the most successful with
proteins of a broad molecular weight range (10 kD to 250 kD) being extracted.
While the amount of protein yielded using this technique was lower than that of
the other two investigated (data not shown), the quality of the proteins extracted

was significantly better (as analysed by visual inspection of SDS-PAGE gels,
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Figure 2.2) with tight bands indicating intact protein species were extracted. In
comparison, both the urea-mercaptoethanol-NP40 and phenol extraction
techniques yielded smears within the gel lanes, most likely indicative of protein
degradation and possible contamination by interfering substances. Although either
1 or 5 pg of total protein (as quantified via the Bradford assay) were loaded into
the gel lanes, no bands or smears were present in lanes loaded with extracts of
extraction protocol 2 (using insoluble PVP). This was most likely due to
contaminating substances (such as residual PVVP debris from the extraction buffer,
free amino acids, or plant pigment molecules) giving false spectrophotometric
readings during the Bradford assay.

The use of the TCA-acetone extraction method had the added benefits of
being a rapid, economical and efficient protocol with highly reproducible results
(Figure 2.3). In addition, proteases and other modifying enzymes can be instantly
inactivated thus preventing proteolysis and unwanted modifications to the proteins
extracted (Wu and Wang 1984). To further prevent residual enzymatic activity
and degradation, only pre-chilled solutions and apparatus were used.

A minor drawback of the TCA-acetone protocol is the high level of
residual salts in the extracts that leads to high current conductivity during IEF
resulting in heat build-up (Mao and Pawliszyn 1999) that can cause carbamylation
of the protein samples (lsaacson et al. 2006). This consequently leads to
incomplete sample focusing resulting in smearing of protein spots and possibly
the presence of carbamylation trains in 2D gels. To avoid this, the protocol was
optimised by the addition of a 90% acetone (v/v) in nanopure water wash step to
reduce the salt concentration. A prolonged active rehydration step (30 V for 13 hr)

and an initial low voltage step (200 V for 1 hr) were also used to draw

68



contaminating salt ions to the electrodes. In combination, these optimisation steps
allowed complete isoelectric focusing to be achieved with samples reaching 8000
V and 50 pA per IEF strip. However, some residual salt contamination was still
present and led to light spot smearing and background staining at the acidic end of
the 2D gels (Figure 2.11 and 2.13).

Spot resolution for this study was increased by the use of an 11 cm IEF
strip and gel format after initial tests using 7 cm strips and gels were completed.
Optimisation of this larger format involved investigating the appropriate amount
of protein to load and the IEF parameters required for correct focusing of the
samples. While the manufacturer’s protocol recommends 35000 Vhr, the results
showed that spot resolution was increased and background noise decreased when
the total IEF time was increased to 45000 Vhr (Figure 2.6, comparing A and C
with B and D). These gel results further highlight the importance of optimising an
IEF protocol that is specific to the samples used in each study.

Horizontal resolution was further increased by using narrow range pH IEF
strips that allowed more targeted protein spot analyses. Final analyses of all
samples was done using narrow range pH 5-8 strips as the majority of the protein
spots appeared within this range (Figure 2.7).

Vertical resolution of the 2D gels was optimised by investigating the
migration of reference protein spots in different percentage Bis-Tris gels.
Experiments were conducted with Bis-Tris gels which had a significantly lower
pH value (6.5) compared to that of a Tris-glycine system, which has a pH value of
8.5. Previous work done by Anfinsen and Haber (1961) has shown that the pH
value at which a SDS-PAGE system operates influences the rate of protein

migration through the gel. They showed that cysteine residues, required for
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disulphide bond formation, have a pKa value of between 8 and 9. Disulphide bond
formation therefore possibly increases at the pH of 8.5 used in a Tris-glycine
SDS-PAGE system, This could have negative consequences on an SDS-PAGE
conducted under denaturing conditions as refolding of proteins back to their
tertiary configurations allows movement through the gel at different rates
(Anfinsen and Haber 1961). This was avoided in this study by using the Bis-Tris
system which has a lower pH value allowing denatured protein species to separate
more efficiently and precisely according to their molecular weights. The use of
fixed percentage gels was also preferred to that of gradient gels as fixed
percentage gels allowed for more accurate molecular weight estimation. Twelve
% gels were used in the final analyses as they gave superior vertical resolution
compared to the 10% gels (refer to Figure 2.8).

Although the spot resolution achieved was deemed sufficient for this
study, future work could investigate using even longer IEF strips and larger gel
formats. This would increase resolution dramatically but would also require a
larger amount of protein per gel. A possible way to overcome the requirement for
increased amounts of protein is to use a more sensitive visualisation technique.
Indeed, this study investigated three spot visualisation techniques in an effort to
reduce the amount of protein needed as well as to generate the best possible gel
data for analysis. The amount of protein loaded per strip is largely dependent on
the sensitivity of the visualisation technique used downstream. When the
nanogram-sensitive CBB R250 technique was used, 100 pg of protein was
required while only 75 pg was needed for MS-compatible EBT silver staining.
Impressively, only 33.33 pg of each protein extract was required with the super-

sensitive DIGE technique. Moreover, DIGE also allows two different samples as
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well as an internal standard (consisting of a mixture of both samples) to be run
within a single gel due to the use of three Cy-dyes that fluoresce at different
excitation wavelengths. This reduces gel-to-gel variation and allows for more
accurate spot analyses. Substantial amounts of time and funds were invested to
optimise this technique but multiple attempts were unsuccessful with unfocussed
spots and smearing present even when ampholyte concentrations were reduced to
1% and varying lengths of total VVhr were used in the IEF protocol. Due to time
and financial constraints, DIGE was deemed non-viable for this study and was
replaced with the MS-compatible EBT silver stain technique. Although the EBT
silver staining technique does not allow 100% accurate quantification of protein
spots, this study successfully used it to identify six spots that were present at
different levels within the cell.

Software analyses of 2D gels loaded with total cellular proteins extracted
from wheat anthers that had been pooled into four stages proved difficult and
time-consuming due to the large number of spots present (Figure 2.11). This was
not completely unexpected as previously published literature has shown that spot
detection software is not sophisticated enough to detect large numbers of spots,
decipher complex spot patterns, nor can it accurately and reliably pair equivalent
spots across multiple gels in large experiments without a large amount of manual
assistance that can be subjective (reviewed by Clark and Gutstein 2008). Despite
this, observation of the gels showed an increased number of protein spots as
meiosis progressed, in agreement with mRNA transcript data previously
published by Crismani and colleagues (2006). Manual inspection of the gels
revealed that the spot patterns present on PM-LP and D-A gels were very similar

with no discernable differences seen. Two possible explanations for this
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observation are: 1) some protein species present during the PM-LP stage may also
have roles (or persisting roles) during the D-A stage and hence are maintained
within the cell; or 2) degradation of PM-LP proteins no longer required during the
D-A stage is not yet complete (due to the short time-frame between the end of
pachytene and the start of anaphase I). The T-IP gels however revealed a clear
increase in higher molecular weight proteins and that the majority of the proteins
resided within the 25 — 100 kD range. This was reflective of 2D gels loaded with
protein extracts from rice anthers at the equivalent stage (Imin et al. 2001).

The change of tissue type used from whole anther to enriched meiocyte
samples was made to reduce the complexity of the spot patterns obtained (Figure
2.12). The removal of the anther sac (which is made of mitotic cells) encasing the
meiocytes helped reduce ‘contamination’ caused by proteins extracted from these
cells. Conversely, enriching for meiocytes should result in the enrichment of
proteins vital for meiotic cell division and development.

Both software and manual analyses of 2D gels loaded with total cellular
proteins extracted from the PM-LP stage meiocyte-enriched samples of both wild-
type and ph mutants as well as the D-A stage wild-type samples proved more
manageable (Figure 2.11). Three regions, with a total of six spots which were
present at differing levels either between stages of meiosis (PM-LP vs. D-A) or
between genotypes (wild-type vs. phlb vs. ph2a), were detected (Table 2.1,
Figure 2.13, Figure 2.14 and Figure 2.15). The presence of KKO01 and KKO06 in
wild-type samples but not in samples of the ph mutants suggests that these
proteins may have roles in the mechanism by which homologous chromosome
pairing is achieved or simply that they are protein products of genes present on

the sections of the genome that are missing from each of the ph mutants.
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Alternatively, they could also be protein products of genes located elsewhere in
the genome but that are regulated by the respective ph loci absent in the mutants.
KKO06 is unique in that it appears to be present in both pooled stages of meiosis
analysed but is absent in the PM-LP stage of both ph mutants. One plausible
explanation is that the KKO06 gene is regulated by a combination of factors from
both the ph loci where absence of either locus leads to the KKO06 protein not being
expressed. The presence of KKO02 during early meiosis when the three tightly-
linked processes of chromosome synapsis, homologous pairing and DNA
recombination occur makes KKO02 an interesting meiotic candidate. Its absence in
the phlb mutant further suggests that the KKO2 gene either resides within the phl
deletion region or is regulated by a phl mechanism as has been seen in the case of
another meiotic gene, TaASY1 (Boden et al. 2009). Given that KKO03 is only
present in the TI-TII stage in wild-type samples, KKO3 is likely to be a late
meiosis protein and/or required for tetrad or pollen maturation. Interestingly,
KKO04 is present at almost the same coordinates within the PM-LP ph2a gels
albeit at higher levels. Whether or not these two spots are the same, with KK04
representing abnormal regulation of the KKO3 gene due to the loss of the ph2a
locus, will be determined through mass-peptide identification of both proteins
(Chapter 3). Similar to KK01 and KKO02, KKO05 appears to be required during
early meiosis. However, the presence of KKO05 in all three genotypes indicates
that it neither resides within the ph loci nor is it regulated by them. Results of the
mass-peptide identification of these six spots as well as the characterisation of the
proteins and the genes that encode them are detailed in Chapter 3.

In conclusion, 2DGE is a viable but time-consuming and labour-intensive

proteomics tool for investigating the wheat meiotic proteome. In addition, there
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are limitations in its application especially when dealing with limited amounts of
starting material and protein samples. Further optimisation to remove the residual
salts and contaminants carried over from the extraction method used may enable
the use of the DIGE procedure that would most likely overcome these limitations.
In the future, the use of cutting-edge cell flow-cytometry techniques may enable
the sorting of meiocytes into each stage (or even sub-stage) of meiosis thus
reducing sample harvesting time and allowing more detailed analyses of the wheat
meiotic proteome. However, even with the limitations imposed by this technique,
six protein spots whose expression differed in a context likely to be biologically

important were identified.
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Chapter 3 — Characterisation of proteomics candidates

3.1 — Introduction

While plant meiosis research has been ongoing for decades, most studies have
relied on various genetic-based approaches including mutant population screens,
microarray analyses, cloning and transgenesis. However, protein-based
approaches such as proteomics have been seldom reported, at least in
investigating cellular processes like meiosis (Phillips et al. 2008, Sanchez-Morén
et al. 2005).

One advantage of using a proteomics-based approach is that it provides a
broad snap-shot of the dynamic protein profile present within a given cell type at
any developmental stage. In addition, proteomics data is as important, if not more
important, than transcript expression profiling data as it allows researchers to
study the proteins, the work-horses of the cell, rather than the mRNA transcripts
that may yet be post-transcriptionally regulated. Ideally, both transcriptional and
proteomics data should bolster one another but multiple previous studies have
proven otherwise (reviewed by Waters et al. 2006 and references therein). This
highlights the need for proteomics as a research tool in our efforts to understand
the cellular mechanisms of the living cell. Although 2DGE has been one of the
most widely used proteomics approaches for studying various facets of cellular
biology, 2DGE has only been utilised recently to study plant meiosis (Phillips et
al. 2008, Sanchez-Moran et al. 2005).

The objective of the work presented in this chapter was to isolate and
characterise candidate genes that encode the protein products responsible for the

six spots (KKO01-KKO06) that were identified to be differentially expressed in
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Chapter 2. Characterisation of selected candidates was achieved using several
approaches including RACE PCR, Southern blot analyses, Q-PCR profiling, and
in vitro DNA-binding assays. Through these combined approaches, two
candidates with possible roles during the early stages of meiosis in bread wheat

have been identified.

3.2 — Materials & Methods

3.2.1 — Mass-peptide identification of candidate spots

3.2.1.1 — Preparation of candidate protein spots

Gels were placed in a transparent glass tray over a light-box and the six spots
were excised from their respective gels using 200 pL pipette tips that were
snipped at the end to fit the size of the spots. Gel plugs obtained with these tips
were washed twice for 20 min in 100 mM ammonium bicarbonate (Sigma) and
then dried with a SpeedVac SVC100 (Selby Instruments, Notting Hill, Victoria,
Australia). Samples were rehydrated in 100 mM ammonium bicarbonate and in-
gel digestion was conducted with 40 ng of Trypsin Gold (Promega Corporation,
New South Wales, Australia) at 37°C for 4 hr. The supernatants containing the
digested proteins were recovered post-centrifugation at 13000 rpm and analysed
by tandem mass spectrometry (MS/MS). This was conducted at the Flinders
Proteomics Centre in conjunction with Dr Tim Chataway using lon-Trap Liquid

Chromatography-Electrospray lonisation tandem mass spectrometry (MS/MS).
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3.2.1.2 — Mass spectrometry (MS)
The digested peptides were analysed with a Thermo LTQ XL linear ion trap mass
spectrometer fitted with a nanospray source (Thermo Electron Corp, San Jose,
CA, USA). The samples were applied to a 300 um i.d. x 5 mm C18 PepMap 100
precolumn and separated on a 75 um x 150 mm C18 PepMap 100 column using a
Dionex Ultimate 3000 HPLC (Dionex Corp, Sunnyvale, CA, USA) with a 55 min
gradient from 2% acetonitrile to 45% acetonitrile containing 0.1% formic acid at a
flow rate of 200 nl min™ followed by a step to 77% acetonitrile for 9 min. The
mass spectrometer was operated in positive ion mode with one full scan of
mass/charge (m/z) 300-2000 followed by product ion scans of the three most
intense ions with dynamic exclusion of 30 s and collision induced dissociation
energy of 35%.

The MS spectra were searched with Bioworks 3.3 (Thermo Electron Corp,
San Jose, CA) using the Sequest algorithm against the Rice Genome Annotation
(Build 6.1) using Trypsin digestion as the protease and allowing for two missed
cleavages, with the following filters: 1) the cross-correlation scores (Xcorr) of
matches were greater than 1.5, 2.0 and 2.5 for charge state 1, 2 and 3 peptide ions
respectively; and 2) peptide probability was greater than 0.01. The mass tolerance

for peptide identification of precursor ions was 1 Da and 0.5 Da for product ions.

3.2.2 — Analyses of peptides identified by mass spectrometry

3.2.2.1 — Basic Logic Alignment Search Tool (BLAST) analyses of peptides
obtained from mass spectrometry
Peptides obtained from the mass spectrometry were analysed using the online

protein BLAST (BLASTp) website of the National Center for Biotechnology
7



Information  (NCBI)  (http://blast.ncbi.nim.nih.gov/Blast.cqi?PAGE=Proteins,

NCBI-Genbank Flat File Release 173; accessed 27" October 2009). Searches
were conducted using the default settings with the Triticeae and Oryza filters.
BLASTYp searches were also conducted using The Institute for Genomic Research

(TIGR) Rice Genome Database (http://blast.jcvi.org/euk-

blast/index.cqi?project=0sal, Rice Genome Annotation Build 6.1; accessed 27"

October 2009). A 50% sequence identity cut-off point was used to reduce the non-
specificity of the hits caused by the short peptide sequences used in the searches.
In 2010, post-isolation of the candidate transcripts, the Brachypodium distachyon
genome was completely sequenced. A second round of BLASTp searches was
conducted against the completed Phytozome BLAST  database

(http://www.phytozome.net/search.php?show=blast, Version 5.0; accessed 2nd

September 2010). Default settings were used with Brachypodium distachyon

selected as the target genome.

3.2.3 — Isolation and amplification of candidate transcripts

3.2.3.1 — Primer design

Peptide sequences that passed the filtering and selection criteria in section 3.2.2.1
were back-translated to obtain their corresponding DNA sequences. 5’ and 3’
Rapid Amplification of cDNA (RACE) primers were designed from these DNA
sequences according to the guidelines provided by the GeneRacer Kit
(Invitrogen). Each RACE primer was evaluated by its annealing temperature,
whereby primers with annealing temperatures lower than 52°C were rejected.
Degenerate primers (with random nucleotides in the codon wobble positions)
were also designed in some instances to increase the chances of amplifying a
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product. Multiple rounds of RACE primers were designed based on sequencing
results obtained after each RACE experiment (see Table 3.1). Primers were also
designed based on the sequences of the RACE products (section 3.2.3.11) to

amplify the full-length coding sequences of the candidate genes.

3.2.3.2 — Collection and staging of meiotic anthers

Staging and collection of Chinese Spring, phlb, and ph2a wheat anther tissue
from plants grown in a controlled-environment room programmed with a 16/8 hr
photoperiod at approximately 23°C was performed as per section 2.2.1. Stages of
anthers collected were Chinese Spring at PM-LP and TI-TII stages, and phlb and

ph2a at PM-LP stage.

3.2.3.3 — RNA extraction and quantification
Frozen anther tissue was vortex-ground using three 0.3 cm diameter metal ball-
bearings in 2 mL microfuge tubes (Genomics Products Pty Ltd., Belconnen
Business Centre, Australian Central Territory, Australia). Total RNA was
extracted using TRI-REAGENT (Astral Scientific Pty Ltd., Caringbah, New
South Wales, Australia) according to the manufacturer’s instructions. The purified
RNA  samples were resuspended in 50 ubL of 10 mM
Tris[hydroxymethyl]Jaminomethane (TRIS) (pH7.5).

The quality of the extracted RNA was determined by gel electrophoresis.
RNA samples (5 uL) were mixed with 3 uL of 6x Ficoll loading buffer and
separated on a 1.5% agarose gel (w/v) using a gel electrophoresis tank (AdeLab
Scientific Pty Ltd., Thebarton, South Australia, Australia). Visualisation of the

RNA was conducted using ethidium bromide (Amresco) and illuminated using a
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UVP First Light UV llluminator (Ultra-Violet Products Ltd., Cambridge, United
Kingdom).

Quantification of the RNA concentration was determined
spectrophotometrically using a ND-1000 nanodrop machine (NanoDrop
Technologies Inc., Wilmington, Delaware, USA). TRIS (10 mM; 1 uL) was used
as a blank sample while 1 uL of each test/experimental sample was used to obtain
the RNA concentrations and absorbance ratios (Azeo/280)-

Samples with low concentrations of RNA were concentrated to a volume
of approximately 10 pL using a SpeedVac SVC100 (Selby Instruments) and

quantified again as described above.

3.2.3.4 — Construction of cDNA and RACE libraries

5" and 3' RACE libraries were synthesised from 2.5 ug of total RNA per reaction
using a GeneRacer Kit (Invitrogen) according to the manufacturer’s instructions.
The 5" RACE library construction was performed over two days with RNA pellets
frozen and stored overnight at —20°C in ethanol during the ‘Ligation of RNA
Oligo to Decapped mRNA’ procedure. Total cDNA libraries for Chinese Spring
at PM-LP and TI-TII stages, and phlb and ph2a at PM-LP stage were also
constructed using 1 ug of total RNA per IScript™ c¢cDNA Synthesis Kit (BIO-

RAD) reaction according to the manufacturer’s protocol.

3.2.3.5-5" and 3’ RACE Polymerase Chain Reaction (PCR)
Multiple rounds of 5" and 3 RACE were conducted according to the
manufacturer’s protocol with some modifications. Firstly, both primary and

secondary reaction volumes were scaled down to 25 pL. Secondly, lowered
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annealing temperatures were used in some instances to accommodate the lower
annealing temperatures (Ty) of the primers (see Table 3.1 for primers and
annealing temperatures used). Thermocycling was conducted in a BIO-RAD
DNA Engine Dyad Cycler (BIO-RAD). A lowered annealing temperature of 55°C
was also used in tandem with a doubled cDNA concentration for KK02, KK04
and KKO05 primers when no products could be amplified with their ideal annealing

temperatures.

3.2.3.6 — Agarose gel electrophoresis and gel purification of PCR products
Each PCR product (25 pL) obtained was mixed with 5 uL of 6x Ficoll dye and
separated on a 1.0% agarose gel (w/v). The gels were ran at 110 V for 1 hr in 1x
TAE buffer. HyperLadder I (Invitrogen) (5 uL) was used as the molecular weight
ladder. Visualisation was done using ethidium bromide and UV illumination in a
Firstlight® UV Hluminator (Ultra-Violet Products Ltd).

The PCR products were excised from the gel and extracted using a
PureLink™ Quick Gel Extraction Kit (Invitrogen), as per the manufacturer’s
instructions. The PCR products were eluted with 50 puL of warm elution buffer to
achieve approximately 95% recovery. The samples were then concentrated down

to approximately 10 - 15 uL in a SpeedVac.

3.2.3.7 — Ligation of PCR products and bacterial transformation
The concentration of each PCR product insert was initially determined using a
ND-1000 nanodrop machine. This was to ensure that the 3:1 ratio of PCR product

to plasmid vector was used in each ligation reaction.
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Ligation of PCR products was then completed using the
pCR®8/GW/TOPO® TA Cloning® Kit (Invitrogen) according to the
manufacturer’s protocol. Ligation reactions were put into the BIO-RAD DNA
Engine Dyad Cycler (BIO-RAD) for a 15 min incubation period at 23°C to allow
the ligation reaction to occur. The ligated vector was then transformed into One
Shot® Competent E. coli cells (Invitrogen) by heat shock treatment according to
manufacturer’s instructions.

Transformed cells were plated onto Luria Bertani (LB)-agar plates
containing spectinomycin (100 ug mL™) (Sigma) as a selective agent and left to
grow overnight at 37°C in an OM11 orbital mixer incubator (Ratek Instruments

Pty Ltd.).

3238 — Colony PCR screening: Ildentification of positive
pPCR®8/GW/TOPQO® clones with candidate cDNA inserts

The transformed colonies were picked and screened for the presence of the inserts
using a PCR-based assay. Each PCR reaction contained 3.2 uL of 10 mM dNTPs,
1.0 puL of 10 uM forward and reverse primers (refer to Table 3.1), 2.0 puL of 10x
Immolase PCR buffer (Bioline Pty Ltd., Alexandria, New South Wales,
Australia), 0.75 uL of 50 mM MgCl, (Bioline), 0.2 uL of Immolase DNA
polymerase (Bioline), and 11.85 uL of autoclaved nanopure water.

Individual colonies were selected from plates using sterile 200 pL pipette
tips, which were subsequently swirled in the PCR reaction mix. After selection of
colonies and addition of bacterial cells to the PCR mix, the pipette tips were
placed in 5 mL aliquots of LB media containing spectinomycin (100 pg mL™) and

grown O/N as previously described (section 3.2.3.7). Colony PCR cycle
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conditions used were as follows: initial denaturation step at 95°C for 5 min, then
35 cycles of 96°C for 30 sec, Tr,°C for 30 sec, 72°C for 1 min 15 sec, followed by
a final extension step at 72°C for 10 min. The T,°C used differed between primer
pairs (refer to Table 3.1).

Upon completion of the PCR reactions, each PCR product (20 uL) was
separated by agarose gel electrophoresis and visualised as per section 3.2.3.6.
After positive colonies were identified from the colony PCR screen, plasmids
produced from the positive colonies were purified using a PureLink™ Quick
Plasmid Miniprep Kit (Invitrogen) according to the manufacturer’s instructions.
All steps were performed, including the optional additional wash step. Elution
was conducted using 50 uL of warm TE buffer. Glycerol stocks were made for all
positive clones by adding 1 mL of bacterial culture to 1 mL of 50% glycerol. The

stocks were snap-frozen using liquid nitrogen and stored at -80°C.

3.2.3.9 — Sequencing reactions for positive pCR®8/GW/TOPO®-candidate
insert clones

Sequencing reactions comprised of 2 uL of purified plasmid DNA template, 1.5
uL of Big Dye buffer (Institute of Medical and Veterinary Science — IMVS,
Adelaide, South Australia, Australia), 0.5 uL of Big Dye (IMVS) and 1 uL of
either 10 uM GW1 forward or GW2 reverse primer (see Table 3.1). Multiple
positive colonies were selected for sequencing. Typically three reactions were
conducted using the GW1 forward primer and two reactions with the GW2
reverse primer per clone to ensure sufficient coverage of the PCR insert and to

allow for sequencing redundancy to identify and remove errors.
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Sequencing cycle conditions were as follows; initial denaturation step at
96°C for 30 sec, then 25 cycles of 96°C for 10 sec, 50°C for 5 sec, 60°C for 4
min. This sequencing reaction method was optimised for sequencing with the ABI

3730 DNA Analyser (Applied Biosystems, Scoresby, Victoria, Australia).

3.2.3.10 — Clean-up of sequencing reactions

Sequencing reactions were allowed to equilibrate to room temperature following
completion of the PCR cycling. Forty pL of fresh 75% isopropanol (v/v) (Chem-
Supply) was added to each sequencing sample and left to incubate for 20 min at
room temperature, during which time the DNA precipitated. Samples were then
centrifuged for 20 min at maximum speed in a Heraeus Biofuge® Pico centrifuge
(Kendro Laboratory Products Ltd., Hong Kong). Supernatant was then carefully
discarded and the DNA pellets were washed with 200 uL of fresh 75%
isopropanol (v/v).

Samples were centrifuged a second time at maximum speed for 10 min
and the supernatant removed with a pipette; being careful not to dislodge the
DNA pellets. The tubes were allowed to air-dry in the dark. Samples were
submitted to IMVS for capillary separation using the ABI 3730 DNA Analyser

(Applied Biosystems).

3.2.3.11 — Contig construction and sequence analysis of pCR®8/GW/TOPO®-
candidate insert clones

The sequence data from individual clones were uploaded into the Contig Express
program (Informax, VNTI Advance, Version 9.1, USA) and contigs representing

the sequence of individual clones were generated. DNA sequence files were
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generated using Vector NTI (Informax, VNTI Advance, Version 9.1, USA), and
compared using AlignX (Informax). Using AlignX and Contig Express, sequence
information from the candidate cDNA clones derived from Chinese Spring were
obtained to form consensus sequences for each candidate. The sequences were
then used in tBLASTX, BLASTp and BLASTn searches against online databases

as per section 3.2.2 to ensure that the correct coding sequences were isolated.

3.2.4 — Isolation and amplification of full length candidate open
reading frames (ORFs)

3.2.4.1 — High fidelity amplification and purification of candidate ORFs from
meiotic cDNA

High fidelity amplification of the ORFs was conducted using Platinum Tagq DNA
Polymerase High Fidelity (Invitrogen). Each PCR mixture contained 2.5 pL of
10x High Fidelity Buffer, 3.2 uL of 10 mM dNTPs, 0.75 uL of 50 mM MgSQO,, 1
pL each of forward and reverse ORF primer, 0.5 pL of Chinese Spring meiotic
cDNA (synthesised in section 3.2.3.4), 0.25 pL of Platinum Taq DNA Polymerase
High Fidelity (Invitrogen) (5 units uL™) and 15.8 pL of sterile nanopure water.
The PCR cycle conditions for each set of ORF-specific primers were as follows:
initial denaturation step at 95°C for 5 min, then 35 cycles of 96°C for 30 sec,
Tm°C for 30 sec, 72°C for 1 min 30 sec, followed by a final extension step at 72°C
for 10 min. The T,°C used differed between primer pairs (refer to Table 3.1).
Agarose gel electrophoresis separation and extraction of the PCR products was

carried out according to the protocol in section 3.2.3.6.
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3.2.4.2 — Production, screening and sequencing of pCR®8/GW/TOPO®-
candidate ORF clones

Refer to sections 3.2.3.7 - 3.2.3.10.

3.2.4.3 — Contig construction and sequence analysis of pCR®8/GW/TOPO®-
candidate ORF clones

Contig construction and sequence analyses were conducted as per section
3.2.3.11. In addition, nucleotide sequences of all the clones were compared using
AlignX to ensure that the ORF clones corresponded to the initial sequencing
results from section 3.2.3.11. One positive ORF clone for each candidate was then
selected for the construction of their respective heterologous protein expression

plasmid (refer to section 3.2.7).

3.2.5 — Quantitative real-time PCR (Q-PCR)

3.2.5.1 — Q-PCR primer design
Primer design was conducted by analysing full-length transcripts obtained from

section 3.2.4 using Primer3 (http://frodo.wi.mit.edu/primer3/) and NetPrimer

(http://www.premierbiosoft.com/netprimer/index.html). Parameters used for

Primer3 were as follows: product sizes — 150-300 bp; Max 3’ stability — 7.0;
primer T, was set to a minimum of 60°C, optimum of 65°C, and a maximum of
70°C; Max self-complementarity — 6.0; and, Max 3’ self-complementarity — 2.0.

Primers designed can be viewed in Table 3.1.
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3.2.5.2 — Testing of Q-PCR primers

A standard PCR protocol was performed with the Q-PCR primers as per section
3.2.4.1. The PCR cycle conditions for each set of primers were as follows: initial
denaturation step at 95°C for 5 min, then 35 cycles of 96°C for 30 sec, 50°C for
30 sec, 72°C for 30 sec, followed by a final extension step at 72°C for 10 min.
Agarose gel electrophoresis separation and extraction of the PCR products was
carried out according to the protocol in section 3.2.3.6. Extracted PCR products

were sent to IMVS for sequencing.

3.25.3-Q-PCR

Q-PCR was conducted in triplicate according to Crismani et al. (2006).
Amplification of products was completed using gene specific Q-PCR primers (see
Table 3.1). The optimal acquisition temperatures for KK01, KK03, KKO04, and
KKO06 were 83°C, 79°C, 82°C and 85°C respectively. cDNA samples used were
total cDNA libraries synthesised from wheat anther RNA in section 3.2.3.4.

Table 3.1 — Comprehensive list of primers used in this study to isolate and
characterise candidates identified to be differentially expressed via 2DGE
experiments in Chapter 2. The list includes primers required for RACE PCR, nested
primers for determining nucleic acid sequences in large PCR products, degenerate

primers for attempted amplification of candidates KK02 and KKO5, ORF-isolation
primers as well as Q-PCR primers.

2DGE Candidate 3' RACE primers

Primer name | Sequence (5’ — 3') 2;"(':)
KK01 F1 GCCGACGACGTGGGCTCC 59
KK01 F2 AAGCTTCGGAGCTGGTACCAGAATTTGGTA 62
KKO1 F3 GCAAATACTCTTGCAACTGGGGAG 57
KKO01 F6 GCGATGAATCAGAAGGAGACAAGAACGAGGT 63
KK02 F1 GAAATCGTGGCCGGCAACGAGATGCAA 63
KKO02 F2

(degenerate GANATNGTNGCNGGNAANGANATNCANCGN 63
primer)

KK03 F1 ATGAATGTGTGGCGGTTTATCCACACAATCAATGAG 63
KKO03 F2 GGCGGCAAGCAAGGGGACGCC 64
KKO03 F3 ACCCCTCGTGTCGAGCCTGTG 60
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KK04 F1 ATGGGGAGCATGCGGAGCACCTTGTTTCCTAACTTT 67
KK04 F3 AAAGCAATTCTCACCAAGAATTATGAAGTGTTA 57
KK04 F5 TGATGACGGTCTGGCTCCAGATGAAG 61
KKO05 F1 CGAACGCTCTTGATTCGCTTCATCTCT 60
KKO05 F3 GAAGAAAACAATCAGATCACCTGGACA 57
KKO05 F4

(degenerate CGNACNCTNTTNATNCGNTTNATNTCN 57
primer)

KKO05 F5

(degenerate GANGANAANAANCANATNACNTGNACN 56
primer)

KKO06 F1.1 GCGGAGGGAGCTTTCAAG 52
KKO06 F1.2 AAGATGGTGCAGGAGGCG 52
KKO06 F1.3 GTGGGTGCAGAGGGTGCC 57
KKO06 F4 GACCCACAGACTCAGAAGGAAATGAAGATGGTGCCTTA | 67
KKO06 F5 AACATAGAAGACGAACTGGTGCAGATGCTCCAGCTC 67
KKO06 F7 GTTCAAAAGTTATTATATGGTGTCTTAATTACCGTC 59
KKO06 F8

(nested GGGCTGCCATTCAGGGTGGCATCTTGA 64
primer)

KKO06 F10 CTCCGTGGAGATGTCAAAGAGCTTCTTCTCCTTGA 68
KKO06 F11 CAGCCCGGCGTGCTCATCCAGGTATATGA 69
GeneRacer | ¢ cTGTCAACGATACGCTACGTAACG 76
3" Primer

GeneRacer

3’ Nested CGCTACGTAACGGCATGACAGTG 72
Primer

2DGE Candidate 5' RACE primers

KK01 R1 GGAGCCCACGTCGTCGGC 59
KKO01 R2 TACCAAATTCTGGTACCAGCTCCGAAGCTT 62
KKO01 R3 CTCCCCAGTTGCAAGAGTATTTGC 57
KK01 R6 CGCCACGGTAGCTCGCACTGTTCATGTA 64
KK02 R1 TTGCATCTCGTTGCCGGCCACGATTTC 63
KK02 R2

(degenerate NCGNTGNATNTCNTTNCCNGCNACNATNTC 63
primer)

KK03 R1 CTCATTGATTGTGTGGATAAACCGCCACACATTCAT 63
KK03 R2 GGCGTCCCCTTGCTTGCCGCC 64
KKO03 R3 CACAGGCTCGACACGAGGGGT 60
KKO03 R4 CGCCTCCAACCTTTTCTTCTTCTTCTTCCATA 62
KK03 R5 CTGTCAAGTCATGTCTCTCATTGATTGTGTGGATAAA 62
KK03 R6 CAGCTTCAGTGTGGAACTGCGAGTTCTCA 63
KK04 R1 AAAGTTAGGAAACAAGGTGCTCCGCATGCTCCCCAT 67
KKO04 R3 TAACACTTCATAATTCTTGGTGAGAATTGCTTT 57
KK04 R5 TGCTGCTACTTCTTCCCACACCACCCATTAT 63
KK05 R1 AGAGATGAAGCGAATCAAGAGCGTTCG 60
KKO05 R3 TGTCCAGGTGATCTGATTGTTTTCTTC 57
KKO05 R4

(degenerate NGANATNAANCGNATNAANAGNGTNCG 57
primer)

KKO05 R5

(degenerate NGTNCANGTNATNTGNTTNTTNTCNTC 56
primer)
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KKOB RLL | CTTGAAAGCTCCCTCCGC 52
KKO6 RL2 | CGCCTCCTGCACCATCTT 52
KKO6 RL3 | GGCACCCTCTGCACCCAC 57
KK06 R4 TAAGGCACCATCTTCATTTCCTTCTGAGTCTGTGGGTC | 67
KKO6 R5 GAGCTGGAGCATCTGCACCAGTTCGTCTTCTATGTT 67
KK06 R7 GACGGTAATTAAGACACCATATAATAACTTTTGAAC 59
KKO6 RS
(nested CCTGACCACTTCCGCAGGGACCTTGTCTTT 66
primer)
KK06 R9 CAGCGCGTTCTTGGCGTCCACCTTCTTC 66
KKO6 R10 | CAGCCATCTCCACCCAGGCATCACCATTT 64
GeneRacer | -6 ACTGGAGCACGAGGACACTGA 74
5’ Primer
GeneRacer'
5' Nested GGACACTGACATGGACTGAAGGAGTA 78
Primer
2DGE Candidate ORF isolation primers for KK01, KK03, and KK06
§f01 ORF1 | ATGGACGACGACGCCGGE

60
Ele ORFl |+ AGATTCTTGGCCTCACCCTACG
ﬁm ORF1 | ATGGGCGACTCTGGCGGCTC

60
21K03 ORF1 | T AAACCCTGAGATTGGCTCGCGTC
ﬁf% ORFl | ATGGCCATCGGATCTCTCCTCGC

60
ElKOG ORF1 | cTACATCTTGGCCTCCTTGGGGTCCT
2DGE Candidate Q-PCR primers for KK01, KK03, KK04 and KK06
E;Ol QPCR | GCAAGGGCAAGCACAAGGT

62
gsz QPCR | AAGTCCGATGTCTCAAGGGCA
Ef% QPCR | +6CGAGGAGGCTCTGCTGTA

63
ETOQ’ QPCR | 1 GCGAGTTCTCACCGACAAATATCA
E£<04 QPCR | +6ccccTGGAGGTCATCAC

59
2504 QPCR | AGTCTTCCGTATCTGCTCTCTTTG
Ef% QPCR | -GGACCCACAATCATCATCACG

63
ET% QPCR | GCACCTTCAGCATTCTCAATCACC

Plasmid sequencing primers

Gw1 GTTGCAACAAATTGATGAGCAATGC 55
GW?2 GTTGCAACAAATTGATGAGCAATTA 55
T7 forward TAATACGACTCACTATAGGG 55
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3.2.6 — Chromosome location of candidates

3.2.6.1 — Southern blot analyses using nullisomic-tetrasomic membranes
3.2.6.1.1 — Pre-hybridisation of nullisomic-tetrasomic nylon membrane
Southern blot hybridisations were performed to determine the chromosome
locations of each candidate within the three respective wheat genomes. The
chromosome location of each gene was determined using nylon membranes
containing nullisomic-tetrasomic Chinese Spring genomic DNA which had been
digested with one of the following enzymes: BamHI, Dral, EcoRI, EcoRV or
Xbal. All membranes were courtesy of Margie Pallotta from the Australian Centre
for Plant Functional Genomics (Adelaide, South Australia).

Prior to pre-hybridisation, the hybridisation solution (which was also used
as the pre-hybridisation solution) was made according to the following recipe: for
100 mL of hybridisation solution, a 5 mL volume of nanopure water was added to
30 mL of 5x HSB, 30 mL of Denhardt’s III reagent, 30 mL of 25% dextran
sulphate (v/v) and 5 mL of denatured salmon sperm (5 mg mL™). All components
of the hybridisation solution were mixed together and heated at 65°C for 5 min.

Membranes were rinsed twice for 5 min with 2x SSC (0.3 M NacCl, 0.03
M tri-sodium citrate) and then rinsed briefly with reverse osmosis (RO) water.
Each membrane was then placed in a hybridisation bottle, to which 10 mL of
hybridisation buffer was added. The membranes were incubated overnight at
65°C with constant rotation in a hybridisation oven. The following day the

solution was discarded and replaced with another 10 mL of hybridisation solution.
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3.2.6.1.2 — Probe labelling and hybridisation

The Q-PCR fragment clone of each candidate from section 3.2.5 was used as
template for the synthesis of labelled probes. In separate reactions, 3 pL (~150 ng)
of each candidate probe with 1 puL (from a 10 uM stock) of each of its respective
forward and reverse primers were combined with 3 puL of 10 uM random 9-mer
primer mix and denatured at 100°C for 5 min, followed immediately by 5 min
incubation on ice to maintain the DNA in single-stranded conformation. 12.5 pL
of 2x Oligo-buffer was then added, in addition to 1 pL of Klenow polymerase
(Roche) and 4 pL of radioactive **P (u-dCTP, Amersham) (10 mCi mL™). The
synthesis reaction was incubated at 37°C for approximately 60 min.

The probes were then made up to a total of 50 pL and purified using the
illustra™ ProbeQuant™ G-50 Micro Column kit (GE Healthcare). The eluted
probes were denatured at 100°C for 5 min, and subsequently incubated on ice for
5 min. The probes were then added to the hybridisation bottles which were

incubated overnight at 65°C with constant rotation.

3.2.6.1.3 — Membrane washes

Excess labelled probe and hybridisation buffer were decanted from the
hybridisation bottles. Membranes were washed at 65°C with 40 mL of the
following solutions for 20 min until an appropriate level of radioactivity (1 to 2
counts per second) was achieved: wash 1 - 2x SSC, 0.1% SDS (w/v); wash 2 - 1x
SSC, 0.1% SDS (w/v); wash 3 - 0.5x SSC, 0.1% SDS (w/v); wash 4 - 0.2x SSC,

0.1% SDS (w/v) and wash 5 - 0.1xSSC, 0.1% SDS (w/v).
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3.2.6.1.4 — Autoradiography

The membranes were sealed in plastic sleeves and placed into X-ray cassettes
along with X-ray film (Fuji HR-G-30 and Kodak Biomax were commonly used).
The cassettes were stored at —80°C for 5 to 10 days depending on the intensity of
the radioactive signal. The X-ray films were developed using an AGFA CP1000

Developer.

3.2.6.2 — Southern blot analyses using genotype membranes

3.2.6.2.1 — Genomic DNA extraction

To determine whether the KKO06 candidate gene was located within the phlb
deletion region, Southern blots utilising genomic DNA extracted from Chinese
Spring and the phlb mutant were performed. 10 cm pieces of young healthy leaf
tissue were collected and put into 2 mL tubes, snap-frozen and vortex-ground with
ball-bearings. Six hundred pL of DNA Extraction Buffer (1% sarkosyl, 100 mM
Tris-HCI, 100 mM NaCl, 10 mM EDTA, pH8.0), pre-warmed to 65°C, was added
to each sample. Samples were left to incubate at 65°C for 30 min with occasional
mixing before 600 pL of phenol/chloroform/iso-amyl alcohol (25:24:1) was
added. Samples were mixed by continuously inverting the tube for 10 s then left
to incubate on a rotary wheel for 10 min followed by 10 min of centrifugation at
maximum speed in a micro-centrifuge. The upper aqueous phase was then
transferred to a fresh tube and the phenol extraction, mixing, and centrifugation
steps were repeated. Upon completion, the upper aqueous layer was transferred to
a fresh tube. 60 pL of 3 M sodium acetate (pH4.8) and 600 pL of isopropanol
were added and the samples were gently mixed by inversion. Samples were

incubated at room temperature for 2 min then centrifuged for 10 min at maximum
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speed in a microcentrifuge. The supernatant was removed and the DNA pellet
washed with 1 mL of 70% ethanol. Samples were centrifuged for 5 min and the
supernatant discarded before being dried at 37°C. DNA pellets were resuspended
by first adding 100 pL of R40 buffer (TE buffer containing 40 pg/mL RNAse A)
and incubating at room temperature for 10 min followed by a 5 min incubation at
37°C. Samples were then left to dissolve overnight at 4°C. The following day,
samples were frozen and thawed twice. Concentrations of the samples were then
determined using an ND-1000 nanodrop machine (NanoDrop Technologies Inc.).
Agarose gel electrophoresis was performed using 1 pg of DNA per sample
as outlined in section 3.2.3.3 to ensure that the extracted genomic DNA was of

sufficient quality.

3.2.6.2.2 — Enzymatic digestion of genomic DNA

Screening of the KK06 ORF with Vector NTI (informax) showed that it did not
contain restriction sites for BamHI and Dral. 30 pg of each genomic DNA sample
was digested with BamHI (New England Biolabs, Genesearch Pty. Ltd.,

Queensland, Australia) and Dral (NEB) according to the manufacturer’s protocol.

3.2.6.2.3 — Capillary transfer of digested genomic DNA

Thirty pg of digested genomic DNA from each genotype was separated ona 1 %
agarose gel (w/v). The DNA was then transferred onto Hybond-N" nylon
membranes (Amersham) using a standard capillary transfer blotting technique

with 0.4 M NaOH.
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3.2.6.2.4 — Southern blot procedure
Pre-hybridisation, probe-labelling and hybridisation, membrane washes and

autoradiography were performed as per section 3.2.6.1.

3.2.6.3 — In silico mapping of the KK06 gene candidate

BLASTN searches of the TIGR Rice Genome Database (http://blast.jcvi.org/euk-

blast/index.cgi?project=0sal, Rice Genome Annotation Build 6.1; accessed 4"

April 2011) was used to match the KKO6 candidate coding sequence with its
equivalent rice gene (Rice locus identifier: LOC_0s099g31486). This EST was
then mapped in relation to the Hyp6 gene (Rice locus identifier:
LOC_0s09g30410), previously mapped by Griffiths and colleagues (2006) as the

last gene definitively located within the phlb deletion region.

3.2.7 — Preparation of candidate ORF clones for heterologous protein
expression

3.2.7.1 — Construction of pDEST17-candidate ORF clones
Upon confirming that each candidate ORF sequence was correct and orientated
appropriately within its respective pCR®8/GW/TOPO® vector (section 3.2.4.4), an
LR recombination reaction was conducted to transfer the candidate ORF insert to
the pDEST17 expression plasmid (Invitrogen). The pDEST17 plasmid vector
encodes a 6x histidine (6xHis) tag at the 5’ end of the insert entry site which
enabled protein purification via nickel affinity chromatography in section 3.2.9.2.
The concentration of the purified miniprep-ed pCR®8/GW/TOPO®-

candidate ORF plasmid samples selected in section 3.2.4.4 was determined using
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a ND-1000 nanodrop machine (NanoDrop Technologies Inc.). The appropriate
volume containing 150 ng of pCR®8/GW/TOPO®-candidate ORF clone plasmid
DNA was then used in the LR recombination reaction. pDEST17 (1 pL at 150 ng
uL™) was added to the sample with the appropriate volume of TE buffer (pH 8.0),
to give the LR recombination reaction mix a final volume of 8 uL. 2 uL of LR
Clonase™ II enzyme mix (Invitrogen) was then added to the reaction mix. The
reaction mix was incubated in the BIO-RAD DNA Engine Dyad Cycler (BIO-
RAD) for 1 hour at 25°C before adding 1 pL of 2 pug puL™ Proteinase K solution
(Invitrogen). Samples were then incubated for a further 10 min at 37°C to
terminate the ligation reaction.

Transformation with One Shot® Competent E. coli was performed as per
section 3.2.3.7, except that the selective antibiotic used for pDEST17 was
ampicillin. Colony PCR screening and mini-prep procedures were conducted as
per section 3.2.3.8. Directional sequencing of the positive pDEST17-candidate
ORF clones was performed as outlined in section 3.2.3.9 except that the T7
forward primer was used. Chromatogram files containing the sequence data from
individual clones were uploaded into the Contig Express program (Informax), and
contigs representing the sequence of individual clones were generated. Using this
information, pDEST17-candidate ORF clones with their respective candidate
OREF inserts cloned in-frame and in the correct orientation were identified for

heterologous protein expression.
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3.2.8 — Protein production of candidates

3.2.8.1 — Transformation of BL21Al E. coli cells with the pDEST17-
candidate ORF clones

BL21-Al E. coli cell lines containing each of the pDEST17-candidate ORF
clones were produced by transforming the cells with one of each selected
pDEST17-candidate ORF clones identified in section 3.2.7. The transformation
protocol used was as per section 3.2.3.7; with the exception that ampicillin (100

ng mL™) was used as the selective antibiotic.

3.2.8.2 — Culturing of pDEST17-candidate ORF-transformed BL21-Al cell
lines

One transformed colony was picked from each of the plates made during the
transformation procedure of section 3.2.8.1 and placed into a culture tube
containing 10 mL of LB/carbenicillin (50 ug mL™). This starter culture was left to
grow overnight at 37°C in an orbital mixer incubator (Ratek). Ten 25 mL
secondary cultures were then set up using 24 mL of LB/carbenicillin (50 ng mL™)
and 1 mL of each starter culture. The secondary cultures were grown overnight at
37°C in an orbital mixer incubator (Ratek) before each was used to inoculate 225
mL of LB/carbenicillin (50 pug mL™) in 1 L conical flasks. These 250 mL cultures
were then grown at 37°C in an orbital mixer incubator (Ratek) until the cell
density was ODggo = 0.4. The ODgoo readings were obtained using a Metertech

UV/Vis SP8001 spectrophotometer.
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3.2.8.3 — Induction of protein production and subsequent cell harvesting

Upon reaching the required cell density, the cultures were cooled in ice baths to
16°C. Protein production was induced by the addition of L-(+)-arabinose (Sigma-
Aldrich) and 0.1 M IPTG (Sigma-Aldrich) to a final concentration of 0.1% (w/v)
and 1 mM respectively. For the non-induced control sample, glucose was added to
a final concentration of 0.5% (w/v) to repress any leaky expression. The cultures
were left to grow at 16°C in an orbital incubator for 6 hr prior to cell harvesting.
Thereafter, the cell cultures were spun at 7000 rpm for 10 min at 16°C to pellet
down the cells, with the supernatant discarded. The wet weight of the cell pellets
were recorded and the pellets then snap-frozen using liquid nitrogen and stored at

-80°C until protein extraction and purification.

3.2.9 — Denatured extraction, purification and visualisation of proteins

3.2.9.1 — Cell lysis and protein extraction

Prior to starting this procedure, a 5 L stock solution containing 100 mM NaH,PO,
(AnalaR), 10 mM Tris-Cl (Sigma), and 8 M urea (Bio-Rad) was made. The stock
solution was divided into five 1 L aliquots and adjusted to different pH values
using either concentrated NaOH (AnalaR) or HCI (AnalaR) to make five solutions
(Lysis buffer B, pH 8.0; Wash buffer C1, pH 7.1; Wash buffer C2, pH 6.3; Wash
buffer D, pH 5.9; and Elution buffer E, pH 4.5).

The cell pellets from section 3.2.8.3 were thawed on ice for 15 min then
resuspended in Lysis buffer B at a concentration of 1 g wet weight per 5 mL. The
cells were lysed by rotation on a rotary wheel for 1 hr at 4°C with gentle shaking
every 15 min. The cell lysate was then sonicated six times in 10 sec bursts using
power output 4 (25 W) (Branson Sonicator B-12, Danbury, Connecticut, USA) to
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ensure total cell lysis. The lysate was centrifuged at 8950 rpm for 15 min at room
temperature to pellet down cell debris and clear the lysate solution. The cleared

lysate was collected while the pelleted debris was discarded.

3.2.9.2 — Purification of 6xHis-tagged candidate proteins via nickel-affinity
chromatography
Prior to starting this procedure, a 20 pL aliquot of the cleared cell lysate from
section 3.2.9.1 was taken as the Cell Lysate (CL) sample. Nickel-nitrilotriacetic
acid (Ni-NTA) agarose beads (8 mL) (QIAGEN Pty Ltd., Clifton Hill, Victoria,
Australia), which had been washed and equilibrated with 15 mL of Lysis buffer B,
was added to the cleared cell lysate sample and allowed to bind the 6xHis-tagged
candidate protein. The cell lysate-Ni-NTA bead slurry was incubated on a rotary
wheel in a 4°C cold-room for 2 hr to increase binding efficiency. The cell-lysate-
Ni-NTA bead slurry was spun down at 2000 rpm for 2 min to pull down the
beads. The supernatant was aspirated and kept as the Flow-Through (FT) sample.
For the washing procedure, 15 mL of Wash buffer C1 was added to the
bead slurry, which was then vortexed briefly at low speed, and left to incubate on
ice for 3 min. The beads were then spun down at 2000 rpm for 2 min and the
supernatant aspirated and kept as Wash 1 (W1). The wash procedure was repeated
using 15 mL of Wash buffer C2, and 15 mL of Wash Buffer D. The supernatant
for each wash was aspirated and kept as Wash 2 (W2) and Wash 3 (W3)
respectively. Elution of the 6xHis-tagged candidate proteins was then conducted
thrice, each time using 1 mL of Elution buffer E using the same procedure as the
washing steps. The eluted candidate protein samples (E1 - E3) were snap-frozen,

along with all other samples, and stored at -80 C until SDS-PAGE was conducted.
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3.2.9.3 — SDS-PAGE for separation of proteins by molecular weight

A total of 6.5 uL of each sample collected in section 3.2.9.2 (CL, FT, W1, W2,
W3, E1, E2, E3) was added with 2.5 uL of NUPAGE® LDS Sample Buffer (4x)
(Invitrogen), and 1 uL of NuPAGE® Reducing Agent (10x) (Invitrogen). The
samples were heated at 70°C for 10 min before being loaded into 15-well
NuPAGE® Novex® 4-12% Bis(2-hydroxyethyl)-imino-tris(hydroxymethyl)-
methane (Bis-Tris) mini gels (Invitrogen). Bio-Rad Precision Plus Dual Colour
Protein Standard (6 uL) was also loaded into the gels as the molecular weight
marker. Electrophoresis was performed according to the manufacturer’s
instructions. Gel fixing, sensitisation, and staining with only coomassie blue was

conducted as outlined in section 2.2.4.

3.2.10 — Native extraction, purification and visualisation of proteins

3.2.10.1 — Cell lysis and protein extraction

Native protein extractions were done to isolate the candidate proteins in native
form for functional analyses such as DNA-binding assays. Prior to starting this
procedure, a 3 L stock solution containing 50 mM NaH,PO, (AnalaR) and 300
mM NaCl (Sigma) was made and adjusted to pH 8.0 with concentrated NaOH
(AnalaR). The stock solution was divided into three 1 L aliquots and each was
added with differing amounts of imidazole (sigma) to make three solutions (Lysis
buffer, 10 mM imidazole; Wash buffer, 20 mM imidazole; and Elution buffer, 250

mM imidazole).
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The cell pellets from section 3.2.8.3 were thawed on ice for 15 min and
resuspended in Lysis buffer at a concentration of 1 g wet weight per 5 mL.
Lysozyme was added to a final concentration of 1 mg/mL and the cell suspensions
left to incubate on ice for 30 min. The cell suspensions were then sonicated six
times in 10 s bursts using power output 4 (25 W) (Branson Sonicator B-12) to
ensure total cell lysis. The lysates were centrifuged at 8950 rpm for 15 min at 4°C
to pellet down cell debris and clear the lysate solution. The cleared lysate was

collected while the debris pellet was discarded.

3.2.10.2 — Purification of 6xHis-tagged candidate proteins via nickel-affinity
chromatography

Prior to starting this procedure, a 20 pL aliquot of the cleared cell lysate from
section 3.2.10.1 was taken as the Cell Lysate (CL) sample. Protein purification
was then conducted using Ni-NTA spin columns (QIAGEN) which had been
equilibrated with 600 pL of Lysis buffer. The cleared cell lysate was spun through
the Ni-NTA spin columns at 4°C and the flow-through (FT) kept for running on
SDS-PAGE. The columns were washed with 9x column volumes of Wash buffer.
The first, fourth and seventh washes were kept (W1, W2, and W3 respectively).
Elution of the 6xHis-tagged candidate proteins was then conducted thrice, each
time using 100 pL of Elution buffer. The eluted candidate protein samples (E1 -
E3) were snap-frozen, along with all the other samples, and kept at -80°C until

required.
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3.2.10.3 — SDS-PAGE for separation of proteins by molecular weight
6.5 uL of each sample (CL, FT, W1, W2, W3, E1, E2, and E3) collected in

section 3.2.10.2 was separated by SDS-PAGE as outlined in section 3.2.9.3.

3.2.11 — Functional analyses of candidates

3.2.11.1 — Competitive DNA-binding assay

Recombinant candidate proteins extracted under native conditions were quantified
using the Bradford assay (Bradford 1976). The competitive DNA binding assay
was conducted as described by Pezza et al. (2006) with modifications as per Khoo
et al. (2008). DNA binding ability was tested with ®X174 circular single-stranded
DNA (ssDNA) (virion) (30 uM per nucleotide) (NEB) and ®X174 linear double-

stranded DNA (dsDNA) (RFI form Pstl-digested) (15 uM per base pair) (NEB).

3.3 — Results

3.3.1 — Mass-peptide analyses of 2DGE protein spots

The six protein spots identified to be differentially expressed between stages and
genotypes from Chapter 2 were analysed using lon-Trap Liquid Chromatography-
Electrospray lonisation tandem mass spectrometry (MS/MS). The spots were
named KKO01 to KKO06, with the numbers corresponding to the numbering given
in Chapter 2 (refer to Figure 2.14). The peptides identified were matched against
the complete rice proteome (obtained from the Rice Genome Annotation, Build
6.1) using the Bioworks 3.3 Sequest algorithm (refer to Appendix Bl for the

summary reports of the MS/MS analyses). Searches of the rice proteome database
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using the sequences obtained from the identified peptides using the BioWorks 3.3
program showed that none of the peptides obtained from each spot could be
matched to the same rice database hit. Consequently, identified peptide sequences
of each spot were used in BLASTp searches against the NCBI database (with
Triticeae and Oryza filters selected), Rice Genome Database, and the
Brachypodium distachyon Phytozome BLAST database to identify candidates
within these databases that were matched by multiple peptides identified from the
same spot. This strategy did not yield any successful results as no single database
hit that was found matched more than one of the identified peptides from each
spot. Thus a secondary round of BLAST analyses was carried out to identify the
best possible hits (limited to Triticeae sequences, and where not available, to
Oryza sativa or Hordeum vulgare) for each of the identified peptides (Table 3.2).
In addition, the protein matches obtained from the MS/MS data of peptides from
the KK03 and KKO04 protein spots (that had mapped to coordinates very close to
one another in the 2D gels) (Figure 2.14 A) were most likely the result of different

protein species.
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3.3.2 — Isolation and characterisation of the candidate gene transcripts

Based on the BLAST data obtained, 5’ and 3’ RACE primers were used to isolate and identify
possible candidate genes that encode the six protein products from which these peptides were
obtained.

Full-length candidate coding transcripts of KK01 (1281 bp ORF), KK03 (1047 bp
ORF), and KKO06 (2055 bp ORF) were successfully isolated using multiple rounds of 5" and 3’
RACE (Figure 3.1 A, B, and D respectively) (refer to Appendix B2 Figures 1, 2 and 4 for
nucleotide sequences). In contrast, RACE reactions using primers for KK02 and KKO05 failed
to amplify specific PCR products. Degenerate primers (with random nucleotides inserted in
the wobble position of each codon) were designed in an effort to overcome this problem but
this approach did not yield any specific products either (Figure 3.2). No products were
obtained even when RACE PCR reactions were performed with a lowered annealing
temperature of 55°C and increased amounts of template cDNA. In contrast to KKO02 and
KKO05, a portion of the KK04 coding sequence, 1598 bp in length, was successfully isolated
using the KK04 F1 primer (Figure 3.1 C, and Appendix B2 Figure 3). However subsequent
primers designed to isolate the remainder of the coding sequence failed to amplify any
products, even at lowered annealing temperatures. The isolation of two different candidate
coding sequences for KK03 and KKO04 further affirmed the MS/MS data that the KK03 and
KKO04 spots seen in the 2D gels were indeed from different protein species.

Matching the predicted proteins encoded by the candidate genes for KK01, KKO03,
and KKO06 as well as the partial peptide encoded by the partial KK04 candidate showed that
only one peptide identified by the MS/MS data could be found within each of their predicted

amino acid sequences (Figure 3.3).
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1jkbt
1 kb

0.5kbp

Figure 3.1 — Successful isolation of the full-length ORFs of KK01, KK03, KK06 and a partial
product for KK04. A) Isolation of the full-length 1281 bp KKO1 ORF. B) Isolation of the full-length
1047 bp KK03 ORF. C) Isolation of a partial KK04 coding sequence 1598 bp in length. D) Isolation of
the full-length 2055 bp KK06 ORF.

1kbp

0.5 kb

0.2 kbp

Figure 3.2 — Isolation of KK02 and KKO05 candidates were unsuccessful even when degenerate
primers were used. A) 3' RACE using KK02 F2 degenerate primer. B) 5° RACE using KK02 R2
degenerate primer. C) 3' RACE using KK05 F2 degenerate primer. D) 5 RACE using KK05 R2
degenerate primer.
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3.3.3 — Characterisation of the candidate protein products

The full-length ORF of the KKO1 candidate encoded a protein with a predicted MW of
46.267 kD and a pl of 5.09. BLASTp analyses of this protein revealed that it shared a high
level of sequence conservation (Identities = 90%, Positives = 95%, E-value = 0.0) with the
rice Bric-a-Brac, Tramtrack, Broad Complex (BTB) domain with Meprin and TRAF
Homology (MATH) domain speckle-type POZ protein (Rice locus identifier:
LOC_0s07g07270.1). Consequently, KKO1 possesses a complete MATH domain (spanning
amino acids 44 to 177) and a partial BTB domain (spanning amino acids 203 to 283) (Figure
3.4 A).

Candidate KKO03 encoded a protein with a predicted MW of 38.860 kD and a pl of
7.04. BLASTp analyses of this protein revealed that it is very similar to the rice pollen-
specific protein SF21 (Rice locus identifier: LOC_0s06g36740) (Identities = 88%, Positives
= 95%, E-value = 9.0e-173). An esterase lipase domain spans amino acid positions 22 to 256
of the KKO03 candidate protein (Figure 3.4 B).

Although only a portion of the KK04 candidate coding sequence was successfully
isolated, a partial ORF was identified within the KKO4 transcript. The resulting peptide was
425 aa in length and shared high levels of sequence similarities with a barley hexose
transporter (GenBank accession: CAD58958) (Identities = 98%, Positives = 99%, E-value =
0.0) and a putative rice transporter family protein (Rice locus identifier:
LOC_0s10g0539900) (Identities = 92%, Positives = 98%, E-value = 0.0). Based on
comparisons with the barley and rice hexose transporter sequences which are both 2220 bp in
length, 927 bp of sequence in the 5’ direction of the isolated KKO4 coding sequence is
required to form the full-length KK04 ORF. Even so, a Major Facilitator Superfamily (MFS)
domain was detected within the isolated sequence and spans position 205 to 396 of the
peptide (Figure 3.4 C).
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The full-length ORF of KKO06 encoded a protein 683 aa in length with a predicted
MW of 72.697 kD and a pl of 6.04. It shared high levels of sequence similarity with a rice
Heat Shock Protein 70 hypothetical protein (GenBank accession: NP_001175918) (Identities
= 91%, Positives = 95%, E-value = 0.0) and a maize Heat Shock Protein 70 (GenBank
accession: NP_001152601) (Ildentities = 89%, Positives = 93%, E-value = 0.0). Inter-
kingdom comparisons revealed that the KKO6 candidate shares relatively high levels of
sequence similarity with the HSP70-2 variants found in mammalian species such as humans
(GenBank accession: NP_068814.2) (Identities = 50%, Positives = 66%, E-value = 1e-159)
and mice (GenBank accession: NP_001002012) (ldentities = 50%, Positives = 66%, E-value
= le-159). In addition, KKO06 possesses a complete dnaK domain that spans amino acids

position 69 to 683 (Figure 3.4 D).
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3.3.4 — Chromosome location of the candidate genes

Southern blot results indicated that the KKO1 candidate resides on chromosome group 2, with
at least one copy on each of the A, B and D genomes (Figure 3.5 A). The absence of a band
in the lane nullisomic for 5B-tetra-compensated with 5D was due to chromosome 2D also
being deleted within that nulli5B-tetraS5D mutant sample (post-communication with Ms
Margie Pallotta). KKO3 is located on chromosome group 7 with copies on the A, B and D
genomes (Figure 3.5 B), with the faint banding pattern being a result of the small probe size
used. KK04 and KKO06 were identified on chromosome groups 1 and 5 respectively, both with
one copy on each of the A, B and D genomes (Figure 3.5 C and D respectively). The faint
banding pattern observed in the lane nullisomic for 1D-tetra-compensated with 1B of the
KKO06 Southern blot result was caused by uneven loading of the DNA on this membrane
(post-communication with Ms Margie Pallotta).

Given that KK06 was identified on chromosome group 5, Southern analysis with
membranes prepared from genomic DNA of wild-type and phlb mutant plants was
conducted to determine whether this candidate is located within the phlb deletion region.
Hybridisation results indicated that the KK06 candidate resides outside of the phlb region,
with equivalent banding patterns present in both the wild-type and phlb mutant lanes
(Appendix B3, Figure 1). To substantiate this, in silico mapping of the KK06 candidate was
also conducted by mapping the genomic location of its rice homologue with regards to the
wheat Hyp6 gene, previously mapped as the last gene definitively located within the phlb
deletion region (Griffiths et al. 2006). In rice, the Hyp6 gene and the rice equivalent of the
KKO06 candidate are located roughly 477 kb apart while the start of the phlb deletion
breakpoint region has been mapped to a region between the Hyp6 and Elpl gene that are

separated by a distance of only 1 kb (Griffiths et al. 2006). The results of this approach
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therefore suggest that the KK06 candidate gene is located outside of the phlb region, based

on rice-wheat syntenic mapping (Figure 3.5 E).
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Figure 3.5 — Chromosomal locations of KK01, KK03, KK04 and KK06 candidate genes within the
wheat genome. A) The KKO1 candidate resides on chromosome group 2. B) The KKO03 candidate
resides on chromosome group 7. C) The KK04 candidate resides on chromosome group 1. D) The
KKO06 candidate resides on chromosome group 5. In all autoradiographs (A-D), white arrows indicate
missing bands. E) A simplistic cartoon that highlights the predicted location of the KK06 candidate
gene in comparison to the wheat phlb deletion region (see next page). 23 rice YACs were contigged
to form the region of the rice chromosome 9L that corresponds to the wheat phlb deletion region
(only seven that completely span the region are shown here). The green line on rice chromosome 9
indicates the 477 kb distance between the rice homologue of the KK06 candidate and the phlb
breakpoint located between the rice Hyp6 and Elpl genes while the green line in the wheat
chromosome 5BL denotes an undefined distance of the equivalent region in wheat. Marker allocations
are as previously defined by Griffiths et al. (2006). Cartoon is not drawn to scale (see next page).
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3.3.5 - Q-PCR analysis of candidate genes

To determine whether the gene expression profiles of the candidate genes reflected their
proteomic profiles, Q-PCR analysis was performed on KK01, KK03, KK04 and KKO06 using
total cDNA obtained from PM-LP staged anther tissue of the Chinese Spring wild-type, phlb
and ph2a mutants as well as TI-TIl staged anther tissue of the wild-type (Figure 3.6).
Comparisons between the three genotypes analysed showed that the KKO1 candidate
transcript levels were significantly higher in the PM-LP stage in the wild-type compared to
the two ph mutants (Figure 3.6 A). In contrast to the proteomics results of Chapter 2 where
the KKO1 protein spot was only present in the PM-LP wild-type gels, comparisons between
the PM-LP and TI-T1I stages in the wild-type showed that there was no significant difference
in the mRNA transcript copy numbers of the KKO1 candidate.

Profiling of the KKO3 candidate revealed it was a relatively low-abundance transcript
that was expressed in the wild-type TI-TII stage (Figure 3.6 B). This was in line with the
proteomic profile of the KKO03 protein spot that was only present in the TI-TII stage wild-
type gels. However, KK03 transcripts were also detected (albeit at significantly lower levels)
in the PM-LP stage of wild-type, phlb and ph2a.

The KKO4 transcript expression levels were the highest of all four candidates
analysed. The highest expression level of KK04 was seen in the TI-TII stage of the wild-type
followed by the PM-LP stage of both the ph2a mutant and wild-type (Figure 3.6C). However,
the differences between the Chinese Spring and ph2a PM-LP values were not significant.
This is in contrast to the 2DGE data that had shown that the KKO04 protein spot was only
present in the PM-LP stage of the ph2a mutant.

Profiling of the KKO6 candidate revealed that it was a low abundance transcript
(Figure 3.6 D). Within the PM-LP stage, KKO6 transcript levels were significantly higher in
the wild-type compared to the phlb and ph2a mutants. In the wild-type, KKO6 transcript
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levels were present at a significantly higher level in the PM-LP stage than the TI-TII stage.
This data corresponded somewhat with the proteomics data where the KK06 protein spot was
present in the PM-LP and TI-TII stages of wild-type but absent in the ph1lb and ph2a mutants

at the equivalent stage.
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Figure 3.6 — Q-PCR analysis of the candidate genes. The expression profiles of the four candidates
were analysed in the PM-LP stage of the Chinese Spring wild-type, phlb and ph2a mutants, as well as
the TI-TII stage of the wild-type. A) KKO1 showed significantly higher expression levels in both
stages of the wild-type compared to the ph mutants during PM-LP. B) Expression of KK03 was
highest in the TI-T1I stage of the wild-type compared to the wild-type and ph mutants during PM-LP.
C) KKO04 appears to be a relatively high abundance transcript with no significant difference in its
expression in the wild-type and ph2a mutant during PM-LP. D) KKO06 is a low abundance transcript
with significantly higher levels of expression seen in the wild-type during PM-LP. Error bars
represent the standard deviation of three replicate experiments.
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3.3.6 — In vitro characterisation of proteins encoded by the candidate genes

3.3.6.1 — Extraction and isolation of protein products encoded by candidates transcripts
Construction of pDEST17 protein expression plasmids with the full-length candidate
transcripts of KK01, KK03, and KK06 allowed the proteins to be heterologously-expressed in
E. coli. The 6xHis-tagged proteins were then extracted under both denaturing and native
conditions and purified using nickel affinity chromatography. All three protein products
migrated close to their predicted molecular weights within denaturing SDS-PAGE gels
(Figures 3.7, 3.8 and 3.9). Unlike KKO01 and KKO06 that were successfully isolated from their
respective cell lysates, the KKO03 protein product was completely lost in the washing steps.
However, the production of the KKO03 protein was still clearly seen as large bands (at its
predicted molecular weight) in the cell lysate and flow-through lanes of the induced cell

culture that are absent in the non-induced culture.

Non-induced Induced

250 k[ -

75 kD -

S0 Ry -

25 kD -

10kD = S B | -

Figure 3.7 — SDS-PAGE analysis of the KKO1 protein product. L — BIO-RAD Precision Plus
molecular weight marker, Cell lysate (CL), Flow-through (FT), Wash 1 (W1), Wash 2 (W2), Wash 3
(W3), Elution 1 (E1), Elution 2 (E2) and Elution 3 (E3) samples are shown for the induced cell
culture while W2, W3, and E3 were omitted from the non-induced cell culture as they were not
required for the analysis of the result. The red rectangle highlights the 46.267 kD KKO1 product.
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Figure 3.8 — SDS-PAGE analysis of the KKO03 protein product. L — BIO-RAD Precision Plus
molecular weight marker, Cell lysate (CL), Flow-through (FT), Wash 1 (W1), Wash 2 (W2), Wash 3
(W3), Elution 1 (E1), Elution 2 (E2) and Elution 3 (E3) samples are shown for the induced cell
culture while W2, W3, and E3 were omitted from the non-induced cell culture as they were not
required for the analysis of the result. The red rectangle highlights the 38.860 kD KKO03 product that
was produced but not captured within the column while the green rectangle highlights the residual
38.860 kD protein species that was lost in the first wash.
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Figure 3.9 — SDS-PAGE analysis of the KKO06 protein product. L — BIO-RAD Precision Plus
molecular weight marker, Cell lysate (CL), Flow-through (FT), Wash 1 (W1), Wash 2 (W2), Wash 3
(W3), Elution 1 (E1), Elution 2 (E2) and Elution 3 (E3) samples are shown for the induced cell
culture while W2, W3, and E3 were omitted from the non-induced cell culture as they were not
required for the analysis of the result. The red rectangle highlights the 72.697 kD KKO06 product.
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3.3.6.2 — DNA-binding capabilities of full-length proteins KK01 and KK06

Purified samples of the KKO01 and KKO6 proteins extracted under native conditions were
used in competitive DNA-binding assays to determine whether these proteins were able to
interact with DNA in vitro. The competitive DNA-binding assays showed that both KK01
and KKO06 were able to interact with single-stranded DNA (ssDNA) and double-stranded
DNA (dsDNA) in vitro (Figure 3.10). KKO1 preferentially interacted with ssDNA when
equivalent amounts of ss- and dsDNA were present as the retardation of the sSSDNA species
was more apparent at lower concentrations of the KKO1 protein (Figure 3.10 A). However, a
slight retardation of the dsDNA species was observed when the KKO1 protein concentration
was increased. In contrast, KK06 interacted with both DNA species indiscriminately as the
rates of migration for both DNA species were equally retarded (Figure 3.10 B). In addition,
the retardation of the dsDNA species in the KK06 samples was more apparent at each
concentration compared to KKO1. At 6 uM, the KK06-DNA-protein complexes had only just

migrated into the gel matrix from the well (Figure 3.10 B).
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3.4 — Discussion

The use of 2DGE paired with MS/MS to identify protein species has proven to be
exceptionally useful, especially when the proteins to be identified come from an
organism with a fully sequenced genome. Previous work conducted in
Arabidopsis by Casasoli et al. (2008) and humans (Sharma et al. 2009) have
shown the usefulness of working with a fully sequenced genome. Indeed, this
approach has also been successfully used to varying degrees in the proteomic
analyses of organisms without fully sequenced genomes as was reported by
Sanchez-Moran et al. (2005) who conducted their study in Brassica oleracea.
This was made possible by the high level of gene conservation (in excess of 85%)
between Brassica and Arabidopsis (Cavell et al. 1998). Similarly, the aim of this
study was to identify proteins that were present during the early stages of wheat
meiosis by exploiting the gene conservation that exists between rice (Oryza
sativa) and allohexaploid bread wheat (Triticum aestivum). In addition to having a
fully sequenced genome, rice is also a closer relative to wheat compared to
Arabidopsis, thus increasing the odds of gene conservation between the two
species (Bolot et al. 2009).

This chapter reported on the isolation and characterisation (where
possible) for the full-length coding sequences of genes responsible for encoding
the proteins identified in Chapter 2. To achieve this, peptides of the six digested
protein spots were matched against the rice proteome. In general, high level
peptide matching accuracy is achieved when at least five peptides, which in
combination cover at least 15% of an entire protein sequence, can be matched to a
protein database hit (reviewed by Mann et al. 2001; and references therein).
However, the results of the matching process in this study were limited. While the
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MS/MS data reported multiple peptide species within each spot analysed, none of
the peptides of each spot could be successfully matched to the same protein hit
within the rice proteome database.

A few possible explanations exist as to why this was the case; firstly, the
level of amino acid sequence conservation between the rice and wheat proteome
may not be sufficiently high enough. This explanation is plausible based on the
fact that the wheat genome is 40x% larger than the rice genome with approximately
20-30% gene duplication (Akhunov et al. 2003, Arumuganathan and Earle 1991).
In addition, comparative analysis of the fully-sequenced rice genome with the
incomplete wheat genome have previously reported the presence of partial wheat
ESTs that were mapped to regions of poor conservation within the rice genome
(Sorrells et al. 2003). Akhunov and colleagues (2003) have previously
hypothesised that genes within such regions may experience increased rates of
recombination leading to formation of new genes due to the physical location of
the genes on the chromosome arms. Therefore, in general, while a large
proportion of rice and wheat proteins may share relatively good sequence
conservation some wheat and rice proteins may only retain short regions of
sequence similarities. As a consequence of the heavy reliance of this study on the
amino acid sequence similarities between rice and wheat proteins, cross-species
homology searches to identify such proteins would be highly difficult.

A second explanation is that the amino acid residues were misidentified
due to the presence of post-translational modifications that were unaccounted for.
To date, hundreds of post-translational modifications of amino acid residues have
been identified (Wold 1981). However, only a few of these amino acid

modifications have been fully characterised, with much of the work focused on
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phosphorylation, glycosylation, SUMOylation and ubiquitination (reviewed by
Ytterberg and Jensen 2010, and references therein). The physicochemical changes
such modifications have on amino acid residues remain unknown and cannot be
accounted for in MS/MS data. As a consequence, spectral data obtained from a
highly-modified protein may be confounded by differences in molecular masses
possibly leading to the misidentification of amino acids residues when analysed.
Within this study, the Bioworks Version 3.3 software was configured to take into
account three post-translational modifications (phosphorylation, glycosylations
and SUMoylation) but did not take into account any other modifications; largely
due to the lack of published data available. Furthermore, de novo sequencing was
used to manually calculate the masses of the peptides identified in an effort to
ensure that the amino acid sequences obtained were accurate.

However, the most likely explanation is that multiple protein species were
present in each of the spots isolated thus resulting in a mix of peptides of the
different protein species. Spectral data obtained from such a mixture would result
in the identification of different protein hits within the database depending on the
peptides used in the database search. The presence of multiple proteins within a
single spot could have been caused by insufficient resolution by the 2D gel format
used or by sample contamination. While the initial optimisation results reported in
Chapter 2 showed sufficient resolution of protein spots using the 11 cm gel
format, it is still possible that multiple proteins with the same (or very similar)
MW and pl properties may not have been sufficiently resolved. Proteins with
identical physicochemical properties migrate to the same coordinates within 2D
gels and cannot be separated via this technique while proteins with highly similar,

but not identical properties may not have been resolved far enough due to the size
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of the 2D gels used. Furthermore, while the silver-staining protocol was very
sensitive, it is possible that some of these protein spots (if they were present at
low abundances) were not stained resulting in ‘invisible’ spots very close to the
six identified spots analysed. Another possibility is that the samples may have
been contaminated with keratin during the manual handling of the gels
downstream of the 2DGE process. However this is less likely as peptides resulting
from keratin contamination were automatically filtered and eliminated by the
configured Bioworks Version 3.3 software. Furthermore, some proteins with
different molecular weights and pl values could still have been held together in
their protein complexes even under the denaturing conditions used in the protein
extraction and 2DGE. Previous reports have shown that in some instances, strong
protein-protein interactions lead to complexes being resistant not only to
denaturation by SDS but also digestion by proteases (Haering et al. 2008,
Kreisberg et al. 2002, Kubista et al. 2004, Manning and Colon 2004).

In an effort to overcome the fact that no two peptides identified from a
single spot were able to be matched to any one protein within the rice database,
primers were made based on the coding sequences of the codons for each peptide
obtained from the MS/MS data, and were then used in RACE PCR experiments.
To this end, full-length candidate coding sequences were successfully isolated for
three of the spots (KK01, KK03 and KKO06) while a partial coding sequence was
also isolated for KKO4. Optimisation steps used in an effort to generate PCR
products when the standard protocol yielded none included the use of degenerate
primers, reduced annealing temperatures, and increased template cDNA
concentrations. The use of degenerate primers and reduced annealing

temperatures would have decreased the specificity of the primer binding
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capacities thus increasing the chances of amplifying a PCR product while the
increased cDNA concentrations eliminated the possibility that the candidate
transcripts may have only been present at very low levels. New RACE libraries
were also synthesised and used to eliminate the possibility that the RACE libraries
used were degraded. However, these optimisation steps did not yield any specific
PCR products for KK02 and KKO05. One likely explanation for the failure in
isolating KK02 and KKO5 is that the primers were made against misidentified
peptide sequences.

Analyses of the four candidate coding sequences isolated (KK01, KKO03,
KKO04 and KKO06) revealed that the RACE primer sequences used to amplify these
sequences were present. In addition, these nucleotide sequences were in-frame
with the rest of the ORFs and generated codons that corresponded to the amino
acid sequences of their respective peptides obtained in the MS/MS data (Figure
3.3 and Table 3.2). This gave a reasonable level of confidence that the correct
transcripts were isolated. Furthermore, BLASTp results of the predicted amino
acid sequences of these four candidates against the rice database showed that
KKO03, KK04 and KKO06 corresponded to search results yielded from the Bioworks
software comparisons of the MS/MS peptide data against the rice proteome.
Although KKO01 was the only transcript not to encode a protein that was identified
by the Bioworks software, its predicted amino acid sequence did contain a stretch
of amino acids that were identical to one of the peptides identified in the MS/MS
data of protein spot KKO01. Comparisons of the four predicted amino acid
sequences against their rice homologues revealed that they shared relatively high
levels of sequence similarities. This suggests that the other peptides isolated from

the MS/MS data of the protein spots were most likely caused by protein
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contamination or by changes to the masses of the amino acids by any of the
hundreds of post-translational modifications that could lead to the
misidentification of the amino acid residues and hence peptides.

Analyses of the predicted protein sequence of KKO01 revealed that it shared
high levels of sequence similarity to a rice speckle-type POZ protein and
possesses a complete N-terminal MATH domain and a partial C-terminal BTB
domain (Figure 3.4 A). Proteins which possess both these domains have
previously been characterised and been shown to have the same domain order as
as that seen in KKO01 (Stogios et al. 2005). Furthermore, previous work has shown
that the MATH and BTB domains are found in dimerising proteins that are
capable of interacting with DNA (thus regulating the transcriptional expression of
target genes through the recruitment of nuclear corepressor proteins by the BTB
domain) (Sunnerhagen et al. 1997, Wolffe 1997). Such data suggested that KK01
could interact with DNA and play a role in gene expression regulation or
chromatin architecture modification.

The predicted amino acid sequence of KKO03 showed high sequence
similarity with the rice pollen-specific SF21C1 gene and possesses an esterase
lipase superfamily domain (Figure 3.4 B). While not much is known about the
SF21 gene in rice, previous work conducted in Helianthus annuus (sunflower) has
shown that the SF21 gene family consists of multiple members that are
differentially expressed in a tissue-dependant manner with different splice
variants present within different cell types (Krauter-Canham et al. 1997,
Lazarescu et al. 2006). Based on BLAST and homology search results against
publicly-available databases, KKO3 is similar to the sunflower SF21C1 gene. In

sunflower, this gene encodes at least three splice variants whose protein products
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vary in length, the longest being 355 amino acid residues while the other two
variants are truncated products of 90 and 138 amino acids respectively (Lazarescu
et al. 2006). These splice variants are detected in various organs with one of the
truncated variants only found in pollinated florets (Lazarescu et al. 2006). The
SF21 gene family has previously been shown to be evolutionarily linked to the
Negative differentiation regulator (Ndr) gene family (Krauter-Canham et al.
2001). However, the precise function(s) of both these gene families are not yet
known although they have been hypothesised to be required for cell
differentiation (Okuda and Kondoh 1999) and appear to have an enzymatic
function due to their sequence similarities to hydrolase enzymes and the ligand-
binding region of the inositol 1,4,5, triphosphate receptor (Hotelier et al. 2004,
Krauter-Canham et al. 1997). In poppy, inositol 1,4,5, triphosphate has previously
been shown to be part of the calcium signalling pathway required for pollen tube
growth (Franklin-Tong et al. 1996). Previous work conducted by Nas and
colleagues (2005) indicated that the rice SF21 gene they identified was
temperature-sensitive and controls male sterility; while the SF21 protein in
tobacco is localised to the tips of pollen tubes (Lazarescu et al. 2006). In light of
the fact that the SF21 protein shares moderate sequence similarity with the
inositol 1,4,5 triphosphate receptor and that it localises to the tips of pollen tubes
in tobacco, SF21 protein may be required for pollen tube growth (Allen et al.
2010).

Although isolation of the full-length KKO04 coding sequence proved
unsuccessful, analysis of its predicted amino acid sequence showed it shares
sequence homology with two putative barley hexose transporter-like proteins.

These putative proteins are hypothesised to transport hexose sugars to the mitotic
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endosperm cells during the early stages of grain tissue development (Weschke et
al. 2003).

In contrast to KKO04, the full-length coding sequence of the KKO06
candidate was successfully isolated. The high levels of sequence similarity seen
between KK06 and the HSP70-2 proteins found in both humans and mice may
provide clues as to its role and explain why it was so abundant in the Chinese
Spring PM-LP gels in Chapter 2. Previous studies have shown that the HSP70-2
protein of both mammalian species form part of the synaptonemal complex during
spermatogenesis and are vital for disassembly of the synaptonemal complex
(Allen et al. 1996, Dix et al. 1996, Dix et al. 1997, Zakeri et al. 1988). Thus the
KKO06 candidate isolated may possibly play a similar role in bread wheat.

Nullisomic-tetrasomic Southern blot analyses revealed that KK01, KK03
and KK04 were not located within the phlb or ph2a deletion regions. Although
KKO06 was present on chromosome group 5 with a copy on all three genomes,
genotype Southern blots (as well as in silico rice-wheat synteny mapping)
revealed that this candidate is located outside of the phlb deletion region. When
taken into account with the proteomics results of Chapter 2, these results can be
used to decipher the proteomics data. For the case of KKO01 that was only present
in the PM-LP sample of the wild-type, this indicates that KKO1 is either directly
or indirectly regulated by a combination of elements encoded by both the Ph loci
or that the KKO1 protein levels are severely affected in mutants with
homoeologous pairing phenotypes. Similarly, when the KK06 mapping and
proteomics results are considered together, the data suggests that KK0O6 may also
be directly or indirectly regulated by a combination of elements from both Ph loci

where the absence of either locus leads to reduced levels of the KKO06 protein. The
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data from this component of work also indicated that KKO4, that resides on
chromosome group 1 and is only present in the PM-LP ph2a gels, may possibly
be mis-regulated in the absence of the Ph2 locus leading to ectopic expression in
the PM-LP stage of the ph2a mutant.

Q-PCR expression analysis of the four candidates was performed to
determine whether their transcript profiles could be correlated to the presence of
their respective spots in the proteomics data of Chapter 2. While the presence of
the KKO1 spot being present in the PM-LP Chinese Spring gels is explained by
the high levels of KKO1 expression during PM-LP, the absence of the KKO01 spot
in the TI-TIl stage gels was at odds with the Q-PCR data that detected KKO1
transcripts at levels similar to the PM-LP stage (Figure 3.6 A). This could be due
to post-transcriptional regulation of the mRNA transcripts resulting in no KK01
protein being produced in the TI-TIlI sample. Indeed, such differences in gene
expression and protein levels have previously been reported and are not
uncommon (reviewed by Waters et al. 2006, and references therein). KKO1
expression was also detected in the PM-LP stage of both ph mutants albeit at
significantly lower levels (Figure 3.6 A) which may have resulted in the KKO01
protein being produced at levels that were too low to detect in Chapter 2. This
may explain the absence of the KKO01 spot in the PM-LP stage gels of both ph
mutants as well as strengthen the hypothesis that the KKO1 candidate is
directly/indirectly regulated by a combination of elements from both these loci
and that KKO1 protein levels are severely affected in these mutants. The KK03
candidate expression profile fits its putative role as a SF21C1 pollen-specific gene
as it showed increased transcript levels as meiosis progressed from PM-LP to the

TI-TII stage in wild-type (Figure 3.6 B). This data was in agreement with the
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proteomics data that showed that the KKO03 protein was only present in the TI-TlI
gels. In contrast to the proteomics data where the KK04 spot was only present in
the PM-LP stage ph2a gels, KK04 expression levels were relatively similar
between both stages of the wild-type and the PM-LP stage of the ph2a mutant but
was significantly lower in the phlb mutant (Figure 3.6 C). This conflicting gene
expression and proteomics data may be explained by post-transcriptional
regulation of the KKO04 transcript (leading the KKO04 transcript to only be
translated in the ph2a mutant). Both the proteomics data and the Q-PCR
expression profile of KKO6 fit its putative function as a HSP70-2 variant that may
form part of the synaptonemal complex and regulate chromosome desynapsis
during early meiosis as it is highly expressed during the PM-LP stage of wild-type
and reduces significantly during the TI-TII stage (Figure 3.6 D). The significantly
reduced levels of KKO6 transcript seen in both ph mutants again reaffirms the
hypothesis that this gene may be directly/indirectly regulated or affected by the
actions of a combination of elements encoded by both Ph loci. Both the
similarities and differences in the proteomics and Q-PCR expression datasets of
all four candidates highlights the need to study cellular processes at the protein
level and that much more research must be conducted before we can truly grasp
the complexities of gene transcription and translation.

While heterologous expression and purification of the KKO01 and KKO06
full-length candidates were straightforward, KK03 could not be purified even
though induction of protein production was successful. The SDS-PAGE results
showed that the KKO03 candidate protein did not bind to the Ni-NTA column and
that any residual KKO3 protein was washed out in the first wash step. The

inability of the 6xHis-tag to bind to the Ni-NTA column could have been caused
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by the 6xHis-Tag interacting with a region of negatively-charged amino acid
residues within the KKO3 protein (thus becoming unavailable for ligand
interaction with the Ni-NTA resin). An alternative approach using a glutathione-
S-transferase (GST) tag instead of the 6xHis-tag could have overcome this
problem. However, due to time constraints, this alternative approach was not
investigated.

The results of the DNA-binding assays confirmed the putative functions of
KKO01 and KKO6 in vitro. Similar to some MATH-BTB domain proteins, KK01
interacts with DNA (Figure 3.10 A). Although KKO01 preferentially bound ssDNA
in the competitive DNA-binding assay, it is possible that KKO1 is able to interact
much more strongly with dsDNA in planta through protein-protein interactions
with partner proteins that were not present in the assay. The slight shift of the
dsDNA species at high concentrations of KKO1 protein indicates that it does
weakly interact with dSDNA when present alone. In contrast, the KK06 protein
product interacts with both species of DNA indiscriminately regardless of the
protein concentration used in vitro (Figure 3.10 B). The ability to interact with
both species of DNA suggests that it could be a component of the synaptonemal
complex and that it may interact with chromatin during early meiosis. Now that
the basic characterisation of the KK01 and KKO06 candidate proteins have been
completed and their putative functions of DNA-binding confirmed in vitro, future

work can focus on characterising the functions of both these proteins in planta.
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Chapter 4 — Poor homologous synapsis 1 (PHS1) interacts

with chromatin but does not co-localise with ASYnapsis 1

(ASY1) during early meiosis in bread wheat
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Abstract

Background
Chromosome pairing, synapsis and DNA recombination are three key processes

that occur during early meiosis. A previous study of Poor Homologous Synapsis 1
(PHS1) in maize suggested that PHS1 has a role in coordinating these three
processes.

Results

Here we report the isolation of wheat (Triticum aestivum) PHS1 (TaPHS1), and
its expression profile during, and post-meiosis. While the TaPHS1 protein has
sequence similarity to other plant PHS1/PHS1-like proteins, it also possesses a
unique region of oligopeptide repeat units. In addition, we show that TaPHS1
interacts with both single- and double-stranded DNA in vitro, and provide
evidence of the protein region that imparts the DNA-binding ability.
Immunolocalisation data from assays conducted using an antibody raised against
TaPHS1 clearly show that TaPHS1 associates with chromatin during early
meiosis, with the signal persisting beyond chromosome synapsis. Furthermore,
TaPHS1 does not appear to co-localise with the asynapsis protein — TaASY1 —
possibly suggesting that these proteins are independently coordinated.
Conclusions

Significantly, the data from the DNA-binding assays and 3-dimensional
immunolocalisation of TaPHS1 during early meiosis indicates that TaPHS1
interacts with DNA — a function not previously observed in either the Arabidopsis
or maize PHS1 homologues. As such, these results provide new insight into the

function of PHS1 during early meiosis in bread wheat.
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Background
For the majority of sexually reproducing organisms, meiosis is a cellular process

required for gamete formation, and is composed of one round of DNA replication,
followed by two rounds of chromosome division. During meiosis I, a reductional
division event leads to the segregation of homologous chromosome pairs while an
equational division during meiosis Il leads to the segregation of the sister
chromatids.

For the successful juxtaposition of homologous chromosomes, three key
processes occur during prophase I, namely pairing, synapsis and recombination.
Previous studies investigating the molecular mechanisms of homologous
chromosome pairing have revealed complex interplay between these three tightly-
linked processes (Armstrong et al. 2001, Chen et al. 2004, Higgins et al. 2005,
Kerzendorfer et al. 2006, Martinez-Pérez et al. 2003).

In allopolyploid organisms such as bread wheat (Triticum aestivum),
correct alignment and pairing of homologous chromosomes is complicated by the
presence of genetically similar genomes, known as homoeologous genomes.
Although bread wheat possesses three homoeologous genomes (termed A, B and
D), meiosis proceeds as if the organism is a diploid, in that pairing only occurs
between homologous chromosomes from the same genome (Able et al. 20009,
Able and Langridge 2006, Able et al. 2007, Moore and Shaw 2009, and
references within). This strict pairing interaction between homologous
chromosomes has previously been shown to be controlled by Pairing
homoeologous (Ph) loci (Riley and Chapman 1958, Sears 1977). The most
extensively studied of these loci is the Phl locus located on the long arm of
chromosome 5B. While the molecular mechanism by which the Phl locus

operates is still subject to intensive research, Phl appears to indirectly promote
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homologous chromosome pairing by suppressing homoeologous chromosome
interactions through regulation of the specificity of chromosome interactions at
centromeric and telomeric regions (Martinez-Pérez et al. 2001, Prieto et al. 2004).

In phl deletion mutants, the chromatin is prematurely and asynchronously
remodelled, leading to abnormal chromosome conformation that results in
increased interactions between homoeologous chromosomes (Colas et al. 2008,
Prieto et al. 2004). These mutants also display other meiotic defects such as the
arrest of synapsis during zygotene and the presence of uncorrected multiple axial
element associations, which in wild-type are normally corrected prior to entry into
pachytene (Holm 1988, Holm and Wang 1988). While the deletion region in the
phlb mutant is extensive, the Phl locus has recently been refined to an area that
contains, among other genes, seven Cyclin-dependent kinase-like (Cdk-like) genes
(Al-Kaff et al. 2008, Griffiths et al. 2006).

Our current knowledge of other meiotic genes mostly comes from research
on model species such as yeast and Arabidopsis. However, putative homologues
of many of these genes have also been identified in the cereals (Bovill et al.
2009). Some of the early meiotic genes characterised in various plant species
include ASY1 (ASYnapsis 1) (Boden et al. 2009, Boden et al. 2007, Caryl et al.
2000, Nonomura et al. 2004, Ross et al. 1997), RAD51 (RADiation sensitive 51)
(Bleuyard et al. 2005, Li et al. 2007) and PHS1 (Poor Homologous Synapsis 1)
(Pawlowski et al. 2004, Ronceret et al. 2009). In wheat, ASY1 (TaASY1) is
involved in chromosome synapsis and promotes homologous chromosome pairing
during meiosis | (Boden et al. 2009, Boden et al. 2007). Interestingly, Taasyl
knock-down mutants have been reported to display defective chromosome

characteristics similar to that of the phlb mutant (Boden et al. 2009). In the
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absence of Phl, the expression of TaASY1 is approximately 20-fold higher
compared to wild-type while the localisation of its protein product is also affected.
This indicates that TaASY1 is intimately involved in the Ph1-dependent control of
chromosome pairing in wheat (Boden et al. 2009, Moore and Shaw 2009).

PHS1 was first identified in a Mutator transposon-mutagenised maize
population, with no known homologues in yeast or other non-plant species
(Pawlowski et al. 2004). While phenotypic analysis of the phsl-0 mutant by
Pawlowski et al. (Pawlowski et al. 2004) revealed no vegetative defects, meiosis
was disrupted resulting in male and female sterility. Transmission electron
microscopy of meiotic spreads from Zmphs1-0 meiocytes revealed significantly
reduced levels of synapsis during zygotene and improper alignment of the
chromosomes in the synapsed regions observed. Additionally, the chromosomes
showed synapsis with multiple partners. Coupled together with results of their
fluorescent in situ hybridisation (FISH), the data indicated that non-homologous
chromosome synapsis was present in the Zmphs1-0 mutant.

FISH results from recent work by Ronceret et al. (Ronceret et al. 2009) on
the Arabidopsis homologue of PHS1 (AtPHS1) showed that PHS1 appears to
function in a similar manner in different species independent of genome size and
complexity. Chromosome axis formation and installation of the synaptonemal
complex components in both wild-type and phsl mutant cells of Arabidopsis and
maize appeared similar albeit with ZYP1 loading being delayed in some instances
(Ronceret et al. 2009). Immunolocalisation in Arabidopsis and maize revealed
that PHSL1 is located within the cytoplasm during the early stages of meiosis with
some foci clustered along the nuclear envelope during zygotene and present in the

nucleus during pachytene. With a reduced number of RAD50 foci observed in the
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nuclei of the phsl mutants, Ronceret and colleagues (Ronceret et al. 2009)
concluded that PHS1 regulates meiotic recombination and chromosome pairing by
controlling the transport of RAD50; a protein which is required during double-
strand break processing.

Our analysis of the PHS1 protein in bread wheat, provides evidence that
TaPHS1 possesses DNA-binding capabilities even though no known DNA-
binding domains were identified in silico. Our data also show that PHS1 is up-
regulated in the phlb bread wheat mutant when compared to wild-type, and that
TaPHSL1 is associated with chromatin and is present on the nucleolar periphery
during the early stages of meiosis as indicated through immunolocalisation
analysis using an antibody that was raised against the full-length wheat PHS1

protein.

Results

PHS1 is highly similar across plant species and in wheat it encodes a
predicted protein product with a unique oligopeptide repeat sequence

PCR amplification from whole meiotic spike cDNA using the primers listed in
Table S1 (Additional Information File 1) resulted in the isolation of TaPHS1
which has a 1071 bp ORF. This encodes a 357 amino acid protein with a
predicted molecular weight of 38.958 kD and a pl of 5.23. Despite no nuclear
localisation signal (NLS) peptides being detected within the TaPHS1 amino acid
sequence using SignalP 3.0, WoLF PSORT analysis predicted that TaPHS1 is
most likely to be located within the cell nucleus. Using AlignX, comparative

amino acid sequence analysis of full-length annotated PHS1 or PHS1-like
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proteins obtained through database searches (refer to Methods) showed that
TaPHS1 shared relatively high levels of sequence identity with its homologues in
other species (Sorghum bicolor [SbPHS1] — 53.6%; Zea mays [ZmPHS1] —
51.2%; Oryza sativa [OsPHS1] — 41.4%; and Arabidopsis thaliana [AtPHS1-like]
— 21.5%). We propose that there are four prominent regions within the PHS1
amino acid sequence that are well-conserved (Figure 1A). While a portion of
Region 2 (corresponding to amino acid positions 99 — 145 of TaPHS1) was
previously identified to contain two conserved domains (Pawlowski et al. 2004),
inter-species comparisons made in the current study suggest that this conserved
region can now be extended by 11 amino acid residues toward the N-termini of
PHSL1 proteins in monocot species (Figure 1A, dashed line). In addition there is a
short region of oligopeptide repeats from position 242 to 265
[YSGFPEGYSGFPEGYSGFPEGYSG] unique to TaPHS1 (Figure 1A, boxed
feature).

To assess the phylogenetic relationships between the five homologues
shown in Figure 1A, a neighbour-joining tree was constructed using the full-
length amino acid sequences (Figure 1B). As expected, Arabidopsis is the most
divergent, while sorghum and maize share a higher degree of similarity with one
another. Although wheat and rice fall within the same cluster, the internal branch
length difference between the two species suggests that a significant level of
sequence divergence has occurred. To determine whether other PHS1 sequences
could be identified in the public databases, the more sensitive Hidden Markov
Model (HMM) and MaxHom functions of the PredictProtein program were used.
Three additional sequences were identified that were similar to TaPHS1, and all

from dicot species; namely poplar (Populus trichocarpa) (E-value: 7E"), grape
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(Vitis vinifera) (E-value: 7E®) and castor oil (Ricinus communis) (E-value: 2E
Y. The addition of these three sequences to the phylogenetic analysis shows that
they cluster with Arabidopsis, the only other dicot species (Figure 1C).

Southern blot analysis showed that TaPHS1 is located on chromosome
group 7, with a copy on each of the three genomes (Figure 2). In silico mapping
revealed that TaPHS1 is likely to reside on the short-arm of this chromosome
group (Bin 7AS8-0.45-0.59, data not shown). To determine this, rice genetic
markers that are located close to OsPHS1 (on rice chromosome 6) were used to
screen wheat deletion bins. One marker previously bin-mapped to wheat
chromosome group 7 [GenBank: BE404111.1] was identified to be approximately

35 kb from OsPHS1.

TaPHS1 interacts with DNA and is expressed during meiosis

Previously reported homology searches using the maize PHS1 protein revealed
low levels of sequence similarity with two families of fungal helicases, possibly
indicating that PHS1 may interact with DNA (Pawlowski et al. 2004). However,
extensive in silico amino acid analysis of TaPHS1 revealed that it has no known
conserved DNA-binding domains. To determine whether TaPHSL1 interacts with
DNA, a competitive DNA-binding assay using recombinant TaPHS1 extracted
under native conditions was conducted (Figure 3A). Interactions occurred with
both single-stranded DNA (ssDNA) and double-stranded DNA (dsDNA).
Interestingly there appears to be a higher affinity for sSDNA with a dsSDNA shift
only occurring at higher concentrations of TaPHS1. Competitive DNA binding
assays using partial TaPHS1 peptides corresponding to the four prominent

conserved regions identified in this study revealed that only Region 1 possesses
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DNA-binding capabilities (Figure 3B-E). Region 1, like the full-length TaPHS1
protein, appears to have a higher affinity for ssDNA compared to dsDNA.
Sequence analysis of Region 1 shows that it contains two S/TPXX motifs (TPPP
— amino acid positions 46 to 49; and SPAA — amino acid positions 71 to 74 ),
which have previously been reported to bind DNA (Suzuki 1989).

Quantitative real-time PCR (Q-PCR) profiling of TaPHS1 in wild-type
Chinese Spring shows that it has relatively low transcript abundance during
meiosis (Figure 4). Although TaPHS1 is expressed in wheat anther tissue
throughout all stages of meiosis examined and beyond, peak expression occurs
during pre-meiotic interphase and immature pollen. Between the pooled stages of
leptotene-pachytene and diplotene-anaphase I, there is no statistically significant
difference in TaPHS1 expression. Given that Boden et al. (Boden et al. 2009)
demonstrated that the TaASY1 transcript was significantly up-regulated in a phlb
background when compared to wild-type (approximately 20-fold), we also
investigated transcription levels of TaPHS1 in the phlb mutant. While not as
dramatic as that reported in Boden et al. (Boden et al. 2009), TaPHS1 was also
up-regulated in the phlb mutant when compared to wild-type but by between 1.5-

fold (pre-meiosis) and 2-fold (leptotene-pachytene) (Figure 4).

TaPHS1 is localised in the nucleus and associates with chromatin during
early meiosis

3D-immunolocalisation of TaPHS1 in wild-type wheat meiocytes shows that it
associates with chromatin during early meiosis (Figure 5A-F). While the signals
of both TaPHS1 and TaASY1 were located within close proximity of each other,

the two proteins do not appear to co-localise (e.g. merged panel of Figure 5F). In

addition to its association with chromatin, the TaPHS1 signal was also observed at
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the nucleolus (Figure 5B-E). This labelling of the nucleolus appears to be on the
surface, with a greater signal intensity seen at the nucleolar periphery. From the
images presented, this signal appeared most intense during early to late zygotene
(Figure 5C-E). In general, the TaPHS1 signal appeared either as diffuse tracts
and/or punctated foci that follow the chromatin, unlike the distinct continuous
tracts of TaASY1. The TaPHSL1 signal was observed from the telomere bouquet
stage and persisted on the chromatin until late pachytene where it faded. Although
TaPHS1 was not detected on the chromatin in diplotene cells, detection of a weak
signal was still observed in the cytoplasm in what appeared to be randomly

distributed foci (Figure 5G).

Discussion
This study has reported the isolation and characterisation of PHS1 from hexaploid

wheat, with the amino acid sequences of TaPHS1 being relatively well-conserved
when compared with homologues in other plant species. In silico analysis of the
TaPHS1 amino acid sequence suggests that it does not contain any known nuclear
localisation signal (NLS) peptide motif. However, predictions using WoLF
PSORT show that TaPHSL1 fits the profile of a nuclear protein. In addition, the
immunolocalisation results (Figure 5) show that TaPHS1 localises to the nuclei of
wheat meiocytes in vivo. These results together indicate that TaPHS1, and its
homologues, might possess an uncharacterised NLS motif. Alternatively, the
PHS1 protein may be transported into the nucleus by a yet unknown process
and/or protein. Given that Region 4, referred to as the CR2 region in Ronceret et
al. (Ronceret et al. 2009), has been identified as a putative SUMOylation site;

there may be no requirement for an NLS motif. Previously, post-translational
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modifications such as SUMOylation have been shown to enable transport of
proteins from the cytoplasm into the nucleus (de Carvalho and Colaiacovo 2006).
Sequence alignments of TaPHS1 with PHS1 and PHS1-like proteins of
four other species obtained from BLAST searches revealed that PHS1 is more
similar between the cereal plants than Arabidopsis (Figure 1A and 1B). This was
not unexpected as the cereals are monocots while Arabidopsis is a dicot. In
addition, the Arabidopsis PHS1-like sequence contained an additional sixty-one
amino acid residues on the C-terminal end that was not present in the four
monocot species. With the addition of three more dicot PHS1/PHS1-like
sequences, individual monocot and dicot branches were still maintained.
However, a high level of divergence between the wheat and rice PHS1 sequences
was evident (Figure 1C). A possible explanation for this is that rice is a diploid
organism while wheat is a hexaploid. PHS1 proteins in the two species may have
evolved to function differently, as is suggested by the presence of the TaPHS1-
specific oligopeptide repeat units from position 242 to 265 (Figure 1A, boxed
feature). Even when compared with maize and sorghum, both of which are
tetraploid (albeit with maize being a cryptic tetraploid), the rice PHS1 sequence is
significantly different. PHS1 may have evolved to function differently according
to the ploidy number, and consequently genome complexity, of each species. A
less likely explanation for this sequence divergence is that the rice PHS1
sequence, which is putatively annotated as a PHS1 protein, is not a true PHS1
homologue but instead a PHS1-like protein. However, this seems improbable for a
number of reasons. Firstly, the rice genome has been sequenced and exhaustive
BLAST searches identified OsPHS1 as the most significantly similar match to

both TaPHS1 and ZmPHS1 at the nucleic and amino acid level. Secondly, the in
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silico mapping identified a rice marker on rice chromosome 6 approximately 35
kb away from OsPHS1 that is syntenous to a marker that has been bin-mapped to
the short-arm of wheat chromosome 7. Finally, it has been documented across
different organisms that there can be significant variance between the amino acid
sequences of protein equivalents involved in meiosis, even though the function
may be conserved (see Able et al. 2009; and references within).

The importance of the aforementioned oligopeptide repeat units unique to
TaPHS1 remains to be determined. These repeats could be either three tandem
hepta-peptide units [YSGFPEG] that span positions 242 to 262, or a series of
alternating tri-peptide [YSG] and tetra-peptide [FPEG] units that span positions
242 to 265. Comprehensive in silico database searches using amino acids 242 to
265 resulted in no significantly similar matches with any repeats reported to date.
As single oligopeptide units; the tri-peptides, tetra-peptides, and hepta-peptides
are relatively short and may therefore not form any independent structural units.
However, when arranged successively, these oligopeptide units may form a
regular repeating structure within TaPHS1, as has previously been reported in
other proteins (Katti et al. 2000). Based on previously reported amino acid
nomenclature by Yoder et al. (Yoder et al. 1993), the glutamic acid (E) and
glycine (G) residues on the end of the hepta-peptide unit [YSGFPEG] could
represent turn-residues that link the hepta-peptides together, allowing the units to
stack on top of each other. This series of oligopeptides may therefore impart a
slightly different structure, and possibly function, for TaPHS1 when compared to
the rest of the PHS1/PHS1-like proteins that lack these oligopeptide repeat units.

Although two conserved domains have been previously described for

PHS1 (Pawlowski et al. 2004), we have not only shown these to be part of one
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conserved region across species but that this region is only one of four conserved
regions within the amino acid sequences investigated. The four conserved regions
reported here, termed Region 1 to 4, are in contrast to the two conserved regions,
termed CR1 and CR2, reported by Ronceret et al. (Ronceret et al. 2009). Regions
2 and 4 identified in this study approximately correspond with CR1 and CR2.
Discrepancies in the lengths of the conserved regions identified in the two studies
are most likely artefacts of the differing alignment algorithms used; in addition to
the fact that only full-length annotated transcripts of PHS1 were used in this
study. In silico searches of protein databases revealed that TaPHS1 does not have
any known conserved DNA-binding domain that has been reported to date.
Irrespective, the results of the DNA-binding assays in this study (Figure 3A and
B) and the immunolocalisation of TaPHS1 to chromatin (Figure 5) clearly show
that TaPHS1 does have DNA-binding capabilities. In the presence of equivalent
amounts of ssSDNA and dsDNA, TaPHS1 appears to preferentially bind ssDNA in
vitro but will also bind dsDNA when the protein is present at higher
concentrations. Furthermore, we have shown that Region 1 appears to be
responsible for the DNA-binding ability (Figure 3B). Although the retardation of
the DNA is less significant, this can be attributed to the reduced size of the
Region 1 partial peptide in comparison to that of the full-length TaPHS1 protein
(5.854 kD vs. 38.958 kD). Other regions within TaPHS1 may also be required to
further enhance the DNA-binding capabilities of Region 1. Although
bioinformatic analysis of Region 1, and indeed the full-length TaPHS1, failed to
identify any conserved DNA-binding domains, two S/TPXX DNA-binding motifs
previously identified by Suzuki (Suzuki 1989) are located within Region 1 (TPPP

— amino acid positions 46 to 49; SPAA — amino acid positions 71 to 74 ). Region
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1 could therefore possibly represent a novel DNA-interaction domain. Our
immunolocalisation data suggests that TaPHS1 is closely associated with
chromatin (and therefore dsDNA) in vivo during early meiosis. TaPHS1 may
require a currently unknown protein partner (one that is not present in the in vitro
DNA binding assay) to facilitate its ability to interact with dsSDNA in vivo.

Although the Q-PCR profiling suggests TaPHS1 is a transcript of
relatively low abundance in the cell, some significant differences were detected
during the stages examined, as well as between the wild-type Chinese Spring and
phlb mutant. While the same general trend of expression is observed in both
wild-type and the phlb mutant, TaPHSL1 is up-regulated in the mutant background
by approximately 1.5-fold in pre-meiosis, 2-fold in both leptotene-pachytene and
diplotene-anaphase I, and 1.5-fold in immature pollen. This 2-fold increase in
expression during early meiosis may suggest that the Phl locus could directly or
indirectly affect TaPHSL1.

The presence of substantial TaPHS1 signal within the nucleoli of early-
stage meiocytes may indicate that TaPHSL1 is sequestered to the nucleolus either
for degradation or storage until required as has been shown for other proteins
(reviewed by Carmo-Fonseca et al. 2000, Olson et al. 2000). Hypothetically,
should PHS1 act as a direct physical shuttling protein (as indicated but not
favoured by Ronceret and colleagues (Ronceret et al. 2009)) that transports
specific meiotic proteins into the nucleus, it is likely that it may then be
sequestered to the nucleolus for degradation or to undergo further post-
translational modifications to mark it for return to the cytoplasm so that PHS1
molecules can be reused. TaPHS1 may also have a role within the nucleolus given

its intense signal. Such a role has been shown for the yeast meiosis-specific
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pachytene checkpoint (PCH2), which is sequestered to the nucleolus and prevents
HOP1 (the yeast homologue of TaASY1) from entering the nucleolus (San-
Segundo and Roeder 1999). Given the lack of TaASY1 signal and the intensity of
TaPHS1 in the nucleolus, a similar role to PCH2 may be played by TaPHSL1.
Clearly, TaPHS1 and TaASY1 do not co-localise with one another, even though
our immunolocalisation data shows that both these proteins are loaded and
associated with the chromatin at the same time during early meiosis in bread
wheat. The association between these two proteins appears to be particularly
pronounced during late-zygotene to pachytene (Figure 5E, F). Could it be that
TaPHS1 is involved in a pachytene check-point mechanism to ensure that only
homologous chromosomes have paired and recombined? Another intriguing result
is that the TaPHS1 signal profile appears as faint tracts with punctate foci along
regions of the chromatin. Do these punctate foci denote possible recombination
sites where TaPHS1 may be loading the recombination machinery? This is
plausible as previous reports of recombination proteins including RAD51
(Franklin et al. 1999), RAD50 (Ronceret et al. 2009) and MLH3 (Jackson et al.
2006) localise to chromatin as foci. A second question is whether the diffuse
tracts of TaPHS1 provide clues to suggest a direct role for TaPHS1 in homology
searching (in wheat at least) as previously suggested by both Pawlowski et al.

(Pawlowski and Cande 2005) and Ronceret et al. (Ronceret et al. 2009).

Conclusions
In concluding, the data that we have presented clearly demonstrate that TaPHS1

has an important and possible novel role during the early stages of wheat meiosis.

Data from the DNA-binding assays as well as 3-dimensional immunolocalisation
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of TaPHSL1 during early meiosis in wild-type cells indicate that TaPHSL1 interacts
with DNA — a function not previously observed in the Arabidopsis and maize
PHS1 homologues. The localisation signal profile of TaPHS1 may indicate that it
is a direct transporter of other meiotic proteins into the nucleus and that it could
have a role in homology searching. While the role(s) of this protein are yet to be
fully understood, we are currently in the process of generating Taphsl knock-
down and TaPHS1 over-expression mutants to further elucidate the meiotic

function in bread wheat.

Methods

Plant material
Hexaploid wheat (Triticum aestivum L.) cv. Chinese Spring plants and a Chinese

Spring mutant lacking the Phl locus (phlb) were grown in a glasshouse with a
16/8 h photoperiod at 23°C. Harvesting and staging of meiotic anthers from both
wild-type and mutant plants, for quantitative real-time PCR (Q-PCR) and
fluorescence immunolocalisation, were conducted as per Boden et al. (2009).
Whole meiotic spike tissue was collected for the isolation and amplification of the

gDNA and cDNA Triticum aestivum PHS1 (TaPHS1) sequences.

RNA isolation and cDNA synthesis
Collected tissues for RNA isolation were initially ground in liquid nitrogen. Total

RNA was extracted using Trizol reagent (Gibco-BRL, Carlsbad, CA, USA)
according to the manufacturer’s instructions. RNA concentration was determined

using a Nanodrop (ND-1000) (Nanodrop, Wilmington, DE, USA). cDNA was
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synthesised from 2 pg of total RNA using the iScript cDNA synthesis kit (Bio-

Rad, Hercules, CA, USA) according to the manufacturer’s instructions.

cDNA amplification and sequencing of the PHS1 coding sequence
Primers (see Table S1) for isolating the TaPHS1 ORF were designed using the

OsPHS1 sequence (LOC_0s06g27860, MSU Rice Genome Annotation database -

http://rice.plantbiology.msu.edu) identified through a TIGR rice expressed

sequence tag (EST) BLAST search (accessed 21% October 2008).

Each PCR contained 100 ng cDNA, 0.2 mM dNTPs, 0.2 uM primers, 1U
FastStart high fidelity Taq polymerase (Roche Applied Science, Mannheim,
Germany) in 25 pL of 1x high fidelity buffer supplemented with 1x GC-RICH
solution (Roche). PCR products were cloned into pCR8/GW/TOPO (Invitrogen)
for DNA sequencing (15x coverage). Sequencing PCR and capillary separation
was conducted using the same methods as described earlier except that GW1 and
GW?2 primers were used (see Table S1). Secondary sets of primers were designed
on the sequenced products to specifically amplify the TaPHS1 ORF.
Amplification and sequencing was repeated as above. PCR cycling parameters
were denaturation at 95°C for 5 min, followed by 35 cycles of 96°C for 30 s,
Tm°C for 30 s, 72°C for 75 s, with a final elongation step at 72°C for 10 min (see
Table S1 for T, of primer sets). The assigned NCBI accession number for

TaPHS1 is GQ851928.

Bioinformatics analysis
DNA sequence alignments and comparisons were conducted with AlignX and

Contig Express (Informax, VNTI Advance, Version 11, Frederick, MC, USA)
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software programs. VNTI software was also used to predict the molecular weight
and pl of the protein. To predict the cellular localisation of TaPHS1, SignalP 3.0

(http://www.cbs.dtu.dk/services/SignalP/) (Bendtsen et al. 2004) and WOoLF

PSORT (http://wolfpsort.org/) (Horton et al. 2007) were used; while detection for

conserved domains was performed using the NCBI Conserved Domain Search

Tool (http://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsh.cqgi), InterPro Scan

(http://www.ebi.ac.uk/Tools/InterProScan/) and Pfam 23.0

(http://pfam.janelia.org/). Amino acid alignments and comparisons of full-length

PHS1 sequences (obtained from various BLAST searches using the NCBI, TIGR,

and PredictProtein [http://www.predictprotein.org/; (Rost et al. 2004)] databases),

and subsequent construction of the phylogenetic tree (neighbour-joining method)
(Saitou and Nei 1987) was completed using Molecular Evolutionary Genetics
Analysis (MEGA) software (version 4.0) (Tamura et al. 2007). Default
parameters were used except for the following: the pair-wise deletion option was
used, the internal branch test bootstrap value was set at 10,000 re-samplings, and
the model setting was amino acid: Poisson correction with predicted gamma
parameters set at 2.0. Accession numbers of the sequences used were: Ta
[GenBank: GQ851928]; Sb [TIGR EST assemblies: TA33290 4558]; Zm
[GenBank: NP _001141750]; Os [MSU Rice Genome Annotation:
LOC_0s06g27860]; At  [GenBank: NP_172541]; Pt  [UniProtKB:
BOHTU7 _POPTR]; Vv [UniProtKB: A7QYO03 VITVI]; and Rc [UniProtKB:

B9SPJ5_RICCO].
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Southern blot hybridisation
A 371 bp fragment of the TaPHS1 gene was used as the template for the synthesis

of an o-**P dCTP labelled probe that was hybridised to a Chinese Spring
nullisomic-tetrasomic membrane as per Lloyd et al. (Lloyd et al. 2007).
Autoradiography films were developed using an AGFA CP1000 Developer
(AGFA, Nunawading, VIC, Australia). For in silico mapping experimental

procedures refer to Additional Information File 1.

Q-PCR
Q-PCR was conducted in triplicate according to Crismani et al. (Crismani et al.

2006). Amplification of products was completed using gene specific Q-PCR
primers (see Table S1 in Additional Information File 1). The optimal acquisition

temperature for TaPHS1 was 80°C.

Protein analysis
The TaPHS1 insert within the pCR8/GW/TOPO vector was cloned into a

pDEST17 expression plasmid (Invitrogen) according to the manufacturer’s LR
clonase protocol. BL-21 Al E. coli were transformed with the pDEST17-TaPHS1
ORF vector, and protein production was induced with 0.4% L-(+)-arabinose (w/v)
(Sigma-Aldrich, St Louis, MO, USA). Production of four partial TaPHS1 peptides
corresponding to the four conserved regions identified in this study were also
performed as described above using DNA inserts encoding these regions. Protein
isolation and purification was performed using nickel-nitrilotriacetic acid (Ni-
NTA) beads (Qiagen, Clifton, VIC, Australia) according to the manufacturer’s
extraction protocols. Sodium dodecyl sulfate polyacrylamide gel electrophoresis

(SDS-PAGE) was performed using NUPAGE Novex 4-12% Bis-Tris 7 cm mini-
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gels (Invitrogen) according to the manufacturer’s protocol. Staining and
destaining of gels were performed as previously reported (Wang et al. 2007).

The identity of the recombinant TaPHS1 protein was confirmed by ion
trap liquid chromatography-electrospray ionisation tandem mass spectrometry
(LC-MS/MS). Gel slices containing the recombinant TaPHS1 protein were
washed with 100 mM ammonium bicarbonate, dried, rehydrated with 100mM
ammonium carbonate and subjected to in-gel tryptic digestion. LC-MS/MS of the
digested peptides was then conducted as reported by March et al. (March et al.

2007).

Polyclonal antibody production
Full-length recombinant TaPHS1 protein was dissolved in 1x PBS (10 pg pL™),

added with an equivalent amount of Freund's complete adjuvant (Sigma-Aldrich)
and used for primary immunisation of two rats via subcutaneous injection. Three
subsequent immunisations were administered in three-week intervals, with
Freund's incomplete adjuvant (Sigma-Aldrich) added to the dissolved antigen in
1x PBS. All immunisation doses contained 200 pug of TaPHS1 antigen. Immune

sera was collected 10.5 weeks after the first injection.

Competitive DNA binding assay
Recombinant full length TaPHS1 and the four partial peptides extracted under

native conditions were quantified using the Bradford assay (Bradford 1976).
Competitive DNA binding assays were conducted as described by Pezza et al.
(Pezza et al. 2006) with modifications as per Khoo et al. (Khoo et al. 2008). The

DNA binding abilities of TaPHS1 and its partial peptides were tested with ®X174
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circular single-stranded DNA (ssDNA) (virion) (30 puM per nucleotide) (New
England Biolabs, Beverly, MA, USA) and ®X174 linear double-stranded DNA

(dsDNA) (RFI form Pst1-digested) (15 uM per base pair) (New England Biolabs).

Fluorescence immunolocalisation
Fluorescence immunolocalisation of TaASY1 and TaPHS1 was performed as per

Franklin et al. (Franklin et al. 1999) and Boden et al. (Boden et al. 2009) with the
following changes: anthers were fixed with 2% paraformaldehyde and cells
permeabilised for 3 h. For detecting the localisation pattern of TaPHS1, a rat anti-
TaPHS1 antibody (1:100) and an AlexaFluor® 488 conjugated donkey anti-rat
antibody (1:50; Molecular Probes, Invitrogen) was used. Optical sections (90-120
per nucleus) of meiocytes were collected using a Leica TCS SP5 Spectral

Scanning Confocal Microscope (Leica Microsystems, http://www.leica-

microsystems.com/) equipped with an oil immersion HCX Plan Apochromat 63 x

/1.4 lens, a 405 nm pulsed laser and an Argon laser using an excitation
wavelength of 468 nm. Images were processed using Leica Application Suite
Advanced Fluorescence (LAS-AF; wversion 1.8.2, build 1465, Leica
Microsystems) software to generate maximum intensity projections of each

nucleus.
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Figures

Figur_e 1 - The PHS1 amino acid sequence is well-conserved across plant
species.

(A) Alignment of TaPHS1 with four homologues shows high levels of sequence
conservation. Amino acid positions that are conserved across at least three
species, using the TaPHS1 amino acid sequence as the reference, are denoted by a
‘+’ above. Four conserved regions were identified within the PHS1 protein and
may represent functional domains: Region 1 (unbroken line), Region 2 (dashed
line), Region 3 (dotted line) and Region 4 (dashed-dotted line). Oligopeptide
repeat units (denoted by box) unique to TaPHS1 are also highlighted. Ta —
TaPHSL1, Sb — SbPHS1, Zm — ZmPHS1, Os — OsPHS1 and At — AtPHS1-like (see
Methods for accession numbers). (B) The evolutionary history of TaPHS1 was
inferred using the Neighbor-Joining method (Saitou and Nei 1987). (C) Three
additional PHS1/PHS1-like sequences were obtained through Hidden Markov
Model and MaxHom searches and were also assessed using phylogenetics. Vv —
VWPHS1, Rc — RcPHS1, Pt — PtPHS1. The reliability of the internal branches of
the trees (B, C) were assessed with 10,000 bootstrap re-samplings (Felsenstein
1985), with the confidence probabilities shown next to the branches. The trees are
drawn to scale, with branch lengths in the same units as those of the evolutionary
distances used to infer the phylogenetic tree. The evolutionary distances were
computed using the Poisson correction method (Zuckerkandl and Pauling 1965)

and are in the units of the number of amino acid substitutions per site. There were
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a total of 442 positions in the final datasets. Phylogenetic analyses were

conducted in MEGA4 (Tamura et al. 2007).

Figure 2 - TaPHS1 is located on chromosome group 7 of wheat.
Membranes prepared with DNA from nullisomic (N) — tetrasomic (T) wheat lines

of Chinese Spring (CS) were hybridised with a TaPHS1-specific probe showing

that there is a copy on the A, B and D genomes (indicated by black arrowheads).

Figure 3 - TaPHS1 interacts with DNA in vitro.
Although in silico analysis of the TaPHS1 amino acid sequence revealed no

known DNA-binding domains, TaPHS1 has DNA-binding ability indicating it
possesses a novel/uncharacterised DNA-binding domain within Region 1. Using
competitive DNA-binding assays with equivalent amounts of single- and double-
stranded DNA, it appears that TaPHS1 preferentially binds single-stranded DNA
(ssDNA). At higher concentrations, it also interacts with double-stranded DNA
(dsDNA). (A) Full-length TaPHS1, (B) Region 1 peptide, (C) Region 2 peptide,

(D) Region 3 peptide, (E) Region 4 peptide.

Figure 4 - Q-PCR profiling of TaPHS1 shows that it is expressed during
meiosis.

While the amount of mMRNA transcript is relatively low, it has higher levels of
expression during pre-meiosis when compared to the other stages of meiosis
examined in Chinese Spring wild-type (black bar). In the phlb mutant (open bar),
TaPHS1 is up-regulated between 1.5- and 2-fold across the time-points analysed.

Data represent the means £SE of three replicates. Units on the y-axis represent

normalised mRNA transcript pL™.
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Figure 5 - TaPHS1 localisation during early meiosis in wild-type bread
wheat.

(A) Telomere bouquet stage, (B) leptotene, (C) early-zygotene, (D) mid-zygotene,
(E) late-zygotene, (F) pachytene, (G) diplotene. TaPHS1 (green; left panel)
localises to 4°-6-diamidino-2-phenylindole (DAPI)-stained chromatin (blue) as
diffuse tracts and/or punctated foci. Middle panels show the TaASY1 signal (red),
while the panels on the right show merged TaPHS1, TaASY1l and DAPI.

Arrowheads (white) represent the nucleolus. Scale bars, 7.5 pm.
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Additional files

Additional Information File 1
MS Word document containing methods for in silico mapping of TaPHS1 and a

detailed list of primers used in this study.

Table S1 - Detailed list of primers used in this study.

Genome walking primers were used for amplification of the 5” region of TaPHS1
while open reading frame (ORF)-targeting primers were used to isolate the ORF
sequence for protein production. Primers based on the 5° genomic TaPHS1
sequence were required to isolate the probe used for the Southern blot
hybridisation. Q-PCR primers were used to determine the expression profile of
TaPHS1 in meiotic tissues of both wild-type and phlb mutant plants.
Abbreviations: F1, forward 1; R1, reverse 1; Regl, region 1; Reg2, region 2;
Reg3, region 3, Reg4, region 4; QF1, quantitative forward 1; QR1, quantitative

reverse 1; SF1, Southern forward 1; SR1, Southern reverse 1.
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Figure 3
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Figure 4
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Additional Information File 1
Kelvin H.P. Khoo, Amanda J Able, & Jason A. Able (2011).
Poor homologous synapsis 1 (PHS1) interacts with chromatin but does not co-

localise with TaASY1 during early meiosis in bread wheat.

Methods

In silico mapping

In silico mapping of TaPHS1 was conducted by first identifying the bacterial
artificial chromosome (BAC) [GenBank accession: AP003528] containing the
OsPHS1  genomic  sequence [MSU  Rice Genome  Annotation:
LOC_0s06927860.1] using the Gramene rice database

(http://www.gramene.org/Oryza sativa japonica/Location/Chromosome?r=6:1-

31246789; Gramene Release 29; accessed 20™ April 2009). A single-long-
sequence (SLS) BLASTN search was performed using the rice BAC sequence as
the query. A total of 116 wheat ESTs were identified in the SLS search. Using the

rice deletion bin database (http://wheat.pw.usda.qov/WEST/binmaps/), wheat

chromosome group 7 shares a high degree of similarity to rice chromosome 6.
Each of the 116 identified wheat ESTs was then compared to the available
markers on rice chromosome 6 to determine whether the location of TaPHS1 on

wheat chromosome group 7 could be refined.

Table S1 - Detailed list of primers used in this study. Genome walking primers
were used for amplification of the 5™ region of TaPHS1 while open reading frame
(ORF)-targeting primers were used to isolate the ORF sequence for protein

production. Primers based on the 5° genomic TaPHS1 sequence were required to
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isolate the probe used for the Southern blot hybridisation. Q-PCR primers were

used to determine the expression profile of TaPHS1 in meiotic tissues of both

wild-type and phlb mutant plants. Abbreviations: F1, forward 1; R1, reverse 1,

Regl, region 1; Reg2, region 2; Reg3, region 3, Reg4, region 4; QF1, quantitative

forward 1; QR1, quantitative reverse 1; SF1, Southern forward 1; SR1, Southern

reverse 1.

. . . . Tm
Primer name Primer sequence (5" - 3) (°C)
TaPHS1 gene isolation primers
TaPHS1 F1 CATTTTCGGCGTCATCGTCGTCG 65
TaPHS1 R1 CTACAGTGACAAGTCGCCACCCAGTTCA
TaPHS1 gene expression primers (to amplify ORF for protein production)

TaPHS1 F2 ATGGCGGGCGCCGGC 62
TaPHS1 R1 CTACAGTGACAAGTCGCCACCCAGTTCA

TaPHS1 peptide primers (to amplify conserved regions for protein production)
TaPHS1 Regl F1 CGGCGGAGGCAGAGGTGG 65
TaPHS1 Regl R1 GAAGGAGTGGGTGGGGCGAGA

TaPHS1 Reg2 F1 GTCTACGAGGAGCACTATGTATCTATCCTCAACTT 66
TaPHS1 Reg2 R1 AGGGAAACGTACAGCAAACTTCTGGAT

TaPHS1 Reg3 F1 AAGGAACTCTCAAGCAACACCAT 59
TaPHS1 Reg3 R1 CGCTTCATCTGGCCTGTATTG

TaPHS1 Reg4 F1 GGCGGGGACGACTCTTTTCAT 62
TaPHS1 Reg4 R1 Primer used was TaPHS1 R1

Plasmid vector sequencing primers

T7 (0GEM®-T Easy) TAATACGACTCACTATAGGG 50
SP6 (\GEM®-T Easy) ATTTAGGTGACACTATAG

GW1 GTTGCAACAAATTGATGAGCAATGC
(PCR®8/GW/TOPO®) -
GW2 GTTGCAACAAATTGATGAGCAATTA
(PCR®8/GW/TOPO®)

Quantitative real-time PCR (Q-PCR) primers

TaPHS1 QF1 CACTCGGATTGATGCTGCTG 55
TaPHS1 QR1 TGACAAGTCGCCACCCAGTT

Southern blot probe primers

TaPHS1_SF1 TGAACTGAATTGTGTCGGATGAA 54
TaPHS1 SR1 AAAGCTCACGAACACCACCCT
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Chapter 4 — Addendum

Research conducted but not presented in Khoo et al. (2011).

4.1 — Introduction

Based on the limited literature available on the PHS1 protein (Pawlowski et al.
2004, Ronceret et al. 2009, Khoo et al. 2011), further research was conducted in
an effort to add to the current knowledge base. Among the key findings reported
to date are that disruption of PHS1 function leads to impaired transport of RAD50
from the cytoplasm to the nucleus (Ronceret et al. 2009) and that there are two
regions of sequence conservation (Conserved Regions 1 and 2 — CR1 and CR2) in
the amino acid sequences of PHS1 proteins amongst various species (Pawlowski
et al. 2004, Ronceret et al. 2009).

The results of immunolocalisation assays performed in this study (Khoo et
al. 2011, submitted) show that TaPHS1 is present within the nucleus where it
associates with chromatin and accumulates within the nucleolus during early
meiosis. This localisation pattern is similar to that reported by Ronceret et al.
(2009) where the PHS1 proteins in both maize and Arabidopsis are found within
the cytoplasm and within the nucleus albeit as just a few foci. Immunolocalisation
of the RAD50 protein in both maize and Arabidopsis phsl mutants (phs1-0 and
Atphs1-1) showed dramatically reduced numbers of RAD50 foci within the nuclei
leading Ronceret and colleagues to conclude that PHS1 must somehow, directly

or indirectly, regulate transport of RADS0.
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Work reported in this addendum was aimed at uncovering the nature of the
PHS1 interaction with RAD50. To this end, a yeast-two-hybrid (Y2H) experiment

was attempted.

4.2 — Materials & Methods

4.2.1 — Primer design

4.2.1.1 — PHS1 primer design

In preparation for ligation into the pGADT7 prey plasmid (MatchMaker™ Gold
Yeast-Two-Hybrid kit, Clontech Inc.), a set of primers were designed to attach an
EcoR1 cut-site to the 5'end and a Clal cut-site to the 3’end of the TaPHS1

sequence (Table 4.1).

4.2.1.2 — RAD50 primer design

Forward and reverse primers for the amplification of RAD50 were designed based
on the OsRAD50 sequence (Rice Locus Identifier — LOC_0s02g29464) (Table
4.1). In preparation for ligation into the pGBKT?7 bait plasmid (MatchMaker™
Gold Yeast-Two-Hybrid kit, Clontech Inc., Mountain View, California, United
States of America), two secondary sets of primers were designed to add enzyme
cut-sites to the TaRADS50 clone. The first set added an EcoR1 cut-site to the 5'end
of the TaRAD50 sequence and a Pstl cut-site to the 3’end of the TaRAD50
sequence while the second set added an Ndel site to the 5’end and an ECOR1 site
to the 3’end (Table 4.1). In addition, multiple sets of nested primers were designed

to sequence the RAD50 sequence isolated (Table 4.1).
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Table 4.1 — Complete list of primers used in this study.

Primer name Primer sequence (5' — 3') (;r(’:")
pGADT7-TaPHS1 plasmid construction primers
TaPHS1-F1-EcoR1 TGAATTCATGGCGGGCGCCGGC 62
TaPHS1-R1-Pstl TATCGATCTACAGTGACAAGTCGCCACCCAGTTCA
TaRADS50 isolation primers
TaRADS50-F1 ATGAGCACGGTGGACAAGATGCTGATC 64
TaRAD50-R1 GTCAAATATCTCTTGGGCTTCTATTTTGCTGT
TaRAD50 nested primers
TaRAD50-nF1 TTAGCACCAAAGCAACTGCTAGAAGTACATA 59
TaRAD50-nR1 ATGAGTAAGTCGATCCACTTCAGCCTTT 58
TaRAD50-nF2 CAAGATCAAGAGAAGTCAGACGCCTTAA 58
TaRAD50-nR2 GATTTCCACTCCATCCCTGTCCAT 57
pGBKT7-TaRAD50 plasmid construction primers
TaRAD50-F1-EcoR1  AGAATTCATGAGCACGGTGGACAAGATGCT 62
TaRAD50-R1-Pstl ACTGCAGTCAGTCAAATATCTCTTGGGCTTCTATTTTG
TaRAD50-F1-Ndel AAACATATGATGAGCACGGTGGACAAGATGCT 60

TaRAD50-R1-EcoR1  AAAGAATTCCTAGTCAAATATCTCTTGGGCTTCTATTTTG

4.2.2 — Preparation of meiotic cDNA

4.2.2.1 — cDNA synthesis from purified meiotic RNA

Collection and staging of meiotic anthers was done as per section 2.2.1. RNA

extraction and quantification from Chinese Spring tissue was performed as per

section 3.2.3.3. Wild-type cDNA was synthesised from 1 pg of total RNA using

an iScript Kit (BIO-RAD) according to the manufacturer’s instructions.

4.2.3 — Preparation of RAD50 and PHS1 clones

4.2.3.1 — High fidelity amplification and purification of RAD50 and PHS1

from meiotic cDNA

All PCR reactions contained 0.2 uL of template meiotic cDNA, 3.2 uL of 5 mM

dNTPs, 1 uL of 10 uM RADS50 forward and reverse primers (refer to Table 4.1),
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2.5 uL of 10x high fidelity PCR buffer +MgCl, (Roche), 5 uL of GC-rich
solution (Roche), 0.2 uL of Fast Start Tag polymerase (Roche), and 11.9 uL of
autoclaved nanopure water. PCR cycle conditions for RAD50 were as follows;
initial denaturation step at 95°C for 5 min, then 35 cycles of 96°C for 30 sec,
62°C for 30 sec, 72°C for 4 min, followed by a final extension step at 72°C for 10
min. The same protocol was used for TaPHS1 with the following modifications:
1) PHS1 primers were used; and 2) Elongation time for the PCR protocol was 1
min 15 sec. Agarose gel electrophoresis and gel purification of the separated PCR

products was conducted as per section 3.2.3.6.

4.2.3.2 — Ligation of RAD50 and PHS1 PCR products and bacterial
transformation

Ligation of the RAD50 and PHS1 PCR products were performed with pGEM®T-
Easy (Promega Corporation, Sydney, New South Wales, Australia) as per the
manufacturer’s instructions. Transformation of E. coli was performed as per
section 3.2.3.7 except that transformants were plated onto LB agar plates
containing ampicillin (100 pg mL™). In addition, 5-bromo-4-chloro-3-indolyl P-
D-galactopyranoside (X-Gal, 40 pL of 20 mg mL™) and isopropyl P-D-1-
thiogalactopyranoside (IPTG, 100 pL of 100 pM) were added to each plate for

selection of positive colonies based on blue/white colour selection.

4.2.3.3 — Colony PCR: identification of positive clones
Colonies were screened for presence of the insert using a PCR-based assay. Each

PCR reaction contained 0.2 uL of template meiotic cDNA, 3.2 uL of 5 mM

dNTPs, 1 uL of 10 uM forward and reverse primers (refer to Table 4.1), 2.5 uL of
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10x high fidelity PCR buffer +MgCl, (Roche), 5 uL of GC-rich solution (Roche),
0.2 uL of Fast Start Taq polymerase (Roche), and 11.9 uL of autoclaved nanopure
water.

Individual colonies were selected from plates using sterile 200 pL pipette
tips, which were subsequently swirled in the PCR reaction mix. Colony PCR
cycle conditions were the same as per section 4.2.3.1. Agarose gel electrophoresis
and gel purification of the separated PCR products was conducted as per section
3.2.3.6.

Culturing of cells and isolation of the plasmids using a PureLink™ Quick
Plasmid Miniprep Kit (Invitrogen) were performed as per section 3.2.3.8.
Glycerol stocks were made for all positive clones by adding 1 mL of bacterial
culture to 1 mL of 50% glycerol. The stocks were snap-frozen using liquid

nitrogen and kept in the -80°C freezer.

4.2.4 — Sequencing of RAD50 and PHSL1 clones

4.2.4.1 — Sequencing PCR and clean-up
Sequencing PCR reactions and subsequent clean-up was done as per section
3.2.39 and 3.2.3.10. Samples were then submitted to AGRF for capillary

separation using the ABI 3730 DNA Analyser (Applied Biosystems).

4.2.4.2 — Contig construction and sequence analysis of clones
Contig construction was performed as per section 3.2.3.11. Using both AlignX
and Contig Express programs, sequence information from the RAD50 clones

derived from Chinese Spring were used to form a consensus sequence for
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TaRAD50. The TaRADS50 sequence was then compared to the four other
annotated RAD50 homologue sequences from various organisms to ensure that the
correct complete coding sequence was isolated (Table 4.2). ClustalW alignments
and phylogenetic analyses were conducted using MEGA4. Phylogenetic
parameters used were: bootstrap value of 10000, pairwise-deletion, and amino
acid p-distance. Conserved domain analyses of the predicted TaRAD50 protein
was conducted using the online NCBI Conserved Domain Architecture Retrieval

Tool (CDART) (http://www.ncbi.nlm.nih.gov/Structure/lexington/lexington.cqi).

The TaRAD50 sequence was also checked to ensure that the enzyme cut-sites
added using the secondary sets of the primers were present.

The PHSL1 clone sequence was compared to that of the TaPHS1 CDS
(GenBank - GQ851928) to ensure that the sequence was correct and that the

enzyme cut-sites added were present.

4.2.5 — Construction of Y2H constructs

4.2.5.1 — Construction of pPGADT7-TaPHSL1 activation domain prey plasmid
After quantification with a ND-1000 nanodrop machine (NanoDrop Technologies
Inc.), 1 ug of both pGEM®T-Easy-TaPHS1 plasmid and pGADT7 plasmids were
double-digested with EcoR1 (NEB) and Clal (NEB) according to the
manufacturer’s protocol except that the digestion was performed for 5 hr. Agarose
gel electrophoresis and gel purification of the DNA fragments were performed as
per section 3.2.3.6.

The liberated TaPHS1 insert was then ligated into the pPGADT7 plasmid
with T4 DNA ligase (NEB) according to the manufacturer’s protocol at the
recommended 3:1 insert-to-vector ratio. Bacterial transformation with the
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pGADT7-TaPHS1 plasmid, colony PCR screening, and plasmid mini-preps were
performed as per section 4.2.3.2 and 4.2.3.3. Sequencing and downstream

analyses of the pPGADT7-TaPHSL1 plasmids were performed as per section 4.2.4.

4.2.5.2 — Construction of pGBKT7-TaRAD50 binding domain bait plasmid
After quantification with a ND-1000 nanodrop machine (NanoDrop Technologies
Inc.), 1 pg of both pGEM®T-Easy-TaRAD50 plasmid and pGBKT7 plasmids
were sequentially digested with EcoR1 (NEB) followed by either Pst1 (NEB) or
Ndel (NEB) according to the manufacturer’s protocol except that the digestion
was performed for 5 hr. Agarose gel electrophoresis and gel purification of the
DNA fragments were performed as per section 3.2.3.6.

The liberated TaRAD50 insert was then ligated into the pGADT7 plasmid
with T4 DNA ligase (NEB) according to the manufacturer’s protocol. Multiple
insert-to-vector ratios (5:1, 4:1, 3:1, 2:1, 1:1) were used to facilitate ligation of the
TaRADS0 insert into pGBKT7. Additional optimisation included ligation of the
TaRAD50 insert liberated from pGEM®T-Easy using only EcoR1. In this case,
pGBKT7 plasmid was also digested with only EcoR1 and the cut vector was then
dephosphorylated with shrimp alkaline phosphatase (Invitrogen) according to the
manufacturer’s protocol to prevent recircularisation. In addition, ligation reactions

with increased concentrations of T4 DNA ligase were also attempted.
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4.3 — Results

4.3.1 — Construction of pPGADT7-TaPHS1 prey plasmid

Utilising the coding sequence of TaPHS1 reported by Khoo et al. (2011) (refer to
Appendix C2, Figure 1 for full-length TaPHS1 ORF sequence), primers designed
to add an EcoR1 and a Clal restriction enzyme cut-site 5 and 3" of the TaPHS1
coding sequence respectively were successfully used to reamplify TaPHS1
(Figure 4.1 A). Ligation of the TaPHS1 product with the newly-added restriction
sites into pGEM®T-Easy and subsequent bacterial plasmid propagation enabled
high concentrations of the purified plasmid to be obtained. The TaPHS1 insert
was then liberated from the pGEM®T-Easy plasmid via double-digestions with
EcoR1 and Clal restriction enzymes (Figure 4.1 B). This allowed the TaPHS1
digested product to be directionally ligated into the pGADT?7 plasmid that had
been double-digested with the same restriction enzymes. Screening of bacterial
colonies transformed with the pGADT7-TaPHS1 plasmid via colony PCR
identified one colony positive for the TaPHS1 insert (Figure 4.1 C). This was

further confirmed using Big Dye chemistry sequencing of the plasmid.
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Figure 4.1 — Construction of the pGADT7-TaPHS1 activation domain prey plasmid.
A) The full-length TaPHS1 ORF was successfully amplified and isolated. Lane 1,
molecular weight marker; lane 2, TaPHS1 amplified with 5° EcoR1 cut-site adaptor
primer and 3~ Clal cut-site adaptor primer. B) Double-digest of the pGEM®T-Easy-
TaPHS1 plasmid using EcoRIl and Clal liberated the 1085 bp TaPHS1 insert for
directional cloning into the pGADT7 plasmid that was also double-digested with the
same enzymes. Lane 1, molecular weight marker; lane 2, undigested pGEM®T-Easy-
TaPHS1 plasmid control; lane 3, blank; lane 4, EcoR1 and Clal double-digested
pGEM®T-Easy-TaPHS1. C) Colony PCR screening of bacterial colonies transformed
with the pGADT7-TaPHS1 plasmid identified a single positive colony (lane 13) that was
then sequenced with Big Dye chemistry for confirmation.

4.3.2 — Isolation and bioinformatic analyses of TaRAD50

Upon successful amplification of a PCR product of the expected length, the
product was cloned and sequenced. To ensure that the wheat RAD50 homologue
was correctly isolated, the wheat sequence was used in BLASTn searches of the

NCBI and TIGR databases that resulted in positive hits for RAD50 homologues in
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other organisms. The full-length coding sequence of TaRAD50 was successfully
isolated with a 3591 bp ORF (Figure 4.2 A) (refer to Appendix C2, Figure 2 for
the full-length TaRAD50 ORF sequence). Primers designed to add restriction
enzyme cut-sites 5" and 3" of the TaRAD50 coding sequence were then used to re-
amplify the TaRAD50 product (Figure 4.2 B).

TaRAD50 encodes a protein product with a predicted molecular weight of
152.227 kD and a pl of 7.76. The level of conservation between the predicted
protein products of TaRAD50 and its homologues are detailed in Table 4.2.
cDART analysis of the predicted TaRADS50 protein detected the presence of the
RADS50 conserved domain within the sequence (Figure 4.3 A). As expected,
TaRAD50 shares much higher levels of similarity with its homologues in the
plant kingdom compared to human and yeast equivalents. Phylogenetic analyses
of the predicted protein sequences further confirmed this with clear branching of

the three kingdoms seen within the neighbour-joining tree (Figure 4.3 B).
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Figure 4.2 — Isolation and re-amplification of TaRAD50. A) The full-length TaRAD50
ORF was successfully isolated from meiotic spike Chinese Spring cDNA. Lane 1,
molecular weight marker; lane 2, negative control; lane 3, TaRAD50. B) Re-amplification
of TaRAD50 using primers designed to add restriction enzyme cut-sites to either end of
the TaRAD50 coding sequence was successful. Lane 1, molecular weight marker; lane 2,
TaRAD50 amplified with 5° EcoR1 cut-site adaptor primer and 3" Pstl cut-site adaptor
primer; lane 3, TaRAD50 amplified with 5° EcoR1 cut-site adaptor primer and 3" Ndel
cut-site adaptor primer.

Table 4.2 — Summary of RAD50 sequence conservation. This table highlights the
varying level of sequence conservation between five RAD50 homologues from three
different kingdoms. Levels of conservation also varied between the two classes within the
plant kingdom (dicotyledons and monocotyledons).

Number of identical Pairwise %
RAD50 homologue | Accession number predicted amino acid . .
. identity
residues
Orvza sativa TA52048 4530
y (TIGR Plant 1075 (80.5%) 80.3%
RAD50 .
transcript assembly)
Arabidopsis TA_45294_3702
0, 0,
thaliana RAD50 (TI_GR Plant 861 (64.5%) 64%
transcript assembly)
Homo sapiens NM_005732 0 0
RADS0 (GenBank) 397 (14.8%) 40.1%
Saccharomyces NM_001183088 0 0
cerevisiae RAD50 (GenBank) 394 (14.7%) 40.1%
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4.3.3 — Construction of the pGBKT7-TaRAD50 bait plasmid

The construction of the pGBKT7-TaRAD50 plasmid was unsuccessful although
multiple attempts were made. The two TaRADS50 inserts (one with a 5" ECOR1 cut-
site overhang and a 3’ Pstl cut-site overhang, and the other with a 5’ Ndel cut-site
overhang and a 3’ EcoR1 cut-site overhang) were liberated from their respective
PGEM®T-Easy plasmids successfully using double-digests of their respective
restriction enzymes (Figure 4.4). However, attempts to ligate either of the
TaRADS0 inserts into the pGBKT7 vector (digested with the same restriction
enzymes as those used for liberation of the respective TaRAD50 inserts) were
unsuccessful (results not shown). As highlighted in the materials and methods,
various methods of optimisation were attempted to facilitate ligation of the large

TaRADS0 insert into the pGBKT?7 plasmid (see section 4.2.5.2).

4 kb
3 kb

Figure 4.4 — Excision of both TaRAD50 inserts from their respective pPGEM®T-Easy
clones. Two TaRADS5O0 inserts with different flanking restriction enzyme cut-sites were
prepared for directional cloning into appropriately prepared pGADT7. The linearised
PGEM®T-Easy vector is 3015 bp in length with the TaRADS50 insert excised. Lane 1,
molecular weight marker; lane 2, EcoR1 and Pstl double-digested pGEM®T-Easy-
TaRADS50; lane 3, Ndel and EcoR1 double-digested pPGEM®T-Easy-TaRAD50.
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4.4 — Discussion

Sequence analysis of the TaRADS50 sequence as well as its protein product
revealed that it shared high levels of similarity with rice compared to Arabidopsis.
This is not unexpected as rice, like wheat, is a monocotyledonous plant whereas
Arabidopsis is a dicotyledonous plant. Indeed, this high level of sequence
similarity especially at both the 5’ and 3’ ends of the coding sequence enabled the
isolation of the TaRAD50 using primers based on OsRAD50.

Unlike the construction of the pPGADT7-TaPHS1 prey plasmid that was
relatively straightforward, construction of the pPGBKT7-TaRAD50 plasmid proved
much harder. Although significant amounts of time and effort were invested in
optimising the ligation reaction, construction of the pGBKT-TaRAD50 was
unsuccessful. In total, three full-length TaRADS0 inserts (with different flanking
restriction enzyme overhangs) were generated for ligation reactions to construct
the bait vector. One possible reason for the ligation failure is the large size of the
TaRADS0 inserts (all approximately 3610-3620 bp in length). Optimisation steps
that included increased insert:vector ratios and higher concentrations of T4 DNA
ligase failed to overcome this problem. Due to time constraints, no further
approaches were investigated.

The logic behind persisting with the full-length TaRAD50 coding sequence
was to ensure that all the conserved domains of the RAD50 protein would be
present in the resulting protein product used in the Y2H assay. In addition, using
the entire amino acid sequence should allow the structural elements of RAD50 to
hold its domains in its native 3-dimensional conformation. While this approach
has been unsuccessful, other approaches such as co-immunoprecipitation of PHS1

protein from plant meiocyte cell lysates using the anti-TaPHS1 antibody reported

182



in Khoo et al. (2011) could still answer whether interactions occur between
RADS50 and PHS1.

While the work presented in this addendum has not succeeded in
answering whether or not RAD50 and PHS1 directly interact with one another,
the foundation for future Y2H experiments has been laid with the successful
construction of the pGADT7-TaPHSL1 prey plasmid. This plasmid could be used
in Y2H experiments in conjunction with bait vectors constructed with portions of
the RAD50 sequence. Whether or not this approach would yield conclusive
results remains to be seen as the results may be confounded by the use of partial
RADS50 peptides. The RAD50 protein may possibly require more than just a
single domain to interact with PHS1. Another approach would be to utilise the
pGADT7-TaPHS1 prey vector in a Y2H experiment to screen a bait vector library
constructed from wheat meiotic cDNA in an effort to uncover other potential

partners of TaPHS1.
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Chapter 5 — The isolation and characterisation of bread

wheat Molecular ZIPper 1 (TaZYP1)

5.1 — Introduction

While the synaptonemal complex has been studied extensively since the 1950s, it
has only been in the past decade that the first plant synaptonemal complex (SC)
genes were identified and characterised in Arabidopsis (AtZYPla and AtZYP1b).
These were named after the Saccharomyces cereviseae homologue, Molecular
ZIPper 1 (ScZIP1). AtZYPla and AtZYP1b arose from a gene duplication event
and encode proteins that share structural and functional similarities to ScZIP1
(Dong and Roeder 2000, Higgins et al. 2005). Both AtZYP1la and AtZYP1b form
the transverse filaments of the proteinaceous tripartite SC structure that holds
together sister chromosomes during the early stages of meiosis and are
functionally redundant (Higgins et al. 2005). More recently, two other plant
homologues of ZYP1 have also been studied in Secale cereale (ScZYP1) and
Oryza sativa (OsZEP1) (Mikhailova et al. 2006, Wang et al. 2010). While plant
SC proteins share very little conservation at the primary sequence level with their
equivalents in other organisms such as the mouse SYCP1 and C. elegans SYP2,
they retain a high degree of tertiary structural similarity in addition to sharing a
common function.

The immuno-localisation profiles of the ZYP1 homologues differ slightly
from species to species, with ZYP1 signal first appearing as foci in leptotene stage
meiocytes of Arabidopsis and rice but as short linear tracts in those of rye
(Higgins et al. 2005, Mikhailova et al. 2006, Wang et al. 2010). These ZYP1 foci

are only observed after ASY1 has been loaded onto the axial elements of the
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chromatin (Higgins et al. 2005, Mikhailova et al. 2006). Using the Arabidopsis
spoll and dmcl mutants, Higgins and colleagues (2005) deduced that ZYP1 is
recruited to DSB sites during the early stages of single-stranded DNA invasion
and that the loading of ZYP1 is independent of recombination initiation.
However, lengthening of the ZYP1 signal along the chromatin is dependent on
successful recombination. In order for recombination to occur, at least in
Arabidopsis, ASY1 mediates the loading of DMC1 recombinase onto the
chromatin (Sanchez-Moran et al. 2007). In rice and Arabidopsis, the ZYP1 signal
lengthens from zygotene to pachytene and localises to the central region of the SC
where it is sandwiched between ASY1 signals that are associated with the axial
elements on both sides (Higgins et al. 2005, Wang et al. 2010).

In bread wheat, ASY1 (TaASY1) has previously been characterised as an
axial element-associated protein that is required for synapsis and promoting
homologous chromosome interactions (Boden et al. 2009, Boden et al. 2007).
While the main objective of the work presented in this chapter was to isolate and
characterise the bread wheat ZYP1 (TaZYP1) homologue; the signal of TaASY1
was also monitored. Having isolated the TaZYP1 coding sequence, analysis of its
predicted amino acid sequence and the stage-specific TaZYP1 gene expression
profile in both wild-type and the phlb mutant plants was conducted. In vitro
competitive DNA-binding assays to characterise the function of TaZYP1 were
also performed while the temporal and spatial localisation profile of TaZYP1
within the meiocytes of two wild-type cultivars and the phlb mutant were
investigated using 3-dimensional dual immuno-fluorescence localisation
techniques. Due to the importance of ASY1 in synapsis, maintenance of

homologous chromosome interactions, and its reported role in mediating DMC1-
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dependent homologous recombination, TaZYP1 was also investigated across five

Taasyl mutants.

5.2 — Materials & Methods

5.2.1 — Primer design

5.2.1.1 — Primer design

A rice (Oryza sativa) EST (TIGR Rice Annotation number
LOC_0s04g37960.1|12004.m08785) showing sequence similarities to both
AtZYPla and AtZYPlb (GenBank accession numbers NM_102076 and
NM_102078 respectively) was identified through a TIGR Rice Genome
Annotation Web BLAST search. Multiple forward and reverse primers were
designed based on this rice EST to amplify TaZYP1 (Table 5.1). Upon
successfully isolating approximately 2kb of TaZYP1 sequence, multiple nested
primer sets were designed to confirm the sequence within the 2kb product. A
3'RACE primer was then designed to isolate the remainder of the TaZYP1

sequence.

Table 5.1 — List of primers used to isolate and characterise TaZYP1. Primers required
for standard PCR, 3' RACE PCR, nested primers for determining nucleic acid sequences
in the large TaZYP1 ORF product, ORF-isolation primers, Q-PCR primers, and primers
for amplifying the TaZYP1 probe used in Southern blot experiments are all shown.

Primer name Primer sequence (5" - 3") 2;”8:)
TaZYP1 gene isolation primers

TaZYP1 F1 ATGCAGAAGCTGGGTTTATCGGG 60
TaZYP1 R1 AATGCTCCTTGCTTCTCCTCCTTTGACT

TaZYP1 3' RACE primers

TaZYP1 3'RF1 TCAGAAGTCAAAGGAGGAGAAGCAAAGAGCATT 62
GeneRacer 3' Primer GCTGTCAACGATACGCTACGTAACG 76
GeneRacer 3’ Nested Primer | CGCTACGTAACGGCATGACAGTG 72
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TaZYP1 gene expression primers (to amplify ORF for protein production)

TaZYP1 ORF F1

ATGCAGAAGCTGGGTTTATCGGG

TaZYP1 ORF_R1 CTAGGCAAATGCATAAGGGTCATCAGC 58
TaZYP1 nested primers (to obtain full-length TaZYP1 sequence)

TaZYP1 cF1 ACAGTTGGAGGGTTCAGTTGAAGA 55
TaZYP1 cR1 GCCTCGGTAAGTTGACATTCTG

TaZYP1 _cF2 ATCCCGCTTATTGTGTGCTGACT 55
TaZYP1 _cR2 CCTGAAGCATGAGATCGTACTGTT

Plasmid vector sequencing primers

GW1 (pCR®8/GW/TOPQ®) GTTGCAACAAATTGATGAGCAATGC

GW?2 (pCR®8/GW/TOPQ®) GTTGCAACAAATTGATGAGCAATTA 50
T7 (PDEST17) TAATACGACTCACTATAGGG

Quantitative real-time PCR (Q-PCR) primers

TaZYP1_QF1 GCTTCAGTTGCCAGGTCCAG 57
TaZYP1 QR1 CAATGACTTCTGAGTATTCGGTTCC

Southern blot probe primers

TazYP1_SF1 ACAAAAGTTACAGATCCAAGCATCA 58

TaZYP1_SR1

AATGCTCTTTGCTTCTCCTCCTTTGACT

5.2.2 — Preparation of meiotic cDNA and 3'RACE libraries

5.2.2.1 — Synthesis of libraries

Staging and collection of Chinese Spring, Bob White MPB26, phlb, Taasyl-1.9,
Taasyl-1.9.2, Taasyl-2.2, Taasyl-2.2.2, and Taasyl-2.2.3 meiotic spike tissue
from plants grown in a controlled-environment room programmed with a 16/8 hr
photoperiod at approximately 23°C was performed as per section 2.2.1. RNA
extraction, quantitation and cDNA synthesis were performed as outlined in
sections 3.2.3.3 and 3.2.3.4. Chinese Spring and phlb stage-specific cDNA
libraries were also made using RNA isolated from staged anther tissue. A 3’
RACE library was synthesised from 2.5 ug of Chinese Spring total RNA per

reaction using a GeneRacer Kit (Invitrogen) according to the manufacturer’s

instructions.
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5.2.3 — Preparation of ZYP1 clones

5.2.3.1 — High fidelity amplification and isolation of ZYP1 from meiotic cDNA
Initial PCR reactions contained 0.2 uL of template meiotic cDNA, 3.2 uL of 5
mM dNTPs, 1 uL of 10 uM forward and reverse primers (refer to Table 3.1), 2.5
uL of 10x high fidelity PCR buffer +MgCl, (Roche), 5 uL of GC-rich solution
(Roche), 0.2 uL of Fast Start Tag polymerase (Roche), and 11.9 uL of autoclaved
nanopure water. PCR cycle conditions were as follows; initial denaturation step at
95°C for 5 min, then 35 cycles of 96°C for 30 sec, T,°C for 30 sec, 72°C for 2
min 30 sec, followed by a final extension step at 72°C for 10 min (refer to Table
5.1 for Ty of primers). 3'RACE PCR was performed as per section 3.2.3.5.
Agarose gel electrophoresis and gel purification of the separated PCR products

was conducted as per section 3.2.3.6.

5.2.3.2 — Production and sequencing of pPCR®8/GW/TOPO®-ZYP1 clones

Production and sequencing of pCR®8/GW/TOPO®-ZYP1 clones was performed
as outlined in section 3.2.3.7 to 3.2.3.11. Sequence information obtained from the
ZYP1 clones derived from Chinese Spring were used to form a consensus
sequence for TaZYP1. The TaZYP1 sequence was then compared to the OsZEP1
and ZmZYP1 sequence to ensure that the correct coding sequence was isolated.
One positive pCR®8/GW/TOPO®-TaZYP1 ORF clone was selected for the
construction of the TaZYP1 heterologous protein expression plasmid (refer to

section 5.2.7).

188



5.2.4 — Chromosomal location of TaZYP1

5.2.4.1 — Southern blot analysis using nullisomic-tetrasomic membranes
The procedure was conducted as per section 3.2.6.1 using a 561 bp fragment

(nucleotide positions 1554-2114) of the TaZYP1 sequence as the probe.

5.2.5 — Expression analysis of TaZYP1

5.2.5.1 — Quantitative real-time PCR (Q-PCR)

Q-PCR was conducted in triplicate according to Crismani et al. (2006). cDNA
sets screened were Chinese Spring and Bob White MPB26 wild-type, phlb,
Taasyl-1.9, Taasyl-1.9.2, Taasyl-2.2, Taasyl-2.2.2 and Taasyl-2.2.3. For stage-
specific Q-PCR analysis of TaZYP1 in the Chinese Spring wild-type and phlb
backgrounds, cDNA from anther tissue of four pooled stages of meiosis were
used: PM — pre-meiotic interphase; L-P — leptotene to pachytene; D-A — diplotene
to anaphase I; and IP — immature pollen. For Q-PCR analysis of TaZYP1 in the
Bob White MPB26 wild-type and Taasyl mutants, cODNA from whole meiotic
spike tissue was used. Product amplification was completed using gene specific
Q-PCR primers (see Table 5.1). The optimal acquisition temperature for TaZYP1
was 79°C. Q-PCR of TaASY1l was conducted as per Boden et al. (2009).
Correlation between TaASY1-TaZYP1 gene expression was calculated using
normalised transcript values of three technical replicates from Bob White MPB26

and all five Taasyl mutants.
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5.2.6 — Analyses of TaZYP1 and its protein product

5.2.6.1 — Comparative amino acid and conserved domain analyses of TaZYP1
The TaZYP1 ORF sequence was translated into its corresponding amino acid
sequence and the predicted physical properties of TaZYP1 were obtained using
VectorNTI’s protein analysis function. The TaZYP1 sequence was used in
comparative amino acid and conserved domain analyses against other sequences.
Amino acid alignments and comparisons of full-length ZYP1 sequences (obtained
from various BLAST searches using the NCBI, TIGR, and PredictProtein
[http://www.predictprotein.org/; (Rost et al. 2004)] databases), and subsequent
construction of the phylogenetic tree (neighbour-joining method) (Saitou and Nei
1987) was completed using Molecular Evolutionary Genetics Analysis (MEGA)
software (version 4.0) (Tamura et al. 2007). Default parameters were used except
for the following: the pairwise deletion option was used, the internal branch test
bootstrap value was set at 10,000 resamplings, and the model setting was amino
acid: Poisson correction with predicted gamma parameters set at 2.0. Accession
numbers of the sequences used were: Ta — TaZYP1; Bd — Bradi5g12010
(Phytozome); Os — LOC_0s04g0452500 (MSU Rice Genome Annotation); Zm —
HQ116413 (GenBank); Rc — XP_002513917.1 (GenBank); Vv — CBI19158.1
(UniProt/TrEMBL); At-a — NP_173645.3 (GenBank); At-b — NP_564164.1
(GenBank); Bo — AB069625.1 (GenBank); Mm — NP_035646.2 (GenBank); and

Sc — NP_013498 (GenBank).
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5.2.7 — TaZYP1 protein production, extraction and purification

5.2.7.1 — Construction of pDEST17-TaZYP1 ORF

Construction of the pDEST17-TaZYP1 ORF clone, bacterial transformation with
the pDEST17-TaZYP1 plasmid, colony PCR screening, directional sequencing,
contig construction, and clone selection were performed as outlined in section

3.2.7.

5.2.7.2 — Protein production of TaZYP1
A pDEST17-TaZYP1 ORF clone BL21-Al E. coli (Invitrogen) cell line was
established, which was followed by culturing and protein production using the

protocols in section 3.2.8.

5.2.7.3 — Protein extraction, purification and SDS-PAGE analyses

Protein extractions and purifications were performed as outlined in section 3.2.9
and 3.2.10 while SDS-PAGE was performed as per 3.2.9.3. Visualisation of
proteins was conducted by staining with only coomassie blue as performed in

section 2.2 .4.

5.2.8 — Mass-peptide identification of TaZYP1

5.2.8.1 — Sample preparation, MS, and peptide identification
Upon confirmation of positive SDS-PAGE results, the TaZYP1 band was excised
from the gels with a scalpel. Sample preparation and mass spectrometry were

performed as per sections 3.2.1 and 3.2.2. The MS spectra were searched with

191



Bioworks 3.3 (Thermo Electron Corp, San Jose, CA) using the Sequest algorithm

against the Rice Genome Annotation (Build 6.1).

5.2.9 — Functional analysis of TaZYP1

5.2.9.1 — Competitive DNA-binding assay

Recombinant TaZYP1 extracted under native conditions were quantified using the
Bradford assay (1976). The competitive DNA binding assay was conducted as
described by Pezza et al.(2006) with modifications as per Khoo et al.(2008). The
DNA binding ability of TaZYP1was tested with ®X174 circular single-stranded
DNA (sSDNA) (virion) (30 uM per nucleotide) (NEB) and ®X174 linear double-

stranded DNA (dsDNA) (RFI form Pstl-digested) (15 uM per base pair) (NEB).

5.2.10 — Production of the anti-TaZYP1 polyclonal antibody

5.2.10.1 — Polyclonal antibody production against whole TaZYP1 protein
5.2.10.1.1 — Protein sample clean-up

The elution samples obtained in section 5.2.7.3 were put through a 4 mL column
of Ni-NTA agarose beads (QIAGEN) equilibrated with 3 mL of Lysis buffer B.
The elution-bead slurry was left to incubate on a daisy-wheel for 1 hr at 4°C. The
beads were then spun down at 300 rpm and the supernatant was collected as
Washl (W1). For the washing procedure, 15 mL of Wash buffer C2 was added to
the bead slurry, which was then vortexed briefly at low speed, and left to incubate
on ice for 3 min. The beads were subsequently spun down at 500 rcf for 2 min and
the supernatant aspirated and kept as Wash 2 (W2). The wash procedure was

repeated using 15 mL of Wash buffer D, with the supernatant aspirated and kept
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as Wash 3 (W3). Elution of the purified 6xHis-tagged proteins was then
conducted six times, each time using 1 mL of Elution buffer E using the same
procedure as the washing steps with each elution sample kept separate (E1 — E6).

All solutions used in this protocol were identical to those in section 3.2.9.2.

5.2.10.1.2 — Determining protein sample quality and quantity

The purity and quality of the purified TaZYP1 sample was determined by SDS-
PAGE and visualised by coomassie staining as per section 2.2.4. Quantification of
the purified TaPHS1 protein content in each sample was determined using a
Bradford assay as per section 2.2.3. The values of the dilution series were used to
generate a BSA standard curve, with the absorbance readings of the eluted

samples then used to estimate protein concentration.

5.2.10.1.3 — Separation of purified protein samples and polyclonal antibody
production

The purified TaZYP1 sample was separated using 11cm IPG+1 well SDS-PAGE
gels (BIO-RAD). The TaZYP1 band was excised from the gel and washed with
autoclaved nanopure water. It was then cut into equal length pieces, packaged and
sent to IMVS for immunisation of the animals. Five mice (Mus musculus) were
immunised with the TaZYP1 antigen. Immunisation and housing of the animals
was conducted by IMVS, Gilles Plains Veterinary Division, Adelaide, South

Australia.
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5.2.10.1.4 — Clean-up of polyclonal antibody raised against full-length
TaZYP1 antigen

A 250 mL culture of E. coli BL21 cells was grown overnight in at 37°C shaking
incubator and the cells harvested by centrifugation at 7500 rpm. The cells were
then washed with PBS solution twice and resuspended in saline (0.9% NaCl) at a
concentration of 1 g ml™. 4 mL of acetone was added for every 1 mL of cell
suspension and the mixture was shaken vigorously then incubated on ice for 30
min. The precipitate was collected by centrifugation at 8940 rpm for 10 min. The
pellet was resuspended in fresh acetone, mixed vigorously then incubated on ice
for 10 min. The precipitate was then pelleted by centrifugation at 8940 rpm for 10
min. The pellet was transferred to a piece of filter paper and air-dried before being
crushed to a fine powder. Bacterial extract powder was then added to a final
concentration of 1% (w/v) to a PBS solution containing 20% glycerol. The sera
obtained from terminal bleeds of the immunised animals were then diluted 1:10
with the bacterial extract-PBS solution, vortexed, incubated on ice for 30 min
before being centrifuged at maximum speed for 10 min. The supernatant was

collected and used as the cleaned sera.

5.2.10.2 — Polyclonal antibody production against a partial TaZYP1 peptide
5.2.10.2.1 — Partial peptide synthesis and polyclonal antibody production

The amino acid sequence of TaZYP1 was assessed for hydrophobic and antigenic
regions using Kite-Doolittle and Hopp plots. Peptides deemed suitable were
assessed by Mimetopes (Mimetopes, Clayton, Victoria, Australia). The peptide
sequence  chosen  for  peptide synthesis by  Mimetopes  was:

CLRAYHKEELQRIRS. The partial peptide was conjugated to keyhole limpet
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using a hemocyanin maleimidocaproyl-N-hydroxysuccinimide (MCS) linker.
Synthesis and purification of the peptide was performed by Mimotopes. The

samples were delivered to IMVS for immunisation of two rats (Rattus rattus).

5.2.11 — Immuno-localisation of TaZYP1 by fluorescence microscopy

5.2.11.1 — Fluorescence immuno-localisation of TaZYP1 and TaASY1
Fluorescence immunolocalisation of TaZYP1 with TaASY1 was performed as per
Franklin et al. (1999) and Boden et al. (2009) with the following modifications:
anthers were fixed with 2% paraformaldehyde and cells permeabilised for 3 h.
Anthers were harvested from Chinese Spring and Bob White MPB26 wild-type,
phlb and five Taasyl knock-down mutants (Taasyl-1.9, Taasyl-1.9.2, Taasyl-
2.2, Taasyl-2.2.2, and Taasy-2.2.3). For detecting the localisation pattern of
TaZYP1 using the mouse anti-full-length TaZYP1 antibody (1:100 and 1:10), an
AlexaFluor® 488 conjugated donkey anti-mouse antibody (1:50; Molecular
Probes, Invitrogen) was used while detection of the rat anti-partial peptide
TaZYP1 antibody (1:100 and 1:10) was performed with an AlexaFluor® 488
conjugated donkey anti-rat antibody (1:50; Molecular Probes, Invitrogen).

Optical sections (90-120 per nucleus) of meiocytes were collected using a
Leica TCS SP5 Spectral Scanning Confocal Microscope (Leica Microsystems,
http://www.leicamicrosystems.com/) equipped with an oil immersion HCX Plan
Apochromat 63 x /1.4 lens, a 405 nm pulsed laser and an Argon laser using an
excitation wavelength of 468 nm. AIll images were processed using Leica
Application Suite Advanced Fluorescence software (LAS-AF; version 1.8.2, build
1465, Leica Microsystems) to generate maximum intensity projections of each

nucleus.
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5.3 — Results

5.3.1 — Isolation and characterisation of the TaZYP1 coding sequence

The full-length 2592 bp coding sequence of TaZYP1 was successfully isolated
using a combination of standard and 3’ RACE PCR techniques (Figure 5.1). This
transcript encodes a protein product 863 aa in length with a predicted MW of
98.541 kD and an overall mean pl of 6.4. Southern blot analysis using membranes
prepared with digested DNA from nullisomic-tetrasomic wheat plants showed that
TaZYP1 is located on chromosome group 2 with a copy on the A, B, and D
genome respectively (Figure 5.2).

The TaZYP1 protein shares high levels of conservation with its
homologues in close relatives, including the rice transverse element protein
(GenBank accession: ADD69817) (ldentities = 80%, Positivies = 91%, E-value =
0.00) and maize ZYP1 (GenBank accession: HQ116413) (ldentities = 75.9%,
Positives = 88%, E-value = 0.0). When compared with the Arabidopsis
homologues, AtZYP1b (GenBank accession: NP_564164.1) (ldentities = 40%,
Positives = 64%, E-value = 1e-156) and AtZYPla (GenBank accession:
NP_173645.3) (Identities = 39%; Positives = 63%, E-value = 1e-152); the level of
sequence conservation was reduced. Comparisons with its homologues in non-
plant species showed sequence conservation was modest at best, a result reflected
in the phylogenetic analysis (Figure 5.3).

Amino acid sequence analysis revealed that both the N- and C-terminal
regions of TaZYP1 (aa positions 1-68 and 723-863 respectively) have high pl

values of 10.22 and 10.05. In addition, 18.75% of the C-terminus consisted of
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arginine and lysine residues. A putative DNA-binding S/TPXX motif was also
found within this region (aa positions 761 to 764). Conserved domain analysis
revealed that the TaZYP1 amino acid sequence retained modest similarities with
two known Structural Maintenance of Chromosomes (SMC) conserved domains
characterised in archaea, namely SMC_prok B.and SMC_prok_A (E-values =
3.65e-09 and 3.00e-04 respectively) (Figure 5.4). 3-dimensional protein
modelling predicted that the central region of TaZYP1 forms a coiled-coil domain

structure (from aa position 69 to 722) (data not shown).

& kb
1.5 kb

1 kb

0.5 kb

Figure 5.1 — Isolation of the full-length coding sequence of TaZYP1. A) Using primers
designed based on a rice EST that shared sequence similarity to AtZYPla and AtZYP1b,
standard PCR was used to amplify a 2 kb fragment of TaZYP1. L — Molecular weight
marker; Lane 1 — blank; Lane 2 —-TaZYP1 2 kb fragment. B) 3’'RACE PCR was used to
amplify the remainder of the TaPHS1 coding sequence. L — Molecular weight marker. C)
Full-length TaZYP1 ORF transcript. L — Molecular weight marker.

N1B-T1D
N1D-T1A
NZA-T2B
N2D-T2A
N3A-T3B
N3B-T3D
N3D-T3A
N4A-T4B
N4B-T4D
N4D-T4A
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N7B-T7D
N7D-T7A
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Figure 5.2 — TaZYP1 resides on chromosome group 2. Southern blot analysis showed
the absence of bands in lanes containing DNA from plants nullisomic for chromosome
group 2 thus indicating the location of TaZYP1 within the genome. Arrow heads denote
the missing bands. Loading was uneven in lane 4 (N1D-T1A) hence the faint signal.
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5.3.2 — Characterisation of the TaZYP1 protein product in vitro

5.3.2.1 — Heterologous expression of TaZYP1

The 6xHis-tagged TaZYP1 protein was heterologously expressed in E. coli and
then purified by nickel affinity chromatography. This was successfully performed
under both denaturing and native conditions. The protein product migrated close

to its predicted molecular weight within denaturing SDS-PAGE gels (Figure 5.5).
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Figure 5.5 — SDS-PAGE analysis of TaZYP1. Heterologously expressed 6xHis-tagged
TaZYP1 was successfully isolated under denaturing conditions. L — BIO-RAD Precision
Plus molecular weight marker, Cell lysate (CL), Flow-through (FT), Wash 1 (W1), Wash
2 (W2), Wash 3 (W3), Elution 1 (E1), Elution 2 (E2) and Elution 3 (E3) samples are
shown for the induced cell culture while W2, W3, E1 and E3 were omitted from the non-
induced cell culture as they were not required for the analysis of the result. The red
arrows highlight the 6xHis-tagged TaZYP1 product and the red rectangle highlight the
bands identified by MS/MS as TaZYP1.
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Mass peptide identification of peptides obtained from tryptic digestion of
TaZYP1 revealed the peptides were identical to regions within a rice
synaptonemal complex protein (TIGR Rice locus identifier: LOC_0s04g37960),
with a total amino acid coverage percentage of 6.54% spreading from the N-

terminus to the C-terminus (Figure 5.6).

Proteln Coverage:

237 237
1.25% L 4HE
Q.99 186 - 493

G5B

Figure 5.6 — Mass-peptide identification summary of TaZYP1. The purified TaZYP1
samples ran on SDS-PAGE gels were washed, digested with trypsin and then identified
by ion-tap mass-spectrometry. Peptides identified from the MS/MS data of the digested
TaZYP1 samples that were identical to those within the OsZYP1 sequence (TIGR rice
locus identifier: LOC_0s04g37960) are highlighted (yellow) in the cartoon as well as
shown in the rice synaptonemal complex protein amino acid sequence (red font). Total
sequence coverage was 6.54% of the protein spread over its entire length.

5.3.2.2 - TaZYP1 interacts with DNA

TaZYP1 protein extracted under native conditions was used in competitive DNA-
binding assays to investigate whether TaZYP1 interacted with DNA as had
previously been reported for its homologues. Competitive DNA-binding assays

showed that TaZYP1 appears to interact with both ssDNA and dsDNA without
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any preferences (Figure 5.7). This is evidenced by the equal rates of retardation of

both DNA species regardless of the TaZYP1 concentration used in the assays.
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Figure 5.7 — TaZYP1 interacts with both ss- and dsDNA equally. TaZYP1linteractions
with both DNA species appear equal as the severity of retardation of both DNA species
appears identical in each lane regardless of the concentration of TaZYP1 present. (A)
Induced native TaZYP1 protein extract; (B) Non-induced native TaZYP1 protein extract.

5.3.3 — Transcript expression analysis of TaZYP1

5.3.3.1 - Q-PCR analysis of TaZYP1 in wild-type and the phlb mutant
Q-PCR was conducted to determine the transcript expression levels of TaZYP1
across various stages of meiosis in both the Chinese Spring wild-type and the

phlb mutant (Figure 5.8). The data showed that under wild-type conditions,
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TazYP1 was highly expressed during pre-meiotic interphase. This high level of
TaZYP1 expression persisted as the cells progressed through the early stages of
meiosis up to pachytene. Transcript numbers then steadily declined from
diplotene to anaphase I. By the stage of immature pollen formation, TaZYP1
transcript levels were only approximately 11% that of the pre-meiotic interphase
stage transcript levels.

In the phlb mutant, TaZYP1 transcript levels are present at increased
levels throughout all stages of meiosis examined but the overall expression pattern
of TaZYP1 remains similar to that of wild-type. The largest differences in TaZYP1
transcript copy numbers were seen in the L-P and D-A pooled stages with an

approximate 1.27-fold and 1.30-fold increase seen in the phlb mutant.
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Figure 5.8 — Transcript expression analysis of TaZYP1. Q-PCR analysis of TaZYP1
transcript numbers revealed that TaZYP1 is highly expressed during the early stages of
meiosis but reduces significantly at the later stages examined in Chinese Spring wild-type
(black bar). While the general expression profile of TaZYP1 in the phlb mutant (open
bar) is similar to that of the wild-type, TaZYPL1 transcript numbers are elevated with a
1.3-fold increase seen during leptotene to pachytene when compared to the wild-type.
Error bars represent the + standard deviation of three replicate experiments.
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5.3.3.2 - Q-PCR analysis of TaZYPL1 in Taasyl mutant lines

TaZYP1 gene expression levels were also investigated in five individual RNAI
knock-down Taasyl mutant lines; two from the T generation and three from the
T, generation (Figure 5.9 A). Q-PCR analysis revealed that there were no
statistically-significant differences between the TaZYP1 expression levels of the
wild-type and Taasyl mutants except for Taasyl-2.2.3 where transcript levels
were 4.17-fold higher than wild-type. In contrast, TaASY1l levels were
significantly lower in all five Taasyl mutants when compared to wild-type levels
except for Taasyl-2.2.3 which unexpectedly showed a 3.69-fold increase. Even
though no statistically-significant differences were observed in the TaZYP1l
expression levels of four of the Taasyl mutants, the overall fluctuations in the
TaZYP1 levels within the wild-type and Taasyl mutants mirrored the fluctuations
seen in TaASY1 expression with a high correlation coefficient of r = 0.9604

obtained (Figure 5.9 B).
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Figure 59 — Q-PCR analysis of T; and T, Taasyl mutant lines. A) Expression
profiling of TaZYP1 revealed no significant differences in expression levels between Bob
White MPB26 (BW) wild-type and the Taasyl mutants apart from Taasy1-2.2.3 which
showed a 4.17-fold increase. TaASY1 expression levels were significantly reduced in all
the mutants except for Taasyl-2.2.3, which showed a 3.69-fold increase compared to
wild-type. Error bars represent the standard deviation of three replicate experiments. B) A
high correlation coefficient (r = 0.9604) was seen between the expression profiles of
TaZYP1 and TaASY1 in the 6 lines examined.
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5.3.4 — Fluorescence immuno- localisation of TaZYP1

5.3.4.1 — Localisation profile of TaZYP1 in wild-type bread wheat

3-dimensional dual immuno-fluorescence localisation experiments using staged
wheat meiocytes embedded within poly-acrylamide pads were performed to
investigate the localisation profile of TaZYP1 during early meiosis, with TaASY1
localisation used as a control. Initial experiments using the polyclonal antibody
raised against the full-length TaZYP1 protein yielded poor results due to non-
specific binding of the antibody to the cell cytoplasm. Optimisation of this
antibody included performing the immunolocalisation experiment with increased
antibody concentrations (1:10 vs 1:100) as well as pre-treating the immune-sera
with bacterial acetone powder to remove antibodies that did not recognise the
TaZYP1 protein. However, these optimisation experiments did not overcome the

non-specific binding of the polyclonal antibody (Figure 5.10).
| -
F -

Figure 5.10 — Immuno-localisation results using the polyclonal antibody raised
against the full-length TaZYP1 antigen. (A) pre-meiotic interphase; (B) leptotene —
zygotene transition; (C) zytogene — pachytene transition; (D) pachytene; (E) diplotene;
(F) diakinesis. The polyclonal antibody raised against the full-length TaZYP1 antigen
displayed non-specific binding even after the immune sera was pre-adsorbed with
bacterial acetone powder to remove antibodies that did not bind specifically to TaZYP1
(green). TaASY1 was used as a marker for early meiotic events. Chromatin was counter-
stained with DAPI (blue). Scale bar, 7.5 pum.
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I:"I- IE-
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Dual immuno-localisation assays conducted with the polyclonal antibody
raised against the TaZYP1 partial peptide yielded superior results compared to
those using the initial polyclonal antibody raised against the full length TaZYP1
protein. TaASY1 localisation was used as a control in these experiments as it has
previously been shown to be a good marker of events that occur during early
meiosis in wheat. In addition, its localisation profile has previously been
characterised in both wild-type and the phlb mutant. TaASY1 localisation in
these experiments was as expected with signal first being detected during pre-
meiotic interphase (Figure 5.11 row 1, panel 1). The signal lengthened along the
chromatin during leptotene and then condensed as synapsis and pairing
progressed during zygotene (Figure 5.11 row 1, panels 2 and 3 respectively). The
TaASY1 signal also revealed the presence of synapsis forks that appeared during
late-zygotene; while in pachytene the TaASY1 signal thickened further as
synapsis was completed and the chromatin condensed further (Figure 5.11 row 1,
panel 4). By diplotene, almost all TaASY1 protein had been unloaded from the
chromatin and only residual amounts of signal was observed on the chromatin
(Figure 5.11 row 1, panel 5). TaASY1 signal was completely absent from cells in
the diakinesis stage (Figure 5.11 row 1, panel 6).

Unlike the TaASY1l signal that first appeared during pre-meiotic
interphase, TaZYP1 was first observed as faint punctuate foci that localised to
chromatin during early-leptotene within the wild-type cells examined (Figure 5.11
row 1, panel 2). These foci then formed short linear tracts along the chromatin as
the cells progressed into zygotene (Figure 5.11 row 1, panel 3). From mid-

zygotene to pachytene, the TaZYP1 signal continued to lengthen but also
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condensed mirroring the condensation of the chromatin. During late pachytene,
the TaZYP1 signal appeared as long tracts that populated regions of chromatin
even after TaASY1 was unloaded (Figure 5.11 row 1, panel 4). The TaZYP1
signal then quickly dissipated from late-pachytene to diplotene where only low
residual levels of TaZYP1 signal were observed (Figure 5.11 row 1, panel 5). No
TaZYPL1 signal was present during diakinesis (Figure 5.11 row 1, panel 6).
Interestingly, the TaZYP1 signal appeared on regions of chromatin only after
TaASY1 first appeared within those regions, indicating that synapsis was
completed before TaZYP1 installation between the homologous chromosomes. In
addition, although TaZYP1 and TaASY1 signals were sometimes seen localised

on regions of chromatin simultaneously, they did not co-localise with one another.

5.3.4.2 — Characterising TaZYP1 localisation in the phlb bread wheat mutant
Having determined that TaZYP1 expression levels were slightly elevated in the
phlb mutant (Figure 5.8), dual immune-fluorescence localisation assays were
performed to determine whether TaZYP1 loading was affected within the phlb
mutant. As previously reported by Boden et al. (2009), the TaASY1 signal was
much stronger in the phlb mutant with the nucleoplasm of some observed
meiocytes completely saturated even at pre-meiotic interphase (Figure 5.11 row 3,
panel 1). Furthermore, the TaASY1 signal appeared disordered on the condensing
chromatin and persisted into diplotene. Large aggregates of TaASY1 protein,
thought to be polycomplexes, were also observed as large foci in nucleolar
regions of the ph1b meiocytes (Figure 5.11 row 3, panel 5)

Similar to wild-type, TaZYP1 was first observed as faint punctuate foci

during leptotene in the phlb mutant (Figure 5.11 rows 2 and 3, panel 2).
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However, unlike wild-type, lengthening of the signal from foci to form short
tracts was delayed until pachytene (Figure 5.11 rows 2 and 3, panel 4). In
addition, TaZYP1 signal persisted at higher levels in diplotene compared to wild-
type, possibly as a consequence of the delayed loading of TaZYP1 in the mutant

(Figure 5.11 rows 2 and 3, panel 5).
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5.3.4.3 — Characterising TaZYP1 localisation in Taasyl bread wheat mutants
Dual immuno-fluorescence localisation assays were also performed on meiocytes
of five Taasyl mutant lines with a Bob White MPB26 control included as the
Taasyl mutants were derived from a Bob White MPB26 genotype background
(Figure 5.12). In general, TaASY1 signals in the mutant lines appeared similar to
wild-type both spatially and temporally but appeared weaker and more diffuse. In
addition, TaASY1 persisted at much higher levels in diplotene compared to the
wild-type (compare Figure 5.12 row 1, panel 5 with Taasyl mutant panels down
the column).

TaZYP1 localisation was identical both temporally and spatially in the
Bob White MPB26 and Chinese Spring wild-types (compare Figure 5.11 row 1
with Figure 5.12 row 1). Amongst the Taasyl mutants, TaZYP1 signals were
generally similar to wild-type, first appearing as faint punctate foci on regions of
chromatin during leptotene and lengthening into short tracts during zygotene
(Figure 5.12 rows 2 to 6, panels 1 to 3). The TaZYP1 signal then condensed and
lengthened further during pachytene, populating regions of chromatin where the
TaASY1 signal was being unloaded (Figure 5.12 rows 2 to 6, panel 4). TaZYP1
signal in the Taasyl mutants were only present at residual levels during diplotene
(as was seen in the wild-type) (Figure 5.12 row 1, panel 5 with panels down that
column). Similar to observations of both wild-type meiocytes (Figures 5.11, 5.12),
TaZYP1l and TaASY1 signals were sometimes seen populating regions of
chromatin simultaneously but were never co-localised.

Amongst the Taasyl mutants examined, two anomalies were evident
(which were consistently observed across at least 80 to 100 meiocytes from two

independent immune-fluorescence experiments, with each of the lines
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investigated). First, TaZYP1 loading appeared more reduced in the Taasyl1-1.9.2
mutant compared to the other mutants examined. While the TaZYP1 signal was at
its most abundant during pachytene in both wild-types (Figures 5.11, 5.12), as
well as all the other Taasyl mutants examined, the pachytene stage Taasy1-1.9.2
meiocytes displayed a very weak and diffuse TaZYP1 signal (Figure 5.12 row 3,
panel 4). The signal appeared as short diffused and disrupted tracts instead of the
long condensed tracts that were typically observed in wild-type meiocytes. In
some cases, TaZYP1 signal was almost undetectable (Appendix D1 Figure 2).
Secondly, contrary to the Q-PCR data which showed that TaZYP1 and
TaASY1 expression were 4.17-fold and 3.69-fold higher than wild-type, the
immuno-fluorescence localisation data for both proteins in Taasyl-2.2.3
meiocytes did not show increased signal of either protein within the cells (when
compared to the level of loading observed across the other mutants and wild-type)

(Appendix D1 Figure 3).
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5.4 — Discussion

The work presented in this chapter has characterised the ZYP1 bread wheat
homologue at both the genetic and protein levels. This was achieved by first
isolating the full-length coding sequence of the wheat ZYP1 homologue using
sequence information from a rice EST that showed high levels of similarity to the
AtZYPla and AtZYP1b genes. Higgins and colleagues (2005) reported that both
AtZYP1la and AtZYP1b encode protein products highly similar to one another and
which were functionally redundant. However, unlike Arabidopsis, allohexaploid
bread wheat appears to have only one ZYP1 gene, with copies on chromosome
2A, B and D. This was not unexpected as Higgins et al. (2005) previously
hypothesised that the two Arabidopsis ZYP1 genes were caused by a duplication
event that occurred after the divergence of the Arabidopsis and brassica genera
and that the AtZYP1 genes were more closely-related to each other than they were
to the only ZYP1 homologue found in Brassica oleracea. More recent data
strengthens this hypothesis, as both Oryza sativa and Zea mays have been
reported to possess only a single ZYP1 homologue (Golubovskaya et al. 2011,
Wang et al. 2010).

Phylogenetic analysis revealed that TaZYP1 shares relatively high levels
of sequence conservation with its homologues in other plant species, particularly
with its monocotyledonous relatives (Figure 5.3). Levels of sequence conservation
between TaZYP1 and its equivalents in non-plant species were modest at best.
This was not unexpected as SC proteins have been previously reported to share
conserved function but lack sequence conservation (Higgins et al. 2005).

Based on comparisons of similarities between the ZYP1 yeast homologue

and other proteins with known tertiary structures, Sym and colleagues
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hypothesised that ZYP1 proteins may form rod-like homodimers that are capped
at the ends by globular N- and C-termini (Sym et al. 1993, Sym and Roeder
1995). This was later confirmed by Dong and Roeder in their observations of the
yeast ZYP1 homologue protein by electron microscopy which also showed that
the globular N-terminus was required for ZYP1 homodimer formation (Dong and
Roeder 2000). Further work has shown that ZYP1 molecules attach to the lateral
elements of sister chromosomes via their C-termini and extend outward allowing
the N-termini of ZYP1 molecules on sister chromosomes to interact with one
another and thus form the central element of the SC (reviewed by Page and
Hawley 2004; and references therein). Amino acid sequence analysis of TaZYP1
revealed that both the N and C-termini of the protein are basic with high pl
values, while predictive protein modeling revealed that the central region of
TaZYP1 has a coiled-coil central region. While no dimerisation domains were
found within the TaZYP1 N-terminus, future work involving alanine-scanning
mutagenesis or partial deletions of the N-terminus may reveal whether such
dimerisation domains exist within the region. Alternatively, yeast-two-hybrid
assays conducted with the TaZYP1 N-terminus could also be performed to
determine whether the TaZYP1 N-terminus self-interacts.

The high pl value of the C-terminus is particularly interesting as it may
allow the lysine and arginine residues within it to bind DNA when the
physiological pH of the cell is more acidic than the pl of the C-termini (which is
10.03). Positively-charged lysine and arginine residues have previously been
shown to bind DNA in a non-specific manner in leucine zipper and helix-loop-
helix motifs (Landschulz et al. 1988, VVoronova and Baltimore 1990). In addition,

the presence of a S/TPXX motif, previously characterised by Suzuki (1989),
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within the TaZYP1 C-terminus provides further evidence that the TaZYP1 should
also have a similar localisation pattern and arrangement within the SC as its
previously characterised homologues.

cDART database searches with TaZYP1 returned moderate hits to two
partial SMC conserved domains previously characterised in archaea (Figure 5.4).
Both these domains have previously been reported in proteins that interact with
DNA (Hirano and Hirano 2002, Jensen and Shapiro 2003). Phylogenetic analysis
performed by Cobbe and Hecke (2004) have also shown that while these domains
have been characterised in various species of archaea, these domains are also
present in higher eukaryotic species.

To determine whether TaZYPL1 is able to bind DNA, purified TaZYP1
protein heterologously-expressed in E. coli was used in competitive DNA-binding
assays. The equal levels of retardation of both the ss- and dsDNA species
indicates that TaZYP1 is able to bind both species of DNA indiscriminately under
in vitro conditions (Figure 5.7). The observation that TaZYPL1 is able to interact
with ssDNA was not unexpected as studies in both mice and C. elegans zypl
homologue deletion mutants have shown that the recruitment of the ZYP1
homologues to DNA recombination sites is essential for the unloading of the
recombination machinery during meiosis within both organisms (Colaiacovo et al.
2003, de Vries et al. 2005). Under wild-type conditions in mice and C. elegans,
ZYP1 signal precedes the removal of the RAD51 foci signal (thus indicating that
ZYP1 recruitment to regions of chromatin with RAD51 recombinase, and hence
regions of DNA where single-stranded DNA invasion have occurred, is required
before the recombination machinery can be removed). Work conducted by

Higgins and colleagues (2005) on the Arabidopsis spoll and dmcl knock-out
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mutants show that the Arabidopsis ZYP1 homologues failed to localise to
chromatin in the spoll mutant but were localised as foci to sites of unsynapsed
chromosome axes in the dmcl mutant. Taken together, these data indicate that
ZYP1 localisation to chromatin in Arabidopsis is dependent on double-stranded
break (DSB) formation but independent of recombination initiation, thus inferring
that ZYP1 is most likely recruited to sites of recombination during the very early
stages of single-strand DNA invasion (Higgins et al. 2005). However, ZYP1
polymerisation along the length of the chromosome is dependent on
recombination occurring (Higgins et al. 2005).

Q-PCR profiling showed that TaZYP1 expression fits the profile of a
protein required during early meiosis (Figure 5.8). The relatively high expression
level during the stages of pre-meiosis through to pachytene correlated well with
observations in the immune-fluorescence localisation assays where TaZYP1
signal was first observed in leptotene and peaked at pachytene (Figure 5.11 row
1). The reduction in expression post-pachytene was also reflected in the
immunolocalisation loading with the TaZYP1 signal quickly diminishing post-
pachytene.

Comparisons of the TaZYP1 expression profiles between the wild-type and
phlb mutant showed that while the overall expression profiles were similar,
transcript levels were elevated in the phlb mutant at all stages examined (Figure
5.8). Whether this increased TaZYP1 expression can be linked to the deletion of
the Phl locus or whether it is a physiological reaction to the increased TaASY1
protein levels within the phlb mutant, is yet to be determined. Indeed, the average
TaZYP1 expression levels were slightly lower (though these values were not

statistically-significant) in all Taasyl mutants which showed reduced TaASY1l
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expression (Figure 5.9). However, TaZYP1 expression was increased in the
Taasyl-2.2.3 mutant that also showed a large unexpected increase of TaASY1l
expression. With the correlation coefficient of TaASY1-TaZYP1 gene expression
between the Taasyl mutants and wild-type being highly significant (r = 0.9604),
this may also indicate a regulatory connection between the two gene products.
The large difference in TaZYP1 expression between the stage-specific
wild-type in the Q-PCR data and the Taasyl mutant data is most likely an artifact
of the experimental design which utilised cDNA from different tissue types
(compare TaZYP1 Figure 5.8 with Figure 5.9). While the stage-specific TaZYP1
data was generated using cDNA synthesised from RNA extracted from anther
tissue to generate the most accurate stage-specific data possible, cDNA
synthesised from RNA extracted from whole spike tissue was used in the Q-PCR
profiling of the Bob White MPB26 wild-type and the Taasyl mutants. The
proportion of TaZYP1 mRNA within the total RNA samples extracted from whole
spike tissue would be significantly less than that of the anther tissue RNA samples
and may have resulted in less TaZYP1 mRNA copies being synthesised into
cDNA. The unexpected increase in transcript levels of TaASY1 and TaZYP1 in the
Taasyl1-2.2.3 mutant could also be attributed to the use of meiotic spike tissue. It
is possible that the spike used for RNA extraction contained a larger proportion of
pre-meiotic to pachytene stage anthers than the other spikes used for the mutants
and wild-type. Furthermore, previous Q-PCR profiling of TaASY1 in this mutant
conducted by Dr Scott Boden (2008) showed that TaASY1 levels were lower when
compared to wild-type. The immuno-fluorescence data presented in this study

also appears to agree with this explanation as there was no observable increase in
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the intensity of either the TaASY1 or TaZYP1 signals in meiocytes of the Taasyl-
2.2.3 mutant compared to wild-type (compare Figure 5.12 row 1 with row 6).

Another plausible explanation is variation in gene silencing levels caused
by the RNAI silencing pathway in wheat plants. Anand and colleagues (2003)
have previously shown that variation in gene-silencing can occur within different
tillers of a single RNAIi knock-down wheat plant. While this may explain
variation in the TaASY1 expression, this explanation is not favoured as it fails to
adequately explain the significantly increased level of TaZYP1 expression in the
Taasyl-2.2.3 mutant.

Having characterised the DNA-binding ability of TaZYP1 in vitro as well
as its expression profile in wild-type, phlb and Taasyl mutants, immuno-
fluorescence localisation experiments were conducted to investigate the
localisation profile of TaZYP1. The polyclonal antibody raised against the full-
length TaZYPL1 protein initially used displayed high levels of non-specific
binding. Optimisation steps taken such as purification of the sera by depleting the
sera of antibodies that were not specific for TaZYP1 using bacterial acetone
powder; and varying the antibody concentration, all proved unsuccessful (Figure
5.10). In an effort to overcome this, a polyclonal antibody raised against a partial
peptide of TaZYP1 was generated. This new antibody yielded significantly better
results with high levels of binding specificity.

The temporal and spatial localisation profile of TaZYP1 within both the
Chinese Spring and Bob White MPB26 wild-types were identical with faint
punctate foci associated with chromatin first observed during leptotene (Figure
5.11 row 1 and Figure 5.12 row 1). TaZYP1 signal then spread along the

condensing chromatin and reached maximum intensity as long condensed signals
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during pachytene before dissipating in diplotene. This data confirmed the Q-PCR
profiling data, while association of the TaZYP1 signal with chromatin confirmed
the results of the DNA-binding assay.

Although TaZYP1 and TaASY1 were both present on chromatin, they did
not co-localise (Figure 5.11 and Figure 5.12). Even in the few instances where
both signals were observed on the same regions of chromatin simultaneously, no
co-localisation signals were detected. This observation indicates that TaZYP1,
like its homologues in other species, appears to be a transverse filament protein
and would therefore not be expected to co-localise with TaASY1 (which
associates with the axial and lateral elements of chromatin). Furthermore, the
observed polarity in the localization of TaZYP1 to the ends of chromosomes
during zygotene could possibly predispose these regions of chromatin to
recombination and account for the distal localization of chiasmata seen in bread
wheat. Another important observation is that the TaZYP1 signal appears to be
loaded onto regions of chromatin as TaASY1 is being unloaded. This data fits
well with the hypothesis that TaASY1 may somehow directly/indirectly mediate
recruitment of TaZYP1 onto the chromatin. Interestingly, this aspect of the
TaZYP1 localisation pattern is in contrast to the localisation of its homologues in
Arabidopsis thaliana and Secale cereale, where the ZYP1 homologues load onto
the chromatin while ASY1 signal is still present, forming a co-aligned ZYP1
signal that is sandwiched between the ASY1 signal associated to axial elements
on both sides (Higgins et al. 2005, Mikhailova et al. 2006). It is also noteworthy
that the rye ZYP1 homologue signal already appears as linear tracts during
leptotene (Mikhailova et al. 2006), unlike the punctate foci observed during the

leptotene stage of both Arabidopsis (Higgins et al. 2005), rice (Wang et al. 2010)
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and bread wheat in this study. This clearly shows that differences are present
within the temporal loading patterns of the ZYP1 protein in different species.

Taken together, the DNA-binding data showing that TaZYP1 interacts
with ssDNA, the fact that the Arabidopsis ZYP1 homologues are recruited to sites
of recombination during the very early stages of single-stranded DNA invasion,
and that the same observation of punctate foci were observed during leptotene in
Arabidopsis, rice and bread wheat; suggest that TaZYP1 may be recruited to
chromatin in a temporal and spatial pattern similar to Arabidopsis ZYP1.
However, the absence of tracts of tripartite signals consisting of a TaZYP1 signal
sandwiched on both sides by TaASY1 as well as the observation that TaZYP1
signal appears to lengthen into regions where TaASY1 is being unloaded is at
odds with this conclusion. This raises the question of when and where exactly
TaZYP1 is recruited onto chromatin in bread wheat.

The presence of relatively high levels of TaASY1 signal in meiocytes of
the phlb and Taasyl mutants during diplotene (Figure 5.11 and Figure 5.12) is
also of interest. These increased levels of TaASY1 observed are probably the
result of different mechanisms; as TaASY1 protein levels are significantly higher
in the phlb mutant but significantly lower in the Taasyl knock-down mutants
(Boden et al. 2009). Boden and colleagues (2009) previously hypothesised that
the Phl locus is responsible for regulation of TaASY1 and showed that in its
absence, TaASY1 expression is up-regulated approximately 20-fold compared to
wild-type, with high levels of TaASY1l protein seen in the phlb mutant
meiocytes. Therefore, the TaASY1 signal seen in diplotene phlb meiocytes could

possibly be a result of too much TaASY1 protein present within the cells,
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requiring more time for the cellular machinery to unload the TaASY1 molecules
which leads to persistent TaASY'1 signal in later stages of meiosis.

In contrast, the persisting TaASY1 signal in the Taasyl mutants could
possibly be explained by a cellular compensation mechanism that is delaying the
unloading of the TaASY1 protein. Previous work in Taasyl and asyl homologue
mutants have shown that chromosomes in these mutants lack a true pachytene
stage and that levels of chromosome synapsis were reduced (Boden et al. 2009,
Nonomura et al. 2004, Ross et al. 1997). Perhaps cell cycle check-point
mechanisms are trying to lengthen the duration for which TaASY1 is loaded onto
the axial elements to allow proper synapsis to occur along the lengths of the
homologous chromosomes.

In this study, the TaZYP1 signal was observed to be loaded onto the
chromatin as TaASY1 signal is being unloaded in Chinese Spring and Bob White
MPB26 wild-types as well as the Taasyl mutants. This then raises the question of
whether TaZYP1 loading is completed within the Taasyl mutants due to presence
of TaASY1 signal in the diplotene stage where TaZYP1 signal was no longer
observable. Work conducted in the Arabidopsis asyl mutant previously showed
that the Arabidopsis ZYP1 homologues are loaded onto the chromatin as foci
during leptotene but subsequently fail to lengthen into linear tracts (Sanchez-
Moréan et al. 2007). This again is at odds with the observations in this study which
clearly show that the TaZYPL1 signal still forms linear tracts in the Taasyl mutants
analysed. One possible explanation for this is the variation in severity of the asyl
knock-down effect in the mutants (Boden et al. 2009, Caryl et al. 2000). While
the ASY1 gene expression data reported in both species are incomparable due to

different gene expression analysis techniques being used, inferences could be
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made about the severity of the ASY1 knock-down effect by analysis of the fertility
levels reported. While the Arabidopsis asyl mutant has a more severe knock-
down effect with only 10% fertility, the average fertility of the Taasyl T, mutants
was 77.74%. This possibly indicates that higher levels of ASY1 protein were
present in the Taasyl mutants compared to that in the Atasyl mutant thus leading
to a less severe effect on TaZYP1 loading in the Taasyl mutant meiocytes.

The main objective of the work presented in this chapter was to isolate and
characterise the bread wheat ZYP1 homologue to further the current knowledge-
base of bread wheat meiosis as well as to determine the role of ZYP1 in a
complex hexaploid. This was achieved at the gene level by isolating the TaZYP1
coding sequence, and then conducting Q-PCR expression profiling across wild-
type, phlb, and five Taasyl mutants. Characterisation of TaZYP1l in vitro
determined its DNA-binding capabilities while dual immuno-fluorescence
localisation experiments with a polyclonal anti-TaZYP1 antibody on both Chinese
Spring and Bob White MPB26 wild-type meiocytes detailed its localisation
profile during the early stages of meiosis both temporally and spatially. TaZYP1
localisation was also investigated in the phlb and Taassyl mutants in an effort to
further our understanding of TaZYP1 in the early stages of meiosis in bread
wheat. While detailed characterisation of TaZYP1 has been achieved, further

work is required to fully unravel the localisation profile of TaZYPL1.
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Chapter 6 — General discussion

The primary aim of this project was to identify and characterise proteins that are
required during the early stages of meiosis in bread wheat. This was achieved by
using a two-pronged approach; firstly utilising a large scale proteome-wide
strategy to identify novel meiosis candidates, and secondly via gene-targeting to
isolate and characterise the wheat homologues of proteins that have previously

been reported to have roles in meiosis in other organisms.

6.1 — A large scale proteomics investigation of meiosis

6.1.1 — Optimisation of 2DGE for studying wheat meiosis

The 2DGE results within this study revealed that the largest proportion of protein
species isolated from wheat meiotic tissue using the optimised TCA-acetone
extraction technique had isoelectric potentials that were within the pH 5-8 range.
Optimisation for the various 2DGE parameters were also performed to ensure that
the best possible sample focussing was achieved. While the ultra-sensitive DIGE
technology was initially investigated as a technique to visualise protein spots on
the 2D gels, this technique yielded limited results. Consequently, this was
replaced with a mass-spectrometry compatible EBT-silver stain technique.
Comparisons of 2D gels loaded with wild-type whole anther protein extracts from
various stages of meiosis revealed highly complex proteome profiles with a large
number of protein species detected.

When shifting to meiocyte-enriched protein extracts, coupled with the

EBT silver-staining technique, six protein spots that were differentially-expressed
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between the different stages of meiosis and/or genotypes analysed were identified.
Even so, the data obtained from this study may only represent a subset of the total
proteomic profiles present; as different protein extraction techniques can yield
different protein subsets (Carpentier et al. 2005). Furthermore, many more
proteins that were present at different abundances between the stages and
genotypes could also have been identified had the DIGE visualisation technique
been more successful. Indeed, microarray data generated by Crismani et al.
(2006) suggests that large numbers of transcript species are differentially-
expressed at different stages of meiosis which could possibly translate to

differences in the levels of the protein products they encode.

6.1.2 — Future directions for bread wheat meiosis using proteomics

Protein extraction techniques used in proteomics experiments play a large role in
determining which protein subsets are isolated and analysed. Within this study, an
optimised TCA-acetone extraction and precipitation technique that yielded
substantial amounts of intact total cellular protein was used. However, a drawback
of this technique was the high level of residual salt left within the samples. lonic
salt contamination is a leading cause of poor isoelectric focusing during the first
dimension resolution of 2DGE samples. To overcome this, an additional wash
step using 90% acetone (v/v) with sterile nanopure water was added to remove the
ionic salt contaminants. In repeating such a study in the future, sample dialysis
could be investigated to further reduce the residual levels of salt. While this would
lead to purer samples, it may also result in substantial protein loss due to
precipitation of protein species out of solution during the dialysis process. Due to
the large amount of time required to harvest enough starting material (especially
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so for meiocyte-enriched samples) and the limited amount of protein available in
this study, this approach was non-viable and not investigated.

While optimisation of both horizontal and vertical resolution were deemed
sufficient based on the 2D gel results reported in chapter 2, future research could
investigate larger gel formats to achieve greater resolution. Although the use of
narrow range pH strips gave adequate resolution for the isolation of six
differentially-expressed spots, future work could also include using the micro-
range pH IEF strips that allow resolution to a single pH unit. These narrow range
strips would assist analysis by increasing the distance between each spot thus
eliminating in-gel ambiguities such as that seen between candidate spots KKO03
and KKO04 (which both migrated to almost identical coordinates within the gels).
These strips would also be useful for protein isoform analysis.

A setback of the proteomics research in this study was that the DIGE
method could not be optimised (within a reasonable timeframe and within
budget). Although optimisation steps were made in consultation with DIGE
product specialists (Dr Sherif Tawfilis and Dr Tanya Lewanowitsch) and Dr
Timothy Chataway (Head of Flinders Proteomics Facility), the results from DIGE
visualisation were limited as the addition of the Cy-dye molecules caused
inadequate isoelectric focusing to occur. One possible explanation for this is that
the Cy-dye molecules were reacting with an unknown substance in the protein
samples. While the unknown substance may have been an artefact from the
protein extraction protocol used, this would seem unlikely as successful TCA-
acetone protein extraction protocols with leaf and root tissue samples coupled
with DIGE visualisation have previously been reported in the literature (Keeler et

al. 2007). While another fluorescent dye visualisation technique (SYPRO® Ruby)
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was also explored (data not shown), the levels of protein spot detection sensitivity
were similar when compared to that of the EBT-silver stain.

One possible strategy for overcoming all of the problems posed by 2DGE
and the inadequacies of the visualisation techniques is the use of gel-free
proteomics technology. Multidimensional protein identification technology
(MudPIT) (Lohrig and Wolters 2009, Wolters et al. 2001) is an automated
shotgun  proteomics technology that couples multidimensional liquid
chromatography and electrospray ionisation tandem mass-spectrometry to identify
peptides within complex samples. This system offers the advantage of reduced
manual handling of the samples resulting in less chance of manual error, therefore
lending itself to highly reproducible proteomics results. Furthermore, MudPIT
does not require separation by 2DGE thus eliminating the issues of spot resolution
and staining sensitivity. MudPIT protein samples are digested prior to MS/MS
and therefore eliminates problems with protein insolubility that sometimes occur
when dealing with 2DGE samples. The use of this technology however, will not
overcome all the downstream obstacles of peptide identification such as the shifts
in mass peaks due to the hundreds of post-translational modifications and their

effects on MS/MS which have not been characterised.

6.1.3 — Proteomics and the identification of novel meiosis candidates

Based on the MS/MS data obtained from the six protein spots identified to be
differentially-expressed, four candidate mRNA transcripts were isolated using a
combination of 5" and 3' RACE PCR with full length coding transcripts obtained
for KK01, KK03 and KKO06 while a partial coding sequence was obtained for
KKO04. KKO01 was characterised as a MATH-BTB speckle-POZ protein with
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DNA-binding ability while the KKO03 candidate was characterised as a pollen-
specific SF21 protein. While the function of the KK03 SF21 protein is not clear, it
may be required for pollen tube elongation based on data from previously
characterised SF21 proteins (Allen et al. 2010, Lazarescu et al. 2006). The partial
coding sequence of KK04 encodes a portion of a hexose transporter protein while
the full-length KK06 candidate was characterised as a putative HSP70-2 plant
homologue with a dnakK domain and DNA-binding ability. HSP70-2 variants in
both humans and mice have previously been shown to form part of the SC and are
also required for the disassembly of the SC (Allen et al. 1996, Dix et al. 1996,
Dix et al. 1997, Zakeri et al. 1988).

Q-PCR profiling was conducted to investigate whether the gene
expression profiles of these four candidates could explain the presence of their
respective spots in the proteomics data. Comparisons of the transcriptomics and
proteomics data revealed that the gene expression levels for three of the four
candidates correlated with their protein expression profiles. Competitive DNA-
binding assays with the KK01 and KKO06 full-length protein products revealed
that both these proteins interact with DNA, with KKO1 preferentially binding to
ssDNA and KKO06 binding ssDNA and dsDNA equally.

Taking into account the data presented in Chapters 2 and 3, it is possible to
conclude that a 2DGE proteomics approach is a viable albeit time-consuming
strategy for identifying proteins with possible roles during the early stages of
bread wheat meiosis. The successful isolation and characterisation of two novel
DNA-interacting proteins, KKO1 and KKO6, highlights the success of this
approach while future work characterising these two proteins further will increase

our understanding of meiosis in bread wheat.
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6.1.4 — Future research directions for the protein candidates identified

An important outcome of the research from this thesis was the characterisation of
both the KKO1 and KKO06 proteins. Based on previously published literature,
proteins with the MATH-BTB domain, which the KKO01 candidate possesses,
have been shown to interact with DNA and cause chromatin remodelling and gene
expression regulation (Sunnerhagen et al. 1997, Wolffe 1997). Meanwhile, the
KKO06 candidate shares high levels of inter-species amino acid sequence similarity
with HSP70-2 variants previously characterised in both human and mouse (Allen
et al. 1996, Dix et al. 1996, Dix et al. 1997, Zakeri et al. 1988). KKO06 therefore
appears to be a good candidate as a HSP70-2 bread wheat homologue, with its
gene expression profile and DNA-binding activity indicating it has the hallmarks
of an SC protein. Future work should focus on investigating the roles of these
proteins in planta through the use of antibodies raised against these proteins.
Furthermore, 3-dimensional immuno-fluorescence localisation experiments of
wheat meiocytes will determine the spatial and temporal localisation profiles
during early meiosis while co-immunoprecipitation assays should reveal any
protein partners that interact with these candidates within the cell.

The antibodies raised against these two proteins could also be used in
translational proteomics assays to determine whether the KK01 and KKO06 spots
identified in Chapter 2 of this study do correspond to the protein spots of the
KKO01 and KKO06 candidates. Further work encompassing localisation assays
using meiocytes from the phlb and ph2a mutants may also assist in elucidating
the functions of these two proteins and whether either (or both) of these
candidates behave differently in the ph mutants.
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6.2 — A gene-targeted approach to study meiosis: TaPHS1 and

TaZYP1

6.2.1 - TaPHS1

The isolation and characterisation of the wheat PHS1 homologue, TaPHSL1,
revealed that it shares relatively high levels of sequence similarity with its
equivalents in other plant species. Bioinformatic analysis of the TaPHS1 amino
acid sequence showed that it neither possesses any known nuclear localisation
signal nor known conserved DNA-binding domains. Sequence alignments of
PHS1 proteins from multiple species detected four conserved regions (termed
Regions 1 to 4) within the PHS1 proteins analysed, with repeats found in both the
Arabidopsis and wheat PHS1 sequences. However, the function of these
oligopeptide repeats is not yet known.

One significant discovery made during the characterisation of the TaPHS1
protein is its ability to interact with DNA in vitro. Further characterisation using
partial peptides of the four conserved regions identified that Region 1 was
responsible for the DNA-binding ability of TaPHS1. Sequence analysis revealed
that two S/TPXX DNA-binding motifs are present in Region 1 indicating that
Region 1 may contain an uncharacterised DNA-binding domain. Interestingly,
Region 1 coincides with the exact region in which the insertion mutations used to
generate the Atphsl-1 and Zmphsl-0 knockout mutants are located (Ronceret et
al. 2009, supplementary data).

3-dimensional immuno-fluorescence localisation experiments conducted

with an antibody raised against TaPHS1 localised the TaPHS1 protein to the
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nucleus of wheat meiocytes with the signal appearing as diffuse tracts with
punctate foci that followed the chromatin. This data further supports the DNA-
binding results and suggests that TaPHS1 interacts with chromatin in planta. The
ability to interact with DNA and its localisation to chromatin were not previously
observed in the PHS1 localisation profiles of both AtPHS1 and ZmPHSL.
Therefore, this raises the question of whether TaPHS1 functions as a direct
transporter of meiotic proteins such as RADS50 into the nucleus as was
hypothesised (but disfavoured) by Ronceret and colleagues (Ronceret et al. 2009).
Other differences between the wheat PHS1 compared to both the Arabidopsis and
maize PHS1 proteins was that the TaPHS1 signal was observed on the nucleolar
periphery; however its function there remains speculative. Data from dual
immuno-fluorescence localisation of TaPHS1 and TaASY1 revealed that while
both signals were localised close to one another, the two proteins did not appear to

co-localise.

6.2.2 — A model for homology searching in wheat

Based on observations of disrupted RAD50 localisation in the phsl mutants of
both Arabidopsis and maize, Ronceret and colleagues (2009) hypothesised that
PHS1 regulates RADS50 localisation into the nucleus. Considering the localisation
profile of TaPHSL, it is plausible to hypothesise that TaPHS1 shuttles its meiotic
protein partner(s) (such as RAD50) into the nucleus and may even be involved in
the direct loading of protein(s) onto chromatin (as TaPHS1 itself associates with
chromatin). The localisation pattern of TaPHS1 (diffuse tracts with punctate foci
along regions of the chromatin) could also indicate multiple roles for TaPHS1

during early meiosis (at least in bread wheat).
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Firstly, regions of concentrated TaPHS1 protein which form foci may
indicate a role in the direct positioning of elements of the recombination
machinery (such as RAD50) by TaPHS1 at recombination sites. This is plausible
as many recombination proteins such as RAD51, RAD50 and MLH3 (Franklin et
al. 1999, Jackson et al. 2006, Ronceret et al. 2009) appear as foci associated to
chromatin during the early stages of meiosis.

In contrast, the diffuse tracts of TaPHS1 may indicate a direct role in the
homology searching mechanism in bread wheat as both homology searching and
recombination are tightly-linked processes. It is tempting to suggest that free
TaPHS1 molecules marked for nuclear entry by SUMOylation (or another as yet
unknown nuclear localisation signal) move into the nucleus and form these diffuse
tracts to perform homology searching. TaPHS1 molecules may also interact and
transport protein partner(s) which are required for homology searching but are not
required at recombination sites. Previously, PHS1 has been indirectly linked with
homology searching as the failure of the RAD51 recombinase protein to be
recruited to chromatin in the Zmphsl-0 mutant is caused by disrupted RAD50
localisation into the nucleus. The absence of RAD50 in the nucleus prevents the
assembly of the MND1-RAD50-NBS1 complex (collectively known as the MRN
complex) thus preventing resection of the DSB and the failed recruitment of the
RADS51 recombinase (Pawlowski et al. 2004, Ronceret et al. 2009). Nuclear
magnetic resonance (NMR) imaging of the DNA-RADS51 nucleoprotein filament
structure (Nishinaka et al. 1998) and in vitro DNA pairing assays have shown that
RAD51 is capable of homology searching and promotes homologous
chromosome pairing over regions of DNA several kilobases in length (Eggler et

al. 2002). However, it is debatable as to whether the lack of RAD51-based

231



homology searching is able to account for the 95% of synapsis that occurs
between non-homologous chromosomes in the Zmphs1-0 mutant. Furthermore,
with the reach of the RAD51/DMC1 homology searching nucleoprotein filaments
limited to only a few kilobases, TaPHS1 molecules that form the diffuse tracts
may somehow play a direct role in the homology searching process over longer
distances of the chromatin. Additional data substantiating this hypothesis was
uncovered by Osman and colleagues (2006) when they reported that both AtZYP1
and ZmPHS1 possess regions of peptide sequences that resemble bacterial
topoisomerase IV domains. The bacterial topoisomerase IV proteins are members
of the topoisomerase type IIA family previously hypothesised to have potential
roles in inter-homologue chromosome resolution (von Wettstein 1984). This fits
well into the model where TaPHS1 may act as a component of the homology
searching mechanism in wheat.

An additional homology searching mechanism may be necessary in the
case of hexaploid bread wheat due to its large genome size (approximately 16,000
Mb), which contains long regions of repetitive sequence throughout. Based on
comparisons of PHS1 function in both maize and Arabidopsis (two species with
vastly different genome sizes and complexities), Ronceret and colleagues (2009)
hypothesised that the target of PHS1-mediated chromosome pairing control must
be in the gene-rich portions of both genomes. However, it is noteworthy that the
maize phsl mutant showed a more severe phenotype and that maize has a genome
approximately 20-fold larger than Arabidopsis. Extrapolation of the phsl
phenotype based on genome size may prove fatal in hexaploid wheat with a
genome approximately 128-fold larger than Arabidopsis; even if only gene-rich

regions are considered.
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Based on the data presented, could it be that TaPHS1 functions differently
from its two other known plant homologues? And is it possible that bread wheat
has evolved a different mechanism for homology searching as it has for the

control of homologous pairing with the Ph1 locus?

Figure 6.1 — A model for TaPHS1 homology searching in bread wheat. This model is
based on combining data from previous literature as well as the results of this study. Blue
region indicates previous function attributed to the maize PHS1 homologue by Ronceret
et al. (2009) that hypothesised PHS1 regulates nuclear entry of RAD50. While the direct
transport of RAD50 by PHS1 was suggested by Ronceret et al. (2009), it was
disfavoured. However, the immunolocalisation profile of TaPHS1 showing TaPHS1
interacts with chromatin and the high levels of TaPHS1 signal in the nucleolus suggest
that TaPHS1 may directly transport RAD50 into the nucleus. Furthermore, TaPHS1 may
aid in the loading of RAD50 onto the DSB sites of the chromatin due to its DNA-binding
ability thus resulting in the formation of the TaPHS1 foci signal. Within the nucleus, the
MRN complex assembles at DSB sites and processes the DSBs to form single-stranded 3’
overhangs. This is followed by the recruitment of the RAD51 and DMC1 homology
searching recombinases. The recruitment and direct transport of other unknown protein
partners involved in recombination to the DSB sites by TaPHS1 may also contribute to
foci signal formation (yellow region). Both transport processes (blue and yellow region)
show that TaPHS1 has an indirect role in homology searching. Free TaPHS1 and possible
TaPHS1-protein complexes (with protein partners not required at DSB sites) may also be
marked for nucleus entry where the TaPHS1 molecules form diffuse tracts along the
chromatin to directly perform homology searching over larger distances compared to the
RAD51/DMC1 nucleoprotein filament complexes (dull-orange region). TaPHS1
molecules may then be moved to the nucleolus either for degradation, export back into
cytoplasm, or sequestration into the nucleolus until they are required again (see following

page).
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TaPHS1 molecules that have transported their protein partners may be
dispatched to the nucleolus for either degradation or to be marked for recycling
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to perform a function or for storage until it is needed again.
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6.2.3 — Future directions of TaPHS1 research

While chapter 4 reported on the characterisation of TaPHS1, more research could
be conducted to understand the role(s) of this protein within wheat meiocytes.
Firstly, temporal localisation of TaPHS1 in relation to other known meiotic
proteins (e.g. RAD50) should be investigated using dual 3-dimensional immuno-
fluorescence localisation. Data generated from such experiments would provide
valuable insight into the precise order in which these meiotic proteins are loaded
onto the chromatin in bread wheat. Co-immunoprecipitation assays using the anti-
TaPHS1 antibody should also be conducted to determine whether TaPHS1
interacts directly with other proteins within the cell in planta.

Another possible approach to identify protein partners of TaPHS1 would
be to use the pGADT7-TaPHS1 prey plasmid generated in this study to screen a
Y2H bait library constructed with total meiotic cDNA. In tandem, the co-
immunoprecipitation assays and Y2H screen could prove complimentary and
yield significant results, especially when paired with data from the 3-dimensional
immuno-fluorescence experiments proposed. Furthermore, a bait vector library
made from portions of the TaRAD50 coding sequence isolated may determine
whether PHS1 directly interacts with RAD50 and causes its transport into the
nucleus. Tagging of the TaPHS1 protein with GFP, coupled with live cell
imaging, could reveal when TaPHS1 protein molecules are sequestered to the
nucleolus and whether these molecules are then degraded or recycled to the
cytoplasm for transport of additional proteins into the nucleus.

Other characterisation experiments could revolve around the deletion of
the oligopeptide repeat region within the TaPHS1 sequence to determine whether

those repeats play a role (be it structural or otherwise) within the TaPHS1 protein.
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Last but not least, analysis of Taphsl knock-down/knock-out mutants will help

further our understanding of the role(s) of TaPHS1 in bread wheat.

6.2.4 - TaZYP1

The isolation and characterisation of TaZYP1 revealed that it shared relatively
high levels of sequence similarities with its homologues in other plant species
while Q-PCR profiling showed that it is highly expressed during early meiosis.
There also appeared to be a correlation between the expression profiles of
TaZYP1 and TaASY1. Competitive DNA-binding assays showed that TaZYP1
interacted with both ss- and dsDNA with no preference for either DNA species in
vitro, while 3-dimensional fluorescence immuno-localisation suggests that
TaZYP1 was first loaded onto chromatin during leptotene as foci that then
lengthened into linear tracts during zygotene and pachytene before dissipating by
diplotene. Analysis of the phlb and five taasyl knock-down mutants showed that
TaZYP1 localisation, in general, was similar to that of the wild-type. However, a
delay in unloading of the TaZYP1 signal was observed as evidenced during
diplotene in both the phlb and taasyl meiocytes (where higher levels of TaZYP1
signal were retained when compared to wild-type). In both wild-type and the
Taasyl mutants, the TaZYP1 signal appeared to be loading onto regions of
chromatin as TaASY1 was being unloaded. This was in contrast to previous
reports in Arabidopsis, rice and rye that showed the ZYP1 signals within these
species appearing while ASY1 signal was still present on the chromatin (Higgins
et al. 2005, Mikhailova et al. 2006, Wang et al. 2010). While this anomaly can be
explained by technical differences (e.g. the degree of anther fixation), and/or
personal interpretation of the stage of a given meiocyte; it may also represent a
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true result that reflects a different mechanism for SC formation that has evolved in
bread wheat. Furthermore, although ZYP1 and its homologues in other organisms
are thought to have a conserved function, immuno-fluorescence localisation
experiments in Arabidopsis (Higgins et al. 2005), rice (Wang et al. 2010), and rye
(Mikhailova et al. 2006) have revealed that the ZYP1 protein is loaded differently
onto the chromatin of these species during leptotene.

The differences in the loading pattern of TaZYP1 compared to its other
homologues with regards to ASY1 raises questions as to the precise temporal
loading of TaZYP1 in wheat. In addition, the presence of TaZYP1 foci during
leptotene may suggest that TaZYP1 is recruited to recombination sites. In light of
the different systems regulating SC formation in various species previously
studied, these data highlight the need for further work to be conducted to
determine whether SC formation in wheat is regulated by recombination

initiation.

6.2.5 — Future directions of TaZYP1 research

Future research involving TaZYP1 should involve dual-immunofluorescence
localisation of TaZYP1 in conjunction with an anti-RAD51 or anti-DMC1
antibody to determine if and when the TaZYP1 foci seen during early leptotene
localise to recombination sites. Data obtained from such experiments may
determine the order in which these proteins are loaded onto chromatin. However,
antibodies would first need to be raised against the wheat RAD51 and/or DMC1
proteins. This is because the widely used anti-HSRAD51 antibody previously
reported to bind the RAD51 homologues of many plant species (Franklin et al.
1999, Li et al. 2007, Terasawa et al. 1995) does not work in 3D-
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immunofluorescence localisation assays using wheat meiocytes (Khoo,
unpublished data) although the antibody was able to detect the wheat RAD51
protein in western blots (Khoo et al. 2008). Furthermore, the widely-used anti-
AtDMC1 antibody does not bind to the wheat DMC1 homologue either. This is
more than likely a consequence of the antibody having been raised against the
first 18 amino acids of AtDMC1, of which only seven residues are identical in the
equivalent TaDMC1 sequence (Jolly 2010). Ideally, to answer the question of
whether SC formation and TaZYP1 loading onto chromatin is mediated by
recombination initiation, the anti-TaZYP1 antibody should also be used in
fluorescence immuno-localisation experiments using meiocytes from wheat spoll
as well as dmcl knock-out mutants.

Other future experiments using the anti-TaZYP1 antibody developed
could involve co-immunoprecipitation assays to identify protein partners of
TaZYPL1. This would lead not only to a better understanding of TaZYP1 but may
also allow the identification of novel uncharacterised proteins that have an

important role in the formation of the SC in bread wheat.

6.3 — The bigger picture

While the isolation and characterisation of genes involved in bread wheat meiosis
may appear to be purely fundamental, such studies contribute to the ever-growing
body of knowledge which increases our understanding of this highly complex cell
division process. For bread wheat researchers, a desire to understand meiosis is
further driven by the promise that tools (i.e. bridging lines, new mutants in
addition to phlb) will one day lead to increasing the genetic variation within

current breeding lines much more easily than what is currently possible. In order
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to do so, inter-specific chromosomes must be able to interact with one another
thereby allowing genetic recombination to occur thus leading to the acquisition of
new genes (or the retrieval of genes previously lost through breeding practices)
that may prove beneficial for current and future wheat breeding programs. The
ability to control such introgression ‘events’ into current breeding lines would
eventually enable superior wheat varieties to be generated so that increasing food
demands can be met in an ever-changing agricultural environment caused by

climate change and an increasing human population.
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Appendix A

Synthesis of 2% aceto-carmine

A solution of 55% acetic acid made using autoclaved nanopure water and glacial
acetic acid (Chem-Supply, Gillman, South Australia, Australia) was heated using
a Bunsen burner until boiling. Carmine natural red 4 powder (Sigma-Aldrich, St
Louis, Montana, USA) (2% w/v) was added with the solution boiled for a few
moments longer and then cooled. The stain solution was then filtered using moist
Grade 2 Whatman Qualitative circle paper (Whatman International Ltd.,

Maidstone, England).
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Appendix B1

Output files for KKO01 protein spot sequencing

KKO09B01.RAW Page 1
SRF File: E:\data\KELVIN\09-07-21\KK09BOl.srf

Database... indexed - rice_all.pep.fasta.hdr (7/23/z009)

Filter(s)... xc (# 1,2,3)=1.50,2.00,2.50 ; peptide probability<=1e-003

Mods: (M* +15.95452) (STY# +739.96633)

reference B Score Coverage Accessicon
Scan (s) Segquence MH+ z e ¥XC Deltacn sp RSp Ions

protein retrotransposon protein, putative, Ty3-gypsy subclass 42-005 18.1 0.0 (4}
28430 K. YELKVVARDDVESS#S5SQDGEE. G 2134.01 3 4e-005 2.747 0.014 210.5 2 20/114
8430 K. YELEVVARDDVESH#SSSCDGEH. G 2134.01 3 4e-005 2.70% 0.103 130.1 10 135/114
2 of 2 peptide matches reported, 1 removed due to filtering

protein WNFD4, putative, expressed 0.0005 10.1 0.0 4}
9539 R.T#DPAFLAM*FAITLATGACAVVESIGEK. S 2708.31 3 0.0005 2.802 0.008 192.4 24 138/15s
1 of 2 peptide matches reported, 1 removed due to filtering

protein transposon protein, putative, unclassified 0.0002 10.1 0.0 (4}
8894 R.TLQIDLLLK.L 1056.67 2 0.0003 2.040 0.019 442.4 1 10/18
1 of 5 peptide matches reported, 4 removed due to filtering

protein retrotransposon, putative, centromere-specific 0.0001 10.1 0.0 0
7536 K.ESRENLDIS#TH#R.G 1394.52 2 0.0001 2.033 0.134 67.4 &4 8fa0
1 of 1 peptide matches reported, 0 removed due to filtering

protein MAR-binding filament-like protein 1, putative, express 0.0005 8.1 0.0 0
9133 K.LDVISNQLVS#TM*EARR.E 1759.79 3 ©0.0005 2.565 0.014 20%.7 35 1le/B4
1 of 3 peptide matches reported, 2 removed due to filtering

protein histone acetyltransferase HACS, putative, expressed £e-005 8.1 0.0 (4}
10619 K.SDELES#WY#QNLVE. K 175%6.81 2 6e-005 2.227 0.027 179.4 15 12748
1 of 1 peptide matches reported, 0 removed due to filtering

protein expressed protein 7e-005 8.1 0.0 [
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1 of 3 peptide matches reported, 2 removed due to filtering

protein transposon protein, putative, unclassified 0.0004 2.1 0.0 4}
110739 R.EPFT#IFTIPEITDISER.L 1987.96 2 0.0004 2.083 0.102 133.0 3 1z/48

1 of 2 peptide matches reported, 1 removed due to filtering
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KKOSBO1.RAW Page 1

SRF File: E:\data\KELVIN,0%-07-21\KKOSBO1.acf

Database... ilndexed - rice all.pep.lasta.bdr (7/23/200%9)

Filterie)... =e (z 1,2,3)=1.50,2.00,2.50 ; peptide probabilicy<=1s-003 ; # differsnt peptidess=2
Moda: (H* +15.%994592]1 (ETYR +79.96633)

Reference P Score Coverage Accesaion

Scanial Sequsnse i = S S s Deltatn Sp  Rip  Tons  Sount
protein retrotransposon protein, putative, Tyd-gypey subclase 49-008 18.1 9.9 o

#4320 K. YELEVVARDDVGSS8550DGK. G 2134.01 3 4e-D0E 2.747 0.014 210.5 2 20/114

@430 K. YFELEVVARDDVEERSSS0DCK. & 2L34.01 ¥} 4=-00F 2.709 0.103 180.1 10 19/114
KKO2BO1.RAW Page 2

Reference: LOC Os10gli?e0.1|13110.m01214 |protein retrotransposon protein, pu
Database: C:\Xecaliburidatabage'\Rlce database\all.pep.fasta
Humber of Amine Acide: 288 Monolsotople MW: 31764.0 pl: E.E2

Protein:

MESVIDKFMN SEHETHQOIV VOEYELEVVA ADDVGSSSEQ DORGAVDASG
DREINLCDGY IEDLGEDGRE VOEEPFREMN FODOVDWTVD HALINQSGVL
VHTLTHMIKS VIDDTIDEHQ TTGPVILPGY VFPRYESLVT SHOONTSHAP
OVOPTAMAST LAPVAPSTAD NOTINPALLS REOPOHANDD TRPREQAVOP
IQOOTVORLO QOQTVOOMFTG LRTPMHROTH ONVIOVIFEH MVHTVORDOS
VAAQIIPEHL VEMIOPNFON YOGGNLNYOY QLLTLKIL

Frocein Coverage:

Sequence Ml N Mags BB 3 AR

YELEVVAADDVESEESQDGE 2054 . 04 6. .47 24 = 43 [T
Totals: 2064 .04 e.47 20 [T

KEOZBO1.RAW Fage 3

DTA for acan: BL430

Pracursor fon: 712.11

Mass Eype: Monoisotopic

Mod's: [M* «15.55452) (5TTE +T3.8E66311)

Ion series for charge: 1

AR A long B fons B jons B iopns € fons ¥ lone ¥ ions Yo lons Z iong

¥ 164.07

K 2982.17 1970.94

L 405.25 lE42.96

K 5313.34 172%.76

W B33 .41 1601.687

W 731 .48 1502 .60

A B0z, 52 1403 .53

A AT 56 1332 .50

o SAA .58 1261 .46

o 1103.61 1146.43

L) 1202588 1031 .40

Lrd 1258,.T0 2332.34

E 1138,.73 B75.31

E# 1%13.73 T8 .28

5 1600.76 62l.28

s 1E67.79 534.25

o lelE.85 447.22

o 19310.88 319.16

o 1987 .30 204.13

-

147.11

256



KKOSBO1.RAW

Page 4

Deita Mass (amu)

2

=}

o

1385

g — — — ——_— —_——————— — —— — — — — — —

-2

#2430-8430 RT:47.65-47.65 NL: 1.58E2

Relative Abundance

; bf! ¥,
20 2%2.3 =1 43'.3'2
15 v

1
319.0
10

400

F l: b IJ
sz slhz

ad73

i

y
6t 2

b
563.6

600

libe

*1
¥
ghs2

i s

4
Y
BBE1 .7

800

Lk

bl
11bas

|

1000

i

b2l
3 1%ea

467

1200

BioworksBrowser rev. 3.3
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KKDSB01.RAW

Page 5

DTA for scan:
Precursosr

B410

len: 712.11

Mass type: Monodeotopic
Mod's:

M* +15.99492)

lon saries for ¢harg¢: *1

4

hﬂﬂﬂ“hl.‘l[.tlfl-:tl =5 b K- el i ]

A Llong

B ione

1202 .68
1258.70
1426.70
1513.73
1600.76
L&@7.79
l8l5.05
1830.88
188780

(STIR +79.96633)

258

¥ lLonsg

1570.54
1842 .85
1728.74
160L.67
1602.60
14031.53
1333.50
1161 .46
1146.43
1051 .40
532,34
B75.31
TOB.32
G2l.28
£34.25
447.22
115.16
204.13
147.11

¥o fong

Z long



Delta Mass {amu)

B2430-2430 RT.47.69-47.69 ML: 1.58E2

Relalive Abundance

KKOZBO1.RAW

Page &

g

o

100

th

4473

y b
s%i2 s¥io

=2

=3
y
7o

b:?
757 4

LF
¥ou
EH:'I i

800
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BioworksBrowser rev. 3.3
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KEOSBO1 . RAW Page &

Score Distribution - Consensus

o

Count

[=]
(] i

Consensus score

BioworksBrowser rev. 3.3

25/08/2009 13:00:50
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KKOSBO1.RAW

Page 10

[sEgUEST]

firsr database name = C:\Xecaliburidarabase\rice_all.pep.fasta hdr

second databas® nase =
peptide mass tolerance = 1.0000
ide mass_units = 0

Omamu, lemmu,
n‘nuarul-ﬂllﬂﬁlnuﬂuﬂﬁnnﬂﬁalﬂﬂn

fragment_icn_tolerance = 0.5000
fragment_icn_units = 0
num_output_lines = 10
num_results = 250
num_description lines = &
show_fragment_ions = 0

pﬂ.n: duplizats refersncas = @
enzyme_info =
max pum_differential per ide

sin(KR) 1 1 KR -

J=ppm
; for trap data leave at 1.0. for accurate mass data use values « 1.0

; Omamu, lemmy
; 8 peptide resulta to show

: # resultes ro store

] g full protein descriptions to show for top M peptides
; O=no, l=yes
i number of duplicate refersencss repeorted

max W of diff. mod in

= i ide
difT mearch options = 16984916 H TE.MEE331 sw 6.000000 M 0.000000 X I:f Qoo00d T 0.000000 Y
term_diff search_cptions = 0.000000 r:I Q00000

nuclesrids nading_fr-\m =0
mana_Cypé _PAYent = 1
mAGS_CYpe _Eragment = 1
normalize_xcors = 0
remove_pDrecursor_peak = 0
ion ﬂtﬂf!‘iplfﬂlntlgl = 0.0000
mAX_num_in

profein mass filFer = 0 07
match_peak count = 0
match_peak allowed error = 1
macch peak tolerance = 1.0000
partial_sequence =

rnal :ln.'.rl.gn BitEE = 2

i OG=protein db, 1-6, T = forward thres, E-réverss thras, 5=all six

; Omaverage massen, l=monoisctopic masses

; Omaverage masses, l=monoiscotopic massss

; use normalized xcorr valuses in the out file
; O=po, leyes

i prelim, scors cutoff Y as a decimal number i.e. 0.30 for J0%
; maximum value is 12

; enter protein mass min & max value | O for both = unussd]
i number of auto-detected peaks to try matching (max §)

number of allowsd errors in matching autc-detected peaks
i maas tolerance for matching auto-detected peaks

sequence_headsr_filter =
digest mass_range = S00.0000 3500.0000

add_Cterm peptide = 0.0000 ; added to each peptide C-terminue
add_cterm_protein - 0.0000 added teo each pretein C-terminus
add_Nterm_psptide = 0.0000 i added to sach peptids H-terminus

P

add Kterm _protein = 0.0000 i added te sach preotein N-terminue
add @ Glycine = 0,0000 i added to @
add A Alanine = 0.0000 i added to A
add 5 Secine = 0.0000 ; added to 5
add_F_Proline = 0.0000 ; added to P
add_v_Valine = 0.0000 ; added to V
-.dd_'.l' Threonine = 0.0000 ; added to T

add c Cysteine = 0_0000 ; added to
add L Leucine = 0.0000 ; added to L
add I Isolsucins = 0.0000 i added te I
add_ X Lorl = 0.0000 ; added to X
idd N _Asparagine = 0.0000 ; added to N
add_o_ornithine - 0.ooan ; added to O
add @ _avg MandD = 0,0000 i added to B
add_D_; Mpuu-: Acid = 0.0000 ; added to D
add g Glutaming = 0.0000 : added to g
add ¥ Lysine = 0.0000 ; added to K
add 2 avg QandE = 0.0000 ; added to Z
add_ !'EluEmi-: Acid = 00000 ; added to E
add_M_Methionine = 0.0000 i added to M
add_H_Histidine = 0,0000 ; added to H
add_F_Phenylalanine = 0.0000 i added to F
add_R_, Arginine = 0.0000 ; added to R
add_¥_Tyrosine = 0.0000 ; added to ¥
add_W_Tryptophan = 0.0000 ; added to W
add”J user_amino_acid = 0.0000 : added to J
add_U_user_amine_acid = 0.0000 ; added te U
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Output files for KKO02 protein spot sequencing

KKOSBO2.RAW Page 1
SRF File: E:\data\EELVIN\O8-07-21\EXKO®ROZ.srf
patabaas. .. indexed ricrua'l.l.pnp.fnﬂ:n.h-:h' [7/23/3009)
Filter(a) ... xo (¢ 1,2,3)=1.50,2.00,2.50 ; poptide probabllity<=18-003
Mods: [M* =15.89452) (STYH +75.56631)
foference P Score Coverage Accession
Can (&) Samisncs MH & b P X& Deleacn f=3e1 REp  lana
protein pectate lyass precurssr, pPutative, expreessd 0.0003 10.1 Q.0 v]
2845 R.LTROELLVASDKTIODOR.O 1939.53 2 0.0003 2.542 0.02% 230,717 & 11/4%
1 of 3 pepride matches reported, 2 removed due to filterling
proteln recrotrancposon protelin, putative, unclassified 2¢-008 8.1 0.0 o
B2ie K. M"REIVAGHEMCRLGVEEK .M 2062 .04 2 20-008 2.187 0.083 270,090 2 18/33

1 of 1 peptids matches reported, 0 removed dus to filtering
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KEOZBOZ2. RAW Page 1

BRE Filea: E:\daca‘\XELVINLO09-0V-21\KK0OSBO2.8YE

bacabape... indexed - riee all.pep.fasta.hdr (7/23/2008)

Fillrer{s)... % (# 1,2, 3})=1.580,2.00,3.80 ; pu'ptlrlu probabilityssle-003
Mode: (M* +15.884082) (STVH +78.98633)

Beference P BErore Coveradge Acceasion

Scanis) Sequance Hii- z XC Deltatn Sp RSp Ione Counk
protein pactate lyase precurecs, putatlive, expresssd @.0003 10.1 0.0 a

9835 B LTEQELLVASDETIDOR.O 1B38.33 = 0.0003 =.543 o, 02% 230.7 & 11/45%

1 of 3 peptide macches reporced. 2 removed due to filrering

KEOZBOZ RAW FPage 2

Refersnca: LC':_'_QHE:GJ.J]E'C' o1 | 13102.m401331 |[prekein pectate lyase precurssr, pu
Dacabass: OC:\Ecaliburidatabass'Ri crﬂ_n:in? abaad\all = Famca
umber of Amine Acide: 4486 Monolsotoplc MW: 49196.6 pl: D9.&8

]

MODQRLOWREE POSFLLVAOY FLARAMRAVEN AIIGEFDEHW BXREAAMEAR
AEEVYKFDPF NVTHEFRMAV IRSTERGVLR RELSGEHSKY RGPCLATHNPI
CRCWRCREDW ATCRERLART AMGFGRGATE GVRGKITVWT DPGDGDAANE
EYOTLAWOAM DAAPLWITFA KAMVIRLTOE LLVABDETID GRGAJVHIAR
OOAGITVOFA RNVIITALHV HOVEHEDGOA VRDSFTHIOP RTRADGDGIS
LFAATDVWVD MVEMSMCEDG LIDVVOQGETG VTISMEMFTH HNDVMLFGAS
DEYPQOFVHD ITVAFNHFGR GLVQRMPRCE WGFFHVVEND YTHWLMYALG
GEHSPTILSQ GHNRYIAFFNI AAFLITRHYA PEWEWENWAN RSDEDLIMKEG
AYFQASNGAT NEXKVEGSIMY KPKPGSYVRR LTRFAGALSC RPGERC

Frotein:

Protelin Coverage:

Saquence =
LTGELLVASDETIDGR S, & Ll = L3d ¥
MO ITVAFHHIGE 1519 .78 3,08 308 - 330 2.5l
Toktals: 1758 .96 J.E8 1& 3.E9
KKD2BOZ. RAW Page 3

DOTh for scan: 5845

Pracursor ion: 515.81

Mags type: Monodsotoplc

Modte: (M* 215.80482) (STYE +79.88833)

Ion serien for charge: +1

RA A lons B ions B* ions Bo ions € iona ¥ ions e ions Yo ions Z jona
L 114.09

TH 295.11 1726.84
Q 423.16 1544.83
E gg2.21 1416.77
L BE65.29 1287.73
L TTR.AT 1174 64
L BT .84 1981 .84
A S48.48 PEd.49
- 1035.51 891.45
u] 1150.54 B04.42
K 127863 EA5.35
T 1378, 64 G&l.30
1 1492.77 460,25
3] 1607.79 347.17
g 1664 .81 232.14
B 175.12
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KKOSBOZ RAW Fage 4

2

. r L1 F e ) Q 1711

oy S

Dela Mass (amu)
(=]

-2
#9845-9845 RT.55.33-656.33 NL: 8. 61E1

¥y
shio

= b!
753 1035.5

Mbes

Relative Abundance
a8
1

+1
¥
1lI 1E.5
=1
¥ bl
14875 1450
v
1544 8
I
L
1 || |i |‘ I |.||
 LERET RLRER LEERS LAREN LAY LELLN TARE] Li,
1200 1400 1600
BioworksBrowser rev. 3.3 28/08/2009 13:03:35
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KKO0ZB0Z.RAW Page 7

Beference P Ecore CoOVerage Recepslion

ECan(gl Eeguonee M- = L Ac __Deleacn -3 BSp __lopg Collnt
protein retrotransposcn protein, putative, unclassifiesd Ze=-006 A1 o.o o

B236 E.M*HEIVAGHEMORLGVEEK . M 2062.04 2 2e-00& 2.187 0.053 270.0 2 15734
KK02BO02.RAW Page 8
Reference: LOC Os01glfidd.1|15101.m02089 |procein retrotransposcn protein, pu

parabase: C:1\Xeoaliburidarabase\Bice databagerall. pep.fasta

Humber of Amino Acids: 81 Monolgotoplc MW: S387.€ pl: 4.78

Frotelin:

HMTECRELFE NTSREVGAQM DRLTARAISS DGRVAQLEME LEVARDDLOR
MMEIVAOMEM ORLOVEEEMN DLODHIFSIR D

Protein Coverage:

Sequence M- § Mass AR ¥ AR

MHE IVAGHEMQRLGVEEE 4045 06 FFCT] 5l _- 6B FFIRFF
Totale: 046,08 21.84 L& 32.2%

KKOSBOZ RAW Page §

OTh for ocan: 82318

Precursor Llofn: 1031.&8

Maasa Eype: Monolaotopic

Mod's: [M* «15_534%2) (5TYR «79.%66133)

Icn series for charge: +1

AR A ions B iana B* isns Bs ions C iona ¥ iona ¥* {508 Yo iona Z ions

M 148.04

H 262 .09 191%.01

E 391.13 1800.9%8

I 504.21 1671.92

v 603.28 1558 .84

A 674.32 1458.77

G 73l.34 13@88.73

N B45.38 1331.71

E #74.42 1217 .67

o 1145._47 1088.82

g 1233 _52 857.58

B 1389.62 828,583

L 1502 .71 BT3.43

a 1559.73 560,34

v 1658. 80 503.32

E ireT.eq 4045 .25

K 1915. 54 27521

K 147.11
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KKOSEDZ RAW Page 10

E_

1916

Q

Delta Mass (amu)
[ ]

-

-2
#8236-8236 RT46,28-46.28 NL: 5.33E2

=1
¥
EE?.'I
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IE rﬁll $II %I Ill-ﬁ‘=J II“FIIEII%II#I $I $
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11086 ot
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Yoo ibres by
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BioworksBrowser rev. 3.3 250872008 13:03:35
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KKO2B0Z.RAW

Fage 13
Score Distribution - Consensus
5 -
44
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2
[=]
]
2
14
u | |
® & g
Consensus score
BioworksBrowser rev. 3.3 25/0872008 13:03:36
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KKO09BO2.RAW Page 14

[SEQUEST]

first_dacabase name = Ci\Xecaliburidatabase'\rice_all.pep.fasta. hdr
second_databass name =

pepride _mass_tolerance = 1.0000

peptide masso _units = 0 ! D=ami, lemmi, 2=ppm
im:rrhi-ﬂllnn:I.I)GDDEII:IEIEII)#{*:II:IDI:I

lrngm.tut ton tolerance = 0.5000 ; Por trap data leave at 1.0, for accurate masa data use wvalues < 1.0
fragment_ton units = 0 ; De@mi, lemm

num_outpit 1Tnes = 10 ; # peptide results to ahow

num_  regults = 260 i W Tesults to store

mum_description_lines = & i ® full protsin descriptions to shew for cop N peptides
shoW_fragment_ifne = 0 i Demo, l=yes

p:‘im: dupli.cu# rafarences = 0 + number of duplicate references reported

encyme info = Trypsin(kR) 1 1 ER -

max pum differential per peptide = 3 of Aiff. mod in a

pept ide
:H.ﬂ' u.trc-h options = 15.99491% M 79,.966331 5‘1“!‘ Q. ououou M 0.000000 X 9.000000 T 0.000000 ¥
term_diff_search_options = 0.000000 9.000000

micleccide rud:n: frame = 0 i D=protein db, 1l-6, 7 = forward chree, @-reverss thres, P=all six
mass_type parent = 1 Degverage masses, lesonoiscboplc masses

mass_type fragment = 1 ; Dmwaverage masses, lsscnoisoboplc masses

normalize xcorr = O i ume normalized xcorr values in the cut file
remove_precursor_peak = 0 i G=no, l=yes

lon_cutoff_percentage = 0,0000 & prolim. scove cutoff % aa a decimal number i.e4. 0.30 for Ion
max_num_interpal_cleavage_sitées = 2 ; maximum value ia 12

protein_mana_filter = 0 0 + enter protein mass min & max valus [ O for bBoth - unused)

match peak . count = 0 ; number of auto-detected peaks to try matching (max 5)
match_peak_allowed error = 1 : number of allowed errors in matching auto-detected peaks
match_peak_tolerance = 1.0000 : mage tolerance for matching auto-detected peaks

partial_sequsnce =
seguence_header_filter =
digest_mass_range = 00,0000 3500.0000

add Crerm_peptide = 0.0000 i added to each pepcide C-terminus

add cur-_pmum = 0.0000 ; added te each protein C-terminus
add_Nrerm_peptide = 0.0000 ; added to sach peptide N-terminus
term_protein - 0.0000 + added to each protein N-terminua

n.d.d _G Glycine = 0.0000 : added ko G

add_A_Alanine = 0.0000 ; added ko A

add 5_ “Serine = 0.0000 i added te §

add P Prolins = 0.0000 i added o P

add_V_valine = 0.0000 ; addesd to V

add_T_Threonine = 0.0000 i added to T

add ¢ _Cysteine = 0.0000 i added to C

add L Leucine = 0.0000 ; added to L

add 1 tecleucine = 0.0000 ; added to I

add_X_Lorl = 0.0000 ¢ added to X

add N Asparagine = 0.0000 ; added ko M

add_0_ornithine = 0.0000 ; added ko O

add B avg WandD = 0.0000 ; added to B

add D -ﬁlplrtii: Acid = 0.0000 i added to D

add_0_Glutamine = .00 ; added to Q

add_K_Lysine = 0.0000 ¢ added to K

add_5_awg_QandE = 0.0000 ; added ta Z

add_g_olufamic_acid = 0.0000 i added to B

add M Methionine = 0.0000 ; added Lo M

add_ ¥ _Histidine = 0.000¢ ; added to B

add_F_phenylalanine = 0.0000 : added to F

add_R_Arginins = 0.0000 ; added Eo R

add_¥_Tyrosine = 0.0000 ; added to ¥

add W Tryptophan = 0.0000 i added to W

add_J user aminc acid = 0,0000 ; added to J

add U user amino_acid = 0.0000 ; added to U
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Output files for KKO03 protein spot sequencing

KKOSBO3.RAW Page

SRF File: E:‘\data‘\KELVIN,OQP-07-21\KK0PEQ] .zt

Database... indexed - rice all.pep.fasta. ]:u:h- 17/23/2008])

Filter({s)... xc (+ 1,2, 31=1.50,2.00,2.50 ; peptide probabilitycele-003
Mods: [(M* +15.98402) (STY® +79.06633)

Reference F Score L‘:rvqrago Accession
Scan [-!l ?ﬂ:‘.ﬂ"':" MH+ F 3 B b1 ] I E §E RQE ;nnl.
protein SLT1 protein, putative, expresned 0.0005 10,2 o.o a
la600 B TOJOVEMHERVVOPSHOQUEFSGVM KKAR .G J2E5.453 3 0.000% 2. E7T4 D.144 269.0 & 25/15&

1 of 3 peptide matches reported, 2 removed due to filtering

protein pellen-specific protein 5F11, putative, expressed 0.000% 10.1 0.0 Q
10286 E. QSIWIH‘I‘I‘IH‘ERHDLTIESLK E 004,34 3 0.000% 2.822 0.037 126.E 1@ 24/220
1 of 1 peptide matches reported, O removed dus to filcering

protein retratyan fon proteain, putative, unclassified 0.0008 10,1 a.0 o
11114 R. ITHASHVINAASHAGLLEGELTIR . K 2937.30 3 0.0008 2.822 0.039 102.6 103 23/3%0

1 of 4 peptide matches reported, 3 removed due to filtering

Loo0d 10,1 0.0

mtuin o :ldu m an ragine amidase A, putative [
P Pep A CAVEOARAADT (0004 2.634 0.110 173.8 4 21/162

PTTRYFEVDRFLA . P 3052.47 3

oo

1 of 3 pepride matches reported, 2 removed due to filtering

proteln retrotransposon protein, putative, 'nf} gypey subclass 0.0002 10,1 g.0 [
13239 R.QSLANTCFVET#PRVEPVEVM*VTIRRE. N 2908.47 3 00,0002 2.583 0.002 133.3 150 16/144
1 of 1 peptide matches reported, 0 removed due to filrering

pratqm integral membrans tein, ﬁtatiw, axprassad 0.0003 10.1 0.0 a
8347 E.ALFSE SAM=A FVFLLARGFIVIVR 3317.77 3 0.0003 2.870 0.018 140.8 20 16/132
1 of 1 peptide matches reported, 0 removed due to filtering

protelin ratrn:ranﬁfu rotein, putative, unclassified 0.0008 10.1 a.0 a
11248 FHMHI I LYGENVH. 1306.04 2 O0.0006 2.225 0.03% 241.9 1 10/30
1 of 2 pepride matches reported, 1 removed due to filtering

protelin retrotransposon protein, putative, unclassified le-005 8.1 g.0 [
16607 K. GEATRCGEOGIAGAPS#CERSRADE. W 2205.85 3 3Je-006 2.93% O0.06F 122.6 3  31/210
1 of 1 peptide matches reported, 0 removed due to filrering

protein hypothetrical protein 42-005 B.1 0.0 i}
11370 K.LELRATHANEGSVSEE.D 1633.77 2 4e-00FE 2.082 0.080 128.3 26 10/52

1 of 1 peptide matches reported, 0 removed dus to filtering

protein pﬁn:ﬁtrimtidﬂ. tative, expreansd 0.0005 2.1 a.0 o
9092 R. AVRSROLOFELAVONALVEM®YEGE. C 29B85.43 3 0.0005 2.62% D.026 152.8 13 329/208
1 of 2 pepride matches reported, 1 removed due to filtering
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KKO9BO3.RAW

Page 1

SRF File: E:\data‘\KELVIN\08=0T7=-21\KKO0SRO3.6xE
Databags... indsxed - vige_all.pep.fasta.hdr (7/23/2008)

Filteri(s)... xe (+ 1,2,3]1=1.50,2.00,2.50 ; paptids probabillity<=1e-003
Moda: (M* «15.99452) (8TYE +79.96633)

Befogrence P Ecope Coverage Accgselon
Ecanial ESguEnog MH 3 P XC Dwlracn Ep BEp JTona  Count
protein SLTL1 protein, putative, sexpressed 0.0000 10.2 0.0 Q
10&00 R TOCOVEMHE VWO PEWSHEFSOVH*EKAR. G 3365 .49 i 0.000% 3,674 O.las 2653.0 & 257156
1 of 3 poptide matches reported. 2 removed due to filtering
KKOSB03.RAW Page 2
Eeferonce: LOC Os0lgé2300.1|13101.mOSEEs |p;-u'l..1;|ir.| SLT1 protein, putative, exp
Databage: C:l\Xcaliburidacabags'\Rice database'\all.pep.fasta
Humber of Amino Acids: 821 Monoisotopic MW: &RIE:.8 PI: 6.47
Protein:
MGEDLVTTLS MERGEGEREG GHHSLCTLLS MOPAGHLODR AVGVMVOPRI
GOIAGRARAY ALSGAHPPDT HOFWQTDLOD MLODVSLGRQI QWTDARALAYV
LESAPEAONE EARXRGDAIN GAWPEFTEYF EPLLADECED KVTRDAMNIVE
GFDETDLRLD MPMVOJHDMEN MYMWVFEERP EMATGEMOLE SYMHGHSREG
EFQFFFEVDR GFVESHRMOR FEMYRGLSNPD CIHGIEVVES PNLASITEVD
RRERKVELTGR ELNFRIPQER COFCTWRTME NTEIELDRPH PVMEERIVIEOH
PRELLNGEGL NLESPENHESG EDOGMDLEFVE SKRREKEVPFH AMDEECFLFL
HEOOGERTOOD VEMHEVVOFE WOHEFSOVHME EAROPVTAAK SIYEDDOGYL
IMVSLPFVDD OXVEVEWRNES LTHOIVEILC VETACTPYIR RHDRVEELAD
PMPEMCTHGE FVREIPLATE IPEDARKLERY FOERAAVLET MVPKRGNEPE
EHEVREVSHRP PHLARNDLLL T
Protein Coverage:
Segquencs MH+ } _Magp Lo Y A5
TOOLVEMES VYO POWQHEFSGVMERAR 3lef.53 .44 AT - 103 5.18
VEMRPPHLAANDLLLT 1747. 85 3,00 506 - 52l 3.07
Totals: 316%.53 5.44 a7 $.18
KKOSBOZ.RAW Page 3
OTA for acan: 10600
Précurasy ion: 1089.44
Mass Eype: Monolisotopic
Mod®*s: {M* =15.58432)] [5TYd +73.96611)
Ion series for charge: 1
AA A fons B ions B* ions Bo ions C ions ¥ ions ¥+ ions Yo ifons I ions
T 102.06
o 220.11 1164 .44
(0] 358.17 3036 .39
o 473.320 2908.33
v §72.27 2793.30
E Tol.31 2604.23
M 832.35 2565.1%
H 9EY_41 2434 .18
Ed 1136.41 2297.0%
v 1235.48 2130.08
v 1324.54 2031.02
] 1462.80 1931.9%
P 1559 .46 1803 .50
5 LEAE . BS 1706 .84
W 1832.77 1619.81
(1] 1660 .83 1433.73
H 2087 .88 Li06.&7
E 2426.9% 1168 .81
B 2374.00 1039,57
-] I461.03 852 .50
F Z518.06 RO5 .47
v 617,13 TdE.AS
e 2764 .18 49,38
K 2882.25% 502.35
K 1020.34 374.25
A 3081 .38 246.14
R 176.13
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KKOSBO3.RAW Page 7
Referance P Score Coverage Accessicn
Scapisl Ssguspcs HH= i E X2 _Deltaco _Sp Eip Jops Coupt
protein pollen-aspecific protein BF21, putatcive, expresasd 0.000% 10:.1 a.0 o
102 R& E.OSEMNVWRFIHTE INERHDLTOESLE . B 1084, 34 i 0.0008 2.822 0.037 125.5 I8 2473220
1 o0f 1 peptide matches peported, 0 removed due to filtering
KKOSBO3. RAW Page 8
Reference: LOC_Oa0BEg36740.1|13108.203801 |protein pollen-specific protain 8F2
Database: C:\Y¥caliburidatabase\Rice database‘\all.pep.fasta
Humber of Amino Acida: J48 Monolactoplic MW: JB547.1 pl: 5.03
Procein:
MEDEGGEVVE VDVERISFOO KEHHIQTHHG SVEVAVYGDH DEPALVTYFD
IATNHEMSCP) GLLFCPERSS LLLENFCIYM ISPPGHELGR APVSPSEPVA
SVDELADOVS DVLDFFGLGP VMCLGVTAGR YILTLFATEY RERVLGLILY
SPLCATPERT EWFHNEVMEN LLYYYOGMOEM VEDCLLORYF SEOVOGCSAY
PESDIVOASE SFLDCROSMM VWRFIHTINE RHDLTESLEE LOCRTLIFVG
DHSOFHAEAY EMTSKLDERY SALVEVODOOD SVWTEEQPHA MLMPLEYELM
GYGLYRPSQT SCEPRESPLNP FCISPELLSP ESMGVELEPI KTRANLEV
Procein Coverage:
SaquUATICS M. A _Masn AN AR
OEMNWRFINT INERHDLTESLE SAtd 44 T 41 217 - 218 £ 61
Totals: 2BE4 .44 T.4L 23 E.61
KK02BO3.RAW Page 8
OTA for scan: 10288
Precursor ion: 1032.44
HMage type: Momolsotoplc
Mod'e: (M* +15.99492) (ETYH +79.96631)
Icn series for chargs: +1
AR A Lone B ione B* ions By ione C ions ¥ lons ¥ fons Yo icpns Z Llong
2 129.07
L 296.06 29E6.28
M 427.10 2799.28
B 541.15 =668.24
v 640.22 2554 .30
W B26.30 2455.13
R 982.40 22659.08
F 1129.46 2112.95
rd 1242 .58 1965 88
H 1375 .61 LAG3 .80
Ta 1560.62 1715.74
T 1673.71 1534.73
u 1787.75 1421.64
E 1916.79 1307.560
E 2072 .89 1178 58
H 2308.66 1333 .46
n] 2334 .68 BES_40
L 2819, 08 T70.37
Te 2519.08 657 .29
E 2748.12 476.27
5 2835.16 3147.23
L 22408.24 2&0.20
K 147.11
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KKOSBO3.RAW Page 10
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KKO9BO3.RAW Page 13

Beference P fSeare  Coverage  Acceasiecn
Frisid Hifs i E A

proteln retrotransposcon proteln, putative, unclaseified 0.0008 10.1 0.0 o

11114 R.COVODITEASSVIHAAESAGLLEGELTSN . X 2927.30 X 0.000F 2.832 0.03% 102.6 103 23/2%0

1l of 4 peptids matches E&PGICH, 3 removed dus to filtering

KKOSBO3. RAW Page 14

Beference: LOC Os04gl1620.1]|13104.m01057 |protein retrotransposon protein, pu
Dacabage: C:\JAcaliburdatabase'\Rice dacabaseiall.pep.fasta
Bumbar of Amino Acids: 1847 Mondlectopic MW: 204055.5 pl: 9.72

Protein:

MAKAMEQERR ERKSRASALP GORRALRRRVD GEDYLPKEDD FALRSEPPOR
FEEPFRPIEF RVHRVDOROT ARQGPMSPYI IMYPCECPFH KAGAVRGDLE
AKPLRANATE EGREGEGCHA REOKQRRTGHI ROGGSRAFGA SGRRWRRTIC
FHTCATTHAF GFCRLCASAE RGRRGEGGOG GNGIFDOGGD FFODEFTGGAR
SRSIAAGSSL DYARRCAGPE QOOAYERARRRE TEVISRPILD YSAGYVEROV
POVAQAPMYF AGOCEAANAR QOVHHOPPSOA PRIVAEGRASA
LOAJLOAFLO QLNQPHCISS TTPSAHPEGH TSQOAPHMLP PIQPULOVAL
HARQRFTVRD QAPTPGERTH QAPIQVAMTW SOPFIFDPSHA
AQOOGAVHRA GGEXGLPLEG GIKTRPIPP) FEFRPVPRYE GETDPEKEFLE
IYESATEARH GDENTHKAKVI HLALDGIARS WYFNLPANSI YSWEQLRDVF
VLNFROTYKE PETOOHLLOI ROROGESIRE YHRARFSOARC (QVODITEASY
IHAASAGLLE GELTRKIANE EFJTLEMLIE IIDGFARGEE DSKREOAIGV
EYDFASVARA QRQACVOVAE PPPLFVROSO PAIGGEIFFPRQ GOAPITWREF
RTDRAGHAYM AVVEVQALRE EFDAERASHH QUPARFRSEE TSTAPFTHAL
ETPRNMAETL GNVATRKIOG RSREQLSHMP AKQFREKMPO LHNAKMYSEG
ITEACKGARG YLMQLISFGP EDAEEVMFPH QDPLVIEREI ACFEVERILY
DGGESADVIF AEAYANIGLF TQRLTPAPAS LRGFGGERV] VLGIALLLIA
FOAGENRREE QILFDVVDIP YHYWAIPGRA TLHMEFEAIFH HNYLELEMPG
PTOVIVVEGL QRAAMIHGOL AIINRAVHSY ETEPHERLXH TPEPTPHORI
TEVQIDDADP THLVELGGDM GEEEVESILE VLEKFRNIDIFA WSFDEVEZVFP
ADLIMHHLAY FKPDIFFREQK LERFMSADROE AARKAEVOFLL RAGVMOEIDH
FEWLANFVLD AFRLEERRSN FRELVYIVLG KQLORNVEAY VDDIVVESRK
AFDHAIDLOE TFOSLETAGI RLMPERKCVIG VEAGKLLOFL VEERGIEANP
EEIDATOOME PPSSVHEVOE LAGRIAALSRE FLEKAPERGL FFFETLRGAG
KFNWTFECQOA AFDELEOYLS STPALISTFP GSELLLYLAAR SPVAVIAALY
QETEFOQEPY YFVYEEALOOM KTRYIEMEXL AYALVMASRE LEHYPOAHEY
IVPSOYPLGE ILRGKEITGE LEKWARRELSP FHLHFVARSR IBSOVLANEY
AERTPVLAPD FEPAEQFAVM CSDGEWSHNG RAGIAAVLFSF NGVPIWIAAR
LOFOTTHHAA EYEAVLLGLRE KAKALGVRRL LIRTDSKLVY GHVHESFREAK
ERGMERRLEA IRSMEKCFTG ITVEHLPRDD NEEADALAKS ARCGGRHSFS
IFFEVLHAPS VFMDSSEVMA IDQEKLGEDE YDWRTPFVEM LETGWLFVDE
AEAFRLOLRA HEYEMVEGQL YRSGVLOPLL RCISFAEGEE MAKEIHQGLC
GVHQARARTVA SKROVRSLYGK NIVCRFGVFE EFITDHARGF DSDEFREMCE
GLNLEIRFAS VAHPOSNGAR ERTNGEMLER LEKRLEGRAK GEKWPEELLSY
LMALRTIFIR FIRFSLFMLL YGDERMTPAE LGRNSPRVMF SGGEEGCEYS
LELLESVRVE ALEHMHEYTT STSITYHEKY RFMELMPOHL VLRKKANFVA
VAKLESEWEG PYLIKHKART QYFRLATLEG EEFDHSWNAR SLECFYV

Froteln Coverage:

Sequence MH & i Hagg AR 1 AR

PIGGAPSRE IARGSSLOYARR, a090.07 1.0 195 - 215 1.14

COVODI TEASVINARSAGLLEGELTE 260740 1.32 Ed0 - E65 1.41

RECATOVEYDHE 1406.75 - B8d - 04 G.60
-

TETAPFTHALRTPR _%H_ﬁuﬁ_q*}i
Tocals: 2 + 1,33 AL
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KKOSBO3.RAW Page 15

OTA for scan: 11114

Frecurscr lon: #76.78

Mage type: Monoisotopic

Mod e: (M* «15.99452] (STYN +79.96633)

Ion series for charge: +1

AA A dona B iona B* icna Ba iona C iona ¥ ione ¥* iona ¥o iona 2 lona
c 104,02

Q 232 .08 2824.29
v 331.14 2696.21
Q 458.20 2687.17
D BE74.23 246%.11
I 687.31 2354.08
T T88.36 2241.00
E 916 .46 2135.9%
A 987.49 2011.85
o 1154.49 1940,82
v 1253.66 1773.82
1 1366.64 1674.75
H 14H0.86%9 15861.587
A 1851.72 1447.862
A 1622.76 1376.59
54 1785.76 1305.55
A 1860.80 1138.55
] 1817.a2 1067.51
L 2030, 90 1010.4%
L 2143.99 297,41
E 22T3.93 TE4.32
G 2330.05 655.24
E 2459.09 598.26
L 2672.18 469.22
il 27683.19 i56.13
B 178,12
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KKOSBO3 RAW Fage 18
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KEDSBO3.RAW Page 19
Refarence P Scere Coverage AcceEBion
&sanis) gsqusncs i - Shgo _ESp ]
protelin peptide-Ni-asparagine amidase A, putatciwve 6.0004 10.1 6.0 &
12931 R.LESPADTAVPDAARARDTFTTRYFEVDRFLE . P I0E2 .47 J 0.0004 2.634 0.110 173.4 4 aL/162
1 of 1 papcide matches veported, 2 removed dus to filecering
KKO9BEO03.RAW Page 20
Rafarance: L&T_Dnn]qlnﬂi-.’.‘. 1]1310L.m01183% |procein peptide-Hd-asparagine amida
Darabage: C:'\Xecalibur‘\database\BRice _d.n'...nbauu"..ll:'. .pep.fasta
Mumber of Amino Acids: &£12 Monoleotoplc MW: ESE48.9 pl: 4.88
Protein:
MERVHLLLEY, VFYIPRAIAS RRNLRLOSPAD TAVPDARAAD TPTTYFEVDR
PLEFFPASSG PCSTLLLSSS FOFTYTERPEV TAAYISPPDCOL AARGGGAPAT
SLAVLEWRAT GUNLGGVELL RSCTAEFREN SIVWSVIKDV
TRYASLLARG LIDDOYTEYY HANITLMLYF GPTPARQPAP
ATAPADIIVP VSRELPINDG LHFQIQHATD VESASIVLPS HTYRAVLEVY
VEFHGDDEFW YTMTPDERIGP FREVIVLVDG DLVGRVWPFP VIFTGGINPL
LWRPITGIGS FNLFTYDIEL TPRFLAKLLDG KAHELAFAVT HAVDVWYVDG
HLALWLDEMT TATTGSLVSY DAPRLAAVNT SHTTASRFDS LSERYYYHIT
ASRRISAAGH VESPRSHGRIT THATOTFAFE NTYAFAGDGS AETVHQTTVA
DARVEATDLA GAVLYEROAM HODFPLYVDIE AKTEPHARDY TYTVAREYRE
TALARGRWLES SGTPPREYSL ROTOSCGAVDV EMHDGHAVER TWGTROTYRL
EARTDECYFRE VISSGYSVAS DESDEVCSDS QEYPRGGAVI GALPPRERAR
AVIASADELV RE
Procein Coverage:
Bequence Mits i Mass AR i AR
LESPADIAVPDAAARDTPTTYFEVDRPLE 257250 4.53 26 = K3 4.58
SCTAEPRPRNGIVWEVSK 1830, 52 2,758 132 - 148 2. T8
Totale: 2872.50 4.53 I8 4.58
KKDIBO3.RAW Page 21
DTA for scan: 12931
Precurser ian: 1017.94
Haas Type: Monoisotbopic
Modie: (M® +15.99492) [(BTYd +79.96633)
Ion seriea for charge: «1
AR A ions B ionse B+ lone Bo lons C ione ¥ ione ione Yo ions T ione
L 114.09
5 201.12 2935.18
? 258.18 2852 .15
A Aa®. 21 2765.20
n] dad .24 Z6h4 .28
I B87.33 Z666.23
A (13 I 1 2456.15%
v TET .82 2388 11
P Bes .48 2286.04
D 278.51 2188.89
A 1050.55 2073.96
A 1121.58 2002 .93
A 11932.62 1931.8%9
A 1263 .68 1860.85
D 1378 .68 17eg.82
T 1479.73 1674.789
P 1576.7% 1573.74
T 1677.83 1476.69
s 1858 .85 1375.64
¥ 2021 .91 1154 .63
F 2158 .58 1031.56
E 22598 .02 BB .45
L' 2387 .08 T765.45
u] 2812.12 656.38
E I66R.22 §41.38
P 278%.27 385.28
L 2878 38 284,20
2 178.12
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KKOSBO3. RAW

Page 22
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KKO9BO3.RAW Page 25

Raferance ol Boore Cevterags Accesnian

Scanls) Sequsnce Hais i E JC__Deltacn _Ep _ BEp _long Count
pratein retrotransposcn protein, gu:.‘ntivﬂ, 't'}"i-gﬂmy subslasa 0.0002 10.1 Q.0 a

13239 R.OSLANTCRVETIPRVEPVPVMVTTRR. N 2998 .47 i D.0002 2.5B3 0.002 133.3 150 18/144

l of 1 peptide matchea reported, 0 removed due to filtering

Kk0SB03. RAW Page 26

Refarence: L-D{:_L_Uﬂ 04904574 .1 | 13204 . m00350] [procein retrotransposon protein, pu
Databape: Ci'Xealibur'databaes'Rice databass'\all.pep.fasta

Humbsr of Amino Acida: 747 MonSisotopic MW:  BI417.5 pl: 9.78
Protelin:
MEWQRVGALL LGROSCLPVE GVPAVGGIGS VLLSMARMONW FLCHVFRRYT

VWMAGSYTRR GLOMTGFVLE LRGMOVVLGY PHOVIYQARF LPEQECEDAR
PRAGWEVTAY ILSGSPGRTS LAVTAGGDSF PAACOMAALL AIGTLHORYP
DELOMSFYRY HPFRRGGARDF ATFROASSED DATIVHLARM VEAYDARRID
FHOMVRRGHMY ENNMKILELR QENLOLKFRDL DAVERQLHQL EIAQGEDCRE
FRREVCRSCQE ITRRESTSRP ELVRQOSLAWT CFVETPRVEF VPVMVTTRRN
VNTAGDGHOPE GSNHNROGNP PRRPRFREFP PFOTHAILTO ITLAOOAMMMT
APLHHLONPS OONAPPPPPO HEKLABFLRI RPPTPSSSNN PVDALDWLHA
VORELOTVOS SDEEKVIPAR HOLOGPASLW WDHPOATOPE OOPITWARPT
ARFRATHVFAR GVVALKKREF RELKOGHNRSY MEYLHEFNHL ARYAPEDVRE
DEERCEKFLR GHDPELSVRL VIGDYPDFOR LVDESIRELEA FHEELESHER
RLASFRHOOO ANORVEYTHP YPOOERS000 QQOQOFRSAF RPOFVWEVRD
POOOONOOGT RAFRPPTPAV OFVOORRDAG GQPORLOFNCP EPGHPADKCP
KPRROOGOAF FRPNHGGEDV [RORVNEVTA EDVLTTFNVI VOTFLIRSIP
ATILFDSGAS HEFISVPFVG FNOQLGVERLE FKPSAHHHFWR GYDIEVL

Protein Coverage:

Sequence MU L} Masg AR % AR
QELAWTCFVETPRVEFVEVHVITER 22 51 2ls - g 5
Totale: 2902, 51 .48 F11 d.d%

KKO9BO3.RAW Page 27
DTA for scan; 13239

Precureor ion: L000.48
HMass type: Monolsotopic
Mod'a: (H* +15.99482) (STUI# +70.06633)

Ion aeries for charge: <1
RA A iona B ions B* ions Bo ions C iona ¥ iona ¥+ ions Yo ions Z iona
lu] 125.07

5 214.10 2870.41

L 12W. 18 2783.38

F 400.22 2ET0.29

W £8&.30 2895 38

T 6§87.35 24131.18

c T0.36 2312.13

F #37.42 2200.12

v 1036.49 2061.086

E 1165.53 1962 .93

Te 1346 .55 1833.94

b 1443.60 1652. 53

R 1585.70 1555.87

v 1698.77 1385.77

= 1827 81 1300.70

P 1624 .87 1171.66

v 2023 .83 1074 .81

P 2120.99 978 .84

L 22320.08 BTE.39

M* 2167.09 T79.42

v 2466. 16 632.38

T 2567.21 §33.32

T =658 .26 432.27

R 2834.36 331.23

R 175.12
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KEOSBOGI. RAW Page 28
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KKOZBO2.RAW Page 31

Reference B Score Coverage Accession

icanis) Ssguspcs i A Ai_Beliacn _Sp_R3p _logs Coupt.
pratein integral membrane protein, putative, expressed 0.000% 10,1 0.0 0

LES K ALPAPAQARAAASAM*AFIVAAVVPLLAAGFIVINYR 3317.77 i 0.,0003 2,570 0,018 140.4 20 16/132

L of 1 peptide matches ceported, 0 removed due to filtering

KKO9B03.RAW Page 32

Reference: LOC O804g59020.1)|131
Databass: C:\calibur\dactabaasa'

06217 |protein integral membrans protein,
1,rr_._-.‘i.\r.1h.'| sehall.pep.fasta

Mumbéy oFf Amine Acids: 195 Monoisotopic MH: 159984 .3 pl: B.60
Protelin:

MAAMMNHERS SSNELOVDAZ NPAAVAODELD LARRANWLEA AVLOANDGLY
STASIMLGVG AVEAEARAMV ISGFAGLLAG RCESMAIGEFV SVCSCRDOVEL
AQLERDGKRSG GEEEFALPEP AQARAASAMA FAVGAVVPLL ARGFIVNYRL
RIATVAVAS VALAAFGOUG AVIGRAAVAR SISARVVLGGW PPWASPIAS

Frotein Coverage:

Egquencs
ALPEPADAAAAE AMAFEVIAVVPLLAAGFIVNYR » = 5
Totale: 3301.7w iq 17.09
KKOSBO3. RAW Page 33
DTh for scan: 9347
Precurgor ion 106,92
Mass type: MHonoisctoplic
Mod's: (M* +15.90402) (STY® +79.06633)
Ion series for charge: =1
A A Lons B ions B jons Ba lons T Lfons ¥ long ¥* iong ¥o ions Z ione
A T2.04
L 185,11 1246.71
P 282.18 313365
- 169.21 1036.60
P 466.27 24957
A §37.20 2862.51
G B6G. 26 2781 .48
A T, 40 2663 .42
A BOT. 44 I862.38
A BTE.A7 2511.M
A 949,51 2440.31
s 1036, 54 236927
A 1167.58 2282 24
M* 254 .61 2211.20
A 1325.686 A064.16
F 1472.72 1993.13
- 1659.76 146 .06
W 158,832 1759.03
G 1715%.84 1659 .56
A 178E .58 1503 .94
L 1885,.95 1531.90
v 1988, 02 1432.83
P 2082.07 1333.76
L 219E5.1% 1236.71
L 230824 1123 .63
A 2379.27 10100 .54
A 2450, 31 Pig.50
L5 2507.33 ge8.47
F 26854 .40 8L1.45
1 2787 .49 664 .38
v 2B6E .55 551.29
B 2980, 890 153 .23
X J3L4L,.6%6 3ig.1@
R 178.12
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Delta Mass {amu}

KKOSBO3.RAW

Page 34
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KKOSBO3.RAW Page 37

Reference P Bcore Coverage Accesaion
ssanisl Seqiepce Mi- z E Xz

Protein retrotranspoBEch protelin, putative, unclaaeifisd e.0006 10.1 0.0 Q

11248 E. NELPHMMITLYGENVE. N 130604 2 0.000F 2.225 0.03% 241.% 1 10/30

1 of 3 pnp:idvp matches reported, 1 removed due to filtering

KKO9BO3.RAW Page 35

Reference: LOC Osllgd4014.1]13111 m0d39]|protein retrotransposon protein, pu
Database: C:hZXcaliburl\database\Ri :vl,l-_dar. abasaiall. Pep- fasta
Humber of Amino Aclds: 1843 Hn:mnimtap:: MK : 164732.8 pt: 8,13

Procein:

HOSADREGON GABGIHOSTC VOARAIANDG EOGGSDDSER HODNOYHDSH
PLPSTAWRFR GGRISLPSYN FPFEPIINLL TSASSLSNHF LOHIRRYHSM
FRMTSMGAKI IESINDGHGF YVFEISGOIC HRVGSLIPSG GREPEYAOLY
IFDTENREISN RINIASSSRD SFHAHERIVR SLIEMFOTHN PIVELFRTAR
ERLEENESDH YXIRLFGSTD ARGDIVSAPY AARVVGLANG DIGVTDIGRD
ITIQHHSSQL QRIDEKHREF MAMOYPILFP YOGEDGFHESI WYNQTASS5S
LARMERTMVE FFAYIMHDRA GOFNTPLRCG REKYGCPHLFV TFTSMAYWRE
ILORLAPGOD PSDRPDIVOR VFEMELMMLM DDIKENNFFG PIHAVVYTVE
FORCGLPEVH IIIWLSHEEP LDAEKVDLRI SAQLPNPTLD PIGFERVISF
MIHGFOGPGI SYSPCHEEGR CSKFYPKEFC ENTSILONGF TOYARPHNQI
VVTFHGVDID HRFIVPENVD LVVEYQARIN VESVHHDGMH EYLFEIVIEG
YOCERAGIRE NSANETINED DNYLECQUVT PNDAAWHLLO FDIHHTDPSV
ERLFVHMLPLE MNWYIEDDD LEEVIENPGH QKEKLTAWLE ANSOFPORRE
HTYIEFHEYF TWHASEKYWD IRRGCYMKIG RIAHVDPTHG EQYYLRMLLM
IVHGPETSEI RNISGUQHFT FRARCEALGL LGDDOEWSHA LNDAAROWALP
YQLROLFVTI LLFCEVINPG RLFTEHAQHM SEDFRYRTHY HLSQSHSSFT
DEFVGHALLF ELDELLENAG TSLEHFHLFL PODIGSASAD NELLLDELSY
DITSIASTSA NDIMSLNTHG KEIFMSISNS VINNBGRTFF VYOYOUTOXT
FLWTTLLHFY RTOGKIALAY ASSOIAALLL POORTFHSRF KIFLDIAEMS
MCSIKENTHL AELIQOTSLI VHWDEAPVHHE YCFEARLDRTL RDILSDIRFH
AQHROFGSIT VAFGGDFROT LPVICHATEHN QILRASIVHS YLWHOCWVLY
LTENMRIES] NLSPSDEEEL RVFADNWLLEV GNGTEFHISI EHETHGYVFES
HITTYFCORA ILPPINEVVE EIMNKIIAQY TAAEMSYYSRS DTIDDSCANH
STLEALYPTE FLNTISLNGL PFDHVLHLKIG VPIMLLENLD FSRGLCHATR
LIVTQLTTRI IRGEIMTORA KASKAYIPRI ITTIAQSKWF FELERRQFPI
RLSYAMTINE. SQDLIGVIEH VGFYDYAGKT SSKXMRELKI RNKDEQEQEL
VLWGEYGESF DERFVLOKSET DHEIVVAILR GLTAGTYLGK TERTSSSRTO
IYFOSDITEI AEYQSRYKLP LTIFDESGTL DAVAFYHVAE DLVEVHATOA
TOQWLEIDATE HAIALDTAIG KTRLFHIAMN TRYSSHFTIN IVLEESYFVE
HENTSLMLPT LENTEVAKES ATROLATDEZ LTTMEHCSPA IANTIOVATH
QLYHEQOVDL IKEKQPSTEF BPOUNSKRHE KVTETSPHOE ENQLOOGFKIA
DOOPSGHEED MDOQPENMRN HEAQLIHTHY LOAVERITAS KSTAISITLO
GHESTODLYE LOPTOAHVVN YTENELPHMH IILYJGENVEN NEI

Protein Coverage:

Sequence £
ITASKSTAISITLOGESSTDOLYK FI LA » = 1n Y
HELFPHMMIILYGENVE 1306 04 1.03 25248 - JE310 0. 97
Totals: 1906 04 1.03% 16 0.57
KK09BO3.RAW Page 39

OTA for scan: 11248

Precursor ion: 553.40

Mass type: Monoisctopic

Mod's: (M* +15.98482] (STYE -78.06633)

lon series for charge: +1

AR A ions B jions B¢ igns Bo icns € iocns ¥ ions ¥e ions Yo ions Z ions
v 118.0%

K 243,18 L7981, 6%
L 156.23 1é63.80
P 453,28 1550.81
H 5490, 34 1453.76
] 721.38 1316.70
H BEE. 44 1185 6E
I 971.852 1048.80
1 1084, 61 935.52
L 1197.69 B22.44
¥ 1360.76 709.35%
a 1417.74 546.2%
E 1644, 82 489._27
N 1a60. 84 I80.32
v 1789.93 246.1%
K 147.11
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REOZBO3. RAW Page 40

z N
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Delta Mass [amu)
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b Yhos

Bes
8
£
2
oL
g =1
& ios » '
stis I ﬁm.s
ot Toas.?
5431 5"5'
8223 y!
1?:1]50.?
‘ | | l
thh,lmwlllltuj WM | J LM JJLUJ,,LM J:JJ |1
400 600 800 1000 1200 1400 1600 1800
miz
BioworksBrowser rev, 2.3 25/08/2009 13:04:51

284



KKOSBO3. RAW Page 43

Reference P Egore Coverage Accesslon

Zsaniol Segusnee otr & s AS__Delracn ZL Lop lopg  Cotipt
protein retrotransposon protein, putative, unclasaified Je=-005 B.1 a.0 o

1te87 K. CERTRCGRUGDAGAPERGERSHADE . W 2285.8% 3 Je-00% 2.938 O.0EE 12Z.% 3 317210

1 of 1 peptide matchese reported, 0 removed dus to filtering

KEDSEDI. RAW Page 44
Reference: LOC Os05g31410.1]13105.m0322)|protein retrotransposon protein, pu

Dactabase: C:'\Xcalibur\dacabasa'Ri l:F_dA tabasatall .pep.fasta

Humber of Amino Aclds: 3136 Monoisotopic MW: 3687&E.9 pl: 8,58

Procein:

HMAZEAIVYTP TPIGVEOTAE BRAFREFROR ARPSIGPLER ASYHADVASL
ENVEWTPKFR. PSLTEKYDGN VMPSEFLOIY TAITERRGGD DRVMANFFPM
TLEGCREVWL MNLPPASVHS WEDLCHQFTT NFOGTYLGSG EEADLMAVOR
LODEALOOYTI QFOQUENTIL HPCSCSDLRA QGOVRHNHML EEVASEEPQT
TAQLFEIAGH VACKERERWTH MSSHFPIAVAR DALEPARRSG QREERENERS
ARSHNDEGHVL TABGALRPPR KAGRATGAK(QI DAJAPSAOERS ADEWCOSVLET
ENHELADCRE VENMAELVEE FEQERN

Protelin Coverage:

Sequance HH+ ¥ _Mass AR V_AA
GEATGURQIDAGAPEGERSADE 2045, 95 5.63 FirF K] [P}
Totals: 2045. 95 5. 659 22 [
KEDSBEO3.RAW Page 45
DTA for scam: 15687
Frecurscr ion: T83.64
Mass bype: Monolaokopic
Mod's: [(M* +15.53492] (5TY® +79.96531)
Ton series for |:'h:|:|'|.:|:r~: w1
AR A ions B ions B* fons Bo ions € iona ¥ ions ¥* ions Yo iona Z iona
] 58.03
E 187.07 2228.83
N 258.11 2089.78
T# 439.12 2028.78
G 406,14 1Ed7.73
] 553,17 1790.71
K &B1.26 1733.69
2 809, 32 160%.5%9
Lr] BEE. 34 1477.54
D PE1.37 1420.51
& L0582, 40 1306.4%8
v} 1109.4% 1234.4%
R 1180. .46 1177.43
r 1277.52 1106.35
SN 1444 .51 1008.34
Q@ 1501.54 Bd2.34
B 1630.58 T85.32
R 1786, 60 ESEG.2A
5& 1953 .68 500.18
N 2024.71 333.18
o 139,74 262.14
K 147.1
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KROSEQ3.RAW Page 46
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KEQZBO3.RAW

Fage 49

P Ecore Coverage Accesslion

Egqusnce utr H E As _Delcacn _Sp  REp long Count
protein hypothetical proteln 4e-008 @.1 0 ¢
11370 K.LELRATRANFKGEVESE. D 163X .77 - 4e-008 2.052 126.3 2& 10/832
1 of 1 peptids matches reported, 0 removed dus to filtering
KKOSBO3.RAW Page 50
Reference: LOC Oe02gl?440.1|13102.m03207 |protaein hypothetical proteln
Database: C:\lealiburidatabase\Rice_database‘all.pep.
Humber of Aminoe Acids: 104 Monoisotopic MW: 113238.5 pl 4.33

I N

Protein:

MHETTLGDLE AKLELRATAN EGSVSKDSFY IRSFREQLVDV YVEEFEIIDL

COGSDDDSDY EAYMELEMDS ERERCAKMIVE VDVSEGEGUT KAAGSACEOH

AMVE

Proteln Coverage:

Seguance MH+ ¥ Mase G ¥ 5B

LELRATANKGIVIE TFNT] La oL il - _Z2& FFIR T
Totale: EdTd  wd 14.01 14 La. 40

KKOSBO3.RAW Page 51

OTA for scan: 11370

Precuresor L B17.88

MaEs type: Mocnocisotepic

Mod's: [M* +15.93492] (5TY# «73.56631)

Ion series for charge: =1

BR A iona B iona B* iona Ba iona ¢ iona ¥ iona ¥* iohs Yo ions g iona

L 114 .08

E 253,13 15320 .89

L 188,22 1391 .84

E 512.33 1278.56

A E81.15 1122 .46

T# 764 .37 1051 .42

A AEG.41 870 .41

H 240.45 789.37

E 1077.65 §85.33

3 11234.57 E57.23

8 1321. 50 S00.21

W 133087 413.18

2.3 138T. g7 3 11

K 127.11
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KKO9BO3. RawW Page 52
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KKDSBO3.RAW Page 55

Reference P Score Coverage Accesslicon
Scania) Sagusncs ML i XS Dsltacy Soy
protein pantatricopesptids, putative, expressed 0.000% 2.1 0.0 o
2092 R . RAHGVRAVRS#GLOFELAVGHRLVHM*¥&GK. C Z805.43 1 0D.0008 2.525 O.026 152.8 13 28/208
1 of 3 pnpt‘;dp matchas 'rwp-orl:pd.. 1 removed due to filtering
KKOSBO3.RAW Page 56
Reference: LOC Oed2ghBE20.1|13102 . mO&T750 |proteln pentatricopeptide, putative
Databage: C:4 ica liburidatabase'\Rice database’all. Pep. famta
Bumber of Amino Acidse: LOST HnnE;izc:ng::r MW: 114338.0 p?: w48
Protein:
MATAOVVWEE AVRREYAGGEP AALLPALLOL LEROOPSSOW ARALRSOLHA
OVRAERPLERR ASNSLLCYYL RESRLDLALH HLRCRETPRD SLTYNTLLNH
LPASSSSSTT FRLFRFAMRH AHRAFHENIA SLLSLLRASS SYSDHFLHMI
HAYLLETPAS THTPVANSLL SLYATLODFA SAATLFOEMP DROVASWTSM
TGACLASSYA DOALRLFREM LADGALOPDG VVAVVVLRAS AMLEDVRAGA
SUHAVATRERG LOGDLFVDNS LVIMYAKCLD LESARKVFDL IAVINVIWN
THLEGLVHAG SYPERLHLLA LOQIGVVGDET TLAVLLOLCK KEELGGORAR
EVHGRAIRRR LLSMALLMAL LORYGROGLY EDVLRLFOGM RERNVITWET
VIAARCAMNAR PMARMACEVA MLVTGERPME ITVLELVEAC GECAEMWASE
RAHGVAVESG LOFELAVGHA LVHEMYGECCE LGASARVFDT MPVEDVLTWH
SMIGALGMNG RARDALALLH AMEAEGDEVRE PHGVIMLAAL WACAHGGLVE
BOTOCLESMA ROSLOFRVEH VBOVWDMLAR AGDLDGAREI VRRES0GGEP
AAWEALLASACT RRERODOOGOE VORSARARVL BLEPOHAAGY LHSMOMOLOK
OHAAGMIHAM REEOVEVESO HEVWOHAGGS ERDLAPOOVR MELILLALPA
VLGORIDPLA QLMETAYIGE LGRLELASRG IGVSVEFNIVS KIFNIPLLST
ATSFVRENTIS BMASKEMESSS KLELESVSSA LVLARGIGTI EALALFLGES
LFLEIMGVER ASPMHEPAKL FLELRALGAP ANVINLAVOS IFRGFEDTET
FVFFIGLGNL SAVVLLFLLI YWFRLGITGA ATSTVASQIR KDVRRVDGVG
TVTASIFYRY VDOLVIDRAF THOPCPFCPL MMNGLFRELLF STLFROGMLL
GRTLSILLTM TIGTEMAARD GFTAMAAMOL CLOVWLAVEL LADALAVERD
RMIASEYAIL DYERVOKIAM FALOEVCASO PINALAFIFD GLMYGVEDFD
YVAOATIAVG IMSSLVLLYA PEVFGLAGYW AGLTTLMGLE MASGILE
Protein Coverage:
Saquence : L _Maga Ab 1
HUEEETBHIMC'LGEG'{WLR 237?}10 .04 193 215 2 -%
RAHGVAVRSGLGFELAVENALVEMYSE 2805 5D ri I 451 - 477 246
Tobals: 2B05_ 50 2 .42 27 T
KKDIBO3.RAW Page 57
DTA for scan: 2092
Precursor fion: 995 .58
Mass type: Monoclisotopic
Mod'e: (M* +15.99482) (STY® +79.06E33)
Ion aeries for charge: <1
RA A iona B ions B* ions Bo ions € iona ¥ iona ¥+ ions Yo Lona Z iona
R 157.11
& 2248.18 2829.33
H I66.20 2T75R.2%8
G 422.23 2621.23
v £21.39 2864 .31
F £93.33 2485.14
v 691.40 2394.11
R 247 .50 2295.04
on 1014.50 213@.94
z 1071.52 1571.94
L 1184.60 1914.92
G 1241.863 1801.83
F 1388.69 1744.01
E 1517.74 1587.74
L 1630, &2 148R.T0
A 1701.88 1385.62
v 1800.53 1284 .58
G 1887.98 1185.51
H 1971.99 1128.454%9
A 2043.03 1014.45
L 2156.11 8dl.41
v 23255.19 B30.33
H 2392 .24 731.26
M= 253%9.28 94,20
e 2782.30 £47.18
G 2835.133 204.13%
K 147.11

289



KKO2BO3.RAW Page 58
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KROSBOI.RAW
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Page 61
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KK0SBO3.RAW Page 62

[SRQUEST]

firet_database_name = C:iXcaliburdatabape\rice_all.pep.fasta hdr
socond_databass name =

poptide_mass_tolerance = 1.0000

peptide mass_units = 0 ; Omamu, lemmu, 2=ppm

im_itr!u.l =0110.01.00.00.00006.00.011.00.0

fragment_ion_tolerance = 0.5000 i for crap data leave at 1.0, for accurate mass data use values « 1.0
fragment_ien_units = 0 i O=amu, Lemmu

mum_sutpit_lines = 10 i # psprtides resulte to show

num_results = 250 ; # results Co store

num_description lines = & ; @8 full protein deacripticns to show for top N peptides
show _fragment idns = 0 i O=pa, l=yes

print_duplicate_references = 0 ; pumber of duplicate references reported

enzyme_info = ITypein(ER) 1 1 KR -

max_num_differsntial_per_peptide = 3 i max # of diff. med in a peptide

dlt!_ui::h_nptlm = 15.924215 M 79.266331 STY 0.000000 M Q.000000 X Q.00000Q0 T O,000000 ¥
term diff search cpticns = 0.000000 0.000000

mucleccide reading frame = 0 i Geprotein db, 1-8, 7 = forward three, #-reverss three, f=all six
mags_type parent = 1 i O=average masses, lsmonolsotopic masses

mags_type fragment = 1 i O=average masses, l=mopolsctopic masses

normalize _xeorr = 0 : uge normalized xcorr values in the out file
TemoVE_precurscr_peak = 0 ¢ O=no, leyas

lon_cutoff reentage = 0.0000 ; prelim. score cutoff % as & decimal number L.e&. 0.30 for 30%
max_num infFernal cleavage sites = 2 ; maximum value ia 12

protein mass_filfer = 0 0 ; enter protein mass min & max value | 0 for both = unused)
match_peak_count = 0 ; numbar of autc-detscted peaks te try macching (max E)
match_peak_allewed error = 1 ; number of allowed errers in matching autc-datscted peaks
match_peak_tolerance = 1.0000 i mass teolerance for matching auto-dstscted peaks

partial_pequence =
eequence_header_filter =
digest_mase_range = 00,0000 3500.0000

add_Crterm_peptide = 0.0000 : added to each peptide C-terminue
add_Crterm_protein - 0.0000 ; added to esach protein C-terminus
add_Nrerm_peptide = 0.0000 ; added to each pepride N-terminus
add Hterm protein = 0.0000 ; added to each protein N-terminus
add 3 Glycine = 0.0000 i added to 3
add_A_Alanine = &.0000 i added to A
add_& Berine = 0.0000 : added to &
add_P_Proline = 0.0000 ; added to P
add_v_valine = 0.0000 ; added £o V
add T Threonine = £.0000 ; added ko T
add_C Cyateine = 0.0000 ; added ko C©
add L Leucine = 0.0000 i added to L
add I Iscleuzine = 0.0000 i added o I
add_X Lerl = 0.0000 ; addsd B0 X
add_N_hsparagine = 0.0000 ¢ added to N
add_0_ternithine = 0.0000 ; added to O
add B avg_MandD - 0.0000 i added to B
add_D_Agspartic_hcid = 0,0000 : added to D
add_ o Glutamine = 0.0000 ; added to Q
add_K_Lysine = 0.0000 ; addsd te K
add_I_avg QandE = 0.0000 j added to I
add_E_Glufamic_Reid = 0.0000 ; added to E
add W Mechionine = 0.0000 i added to M
add_H_Histidine = 0.0000 i added to R
add_F_rhenylalanine = 0,0000 ; added to P
add_®_Arginine = 0,0000 ; added o B
add_¥_Tvresine = 0.0000 ; added to ¥
add W _Tryptophan = 0.0000 ; added to W
add_ I user_amino_acid = 0.0000 ; added to J
add U user amine acid = 0.0000 ; added ta O
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Output files for KK04 protein spot sequencing

KKO9B04.RAW Page 1

ERF File: E:\data\FELVIN)\O02-0T7-21\KKO5BO4.sct

Database. .. indexed - rice all.pep.fasta.hdr [7/23/20085)

Filteris)l... xc iz I,I,JIHI.SD,I.D{I‘,E.SU : peptide probability<cs=le-003
Mode: (M* +15.68482) (ATYH +76.86833)

Reforence P
Scanisel Egguencse MM r 3 P

Sgore  Coverage  Acceesslon
XC Deltacn Ep HEp lIons

fulalal
0008
ooos

1.1 0.0
2.42% 0.004
£.41F 0.0B%

protein CHDI-type chromatin-remodeling factor PICKLE, putative .
Looiz K. EYYsFAILTIENYEVLIR R 208405 E
001y K. EY#YRAILTENYEVLIR. B 083,08 2 0.

8
187.4 11748
187.4 11738

e

2 of 4 peptide matches reported, 2 removed due to filtering

protein GsWAKS - OsWAK receptor-like protein kinase, sxpressed
#102 K. SQILOHGOHGTIVYE. & 1833.73 2

L0004 &.1
o004 2.

& o
o
=

oo

26d. i 11/38

1 of 5 peptide matches reported, 4 removed due teo filtering

protein transporter family protein, putative, expressed
10658 K.MPEIMZEM®RETLF FHFOSMPSVAEOOOAR. G 3265.51 3

L0002 4.1 0.0
0002 2.

oo
RN =]

127. 161 15/112

1 of 2 poptide matches reported, 1 removed dus to filtering

KKOSB04 RAW Page 1

ERF File: E:\data’\KELVIN\OS-07-21YEROSB04. sk

Database... indexed - rice all.pep_ fasta.hdr {(7/23/2009)

Filter(e)... xc [+ 1,2,3=1.50,2.00,2.50 ; peptide probabilitycele-003
Mode: (M* +15.99492) [STY# +79.96633)

Reference P

Boore Covarage Accesaion
Soan (&) Eaquenos MH» = [

¥ DalEacn Ep Esp tnmi:.‘_ Coune

protein CHDA-type chromatin-ressdeling factor PICKLE, putatiwve
10018 K. EYVIKATLTENYEVLTR .R 1064 .08
1001% K. EYUYVATLTINWEVLTR.R 1064 .08

g.00056 16.1 o.o
2 0.0008 2.42% 0.004
2 0.0008 2.413 O.0&8

11/45
1 11/45

2 of 4 pepride macches reported. 2 removed due to filrering

KKOZBO4. RAW

Raference: LOC Ondegladatd.1|13106.mi08ES |protein CHDA-type chromatin-remodel

Fage 2

Database:

Humber of Amino Acids:

C:\Xcaliburidatabase\Rice database‘all pep.fasta
Monolisotopic MW:

1250

143584.7

pl:

5.77

I

Frotedin:

HERILDCEET
SEVLETAKIY
RESSTGEREY
TOKCESVIRE
DEMGLGKTIO
VMY FGEARS

AERQIRIDRF
DLOAMARAHR

THOTHIVOEE
QADGEEFVED
HIDRANFWDE
HESEDDDYSY
RALRVYGFHD
LVMIHLLEDI
ITFLFFSYLL
NGIFEARROE
TORKIVEFIR
FOYSEMLREL
HEHFGDEARS
EETTEFFDPA

KFDASEETSS
PRLETRLNNF
YVEWEELTYD
IROYREEPEYF
BIAFLGELFV
REITRXYEFY
DETVLETIEW
HLDELFHLMH
FEKDVMEELP
INVWHELREL
KEQGHRVLIY
HAKNSTRFCF
LOGTAKVMIY
LODT IRHEAE
EEEDEFLKGF
LLEDRYDVOHK
CODVSDNDTS
IQRTOFLOTL
NDBOYYADGY
YEFPSLVEGR
LRLFTANELI
FRYHLLERCL
FYLEPISKEY
SGLANSLHKF
TEVPSSASKE

Frotein Coverage:

Edqquence
SHERGTTPE

TR

SESGEKREFY
HEOMODSTOES
ECTWENDSDT
LEGETLHPYD
DELGFHLVVA
YPXEXPXKKLY
ECMIVDEZHR
FLEGDRFEII
FEEELILRVE
CCHAFMTDEP
SQFQHMLDLT,
LLATRAGGLG
RLVSRGTIEE
ELFODENDEA
KVAHFEYIDE
VEEHTTHGES
LOSGLAGRRG
HRYQFONYDW
PHREMRTDETL
VWEAEQDLLL
SEHSHHETNG
HLEYAVIKTE
APEGTTDOQSQ
ERVCEDVSRI
ATFPVODFVI

Totale:

ERYLIKWRGL
COCYSAIRFE
AVFOPOIERF
LEGLNFLRYE
PLSTLENWER
KEXESPENED
LENEDSKLF2
ADLOERFEDI
LTIEQERYYE
EEPANSEEAL
EDYLEYREWS
INLATADTVI
AMMOLTIHEM
GRECOIHYDD
AFALARKEEE
KRS

FYSFEEQRRV
KEFTFRLKGK
VRLANISLVE
LFALIFHGTA
HLESTOEGLS
TEVPDDLAEQ
VEHLYNEMCE
LRSHENGITR
ERVEEERFTV

SHLHCTWVSE
WITVORILAT
HEIJSRREES

AAIDRLLOAD
RRXKREARERR
DECDITGLHD
DELPFMEGEG
SYEEIQRYAE
EEVAMMEGTK
RWOYISDDRD
HPTEMIHYRD
DFPGEHRPAV

437 'quz

16

=4

1.38



KKOSEQ4 RAW

DTA for scan: 1001%

Precursor iom: 1043.23

Mass type: Monoisotopic

Mod's: (M* «15,.88482) (STYR «78.96633)

Ion series for charge: +1

AR A iocns B iene B* icnsa Bo icna o iomB T ions i* ions e ions Z ione
E 130.08

¥ 233,11 1555.00
i 536.14 1791.94
K G64.24 1548.591
A TAE. 27 1420.82
I B4B.36 1345.78
L 561 .44 1236 6%
T 1063.4% 1123.61
K 1150.5% 1022.56
H 1304 .53 B94.47
¥ 136T.ED TEO.33
E 1596.73 EL7.36
v 1695.80 488.32
L 1808.89 189.25
T 1909.23 276.17
R 175.12

294



KKOZBO4. RAW Page 4

29—

[u] L 1939

o o]

Delta Mass (amu)
(=]

e e —

-2
F10019-10019 RT:56.26-56.26 ML: 1.58E2

‘”IIII% I%I %IIII“g

g
LU R =}
11

=1
¥
iﬁﬂ.ﬁ

Relative Abundance
g a (5] o Li1) f‘h ~
1 1102l I:Il,ll TII I‘.I_-. 11 II‘FII

ub

]
I‘il'
8519

$ I%‘ II‘PJI

b yil
ada.6 os

Eg-ili he

g

800

Jhiei

[ %]
L=

?i;u.? 1%%34 3 ¥l
1bisa b
'.Ié%ﬁ B 1&'&3 8

LL L - |I-UJJ| "4!" L .f.*ﬁi'f”lm,n -

1400 18600 1800
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h“
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Ei1T.4

4»4«141«1.%44 it

400

Tt
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KKOSBO4.RAW

Page 5

DTA for acan: 10019
Precursor £
Mags type:
Mod's: [W*

Ion series for charge: +1

AR

e BVl PR T ] e e e

& ione

onr 1042 .23
Monodsotopic

«15.60483) (BTYE +Te.06adi)

B ione

130.05
173.08
£36.14
G4 .24
TFag a7
B4 .38
961.44
l062.42
1150.59
1304.63
1467.69
1556.71
1695.80
1808.85
1806, 83

ions

Bz ione

C ionm

296

¥ iona

1955 .00
1711.47
1548.91
1420.82
13149.78
1236.69
1123.61
1023.56
834.47
TED.43
&17.36
488.32
185.25
176.17
176.12

T* ione

Yo ione

Z iomne



Delta Mass (amu)

KK0SBO4 RAW Page @
2
i . s S s ] e, s st e S i . - e i . i

o
g o - ! o 1939
t— — —
g

#10019-10012 RT:56,26-56.26 ML: 1 58E2

Relative Abundance

g1II31I.I$I %I ?

T R A 0 0, G

I%II

AT

=

Bibs

1 Y s
by |73
854.4

e

EDD

hif

? IH‘I IEI

h-1
slss g
B1T.4
[WENEENT 10 ¥

400 &00

1?!?}4.3 rﬁ#&.q g o
18858 J34s 5

1
LL l.,,NJJ+LT.nqu,wmldm,,,l..,.,,
1800

1400 1600

BicworksBrowser rev. 3.3
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KKOSBO4.RAW Page 8
Refersncs P Seore Coverage Azcesalen
gence HH= z F XC
protein CaWAKS - OaWAX receptor-like prot &in Einass, expresssd 0.0008 E&.1 Q.0 ]
2102 K.S0ILOHOORITEVYE.O 1533.72 - 0,0004 2.101 0.050 258.0 3 11739 1

1 of § paptide matches reported, 4 removed due to filtering

KEDSE04. RAW Page 10
Reference: LOC Os0lg26174.1[13101.20277]1 |protein OSNAKS - OaHAK receptor-lik
Database: C:'Xcaliburidatabase\Rice databasa‘all.pep.fasta
Mumbar of Amino Acide: 728 Monod n::n-p".c MW: @&0421.6 pl: &.&0
Protein:
MASRILLEIA IMAQLEEIEA QPAPGCUEHC GDMEIPYPRG IGTECRIERG
FVIYCNKTAD GESMEPFLINY EVLNISLLHG QTRALKALST YCYNDVTESM
ESSRWSLDFS TWPYRFSNLH NEFVVIGCNT LSYIYHGEYT TACASVCAKA
PTHDSCDOVE COOQNNIAKGL NSYNVTPPFTV YNDSSNLOSH PCEYAALVET
DTFRFETEYV TTMHRFNETYN COOPVVLDWA ICKVOCKEAN MTSYACRSEH
SECVDSINGP GYLCHCTLOY HONPYITDGS IDVNECEGHD SPCPEGATCR
NTEGWYMCSC PVGRELAKET NTCHPDISLI IGVSIGSIVL VIIIFFVRII
FERRXLTDOVE FXYIQENGSL LLFEXMESE] GLAFEVFTOA ELEQATNKFE
KEQILGRGGH GTYYRGITKD NITVAIKKECR LIDDRHEKEF GEEMLILSQI
NRNIVILLG OOLEVDVEML VWWEFIPHATL FDLIRGENRET LRIPFSILLER
IVNEAARSLA FLESYANFPI LHGDVETSNI LLDENYMAEYV SDFGASILAP
NDERQFVTMY QGTCSYLDPE YLOTOQLTEK SDUYSFGVVI LEILTGOMPL
KLEGSELQXS LSESFLLAMY ENNLERMLDS QIKGHESMEL LESGLARTAKD
CLOMCSENRP SMEDVAEEIS RLEFLSKHPH IQRDSETEGSY LESGPETSNFE
IEQSTRYTRE DEQMPINFST SYFIR
Frotein Coverage:
Egquence HH § Maso AR k AR
TADGSHE TO9. 32 Q.00 B - &4 g, 87
SQILGHGGHTTVYR 1463.76 1.81 402 - 416 1.93
SOILCHGGHETVYRGITE 1863.00 2.30 402 - 419 .48
TLHIPFSSLLR 1263.75 1,60 490 - _S00 1.53
Totalo: 18%3.78 1.81 1 1.93
KK0SBO4.RAW Page 11
OTA for ecan: 9102
Preacursor iom: 767.77
Mags Eype: Monodsocopic
Mod s: (M® +15.994%2] [STYE +79.%6633)
Ion series for charge: =1
AN A lons B icns B* ions Bo donse C ione ¥ donse ¥+ dons Yo ions T iocns
- BE .04
[v] 218.10 1446.89
1 329.1% 1318.613
L 442.27 1205.56
] 499,29 1OB2 .46
H 636.25 1016.44
a £93.37 B%8. 38
L] 750.3% 841 .36
H 887 .45 THa .34
G Sdd 4T E47 .28
T# 1125. 48 580.26
v 1234 .55 409,24
T 1387.62 al0.18
K 147.11
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KKOSB04 RAW Fage 12

2
1_______________________
&
)
E
L.
2 o = a 1402
- o
2 a
fat
e ——
=
#3102-5102 RT:51.12-81.12 NL: 1.92E2
b
100 255
a5
|
2 +1
- b
8 1544
¥ 1
: by
7 7502
B
8 by’
s . 6534
E 5
2 5
24
.
E 40
35
30
25
2 b1
1587.7
1
1
1 b
Ba?.?
: vr|1 L Tq'l ! 1 ﬁLmFLurlr"l F’il |r| '.‘j‘ \'r\‘-l'rﬁl'w 1
4040 -[als] 1000 1200 1400
miz
BioworksBrowser rev. 3.3 250872009 13:06:02
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KEO2B04.RAW Page 15

mafarence P BEOTE Covarage Acceaaion
& > i . 1 -
protein Eransporter fanily protein, putative. expresssd o.0002 &£.1 0.0 o
106598 K.MPEIMGEM*RETLFFHPOEMESVAEQOQAK . O 1265.51 i 0.0002 2.613 0.323 127.2 161 157112 1
1 of 2 peptide matches repozted. 1 removed due Lo f,".l'Lt..-:'_l:l.g
KKOSB04. RAW Page 16
Rafarencs: IJ.'JE‘_DM bgigadn.1 | 13110, mD3612 |p'|.'|:|tr_~11'| cranaporcer family protein.
Database: ©C:\Nealibur\database\Rice database'\all. pep.fasta
Humber of Amino Acids: T40 Monoisotopic MW: 7T8845.1 pl: 4.78
Frocein:
MAGAVLVAIA ASIGNLLOGW DNATIAGAVL YIKKEFNLQS EPLIRGLIVA
MELIGRTIIT TFSGAVADEF GREPMLIASR VLYFVEGLWM LWAPNVYVLL
LARLIDGEGI GLAVILVPLY I1SETAPTDIR GLLNTLPQFS GEGGMFLEYC
MVFGMELMPQ] POWRIMLGVL SIPSLIYFAL TIFYLPESPR WLVSKGRMAE
AFRVLOGLRG REDVSGEMAL LVEGLGVGKD TKIEEYIIGP DDELADECLA
FDPEEIKLYG PEEGLEWVAR PVHGQSALLES ALGLISRHGS MVSQGEPLVD
PVWWTLFGEVH EXMPEINMGEM RETLFFHFGE MFEVAROOOA EGDWDAEEQR
BAEDYGSDHG GDDIEDSLOS PLISAOATSV BOKEIARFHO SIMAAVGRES
SLMIIGEAVE SMGIOGGWIL AWKWTEREGA DOEXKEGOROR IYLHEEGVTG
CRAGSILELP GEIVPPGEEF VOARARLVEQP ALYSKELMEQ RLAGPAMVHP
SQAVAKGPFW ADLFEPGVEH ALFVGIGIQI LOQFAGINGY LYYTPQILEQ
ASVOVLLANI QLESSSASIL ISOLTTLLML PSICIAMALM DMSORRFLLL
ATIPILIVAL AILILVNILD VOTHMVHASLS TVEVILYPCF FUMOPGPIFPH
ILCAEIFPTT VRGICIAICA LTAWIGDIIV TYTLPVHMLHNA I1GLACVPGIY
AVVCILAFLF VFMENTETHG MPLEVITEFF SVGAKQRKED
Protein Coverage:
Sequance WH+ ik Mass A L AR
MPEIMGSMRETLFPNFGENFEVAEQDOAR 1249 .53 Cer 313 - 251 - ¥ ]
Totals: 3249.5%2 .12 23 .92
KKOSBD4 RAW Page 17
OTh for scan: 104938
Frecursor ion: 1089.21
Mags type: Monolisotoplic
Mod's: (M* +15.994582] (5TY& «73.%6631)
Ion series for charge: =1
AR A lona B iona B* fana Ba iona & iona ¥ iana ¥ isna Yo ions £ ioma
.} 132.05
[ 5 229,10 3194 .47
E IS8.14 3NAT .42
I 471.23 2908.38
] 602.27 2795:29
G 65%.29 2664 .28
k] Tde_32 2807 .23
& B¥3. 38 256320.20
B L0de. 46 2373.17
g 1136.49 2217.086
T 1237.54 2130.03
L 1380, 82 2028 .38
F 149T.69 1918 .90
-] 1594.74 1768 .83
N 1708.78 1E671.78
F 1pS5. 85 1557.74
G 1%132.88 1410.67
3 1aaR. 81 1353.88
] 2130.9% li66.61
F 2278.02 1135.57
8 23565%.05 988.51
v 2464.12 901 .47
A 2838 1% BO2.41
E 2664 .20 T31.37
Le ] 2T .28 EQZ.33
Q 2920.31 474.27
[+] 104B.17 45,21
A Alle.41 218.16
K 147.11
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Delta Mass (amu)

KEOSBO4 RAW Page 18
2_
1'________T______________

o o
o o 1983
5 S = 0
n ~ o
1 i D (m}
i" ’ [+

-1

o

#10698-10698 RT:60.08-50.08 NL: 6.52E2

Relative Abundance

[ 3¢
1172
b2
1?1‘33.[!
=1 1]
¥ b
1312.9 1 II%E.T
)y
5?11.4
|
1!
1000 1200

miz
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y
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1600
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KEOSED4. RAW FPage 21

Score Distribution - Consensus

tn

4
3
=
a
2
2
1
0
s ] &
Consensus score
BioworksBrowser rev. 3.3 250872008 13:06:04
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KKO9B04.RAW Page 22

[SRQUEST]

firet_database_name = C:\Xealiburdatabase'\rice_all.pep.fasta. hdr
gecond_database name =

peptide_mags_tolerance = 1.0000

peptide mase_unite = 0 i Deamu, lemm, 2=ppm
lnnlirrll-l:lllﬂﬂlﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂlﬂﬂﬂ

'Eragmn:_i.nn_murmce = 0.5000 ¢ For crap data leave at 1.0, for accurate maas data use values < 1.0
fragment _fon_units = 0 ; O=ami, 1esmi

num_cutpide_lInes = 10 i # pepride results to show

num_: |_results = 250 i 8 resulte to store

num_description_lines = & i 8 full protein descriptione teo show for top N peptidss
shoW_fragment_itne = 0 i D=ngo, l=yea

P‘l’iﬂt d‘upliu:# references = 0 i number of duplicate references reported

enzymo_info = Trypsin(KR) 1 1 KR -

max num differential per peptide = 3 ; max & of diff mod in a pepride

di:[! search _options = 15.854515 M T75.556311 5TY 3.000000 W 0.000000 X 0.000000 T 0.000000 Y
I'.-tln diff search _options = 0.000000 0.000000

nucleotide reading frame = 0 i D=protein db, 1-6, 7 = forward thres, f-veverss thres, #=all six
TASE tv'pc_?nnnl: =1 i Omaverage masses, l=mcnocisotopic massas

maas_tiype _fragmant = 1 i O=average masses, l=moncisoctopic masaen

mmliz- xeore = 0 ; use normalired xeorr values in the out file
rmm_p:atuﬂar_pnk = 0 ; D=no, lsyes

ion_cutoff_percentage = 0.0000 i prelim. scove cutoff § as a decimal pumber 1.e. 0.30 for 30%
max_pum_internal_cleavage sites = I ¢ maximum valus is 12

protein mass_fillter = 0 O i enter procein mass min & max wvalus { O for bocth = unused)
match_peak _count = 0 : oumber of auto-detected peaks to try matching (max &)
match_peak_allowed error = 1 : number of allowed errors in matching auto-detected peake
match_peak_tolerancte = 1.0000 ; mase tolerance for matching auto-detected peaks

partial_sequence -
Baquence_header filtser -
dl.gﬂﬂ'- mags_range = €00.0000 3500.0000

add E-':-vl'fﬂ_wptldl' = 0.0000 ! added to each peptide C-terminus
add_Cterm_protein = 0.0000 i added to sach protesin C-terminus
add_Nterm_peptide = 0.0000 i added to sach peptide N-terminus
add_Nterm_protein = 0.0000 i addsd to sach protesin N-terminus
add_o_olyeine = 0.0000 ; added to @
add_ _A_Alanine = 0,0000 + added to A
add 8 Serine = 0.0000 ; added to 8
add” P Proline = 0.0000 ; added ko P
add "V Valine = 0.0000 ; added ko ¥
:dﬂ. T Threonine = 0.0000 ¢ added ta T
add_c_Cysteine = 0.0000 ; added to €
add_L_Leucine = 0.0000 ; added £o L
add T Tecleucine = 0.0000 ; added to I
add”X 1orI = 0.0000 ; added ko X
add ¥ Asparagine = 0.0000 i added to W
add ¢ orpichine = &.0000 i added to O
add_8_avg_MandD = 0.0000 i added to B
add_D_Aspartlc_hold = 0.0000 ¢ added to D
add g Glutaming = 0.0000 ; added to Q
add K_Lyaine = 0.0000 i added Eo K
add"z avg QandE = $.0000 i added to T
add & Glutamic Acid = 0.0000 i added to §
add M Methionine = 0,0000 : added to M
add M Mistidine = 0.0000 ; added to H
add_F Fhenylalanine = 0.0000 ¢ added to ¥
add F_Arginins = 0.0000 i addsd to R
add_Y_Tyreeine = 0.0000 ; added to ¥
add_W_Tryptophan = 0.0000 ¢ added to W
add_a uaer_amino_acid = 0.0000 + added ta J
Idﬂ-u UEST . -ﬁmiﬁﬂ acid = 0.0000 ¢ added to O

BioworksBrowser rev. 3.3 25/08/2009 13:06:04

303



Output files for KKO05 protein spot sequencing

KEDSEDS. RAW Page 1
SRF File: E:\data‘\KELVIN\O02-07-21\KKOSBOS. acf
Database. .. indexed - rice all.pep.fasta.hdr (7/23/2009)
Filter(s)... xc (= 1.2,3)=«1.80,2.00,2.50 ; peptide probabilitycsle-003
Mode: (M* 15 G423} [(STYHE «78.68633)
Beference il Egone Coverage Accesplon
Eoan (@) E@Fuence MH & A bl ¥ Delracn Ep BEp  Ions
Frrl:-l:Fl‘i.n CeManbd - Endo-Beta-Mannanase, nrpr\nm:pd &. 0007 10.1 0.0 a
2291 BE.LPETLLIRFISLER.E 1685%. 08 3 9.0007 2.58& Q.08T7 300.5% 1&g 17782
1 of 1 peptide matches reported. 0 removed due to filvering
protelin AMA pnl:,'muzav;u Iv largest guvbunit, putatcive 0.001 19.1 0.0 [a]
2518 K. VCLEENNOITWTHDEFE. A 1997 .90 2 0.001 2.24% 0,088 179.1 13 10748
1 of 7 peptide matches reported, & removed due to filtering
protein AP2 domain :an:a{ntng protein, expreased a.0009 10,1 o.a o
11278 R .MMEADPTANEGLWEODK.D 1%01 .78 2  0.000% 2.147 0.03% 90.1 13 5/45
1l of 1 peptide matches reported, 0 removed due Eo filtering
protein protein kinase, putative, expressed &.0008 3.1 a.a a
CEEE K. SSVALRKNTIEPPER.I 1464 .72 2 0.0008 3001 0,138 i1la.8 4 11/36
1 of 3 peptide matches reported, 2 removed due o filrering
KKOSBOS.RAW Page 1
SRF File: E:\data\EELVIN\O6-07-21\EKKOSROS.exf
Dacabase. .., indexed - 1'ica_al].'|:ﬁp.faﬂ.':a.hdr {733 2008)
Filteri(s)... xc {+ 1,2,3)=1.50,2.00,2.50 ; peptide prnhabi]il:y-:-ln-{lni
Hada: (M* +15.994%2) (S8TYN »79.986313)
Reference P Score Coverage Recession
Ecanle) Egduenoe MU 2 P ¥ Deltatn Ep BEp Tons Counk
'p'ral:nl-{n. OsMandd = Endo-Beta=-Mannanase, expressed 0.,.0087 10.1 0.0 4]
9251 B.LPRTLLIARFISLER.S 185,06 3 0.0007 2.58& 0.087 300.5 16 17/582
1 of 1 peptide matches reported, 0 removed due to Filtering
KKOSBOS.RAW Page 2

Referance: !...D¢_£\||.C|1q'ﬁ] 2706.1 | 13103 . mO8T4T |p1.'\:|t1=-1 n SeManid - Endo-Betca-Mannana

Database: C:iXecaliburidac .nb.lnn'l.pr.l.l:u__d.zr. abapeiall .pep.fasta
Humber of Amino Acide: 289 Monoleotopic MW: 298820

pl: &,

T

Protein:

MHEPRCDADP TEEMVDAWVE EMAPYVERVD GGRHLVTAGL EGFYGDCEHE
BEELNPWQIY YOTNYVATHR AACVDFATIH LYPDVWLKGE TADEQAAFFR
¢ AAPLGEPLLY TEYQEFLWNO GOAMETOANY FLDVVLDAILY
ASASRGGPLY GGAFNQLLLD DDVVAGMDDL RDGYEIILAE DSRAASIIGE
HSEQLASING QDAEALRRRR RRPASSHRET RLGSGGDSDA LELPRTLLIR
FIBLSRSISS FIQDHFVLF

Frotein Coverage:

S aguALOn —MHse W Mage AR % AR

LPRTLLIRFISLER 1585 . 05 5.
Tetala: T T %

304



KEOSBOS.RAW

Page 2

DTA for scan: 9291
Precuraor ion: E%2.63
Masn type: Monoisotopic
Mod a: (M=

«15.9%2%92] (BTY®

Ion series for charge: +1

AR

Ll R RS ol ol B L o

A ione

B loms

1l4.08
211.14
167,125
468.29
581.39
E94.46
BO7.55
963.65
1110.71
1223180
1310.83
1423 . 81
1610.88

+T3.96633)

B

i10ns

Bo ions

C ions

305

¥ ions

1871.9%7
1474.93
131@.83
1217.77
1104.69
991.60
BTR.52
T22.42
E7E.15
462.27
176,34
262.15
175.12

e

icne

Yo ions

Z ionm



KROZE05.RAW Page 4

2_

= _I' [+ ] Q (a] ] o 1107

2
k

Delta Mass [amu)
1

-2
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100

NN NI

b
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hn
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i
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h+? h'll 1 Yﬂ
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KKOSBOS.RAW

Page 7

Rafarsnce

Ssanis)

isdusncs

kaq-

o o

Score Covarags hoceseicn

protein RMA polymerase IV largest subunit, putative
. VCLEEMNOITWTADKEE.A -

L

1 of 7 poptide matches reported,

KKOSBOS.RAW

& removed dus to filtering

1867.90 2

G.00%
0.001

Q. 0.0 [+

1a.1
1.1456 0.064 178.1 13 140/46

Page £

Reference: LOC 0s0lgTid430.1)|13101. mOR0L12|protein RMA polymerase IV largest a
¢:\¥calibur\database\Rice database\all.pep.fasta

Database:

Humber of Aminc Acide:

1570

MonSisotopic MW:

L7446L.4

pl:

1

Frotein:

MEGHPDPTSA
QEQLLNNPYL
ELEQILNLIC
GARGLELRAP
IPEETRRWLS
NLLERALRKT
DDTFTSOFTA
VAFRMSVEEK
FHTILXVGEI
PLICDPLGAD
QFFNDFSLAL
QILETTRSNA
QPLIMESLLI

ATAMITEAST
GLPLOVGECD
LACLEIMNEEK
IKEELEEGFN
VRGTIPODGF
OQIRGSRIGS
HOWKOFMETL
WTDHNIAQLG
VHERVFDGDI
FOGDCVQIFY
KIMCGREYSE
ITLADHLDRE
DCFSINLGDF

DARMEI

SSAIGLLVDP KS

HRECOOSTHOC
VEPZELEFKHM
VEILAATAVA
ILYLMOCSCE
LVGH IHLOKK
S5TSLCDOHT
ITLDTVIKGD
RAESGHNAWGY
VOLFPFLLLA

MYHPEREXEI
HYIRAQYPDA

NPLEEYOTVE
MERLEOVTAC
NARYFAVLAR
NECMERALTI
GLNQIETIMD
DODEETFOVED
FEVEEANLYE
AMHACTEVMD
EIQYLERSVG
YVORPFMERTL
ETLHNDENMS
CIPEDENCLE
EGHTESSPNS
GTOMPTIAGS
ARAVWEIREAS
CUIFEQIERL
AGHONYITVD
ADSPCREYFE

RRINLEITEN
ECGENRIEES
EETLESSEFT
SFLOQFGSCT
ILSYLCVPPH
SNIQVDOVAD
FISFSS5FES
DMMNEGLCLT
YFLNEPPSTD
PRILSARARA
FEARNQITHAM
SVGALATOTT
TYPSPILEAT
EOLOFLGRGL
BEIYHOLNPY
YDOSIRTESS
NN ISWDS
RACLABIKLE
SVLMECOETE
LOFFLPGSIT
IEFESTFWVD
LIDTTREMEY
HITESVLOEH
SRESIGCFEXR
EEESTLGGYS
ENNQITWIDE
TAVEFTGOVF
ARPOEWNREN
ARESGINRENE
TEHVIRIIRE
RHOVEHGSRC

Protelin Covarage:

Sequence
EYSERERNQITHRMFSEGNYPOX
IMRAEKGLVEPGSLFK

VCLEENNQITWIDERK
SEGPHRGGS5SNR

CLYVHSSDGERFDFSTE
Tetale:

KKOSBOS.RAW

EEILKAQPVH
EGHFRFIELP
ECEHUUELEP
RGTSHCRPLL
CLEVENVLDG
DLOVEVARNYT
RGVITGDEYI
YTDANSITYS
MHIVEAFYVD
KELYTVDEQL
FSSGMYPOEP
188ILETHAP
CHMBELELNEY
CHNGRLYSISR
EALLHSICER
HLVLOPGIRD
MEEVLLTRAS
DCTTELISIKY
EMNIKERGEM
KNISESTERY
SSGREQRGER
DICOVEOVEG
LTTVASSNTC
AAKRYEDOLE
LYDFLERVET
PRAEFLMESE
QRROLETESN
FNROQGGGRE
GOGRAVHESE
SRDGIKLEPRD
LYVM28DGSR

Ml

ELEXPIPITH
MPIFHPEMVT
LOVAEVENEN
FEEVONIIEE
KTFSCEGTST
HLSGTTRGHG
GLENVVEVPEE
LOAGFDWPNE
VHMDHTIKIN
VSSHNGELNF
LIGGZPYWTFP
REATEFLNLL
REPIMDFITH
LVEDCLSKSL
ERIMRASHOL
ASHCVTPODP
THADANHREY
DOTATORANY
BETLKTVTFI
IDFETHAIFP
ALEITVEERA
1SSAFERVTY
TCDLHGFHNS
HWVERCESWGH
TGATEDEARIV
GRAAGMHSTS
WHSDRTOQDD
VHESEGEFHRE
ASRROGSMRO
DEKFIVINVL
KOFaYXECLE

Y Hase

BA

L681.20
1T732.98
1817.54
1327.61

1817.9

1.54
0,92
1.10
0.7&

1.10

=17
733

1267 -
1354 -

=

1282
1406

5 i i
EE-E-10
L KB B R

=
L=l
LK

Fage

DTA for scan: #4118

Frecurscr fon: #96.78
Mage type: Monolsotopic
Mod o: [M* +15.99432)

Ion series for charge: 1

AR A ionm B lons
100.08
203.08
316.17
445.21
574.25
8830
B02.34
230.40

1043.48

1144.53

1330.61

1511 62

1636 .65

1754.75

1851.80

FIMWE-;}IC-THK}EERNFH-C:

B* lons

(5TY®R »79.9€833)

Bo ione

307

¢ iocne

Y ions

1898,
1795,
1602,
1553,
1424.
1310.
1196.
1068,
§55.
B54.
E68,
487,
T2,
244
147.

24
a3
T4
70
L1

T+ lons

Yo ione Z ions



Delta Mass (amu)

KKOSBOS.RAW Page 10
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KEDSEDS. RAWW Page 13
Refarence P Score '-:C-'-'E'I‘ig'& Accesaion
Scanisl Saduspce M+ z E A Deltaln B BEn JTops Codpt
protein AP2 domain containing protein, expressed o.000% 10.1 0.0 o
11278 R _MMEATPFTHNEGLWEGDY.D 1961.78 2 0.000% 2.147 0.015 80.1 19 5/f45 3
1 st 1 peptide matches reported, 0 removed dus to filtering
KKO2BOS. RAW Page 14
Reference: LOC Os05g27930.1]|13106.m02872 |proktein AF2 domain containing prote
Databape: C:'WXealibur'databage'\Rice databasevall . pep.fasta
Mumber of Amino Acids: 373 Monolootoplc MW: 40448.7 pl: 4.81
Protein:
WTVDORTTAY AIMPFVEMEP VOPGREERPR RSEDGPTSVR ETIKRWAELN
HOOELDPOAF KEARKARPAKG SHEGCMEIEG GPENTRCDFE GURQRTHGEEW
VAEIREPHQO SRIWLATFPT ARRAACAYDE AARRAMYOGPMA RTNFOOHHAP
AASVOVALRR VECRLPGGGL TASKERTETID GREADVUDVL TUGLEACEET
TITINNQEDY VETLMEPEEY SEISEPLEAP PRVLEDGEME DXAESVIYDE
HIVEOORAPP ERERSNGRGE EVFEPLEPIA SLPEDOGDYC FDIDEMLEMN
EADPTHREGLW KGDEDGSDAI LELGQDEPFY YEGVDPEMLD NLLRSDEPAW
LLADPAMFIS GEFEDDSQFF EGL
Frotein Coverage:
Sequence 0 X Mags LY A AR
1h21 Bl 4 ED i35 - 114 4. 25
Totala: ldl. Wl d.b0 it d.al
KKO9BOS.RAW Page 15
DTA for scan: 11275
Frécursoer fon: %51.75
Mass type: Monoisobopic
Mod's: [M* «15_95492) (S5TY& +73.56631)
Ion series for charge: =1
AR A lons B iong B iong By ions ¢ fong ¥ lono ¥ ions ¥o ions Z fong
M 132 .08
M 263.09 1770.74
E 392.13 1g3g.70
A 463,17 1510.6%&
n ] £748.19% 1439 .62
F 875,35 1334.5%9
T# B56.26 1227 .54
N 70,30 1046.53
E 1099.35 532.48
rd 1166 .37 203 .44
L 1269 .46 Ta6 .43
g 1485 .83 £33.34
L 4 1583 .63 287,28
i 1640. 85 319.16
B 1755 .88 263 .14
K 147.11
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Delta Mass (amu)

KKOSBOS.RAW

Page 16

2_

-2

#2T5-11275 RT63.33-63.33 NL: 1.48E2

Relative Abundance
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KKO9BOS.RAW Page 19

Rafaraénca P BoOTE Coverage Acceanaion

Beanlel Sedusnce Mi: i P AC_Deltatn o Bop lopg Coupe
proteln protein kinase. putative, expressoed o.0008% 2.1 0.0 x]

CEEL K. 8SVAAKNTEEPPER. I lafd .72 2 0.000% 2Z.001 0,128 L1g.B8 & 11/36

1 of 3 peptide matches reported, 2 removed due to Eiltering

KKOSB0S. RAW Page 20
Reference: LOC Op0Sgiide0.1[13108.m00331 |protedn protein kinase, putative, e

Databage: C:\IXealiburidatabase'\Bice databasehall. pep.fanta

Mumber of Amino Acido: 443 Monolpotoplic MW: 498319%.1 pl: ®.,319

Protein:

MSFFSCFEPD EFMLSKEMEE MPFTVVEEAS SQHGESLENS ESODESPRGHS
MNEESSVAAE NTEFPERIFI TAKAERSFTF RELATATHNF HPDCIVGERS
PORVYEGOLE DEVVAYEGM ERMGFOGNRE FLIEWMILGH LNHPNLVHLY
GYCEDGDORL LAYEYMALGE LADHLLDITE DOEPLEWHRTE MEIAMGTAKG
LEMLMEYMER PVIYTRDLKEP RILLDEKDYNP EKLEDPGLAKL GPFEGDFHVE
TEVHGTFGYC APEYVETGML STKIDVYERG VFLLELITGE HAVDTCHPVC
EQILAYWAKP MLHDRRRYHE LVDPLLREGDY POFDFNQAAR VAARICIEDEA
SVEPTMSDIV VALGFLAEVP AGCEERINAE PONRFDEDFS VIGNTEFDQS
TFORQRAVAE AIEWGSVROK QMAQIEERFA QPOGIVAPET WFL

Pracein Coverags:

Sequence

SEVARFENTEFFER .
IPFITAKRERSFTFR 1836 .82 a.30 BE = @1 i.18
MEIAHGTAK | 5 3 18l = il 1)
Tocale: And . .
KKO9BOS RAW Page 21

DTA for scan: 8334

Precureor ion: Ti2.T70

Mass type: Monmoclisctopic

Hed's: (M* +15.99482] (STY® +79.96631)

Ion aseries for charge: »1

RA A ions B jona Bo ions c ¥ Yo ions Z iona

- 8E.04

g 175.07 1377.659
v 274.14 1290.66
A 145.18 1151.5%
A 416.21 1120.5%
K 544.31 1045.51
] E5R.315 821.42
'y | B3%.37 BOT.34
E 60 .41 B26.38
P I0ES .48 497.32
P 1162.581 400,27
3 1290.61 103.21
-3 178.12
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KKO0SBOS. RAW Page 22

2

1375

=]
1

1
s
|

o o

Delta Mass (amu)
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KRO9BOS.RAW Page 25

Score Distribution - Consensus

4
3
e
2
2
2
1
0
= & 2
Consensus score
BioworksBrowser rev, 3.3 2508/2008 12:50:25
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KKO9BOS.RAW Page 26

[BEQUEAT]

firat database name = C:\Ncalibur'database\rice all.pep.fasta hdr
second database name =

peptide mass_tolerance = 1.0000

fﬂptidu mass_units = O i G=am 2=ppm
l-:'i'is-olibﬂlnnﬁuuﬁﬁﬁﬂﬁﬂ o-:-o

fragment_ion_tolerance = 0,5000 for trap data leave at 1.0, for accurate mass data use values < 1.0
t::agmnx lon unite = 0 I U-h‘ml. 1 =mmit

num_output_lines = 10 ; # peptide results to show

num_rsEults = 250 i ® resulte co Btore

num_dessripticn_lines = & i # full procein descripticns to show for top N peptides
shoW_fragment_isne = 0 i D=no, l=yes

pr:n: ﬂl.l]ﬂitl'l:& references = 0 + number of duplicate references reported

enzyme_info - TrypsinikR) 1 1 KR -

max num differential per peptide = 3 : max # of diff. mod in a peptide

di!.! search _options = 15.554815 M 75, 365331 m 0.0o0000 M O.000000 X 0.000000 T O.000000 ¥

term diff search options = 0.000000 0.000000

muclectide reading frame = 0 Oe=procein db, 1-d, 7 = forward three, R-reverse three, f=all six
mans_type_Darent = 1 O=average masses, l-mancisctoplc masses

mans_typd fragment = 1 O=avterage manses, lemonoisotopic maased

by my

normalize xecorr = 0 ; use normelired xcorr valuea in the out file

remove _precursor_peak = 0 1 Deno, leyes

ion_cucoff percentage = O.8000 ¢ prelim, score cutoff ¥ as a decimal number i.e. 0.30 for 308
max_num_internal _cleavage sites = 2 i maximm valua is 12

protein mass filter = 0 0 1 enter protein mass min & max wvalue { 0 for both = unused]
match_peak_count = 0 : number of auto-detected peaks to try matching imax §)
match_peak_allowed ercor = 1 ¢ number of allowed errore in matching auto-detected peaks
match_peak_tolerande = 1.0000 : mags tolerance for matching auto-detected peaks

partial_sequance =
sequence_header_filter =
digeat_masa ramgu = 600,.0000 3500.0000

a-ad Crors_peptide = 0,0000 ; added to sach peptide C-terminus
Cterm protein = 0.0000 ; added to each protein C-terminus

tﬁd'ﬂtnr-_p-ptim = 0.0000 ; added to each peptide H-terminus

add Nterm protein = 0.0000 ; added to each protein H-terminus

add @ Glycine = 0.0000 i added to G

add A Alanine = 0.0000 i added to A

add_5_Eerine = 0.0000 ; added to 5

add ¢ proline = 0.0000 ; added ro P

add ¥V valine = 0.0000 ; mdded te ¥V

add T _Threonine = 0,0040 i added to T

add ¢ Cysteins = 0.0000 i added to C

add L Leucine = 0.0000 i added to L

add_I_Iscleucioe = 0.0000 ; added to I

add_x_Lorl = 0.0000 ; added to X

add_N_Asparagine = 0.0000 i added te N

add 0 Ornithine = 0.0000 i Bdded to O

add_§_avg_NandD = 0.0000 ; added te B

add_n rtic_Acid - 0.0000 i added to D

add'a'gﬁ:amma = 0,0000 ; added to Q

addr.l.ynm-unnnu ; added to K

add” T _avg QandE = 0.0000 ; added to I

add”E_Glufamic_Acid = 0.0000 ; mdded to E

add M Mathionine = 0.0000 i added to M

add H_Histidine = 0,0000 i added to H

add_F_Phenylalanine = 0.0000 i added to ¥

add_E_Arginine = 0.0000 : added to R

add_¥_Tyrosine = 0.0000 ; added to ¥

add_ _W_Tryptophan = 0.0000 i added te W

add"J user amine acid = 0.0000 i Bdded ta J

add U user amino acid = 8.0000 i added to U
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Output files for KKO06 protein spot sequencing

KKOSB0E RAW F'aga 1

ERF File: E:\data\KELVIN\09-07-21\KK09BOE . pr

Database. .. indexed - ricd_all.gep.fut-‘-.hdr [7/23/2009)

Fileeria) ... o (¢ 1.2,3)=1.50,2.00,2.50 ; peptide probabilicyc=le-003

Mods: (M* +15.39452) (5TYd# +75.56633)

Refersncs P Score Coverage Accesslon

MH+ 3 P Xc Delt

protelin NIN, putative, exprecsed 0.0007 16.1 0.0 0
lo31}y E.FYFTENQRFRAFTEILDVLE . A 2314.12 2 0.0007 2.786 O0.042 851 3 11/51
1p31}y E.FYTHENQKFAFTEILDVIE . A 2314.12 2 0.000% 2.63% 0.111 85.1 3 11/%81
2 of & peptide matches reported, 4 vemoved due to filtering

protein dnad domain containing protein, ¢3§|1‘#$B¢ﬂ 0.0002 10.2 .o o
BE38 K. HEAVGAEGAFHHVOEAWTAVLEDK. T 2575.23 3 0.0002 3.087 0.111 116.7 S50 1%/132
1 of 7 peptide matches reported, & removed due to filcering

protein rebrotransposon protein, putative, unclassified 2e-005 10.1 0.0 a
#3I53 K. M*REIVAGHEMORLOVERE . M 2062.04 3 2e-008 2.737 0.021 338.1 1 16f3d
1 of 1 peptide matches reported, 0 remcoved due to filtering

protein expreassd protein o.0ops  10.1 0.0 o
10515 E.SDLOEARDEWVE . I 1305.63 2 O0.0004 2.108 O0.050 313.&6 2 8/20
1 of 1 pepitide matches reported, 0 removed dus to filesring

p‘r-:-r.ai.n inactive ru‘;gtar kinase AtigléT7i0 precurscr, putative 0.0002 8.2 0.4 a
Rl48 K. ¥LNIEDELVOM*LOLAM*ACTSRAPERR. P a0pE.81 3 0.0002 3.480 0.1 66.1 30 15 100
1 of 4 peptide macches reported, 3 removed due to £ilcering

protein retrotransposcon protein, putative, Tyd-gypsy subclass o_oand 6.2 n.o o
&30 R.VOQELLY#GVLITEVR. K 1661 .48 2 0.pood& 2.35T7 O0.078 3430 2 17/48
1 of § peptids matchss reported, 4 removed dus to filcering

protein dehydration response related protein, putative, expres 0.0007 §.1 b.0 o
B37E R.THTASSPOGRSSR . W 1321.53 2 0.0007 2.320 0.19% 28,1 8 13740
1 of 4 peptide matches reported, 3 removed due to filcering

p‘mtain Dnak fzru rotein, tatiw- exprassed 0.0003 4.1 6.0 a
8138 931@?: 2064.82 2 0.0003 3.840 O0.138 121.6 4 1545
1 of 2 peptide matches reported, 1 removed due to filtering

protein expressed protein 0.001 4.1 0.0 0
1317 K. HFRYREXEIPASHEATOMDK. . X 217377 2 0.001  2.002 0.1%% 136.% 2T 12/80
1 of 1 peptids matchss reported, 2 removed dus to filcering

KKO9BOG.RAW Page 1

SRF File: E:‘data\EELVIR\09-07-21\KRK09B06G.art

Databaes. indaxsd - rice_all.pep.fasta.hdr (7/23/2008)

Filteris)... x¢ {+ 1,3,3)=1.50,2.00,2.50 ; peptide probability<-le-003

Mode: (M® +15.99492) tElT'I'# +79. 5!553“

Reference P Score Coverage Accession

Scanis) Saequence MH+ z -d XC

protein MIN, putative, expréascd 0.0007 18.1 0.0 o

10311 K. FYSTENQKFAFTEILDVLE . A 2314.12 2 D0.000T 2.786 O0.042 85.1 3 11/81

10311 K. FYTEENQXFAFTEILDVIE . A 2314 .12 2 0.0007 2.83% 0.111 8%.1 3 1181

2 of 6 peptide matches reported. 4 removed due to filtering
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KKO2BOE.RAW Page 2
sfarance mc_ﬂnﬁdqq.liiu.”1!1n.‘.mu.:114|prnr9‘,n HIN, 1:'1,::3.':‘,'.:#, expreagged
Database: C:\Xcaliburidatabase'\Rice database\all.pep.fasta
Mumber of Amino Acide: 938 Honoisotople MW: 101539.8 pl:
Protein:
MDMPTRENRA GCNGHTGGTM GRSDOPYGRA AMNLOCYSET YSPSVADOLF
SLLNDPAARR MFAMWRIM3S SPCAAGTARED MPLDAYSGLE EAVERFSQIM
SVHPTREARKT GKISGRLASD DOAHQGRSSMV FRAVUGSSLA DRMLMALSLF
RESLGEGALA QVWMPVEQEG MVVLETCEQF FLLDOVLAGY REVERHFVEFE
AKEEPGLOPG LPGENFISGY FEWTESVLYY WRPEVLAMEM RLHMEIRGEL
AMPIYDPSKD SCCAVFELYT RKEKPDFSAE MONVCHALQAR VHLKATKGSS
HOHFYTENQE FAFTEILDVL RAICHARMLE LALTWUVPTAN GIDGGYVWGK
DARSFAQS0KE TIIRTHESAC YWHDGKMOGF LOACARRHLE KOOGTAGRAL
KANLPFFAPD TREVSIEDYVF LAWHARKFSL HAAVAIRLRS TYTGMDDYIL
EFFLPVECES BGEQOMLLMN LESTMORICK SLETVYEAREV DMVMAGTAARY
FRIMNESCLP TCHTESSSHG DOSITGASFE DTSLANKPGY MEPELAEOVD
PSSIGHAEFK RSTAEFRNISL DVLREKYFSGS LFDRAKSLGY CPTTLERICR
HHGISRWPSE KINFVHRSLE KIQTVINSVH GVDRSLOYDP ATGSLVEVVS
LPEKLTFPSC DGLPTPSVGK TVEENSDLES EEGCSLFDGE QROUSCQLOIS
DVEKSNEDEF HIGSGHEDFY OQANATAKANE EVTOQOFLCPT GAFSALHELEG
TOCTHPSASL RPSSESTRNG IVORMSPEIQ QEDLDMLONH EAEDEDHMAP
ETSOMTIESE GEASSHPTEK ONTRSALEDA ASPALTVEAT YMODTVREEP
LPSMGWYHLL EEIAKRFELP TGRYQLKYKD DEDEWVILAN DSDLOECVDV
LOSIGSRIVE LOVRDLERCIV SSSGESTCLY LAAHSS
Frotein Coverage:
Soguence Mifs } Magg BA M BA
AFTEILDVLE 2434.1% 2.20 30g - 321 1.92
DLPCIVESEGESTCLOLRAMES 2183.01 2.13 918 - 91§ 2. 315
Totals: 2234.15 .20 L# 1.82
KKDIBOE.RAW Page 3
DTA for scan: 10313
Precuraar ion: 1167.@6
Haas type: Monofsotopic
Hod'a: (M* +15.594%2) (8TY# +79.95633)
Ion series for charge: +1
AR A doms & lons B* icns Bo lons C ione T lone ione
F 1d&. 08
e 391.11 2187.08
T 492.15 1925.02
E 621.20 1822.97
N Ti5.24 1693.93
Q B63.30 1679.086
K 991.39 1451.83
P 1138.48 1323.73
A 120%.50 1176.66
F 13156.57 1105.63
T 1457.61 958.56
E 1686 688 B57.51
I 1658.74 Tin. 47
L 18132.82 G15.38
o 1927.85 £02.30
v 202&.92 nv.27
L 2150.00 288.20
E 176.12
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KRO9B06. RAW Page 4
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KKO9B06.RAW

DTA for scan: 10113

Precurser ion: 1157.85

Mase type: Monolsotopic

Mod's: (M+* «15.88482) (STYR «76.96633)

lon series for charge: «1

AR A ions B iecne B* icna Bz iecna C ions ¥ iene ¥* ions Yo ions Z izne
F l4B.08

¥ 311.14 2167.05
T# 492.15 2003.%8
E 621.20 1822.97
H TA5. .24 1633.93
O B53. 30 1575.88
K Gal. a4 1451 .83
F 11318 48 11231.73
A 110%.60 1176.48
b 1356.57 1105.63
T 1457.61 G58.56
E 1686 .66 B57.51
I 1699.74 T20.47
L 1813.82 615.38
D 1927.85 s02.30
v 2026 .92 igT.2%
L 2140.00 288.20
R 175.12
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Page &

KKDEB0G. RAW
2
1_______________________
r o =
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= .
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KKO2B08.RAW Page &

Rafarancsd P Hoore Covarages Acceamion
Scanial Soqusnce Mt i B e _Deloatn __Sp

pratein dnad domain containing protein. expressaed 0.0002 10.2 0.0 [x]

SB3EB K. NESVOARGAPIMVGEANTHVIADK. T 2575.23 i 0.0002 1.057 0.111 116.7 50 19/132

1 of 7 peptide matches reported, § removed due to filvering

kKO9BOG. RAW Page 10

Refarancs lr{.i(.‘_ﬂnl:'sgzkj'l.l:l.'|.|15:|I:I‘Lml:|!5|:lﬂ.|pr¢:q1.n dnat domain containing prot
Database: C:\X¥calibur\database\Rice database\all.pep.fasta
Humber of Amino Acids: 7448 Monoisotopic MW: B83154.5 pl: 7.48

Fratein:

MECHNEDREALR AKRIAERKFE SKDLOGAKEF ALKAQALFPG LEGIVOMITT
LOLYLASEVL ISGEXDWYEI LEVESSADDE TLEKQYERKLYV LOLHPDKNES
VGAEGAFEMV QEAWTVLEDE TEPRALYDONE KLMVLEKENTE QOTHKRSAAPG
ASHGFYHFAA HAARSKEVTRG NREQRAGPATS SVRORPFPFF PFPRUAPARF
PARFPTFWTS CHECKMWYEY LEVYLNHNLL CPTCREPFLA QEVPMPFTES
VHAVHDPHIS GRHOWTHGSR NFOWGFFSRT AGRASATRASSE AARALARANVY
HHTYEKVRRE RESAQAAARE EEALRAEKYHP PHROANISEN LHLOTGGHES
EEMRTHGNDI OQIGESSILE0 SCGANYPOVPO GNISFETHSO AHHPOGVNGO
PENEPRPPTR ISLVETPTOF DVRGILMEHA KSDLFEDELEE MOTHRSOVAA
HGEKHKENMF KESGGDDESL ASDDSTRRQR RMVDFEDHAS VHSTDOADDEN
DDPLEYHVPD FODFHDFODFDR TEECFOQSDOI WATYDDEDGM PRYYAFICEV
LELEPFOLELI SFLTERTHSE POALMWVESS FTRTOGDFRI CRYETCDILM
MPFSHOIKWEE GPROVIEIYP OHEGNIWAVYR HWEPDWDEDT POEVLHAYDV
VEVLDEYDED LAISVIPLVE VAGFRTVROR NIDLNATHEI PEEEMFRFSH
EVPFYRMSEGE EAPHVPKDSY ELDPAAISHE LIOEITETVE SSEATSEC

Protein Coverage:

Saquence MH= i Mags AR L AR
HESVGAEGAFEMVOEANTVLEDE 2495.3& 2.99 98 = 120 3.97
IMFREECGDDESLASDDSTAR 2350.03 4283 457 a7y 2.94
IEFLTSRINSEFGELNWVEESGFTR JESE. .11 1. 20 L£60 LEY 3.31
ToTalE: 24%5.36 .98 X3 2.07
KKOSBOG.RAW Page 11

OTA for acan: 9838

Préacuresy ion: R58.80

HMapp Cype: Monoisocopic

Modre: (MY +1%.99492) ([(ETY® +79.9683%)

Icn series for charge: +1

AR A ions B ionm B* iocns Bo iocne ¢ ionse Y ions Yo loms Yo ions Z ione
] 116,06

K 243.1% 24881.1%8
-3 330,18 2333.09
v 429.25 2246.08
] 486 27 2146.99
A 557.30 2DAa%. 87
E 6R& .35 T01R.93
v T43 .37 LREG. 68
& 814 .41 1832.07
F 961 .47 1761.83
K 108%.57 1614.76
M 12248.61 148666
v 131%.68 1355, 62
o 1447.74 1156.56
E 1E76.78 1128.50
& 1E47.82 009.45
W 1833.80 928.42
TE 2018 .91 Ta2. 34
v 2113.88 861.312
L 2227.08 462,26
£ 2514.909 9,17
D 2429.12 262.14
K 147.11
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KKOSBEOS. RaW

Page 12
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KKOSB0G6. RAW Page 15
Referance P Score Coverage Accessicn
Scapis] Sequence MH= & E Ac _peltaco e Edp __lonE _Coupnt
proftein retrotransposcn protein, putatcive. unclassified 2e-005 10.1 o
8353 H.M*NEIVAGNEHORLOVERE . M 2062 .04 2 2&-005 2.737 izg.1 1 1634
1 of 1 peptide matches reported, 0 removed dus to filtering
KKOSBOE. RAW Page 16
Reference: LOC_Da0lgl$300.1]13101.m0205% |procein retrotranaposon protain, pu
Database: Xcaliburi\database'\Rice database‘\all.pep.fasta
Humber of Amino Acide: 81 Monoisctoplc MW: S5S3&7.6 pI: 4.78
Pratein;
MMTECRRLFE NTSREVGROM DRLTARAISS DGRVAQLEME LEVARDDLOK
MNEIVAGONEN QHELOVEEEMN DLJ F3IR D
Protein Coverage:
Seqiience MH~ RA Y _AR
MNEIVAGNEMORLOVEEE FITT A 2l - 58 ]
Tocals: 2046.05 18 2

KEKOSEOE RAW Page 17
DTA for scany 8383
Procureor lon: 1032.01
Mage type: Monolsotepic
Mod's: (M* +15.90482] (STYR® +72.96633)

lan series for charge: «1

Y jons ¥o ions

M= 148,04

H 26 .08 1916.01

E 151.13 1840.56

I 504.21 1671.92

v 603.28 1558 .84

'Y Ee74.32 14592.77

= 731.34 1388.73

H B45.30 1331.71

E 974.42 1217.87

M 1105.47 1088.62

=] 1233.52 957.58

R 138552 B25.53

L 1E02.71 E73.42

G 15592.73 EE0.34

v 1856 . 80 E03.132

E 1787 .84 404 .36

K 151554 276.21

K 147.11
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Delta Mass (amu)

KKOSBOE RAW Page 18

2_,

= 1934
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#E353-8353 RTAT.05-47.05 NL: 1.48E4

Relative Abundance
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KKO9B08.RAW Page 21

Reference P Boore Conrg rage Aocenaion
Scanlel Stcqisnce M i E AC _Deltacn _gp  bip long  Count
protein expressed protein 0.0004 10.1 g.0 g
1091% K. BDLDERDEWVE. 1 1305.68% 2 0.0004 2,108 Q.0%0 313. 6 2 af20 3
1 of 1 peptide matches reported. 0 removed dus te Elltering
KKOSBOS. RAW Page 22
peferanca: L _DadlgT1540.1 | 131010077688 |protein expressed protain
Dacabasa: Cih\Ecaliburidatabasse \Rice_database‘\all.psp.fasta
Humber of Amine Acide: E32 Monolestoplic MW: S9861.7 Fl: 7.14
Protelin:
MSESALDXHI VVEIPDHVLP DAFIGESVGE GEDGRTVDN MDPSEPFLVI
FESDLDEADR WVEIEKYAWMA ESLTHDIITIP DPTPOVVEDA FFOISPRLDS
VLREDSVRCF FRLFARECTAR MAFECNITAE TLSCIVRHMA LRCAKTVLEG
FAPQLECMHA HPNCINPYGI FPLMERAERF SEVDMIKLLEC HGASRNLHTY
HOAGIPGLLP LMVAVGHTCL HEYLEDHMLSP VOYHEDYIYR LIMLLCLPEM
EVFLOTVELL AEKTDHLADE LWNYMKNDKL VESAVLLLAR HIREGKPD
GFDITAGRIY EDYDILVCDE GDTARGOKLL RERRALLECE CLIVNTIISQA
GEVLONYIQA HSEVFNVEVL ARVSYTILEEF GFCRNEEYID TMILCPYMNEI
SYADIVHEDY TEAVAQMSTS LPAREKKAAR KEALKGWDPT FIKRNFFPYW
ESVLGAQLSY SHGRADEKSM LHURPQFENSY VOYCTIOHNAN EGRETEMSEKY
PEGMLLLITI GLOSIMIATS FADTLRELRT TM
Frotein Cowerage:
Bequence - ¥ Mags BR X RA
SDLDEADEWVE J10E _E1 r i) E1 . 53 Nk
Totals: 1305.61% Z.18 1] 2.07
KEOSBOG. RAW Page 23
DTA for ecan: 10918
Precureor fon: £53.318
Mass type: Monolssktoplc
Mod'E: [M* +15.99482) [STY® +79.96631)
Ion series for charge: +1
AR A done B ions B* iome B ions € Lcms ¥ ione ¥* Lens Yo ifcns I icne
5 BE.04
u] 203 .07 1218.60
L 316.15 1103.57
u] 4311.18 850.45
K 559.27 B75.46
A §30.31 T47.37
u] T45.34 T8, 33
E 874 38 B61.30
W Losd .46 433 .26
L 1159 .53 246.18
K 147.11
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KROZBOE.RAW Page 24

2.

E: . 1305

Delka Mass (amu)
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BE’E.J-

Relative Abundance
in
[=]
[

(s

—

6306 ) l
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KROg9BOE.RAW Page 27

Rafarance P Beard Conmdrage Accesaicn

Ecapial Beuspnce M. i E JC _Deltacn Bp  Rgp logs Count
protein inactive receptar Einase AT2g267310 precurssy, putative o.0002 8.2 .0 0

B246 K. YLNIEDELVOM*LOLAM=ACTSHAPERR . P J0%8.51 i 0. 00032 3.450 0.158 686.1 30 157100 2

1 of 4 peptide matches reported, 3 removed due to filtering

KKO9BO8.RAW Page 28

Reference: LOC Oa03g2lEl0.1]13103.=02574 [protein inactive receptor kinase At
Database: O:'\Xcaliburidacabasse'Rice databasaiall. = fasta
Humber of Amino Aclde: &34 Mm;{:a:aptc MH: RES41.7 pl: &.&@

Procain:

HMOYHEIFEGSL VLLSLLLETZ LAVADIASEY QALLAPASAV YROMHELMNWDYV
NISLCSWHGY TCSPDRSEIS ALEVPRACLY GATPPNTLGE LVSLOVLELR
SNRLIGSIPE DITSLPELOS IFLODMELSS DLPSFFEPTL NTIDLEYNSF
AGGIFASLON LTOLSTLNLS MMSLSOPIPD LEKLBSLROLN LSNWELNGSI
?P?L("I?SN:T SFLONPGLOG FPLARCALES PTSIPESSLP PPIALPHRGE
KUGTESITAA AVGGFAVFLL ARAIFVVOFS KREEKKDDIL DMNNGKITONA
BIEMEKEQVE SGVOMAENNE LVFLDGCEYN FDLEDLLEAS AEVLGNGEYS
TAYFAILEDG TIVVVERLED VVAGHKEFED OMEQIGRVGE HANLVPLEAY
YYEXDEKLWVY YEYVATGEFS AMLMCGIKGIA EEKTPLODWHNTE MEIILGTREG
IAHIHABGGS FLAHGNIKAT NVLLDODHNP YVSDYCLSAL MSFDPISTSRY
VVGYRAPETF ESREFTHKSD VYSFGVLLME MLTGFAPLOS QEQDDVVILP
BWWVHEVVREEE WTAEVEDVEL MEYLMNIEDEL VOMLOLAHAC TEREPERRFPT
MASVIRMIEE LROSASESRD SSHENARESH PRSA

Protein Coverage:

Sequence M+ N Mass AR ¥ _AR

ISALRVPAAGLIGAIRENTLGR 2167.329 i.13 a% = 80 3.47

mmnwmﬂiupnn 066 .53 4d.46 5731 - GdA 410
Totale: 30ES .52 4.45%5 26 4.10

KKDIB06 RAW Page 29

DTA for scan: B246

Precursar ion: I033.74

Maas type: Monolsotopic

Hod'a: (M* #15.594%2) (8TY# +79.95633)

Ion series for charge: +1

AR A dlons 8 lons B* icns Bo ions C ions ¥ lone ¥* lonm Yo ione Z ionm

X 164.07

L 277.15% 2935 44

] 191.20 2822.38

I 504.328 2708.32

E 633.32 2595.23

D T48.35 2466.19

E B77.3% 2351.186

L 990 .48 2422.12

L 108%.55 210%.04

Q 1217.60 2005.57

M* 1364. 64 1a81.51

L 1477.73 1734 .87

g 18605.78 1621.7%9

L 1716. 87 14531.73

R 178%.580 1380.88

M= 1936.94 1309.61

' =2007.98 1182.57

c 2110.99 1091.54

T 2212.03 ¥99.53

8 22599.07 g87.48

g 2455.17 BOO .25

8 2542.20 644.35

P 2635.2% BET.A2

1 2TER. 29 4E0.28

. 2524.40 331.22

k-3 176.12
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Page 30

KKOSBO0G. RAW
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KKO9B06. RAW Page 33

Refarance P Score Coverage Accesaicn

Sl Soguence — - A leliacn Jp Rip lons Coupt.
protein retrotransposon procein, putative, Tyi=gvpsy subclass 0.0004 6.2 0.0 ]

a0 R VFLLYEGVLITIVE. K 1681 .88 3 0.0004 2.387 O.078 1.0 2 17/48

1 of & peptide marches reported, 4 removed due to filrering

KEKOB0G.RAW Page 34

Reference: LOC Os0igisdfd.1|13103.=03870|protein retrotransporan procein, pu
Databape: C:\Xealibur\database'\Rice databage\all. pep.fasta
Mumber of Amine Aeide: 1120 Monolieotoplic MW: 130070.7 ply B.58

Protein:

MPFSLEIAGA TYORMIGECF STQIGRNVER YVODVVVETE QFDDLIADLE
ETFANIRAFR MELNPEKCTF GUFSGKLLGF H‘L’SFEH':-'[{;@H LEEINTILEM
KPPSSQKIFD VOKLTOOMAA LSWPISRLGE WOMPFFMLLE KTDNFOWSRE
AQORFDDEEY, LLTTPRPPVVET VLVVEREEDS HMVOEVOELIY FVEEVLVDER
TEYPEVOELL YGVLITVRKL SMYFOSHSEVT VWISFELEDI LMNMEANGEI
AFMARLEIMEL DLEFEPETEI ESQALARDEVA ECQEDTEVEE LEYWIMHEDG
SKRLLVHEYL WKFTQLARYA ASDIQDEKEK IERFIEGLRD ELRGQMISCD
HESFOSLVNE VVELENDHRM VEGLRERRMS LOROSPTRMS LOVRRBYRFK
PELPRARPGI APILPRPRLE MEDSPCYVCY KVGHFARLCOP NRONTOGOTS
YOXPEISGFD KENFPIMKSG PHLGESOVHM IMAEEAQQDL NILMEVFNVD
EYLOVFPEEL SELPPOWEIE FIIELLPGTA PISERPYEMP VHELEELKRO
IVELEAKGFI RQSSSLWGAF VLFVKKFDGS LEMCVDYRAL NEVTIKNEYP
LPRIDDLFDY LKGASVFSKI DLRSGYHQLE IRQEDISKTA FVIRYELYEF
TVMAFELTHA PAYFMNLMNE IFMEYLDQFI VVFIDDILIY SQNEEEHKCH
LELVLEELRO OOLYAKFHMLI LPDIHKDFEI YCDASROGLS CVIMOBDLNL
CORRWLELIK DYMNLEILYHP REANVVADAL SOKAYCNLOOD EIISEQLOAE
MLELNLOIIE YOELMTLELE PTLMDOIREY QEDDPEIQIF EEREVOSEAN
DITEDLEGIL WYGHIIIVRG SGNLEEPLOT HEWEWDEIGH DFITGLIHTS
TGYDSISVII DELTKTREFI HVKTTYTGAD LAELYMTRIV CLHSVPEKRIT
SDRGTOFTSR FHOKLHYELG SYLDFNTAFW POTOGOIERL NOTLEVVLRA
CALDFSASKD TCLPYARFSY NHHOQASLEM SRPKALYARE CLTPLIWTET
RERSIFGTDF WH'EE.H'."QL Tﬁt.n:_ﬁ'r\qs il;-}CSIY.lII:iRE RELTFVIGDY
VIPKISELEE IERFEEKEYD

Protelin Coverage:

x
i

Ssquance M+ \_Hase AR X
1

VOELLYOVLITVH 1501.95 + 19 206 = 218 +

VORLLYGVLITVRE taiq ga + !E 206 ".+E i ii
Totals: % 1. 1 :

™
™

KKOSBOE. RAW Page 35

DTA for ococan: 9850

Precuroor ion: 831,70

Mase type: Monoissteopic

Mzd's: (M* :15.90482) (BTYR +79.96613)

Ian sevies fFor nbrrrg#: #l

AR A ions B ions B+ ions Bo ions C iona ¥ ions ¥* ions Yo fons Z ions
v 100.0@

5] 228.13 1562 .81
K 156.23 1434.75
L 465,31 1306.66
L 582.40 11831.587
i B25.43 1080.49
[} BE2 .48 RIT.48
v S81.52 TEO. 44
L 105480 &81.37
I 1207.588 558,29
T# 1388.70 455,20
v 1487.77 274.189
R 176.12
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KKOSB0E.RAW Page 36
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KEOSBOG. RAW Page 39
Reference P Bcore Coverage Accession

Scanisl Seqyence M= I -J S Deltacy in] E2m JTops Counk
protein dshydration responss related preotein, putative, sxpres G.0007 &.1 0.0 Q

#3785 R.TRTAS#POGRSHR. W 1351.53 2 0.0007 2.320 0.195 128.1 & 13/40

L of 4 pepeide matches reported, 3 removed dus to filtering

KEDSEQG. RAW Fage 40
Reference: LOC Osl0gd7770.1|13110. @03435|protein dehydration response relate

Database: OC:'\Xcaliburidatabase'\Ri r.n_n.‘!a.- abazelall.pep

Humber of Amino Acida: 404 Monolsotopic MW: 42248.8 pl 12.25

Protein:

MPRRGRARRC
LVWVQATVOOD
ARAOTTVERY
DMLEFTDARR
TVEVARPWGER
HOGRCLVEWH
RACAOGASRET

GRATHVDLLT
ADEELDFEAR
RAFFPAPASR
VERYRYVVLER
SDGRALVELR
LAGGRFLMEI
RTAEFCORSR
RRHEQEKPRERR

VVLARMLCWR
HAADT LEV
AL AR
LVARPVRRAY
LERGVPAVLA
DRVLEPEETH
WATEAATPAK
REVATARROR

STTLSIWHNHS
SEGPRANERYER
CAKARADARS
DVGAMHGEEW
ARRGGAFSRRL
VHEARRRTAR
TLPFEAPATT
HPAROITRREWF

EGARDEEVLG
RALSESOPAF
ARANFEHARNDO
AARELMERGVY
PFPAGAFLMA
MSAFPSRPPR

Protein Coverage:

Sequence
TETREPUGH k. r b 18 |
TRTAIPCOGRER 1191.60 .02 310 - 320 2.72
TRSENGTATESR 1224 .50 2. 00 J40 - 351 2. 87
Totala: 1ivwl. el ] il F I ]
KKOSBOG.RAW Page 41
DTA for acan: 83175
PES#CUrasT jon: ET6.49
Mass Etype: Monoisotopic
Mod's: (M* =1E.85432] (5TY® «79.96631)
Ion meries for charge: =1
AR & Lono 8 ions B fong Bo long ¢ fons ¥ Long ¥* ions ¥o ions E long
i 102 .05
R 258.16 1250.4%
T 3159.20 105%4.38
B 430.24 883, 34
1] BT, §22.130
aRdg . Te6. 30
[m 197 .30 858,25
i 854 .33 E5E.25
R 1010.,42 498,23
] 1177.42 342.12
R 176.12
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KKOSB0E.RAW Page 42

2_
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Dela Mass {amu)
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-2
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ve'
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KKOSBOE. RAW Page 45

Refeareance e Score Coverage Recession

Scapniegl sagience M- i E e Deltacn i) Rig lons  Count
protein Dnak family protein, putative, expressed 0.0003 4.1 0.0 ]

B216 R _FOOPOTOREMEMYPYEE. I 2064 .52 2 0.0003 2.640 O.138 121.6 4 15/45

1 of ¥ peptide macches reported, 1 removed dus to filtering

KKO2B0E.RAW Page 46

Reference: m_nuﬂ!qnilin.]|:!!D3.mﬂlﬂ|‘.12|pr¢rp‘.n tma¥ family procein, putati
Databage: C:\Xealiburidatabase'\BEice _d-d.l abapehall.pep.faota
Mumber of Amino Relde: €78 Monoligotoplic MW: T2521.6 pl: 5.80

[

MRASLLIRAY BRROLASFLG TLTRMWVQSKC RRNVCSRWAG FARTFSRKRT
GHNEVIGIDLAG TTHICVIVME GEMPEKVIEMS EGTRTTRSVV AFMOHGELLY
STPAKROAVT NPONTFROTE RLIGRRFDDP OTOEEMEMVE YEIVEALNGD
AWLETTDGXD YSPSQIGAFYV LTHMKETAES YLGESVSKAV ITVRAYFHMDA
QROATEDAGE IAGLOVORIT NEPTARALSY GTHHEEGLIA VFDLGGGTFD
VSILEISHGY FEVKATNGDT FLGGEDFDNT LLEFLVSEFK RTEGIDLSED
RLALORLEEA AEKAKIELSS TAQTEINLFF ITADSSGAKH LWITLTRSKF
ESLVHSLIER TRODPCESCLY DAGITTIEIVND EVLILVGAMTR VRKWIEVVSE
IFGEAPSEGY NPDEAVAMGA ATOGCGILRGD VIDLLLIDVT PLIELGIETLG
GLFTHELINEN TTVPIKESOV FETRADNOTO VGIKVLOGER EMARDHFLLG
EFDLVGIPPR PRGMPQLIEVT FDIDANGIVT VERKDEATGY, EQQITIRSSG
CGLSEAEIQIM VHERELHSQK DQERFALIDI ENTADTTINS IERSLGEVRD
KIPAEVASEI ETAIADLRNE MASDDIEEIEK SKIEARRNKAV SEIGUHMSGE
GEEGIOAGE] CEGDOAPERE YEEVEK

Protein:

Procedin Coverage:

Eequence M+ i Mass AR ¥ AR

FODPOTOREMEMVT YR 1584 55 2.74d 137 - 142 2. 37

DPCEACLEDAGITTE 1578 78 2.18 igd - 377 Asdd
Tocale: 1%B84. %5 2:.74 16 2.37

KKOSBOE.RAW Page 47

OTA Ffor acan: B236

Frecursor lon: 10331.24

Happ Cype: Monoisocopic

Modre: (MY +1%.994592) ([(ETY® +79.9683%)

Icn series for charge: +1

AR A ions B ionm B* iocns Bo iocne ¢ ionse Y ions Yo loms Yo ions Z ione

F 148,08

o 283,10 1917.8%

+] 3TE,13 1802.82

P 475.18 1E87.759

Q 603 .24 1850, T4

T TOd. 28 1462.68

Q #12.36 1361.64

K 60,44 1233.58

E 1069.48 1105.4%8

M 1220.5%3 G976 .44

K 1348.62 B45.40

M 1479 .68 T17.310

v 1578, 73 586,26

P 1675.78 487 .20

e 1918.081 190.14

K 147.11
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KKOSBOG. RAW Page 48

2
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s ¢ ) 1936

Delta Mass {amu)
[
i

-2
#E236-8236 RT:46,38-46.38 ML 3.7T2E3
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KKO9BOB. RAW Page 51

Referance P Score Coverage ACceERion
Esapie) Zagquance Hii= i E i

procein -;l;prnlaud prnm,-in. &, 8061 4.1 a.a 5]

1377 R.HFAYREREIFASSSSTCMDE . K 2173.77 2 0.001 2.002 0.154 136.8 25 12/B0

1 of 3 peptide matches reported, 2 removed due to filtering

KK0SBOB.RAW Page 52

Reference: LOC O0o03g03840.2]13102.m12354 |protein expressed protein
Databage: C:\Xealiburidatabass‘Rice_databass\all.pep.fasta

Number of Amino Acide: 3052 Maonoisctopis MW: 337130.1 pIl: 3.6
Frotein:
MATEEEARER EVOVEAR ATDLOAQLDS MLSSIKEIES EROTMGSTES

TS
ILKIPEDEVL VEAPSETREIP SEHSLMOTAS SLNGHVNKES NISNBOPHE!
NGESUEQVET SSDOTSTYPS NKSHESEMTD SLSHOBSASE DTTILKCENA
EAFDHZOCDY ECHVINDTMY QEEICKTDDA IECTVDAODL CESEESKERD
PAIMTDIPAD EVLAEAPAGI QSPLEFNVGD SDTVPEHRET DDPAKEDDTA
YLDHEESFFE DEVIAEHADE EVEAEDQQSK QRADDMDAEVL QEEIFESKES
DLPETEQAEE ASVDDQEALN QOPALETNDE LEVEAEETCH CENVATOGER
TPEDOATTRE PTVOTREEUN UGSVEEMEDA EAVDTEEIVD GSSVAFDEAL
CDMARTINGS SDIQSIEFPEE THGPEDVERE EVESGSNVAF AEDAVODKVI
PFSEFFEDIRP VEELEQEETE EADEASNETHN SAIFSDLNQE DEIVASKOQLE
TRLAERARAF SNLDOEGGIA DSESOVADLE EAKEIRATET ERITHQPPAR
VETELPKEDN STRSEPMNDD IQMSLEQDS! EVEDTEAAED QEISCGERTIA
TSKEDAVEDD GTAEGFICVS QEVODVESEE VEDTEPDNVY ERSDVVTIVDO
EGJEMNVLTS ENIAEBLOLOS LESEETFSPE PIETERGFHT SHARRPENTFV
EVNTTACETO DTESAREIKE TROTHTESIP QRSNISVSER SNPRDSITAS
ETISNTOELT IAGSIEASED WIDTETOEIT DOSNEVEAGE AAGODNIPES
VETADTOSMG ELESEEMERP BLVDLSOTPH QKDDAISQED MOEDNPTTCE
THEIGSTEVS SVEASEDORY RMOSNITOCE EQATEESITE SERQILEIES
VOIMEDTEAT EFELVSEQNI VSTSEESVPE ENATTEEPAF HDREIQNDGH
ELTEQHDSVE ASELPNOSSO AIVEETAGEA DLVAGEPIDD VOEKDLEPES
ISNTVDGETG EASHOTHAAV EDNWIDEVES SVEASEDOAI AHGSNITOCE
ECRTEESLTE SEPQILEMES VUDINDTERT ESETIFGKNT VETSEESVRE
ENATREEPAF DDEEIQMDGA ELTEEHDGVE DEEIPDOSSGE AIVEETAQER
HNLLASEPTDD VOVEKELEPEE ISNTVDGETE EASCOTHEVE MIESSEQMED
TREPVPERES SEEMRDTAPT VPEPTLODSE VASVERIETH MNATIRCANVG
YOULOEQESY EFKETEVLEP OGVIPSHNVE SSEEFNPOET VIREERGEDT
CREEEPVVIE DTEDVNMEAR LEEXIAPEEH VLATETTVDT PPVOETELEE
RONTESVEAE DMIAASOLRG EEIDTEAIEI ESVEHESTTT SVKELNEDVE
SNVALAEEAR SEEHTLETEV TVDKSSAGEP ELERTINTEP ARQRWIITET
GLEERRMEDN RAMETRTVEH DSNIRSTKEL REDDITTASA LOVYTOOIRE
QEEVEDMECT DTTEMPGETP ESIVSTSDEL TETGEITTIVE ERTFDTOOAQ
SFTDQETDLS SSENPEEAVD ESDLVESEQE TOWVOOEQELD STEETEGTED
TCAWSVETCE ESVTEVERNY DOOHNWVOENES AVEVEENEDT ETEEISKOIN
PTTHENGADE SSEQBADOPE ¥VOPVOOLEL TTDSKDNGLY EAEETSSQSH
IVIPEOPTAE DRVAYEIDPS VDIDOGHELE LVEEVEDTDA 1EAEETSHAG
QAVESAEFFE ESWNLEAVELT HGIQOVHYLE TMEEMEGTEG TCCDEEICYED
TATSEDPSPT DHGKSLODYH VESHEENLGH GIGDVISVHE KIEDNIHESH
ELFDLODNSL VYFIQDETSE LGEXKTQISAN RIEERDDHIS TEDTEETSHN
THLVEEGPNE MGSSUTSNVG DNKOLEDVGL OTQVEERSVD IGUODEDMEN
VHLDOGUKED EXIERGKEDE EIEXUKEELO TOEQEMOOKE VDFLIDTOVE
SIDAPQREQT DSVWIEMLND EVIQHEPEDS IPRTTDAMVE NITEIFKEETE
EENGFNSGET LEVIAKNTHNE DVHENTEKDA VVEKTSSS5EH DEIAGEIRNE
EVEFCLASSL ERDLOVDSDL SMOQMLENNF TAVPOMDRYM YRAERGYTNK
VHVDMMALOE SOKVIEDAEE KUGMOFEDNYV VMHDESLVIT QREEASCVMT
DEQYSADTEM DOTAISYAEM THENTSTEPR EVEDTHKEXKKG FMDFFEFVVE
TERODVDOD FEIHHOVEDE BESAETENNSA ESERVOFKLD ITIAETHNDM
NLSTINPLPE WETENASDIN QNROVQEATN EDAIDNIETG RVERMETSYT
ATTEVVTLME DICDKASGAD GVPPDGELET SEDNLDVSSV VTESBIENIN
KETEDHKLAL PVHPTODENT TEQGFGLEDT EFESMSPERA LPAEPEEQEE
HOVTEEQDEE DRHDAELGDR HEEDHKERED DYLPVESFLM NLILGEDHDD
PEFDSETEVE FEEQEETTIDG SCLIASQOQEE NLVAFPIEES VDEELTFEQE
KEKVEQSEST EEPVKSOSYD VEMDVOESLE TDESLKRNTC DLEAPVYODN
AGDEISSEL] SAKAADPIKE MEARDFELDE ESPOTVCUEN VEARTEIEDG
SLNPDGDDIT SPRASCEDAL EEVGTELPME SLHENRHGRY, DEQTLELIER
DTGHAEKELFN EADSVOSPPC TEQEESIESS YVEVRSTTIEG QVESEVIETH
EEDQHTTAGE FATEEQIENLH DDESEETCSE EISDEQAPET TEPVEHTORM
PAYEKEIFPAE STCMORKESM ISHNEVENFE XALETHEDSP NLHVIQDKED
ETADNGTVVD MNTVLOKLED SMRUEEQETA AOKLPKETES NOEFMAITER
VIKEENVHET VESNTQAVEI KENEEKELFD SOVOERGLNYV VEPKATSEAD
EXFVEITKPE FSTOREHSPK ADRSNKPDEN TCDRETRARE ETWNITORAT
E:IE‘E’RG.!EQ EVSHENHNTL S0VESKVEHD LAEVEKAIIG KPGHTESESP

Protein Coverage:

Sequence

I PREHALNOTASSLNGHVHE . : - .
AADFIK 614.35 Q.18 2614 - 2619 0.20
HPAYEREIPASOTCHDE 7 ~

Tetals:
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[SEQUEST]

first_database_name = C:\Xcalibur\database\rice_all.pep.fasta.hdr
aocond_databass name =

peptide_mass_tolerance = 1.0000

peptide mapa_unics = 0 i Deamu, Llemmu, I-ppm

1:!!._!#:’11! =01 1.0 1.00.0 0.0 2.0 0,0 0.0 1.0 0.0

fragment _ion_tolerance = 0.5000 : for trap data leave at 1.0, for accurate magse data use values = 1.¢
Iramt_m unite = 0 1oD=amu,  Lemmid

num_output_lines = 10 ; # peptide results to show

num_results = 260 i W results to BTore

num_description lines = & i B full protein descriptions to show for top N peptides
show_fragment_icns = 0 i beno, leyes

print_duplicate references = 0 ; mumber of duplicate references reported

enzyme info = Toypein(FR) 1 1 ¥R -

max_num_differential per tide = 3 ; max B of diff. mod in a peptide
dLff_search_options = 157994515 M 79.966331 STY 0.000000 M 0.000000 X 0.000000 T 0.000000 ¥
cerm diff mearch _options = 0.000000 0.000000

nucleotide reading frame = 0 ; Omprotein db, 1-6, 7 = forward three., 8-reverse three, S=all six
mass_typa_Parsnt = 1 i U=aAverage maEsss, l-monclEctopic masdes

mags_typs_fragment = 1 i D=average maEEss, l-monolEctopic maBses

normalize_Xoorr = 0 ¢ use normalized xcory values in the out file
xmvv_p:vcurwz_puk =0 r 0=no. l=yes

izn_cutoff percentage = 0.0000 i prelim. scors cutoff ¥ as a decimal number i.e. 0.30 for 0%
max_num intsarnal_clsavags mites = 2 i maximum valuas im 12

protein mass_filter = 0 0 i enter protein mass min & max value | @ for both = umnused)
match peak_count = @ number of auto-detected peaks to try matching (max 5)
mateh peak_allowed error = 1 : number of allowed errors in matching auto-detected peaks
match peak tolerance = 1.0000 ; mags tolerance for matching auto-detected peaks
partial_sequence =

sequence_header_filter =

digest mass_range = 600.0000 3500.0000

-

o
"
B

add_Cterm_peptide to each peptide C-tesrminua

add_crters_protein = 0,0000 i added to each protein C-terminua
add_Nterm_peptide = 0.0000 ; added to sach peptide N-terminus
Mﬂ:mam_prouin = 0.0000 ¢ added to each protein N-terminus
add G _Glycine = 0.0000 i added to G

add_A_Alanine = 0.0000 i added o A

add_E_Serine = 0.0000 ; oadded to £

add_P_Proline = 0,0000 : added to P

add vV valine = 0.0000 ; added to ¥V

add T_Thregnine = 0,0000 i added co T

add_C_Cysteins = &.0000 i added to ©

add L Leucine = 0.0000 ; added to L

add_I_Iscleucine = 0.0000 ; added ro I

add” ¥ LorT = 0.0000 ; added ko X

add N Asparagine = 0.0000 i added to N

add_U_Crnithine = 0,.0000 i added to O

add_B_avg_NandD = 0,0000 ; added to B

add D _Aspartic Acid = 0.0000 ; added to D

add 0 Glutaming = 0.0000 i added to Q

add_E_Lysine = 0.0000 ; added to K

add_Z_avg_gandE - 0.0000 i added to 2

add”E_Glutamic_Acld = 0.0000 : wdded o E

add M Msthicnineg = 0.0000 i added to M

add H_Histidine = 0.0000 ; added to H

add F_Fhenylalanine = 0.0000 i added to F

add_®_Arginine = 0.0000 : added to B

'gﬁ-ﬁ-ﬁﬁ'ﬁ.' u,guggﬂn f addrldndd to E

add W ° E n o= 0. i added to

add J user aminc acld = 0,0000 i added to J

add T user_aminc_acid = 0.0000 i added o U

338



Appendix B2

Figure 1 — KKO1 candidate full-length ORF sequence

ATGGCTGCGTCCCCTACCAGCTCGCGCTCCGTGACGGAGACGGTGAACGGCTCCCACCGCTTCGTG
ATCCAGGGCTACTCCCTCGCCAAGGGGATGGGCGTCGGGAAGCACATCGCGAGCGAGACCTTCACC
GTCGGGGGATACCAGTGGGCTATCTACTTCTACCCAGACGGGAAGAACCCCGAGGACAACTCGGCC
TACGTTTCCGTCTTCATCGCGCTCGCTTCCGAGGGCACTGACGTCCGCGCTCTCTTTGAGCTCACA
CTGCAGGACCAGAGCGGCAAGGGCAAGCACAAGGTCCACTCCCACTTCGATCGCTCGCTCGAGTCT
GGCCCCTACACCCTCAAGTACCGAGGCTCTATGTGGGGTTACAAACGGTTCTTTCGGCGAACTGCC
CTTGAGACATCGGACTTTCTTAAAGATGATTGTTTGAGGATAAACTGCACTGTGGGTGTTGTGGTT
TCAACTATTGATTACTCCAGACCACACTCCATTCAGGTTCCAGACTCTGATATTGGCTACCACTTC
GGTTCTCTTTTGGACAGTAATGAAGGGGTTGATGTTATTCTTAATGTGAGTGGAGAGAGGTTTCAT
GCCCATAAGTTGGTGTTGGCTGCACGGTCTACTGTATTTAGATCCAAACTTTTTGACGATGAATCA
GAAGGAGACAAGAACGAGGTTAATGAGAGTGAGGATCTGAAGGAGATTGTTCTTGATGATCTAGAG
CCCAAGGTTTTCAAGGCAATGCTTCATTTCATCTACAGAGATACCCTCGTTGATGATTATGAGTTG
GATGCATCAAGCTCCATGGGCTCTATTTTTGATACTTTGGCGGCAAAGTTGTTGGCCGCAGCAGAC
AAGTATGACTTAGGAAGGTTAAGATTGCTATGTGAATCTTACTTGTGCAAAGGCATTTCTGTGGCC
TCGGTTGCAAATACTCTTGCAACTGGGGAGAGTCACCACGCCATGGAGCTTAAAGCCGTTTGCCTA
AAATTTGCTGCAGAAAATCTTTCAGCTGTGATCCGGACTGACGGGTTCGATTACCTCAAGGATAAT
TGCCCATCACTTCAGTCGGAGATACTGAGAACTGTTGCTGGGTGTGAGGAGCCGTGCAGTAGTGGC
GGGAAAAGCCAGAGTGTATGGGGACAGCTCTCGGACGGTGGCGACACTAGTGGCCGTAGGGTGAGG
CCAAGAATCTGA

Figure 2 — KK03 candidate full-length ORF sequence

ATGGGCGACTCTGGCGGCTCCGTCGTGTCTATTGACGTCGAGCGCATCTCCTTCGGCGGGAAGGAA
CATCATATACAAACAAAACATGGACCTGTATCTGTTGCTGTGTATGGTGACCATGATAAGCATGCC
CTTATTACTTATCCAGATGTTGCTTTGAACCATATGTCTTGCTTCCAAGGACTACTATTCTGCCCG
GAGGCTGCCTCACTGCTGCTCCATAATTTTTGCATTTACCATATAAGCCCCCCTGGACATGAGTTA
GGAGCCACTCCGATTTTACCAAACAGTCCTGTGGCATCAGTTGATGAGTTAGCGGATCAGGTTGCA
GAAGTACTTGATTTCTTTGGATTGAGTTCTGTTATGTGCTTAGGTGTCAGTGCTGGTGCATACATT
CTTACTCTCTTCGCAACAAAGTATAGGGAGCGTGTGCTAGGTCTTATCCTCGTTTCACCTCTATGT
AGAACTCCCTCATGGACTGAGTGGTTTTATAACAAGGTGATGTCGAATTTGTTGTATTATTACGGG
ATGTGTGACGTTGTGAAGGACTGTTTGTTGCAGCGTTACTTTGGCAAGAGAGTGCGAGGAGGCTCT
GCTGTACCAGAATCTGATATTATGCAGGCGTGTAGAAGTTTCCTAGATCAACGGCAAAGCATGAAT
ATATGGCGGTTTATCCACACAATCAATGAGAGACATGACTTGACAGAAAGCCTGAAGCAGCTGCAG
TGCAGAACTCTGATATTTGTCGGTGAGAACTCGCAGTTCCACACTGAAGCTGTTCACATGACTGCA
AAGCTTGATAAGAGATACAGTGCTCTTGTTGAGGTGCAAGCGTGTGGGTCCGTCGTGACGGAGGAG
CAGCCGCACGCGATGCTGATACCAATGGAGTACTTCCTCATGGGATACGGCCTGTTCAGGCCGAGC
CATGTAAGCTCCAGCCCTCGCAGCCCTTTGAACCCGTTCTGCATATCGCCGGAGCTCCTCTCGCCC
GAGAGCATGGGTGTGAAGCTGAAGCCAATCAAGACGCGAGCCAATCTCAGGGTTTAG
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Figure 3 — KK04 candidate partial coding sequence (including 3’ untranslated
region)

TATGGGGAGCATGCGGAGCACCTTGTTTCCTAACTTTGGCAGCATGTTTAGCGTGGCGGAACAGCA
GCAGGCTAAAGCTGACTGGGATGCTGAGAGTCATAGGGATGATGAAGATTATGCATCGGATCATGG
TGCTGATGACATTGAGGATAGCCTCAATAGCCCGCTTATTTCTCGTCAAGCGACAAGCGTGGAGGG
TAAGGAGATTGCTGCACCTCATGGAAGTATAATGGGTGGTGTGGGAAGAAGTAGCAGCATGCAGGG
AGGGGAGGCAGTAAGCAGCATGGGCATTGGTGGGGGGTGGCAGTTAGCTTGGAAGTGGACTGAGAG
AGAAGGTGCAGATGGGCAAAAGGAAGGCGGCTTCCAGCGTATTTACTTGCATGAGGAGGGCGTGTC
AGGTGATCGGAGGGGCTCTATATTGTCTATGCCAGGAGGTGATATTCCTCCTGGTGGTGAGTATAT
CCAGGCAGCCGCTCTAGTGAGCCAACCTGCTCTTTATTCGAAGGACCTGATAGAGCAGCAGCTTGC
TGGTCCTGCCATGGTACATCCATCTGAGGCAGTTGCCAAGGGTACAAAATGGGCAGAACTATTTGA
ACCTGGAGTGAAGCATGCACTGTTCGTTGGCATAGGATTACAGATCCTGCAGCAGTTTGCGGGTAT
CAATGGAGTCCTCTACTACACACCTCAGATACTTGAGCAAGCAGGTGTCGGGGTTCTTCTATCAAA
CATTGGACTAAGCTCTTCCTCTGCATCTATTCTTATTAGTGCCTTGACAACCTTGCTGATGCTTCC
CAGCATTGGCATCGCCATGAGACTCATGGATAGGTCAGGAAGAAGGTTTCTTCTCCTTTCGACAAT
CCCTGTCTTGATAGTAGCGCTAGCTGTCTTGGTTTTGGTGAATGTTCTGGATGTCGGAACCATGGT
GCACGCTGCGCTCTCAACGATCAGCGTCATCGTCTATTTCTGCTTCTTCGTCATGGGGTTTGGGCC
TATCCCAAATATTCTCTGCGCGGAGATTTTCCCCACCTCTGTCCGTGGCATCTGCATAGCCATCTG
CGCGCTAACCTTCTGGATCGGCGACATCATCGTGACATACACTCTCCCCGTGATGCTCAACGCCAT
CGGTCTCGCTGGAGTCTTCGGCATATATGCCATCGTTTGCATACTAGCCTTTGTATTCGTCTACAT
GAAGGTCCCTGAGACAAAGGGCATGCCCCTGGAGGTCATCACCGAGTTCTTCTCTGTCGGGGCAAA
GCAGGGCAAGGAAGCCACGGACTAGTTGCTCTGATCCGGTGATCCGCGTCGCTGGTGGTAATTTTG
TGGTGTCATAACTACTACTACACTGGTTAACCTGCGATGCTTTGGTGAAGAAACTTCAAAGAGAGC
AGATACGGAAGACTTTACATCGTGAGGCTGAATTGTGTTGTCGTAGGCCGGCTTTTGGAAGTAGGA
TATGTACTTAGATCATCTGTTCTTTTCGCTTTGGAACTTTCTATTTGTGTTATTCAGAATTTCTTG
CCCATGTAACTAGTGCTGTTATCACAATTTATGTCGATTATGTGTTTGCCTTAAAAAAAAAAAAAA
AAAAAAAAAAAARA

Figure 4 — KK06 candidate full-length ORF sequence

ATGGCCATCGGATCTCTCCTCGCCTCGCGGCTGGCCAGGTCCGGCCACGCCCTCGCCACGLCGLGLC
ATCGCTCAGGCTCCCCGGACCCACAATCATCATCACGCGACGTCTCCCCTGCTCTCCAGGCTCGGA
GCCGTGGCCCGCGCTTTCAGCTCAAGGCCCGCCGCCGCCGATGTCATCGGGATCGATTTGGGCACG
ACGAACTCATGTGTCTCCGTCATGGAAGGAAAGACACCACGGGTGATTGAGAATGCTGAAGGTGCG
AGGACAACGCCCTCCATTGTTGCCACAAACAGCAAAGGCGAGATCTTGATTGGCATCACTGCCAGT
CGACAGGCAGTGACAAATGCCGAGAACACAGTTCGTGGGTCCAAGCGCCTGATTGGTAGAGCTTTT
GATGACCCACAGACTCAGAAGGAAATGAAGATGGTGCCTTACAAGATTGTCAGGGGAACAAATGGT
GATGCCTGGGTGGAGATGGCTGGGAAGTCATACTCCCCGAGTCAGATTGGTGCGTTTGTTCTTACC
AAGATGAAGGAAACTGCAGAGGCTTACCTTGGCAAGTCGGTCTCCAAGGCTGTTATTACAGTCCCA
GCTTATTTCAATGATGCTCAGCGTCAGGCCACCAAGGATGCTGGTAGGATTGCTGGGTTGGACGTG
ATGAGGATTATCAATGAGCCCACTGCTGCAGCTCTGTCGTATGGAATGAACAACAAGGAGGGCCTG
ATTGCTGTATTTGACTTGGGTGGTGGCACATTTGATGTATCAATCCTTGAGATTTCTAATGGCGTT
TTTGAGGTCAAGGCGACCAATGGAGATACTTTCCTTGGTGGTGAGGACTTTGATGCTACATTGCTC
AACTACCTGGTTAGTGAATATAAGAACTCTGACAACATTGATCTGAGCAAGGACAAGTTGGCCCTG
CAAAGGCTCAGGGAAGCTGCTGAGAAGGCGAAGGTTGAGCTTTCCTCGACTCCACAGACTGAAATT
AATCTCCCATTCATCACAGCAGATGCCTCTGGTGCGAAGCATTTCAACATTACCTTGACCAGATCA
AAGTTTGAGTCTCTTGTGGGCAATCTCATTGAGAGAACTCGCATCCCATGCACAAACTGCCCCAAG
GATGCTGGTGTTTCTGCAAAGGAGATTGATGAGGTTCTACTGGTTGGTGGTATGACAAGGGTGCCA
AAGGTCCAGGATATTGTTTCTCAGATATTCGGCAAGTCTCCAAGCAAGGGTGTCAATCCTGATGAG
GCTGTTGCCATGGGGGCTGCCATTCAGGGTGGCATCTTGAGGGGTGATGTGAAGGAGCTCTTGTTG
CTGGATGTAACACCCCTTTCCCTTGGTATTGAGACTCTTGGAGGCATCTTCACAAGGCTAATCAAC
AGGAACACCACAATTCCAACCAAGAAGAGCCAGACCTTCTCCACTGCTGCAGATAACCAGACGCAG
GTTGGAATCAAGGTGCTTCAGGGTGAGAGGGAGATGGCCACAGATAACAAGCTTCTTGGTGAATTC
CAGCTTGAAGGTATTCCACCAGCCCCGAGGGGTATGCCACAGATCGAGGTCACTTTTGACATTGAT
GCCAATGGTATTGTCAAGGTGTCAGCAAAGGACAAGTCCACTGGCAAAGAGCAGGATATCACCATC
AAATCTTCAGGTGGTTTGTCTGACAGTGACATTGAGAAGATGGTGAAGGAGGCGGAGCTAAATTCT
CAGAGGGATCAGGAAAGGAAGTCGTTGATTGACCTCAGGAACTCTGCAGATACCACCATCTACAGC
ATCGAGAAGAGCGTCAGCGAGTACAAAGACAAGGTCCCTGCTGAAGTCGTCACGGAAATCCAGTCT
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GCTGTCTCTGATCTGAGAGCAGCAATGGCTGGTGATGATTCGGACGCCATCAAGCAGAAGCTGGAG
GCGGCGAACAAGGCAGTCTCAAAGATTGGACAGCACATGCAGGGTGGTGGCGGCGCTGCCGGLCGGL
GACAGCGGCAGCAGTGGTGGTGGCGACCAGACTCCGGAAGCTGAATACCAGGACCCCAAGGAGGCC
AAGATGTAG
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Appendix B3

Figure 1 — Genotype southern blot for KK06 candidate. Genotype Southern blots using
BamHI and Dral digested genomic DNA from Chinese Spring and the phlb mutant
revealed that the KK06 gene candidate is located outside of the phlb deletion. This result
was based on equivalent banding patterns (denoted by red boxes) seen in both the

Chinese Spring and phlb lanes.

BamHI Dral

oo

£ &

S a

v wv

E 9 £ =
< = <

S © S

342



Appendix C1

Author declaration permitting the use of the publication, Khoo et al. (2011) Poor
Homologous Synapsis 1 (PHS1) interacts with chromatin but does not co-localise
with ASYnapsis 1 (ASY1) during early meiosis in bread wheat. BMC Plant
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Appendix C2

Table 1 — List of primers used for isolation and characterisation of TaPHS1 in Khoo
et al. (2011) (Additional File 1).

Primer name Primer sequence (5" —» 3) 2:%)
TaPHS1 gene isolation primers

TaPHS1_F1 CATTTTCGGCGTCATCGTCGTCG 65
TaPHS1_R1 CTACAGTGACAAGTCGCCACCCAGTTCA

TaPHS1 gene expression primers (to amplify ORF for protein production)

TaPHS1_F2 ATGGCGGGCGCCGGC 62
TaPHS1_R1 CTACAGTGACAAGTCGCCACCCAGTTCA

TaPHS1 peptide primers (to amplify conserved regions for protein production)
TaPHS1_Regl_F1 CGGCGGAGGCAGAGGTGG 65
TaPHS1 Regl R1 GAAGGAGTGGGTGGGGCGAGA

TaPHS1_Reg2_F1 GTCTACGAGGAGCACTATGTATCTATCCTCAACTT 66
TaPHS1 Reg2 R1 AGGGAAACGTACAGCAAACTTCTGGAT

TaPHS1 Reg3_F1 AAGGAACTCTCAAGCAACACCAT 59
TaPHS1_Reg3 R1 CGCTTCATCTGGCCTGTATTG

TaPHS1_Reg4_F1 GGCGGGGACGACTCTTTTCAT 62
TaPHS1 Reg4 R1 Primer used was TaPHS1 R1

Plasmid vector sequencing primers

T7 (0GEM®-T Easy) TAATACGACTCACTATAGGG 50
SP6 (0GEM®-T Easy) ATTTAGGTGACACTATAG

GW1 (pCR®8/GW/TOPO®)  GTTGCAACAAATTGATGAGCAATGC 50
GW?2 (pCR®8/GW/TOPQO®) GTTGCAACAAATTGATGAGCAATTA

Quantitative real-time PCR (Q-PCR) primers

TaPHS1_QF1 CACTCGGATTGATGCTGCTG 55
TaPHS1_QR1 TGACAAGTCGCCACCCAGTT

Southern blot probe primers

TaPHS1_SF1 TGAACTGAATTGTGTCGGATGAA 54
TaPHS1 _SR1 AAAGCTCACGAACACCACCCT

Figure 1 — TaPHSL1 full-length ORF sequence (GenBank accession: GQ851928)

ATGGCGGGCGCCGGCGGCAGGAGCAGGGAGCGGCTCACGTCGCGCGCGGAGGAGGCCGCGGGGGGCAAGL
GGCGGAGGCAGAGGTGGGAGGTGGAGTTCGCGCGCTACTTCGCGAAGCCGCGGCGCGCCCCCTCGALCGLC
GCCGCCCCCCGGCCTCCGCTACATATCCCGCGGCAAGCAACTCCACCAGGGCACCTGGCTCCTGGCAGCC
TCCCCCGCCGCCCTCTGCATCTCTCGCCCCACCCACTCCTTCGCCGCCCGCGTCCTCACCGTCTCCATCG
GCGACGTCGTCTACGAGGAGCACTATGTATCTATCCTCAACTTCTCATGGCCACAGGTTGCATGCGTGAC
AGAGTGCCCAGTTAGAGGGAGCAGGGTGGTGTTCGTGAGCTTTTGTGATAGGTCCAAACAGATCCAGAAG
TTTGCTGTACGTTTCCCTCGCCTCAGTGATGCAGAATCATTCTTGAATAGTGTGATTGTGAAGGAACTCT
CAAGCAACACCATGGATATCATGCCATCTGGAAGCGACTATATGTGTGAGCTTGAAGATTCATCATCATC
TGAATATATTCCTTCTAATGGACTTCAATACAGGCCAGATGAAGCGGTAAGCTTTGAGGAGCCAACTTCT
GATCACAGGACAGACGCACCTGCTGTTGGCTACCACATGGAACCAGATCAGCCTGTTCTTCAATCTCCCA
TTGCTACAAATATCAATAGCATCTACTCTGGTTTTCCCGAGGGTTACTCTGGCTTCCCTGAGGGCTACTC
TGGTTTCCCTGAGGGTTACTCTGGTTCAGTTAAAATTGAGAGAGATGGAGGACCCTTTCCAGCAACTATA
ACTGATCATGCTCCTGAAAAGGCCTACATACTGGACACTCGGATTGATGCTGCTGGTGGAAATTCGGTTG
CTGATAAAGGAAAGGGTGCTGGTAAAGAGATTGATGTTAGTGACGTAACACGTGATATTTTGGCAGGGAT
AGAGACATATGGCGGGGACGACTCTTTTCATGATATGCTGTCCAAGCTCGACAAAGCCATTGATGAACTG
GGTGGCGACTTGTCACTGTAG
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Figure 2 — TaRADS50 full-length ORF sequence

ATGAGCACGGTGGACAAGATGCTGATCAAGGGGATCCGGAGCTTCGACCCGGAGAACAAGAACGTCATCACCT
TCTTCAAGCCCCTCACCCTCATCGTCGGCTCCAACGGAGCCGGCAAAACCACCATCATCGAGTGCCTGAAGCT
GTCCTGCACCGGCGAGTTGCCCCCCAACTCCCGCTCCGGCCACACCTTCGTCCATGACCCCAAGGTAGCAGGT
GAGACTGAAACGAAAGGGCAGATTAAGCTGCGGTTTAAGACAGCAGCAAGAAAGGATGTGGTGTGCATCCGCT
CTTTCCTGCTTACCCAGAAGGCATCAAAGATGGAGTTTAAGGCAATCGAGAGCGTCCTCCAGACTATAAATCC
ACACACGGGCGAGAAGGTTCGTCTCAGCTACAGATGCGCTGATATGGATAGGGAGATTCCAGCCCTAATGGGT
GTTTCGAAGGCTATATTGGAGAATGTTATATTTGTGCACCAAGACGAATCCAATTGGCCATTACAGGACCCTT
CAACACTTAAGAAAAAGTTTGACGACATCTTTTCTGCTACCCGCTATACCAAAGCTCTCGAAGTCATAAAGAA
ACTTCACAAGGACCAAGCACAAGAAATCAAGACTTTTAGGTTAAAGTTGGAGAACCTTCAGACTCTTAAAGAT
CAAGCATACAGGCTTCGTGACAGTATTGCACAAGATCAAGAGAAGTCAGACGCCTTAAAAACTCAAATGGAGG
ACCTGAAAACAAACATCCAAGCTGTGGAAAACAAAATCCTTCGTACCGAAACAAGTATGGTGGACTTGAGGAA
ACTTCAGGGGCAAATTAGCACCAAAGCAACTGCTAGAAGTACATATTTTACACTTCAGCAGCAACAGTATGCC
GCTCTTTCTGAGGAAAATGAAGATACTGATGAGGAGCTGAAGGAGTGGCAAACAAAATTTGAAGAAAAAATTG
CATTACTGGAAACGAAAATCGCTAAACTTGAAAGAGAGATGAATGATGAATATGCAAAAAGCTCTCTGCTATC
TGAGACCATCAATGATTCAACACGCGAAATAGGAAAGCTCCAGGCAAAAGCTGACGCTCACATGTCCGTGAAG
CATGAAAGAGATTCACCCATCAAAACGATATTCAATAAACATAATCTTGGGCCAGTTCCTGATGCTCCTTTTA
CCAATGATATTGCCATGAACCTTACAAACAGAACTAAAGCAAGACTATCGAATCTCGAGGACGATTTGCAGGA
AAAGAAAAAAACTAACGAGACACAGTTAGAATTTCTTTGGGGACGTTATCTTAAAGTAAATGCTCGCTACTCT
GAAGTTGATGGCCAGATACAGTCTAAGAAGGAATCTAAGATAGGTGTTTTAAGGCGCATAAAGGATAAAGAGA
ATGAGCGAGATGCTGCAAAGACGGAGCTTTCAAGGCATAATCTGGCCCGTATTGATGAAAGAGAGCGGCATCT
GCAAATTGAAGTTGAGAGGAAGACAATTGCGCTGGGAGAAAGAGACTATGATTTGATTATAAGTCAGAAGCGC
TCAGAGATATATACCTTGGATCACAAGATAAAAGCACTTCACCGAGAGAAAGATAACATAGCAACTGATGCTG
ATGACAGAGTAAAATTAGAACTCAAGAAGGATGAGTTGGAGAAGTGCAAGAAGAAACTTAAAAAGATATATGA
TGAACATAAGGATAAATTTAGAAGTGTCCTTAAGGGAAGGCTTCCTCATGAGAAGGATGTCAAGAAGGAGATT
ACTCAAGCTTTCGGGTCTGTAGACTCAGAATACAATGATTTGAACTCAAAATCTCAGGAAGCGGAACAACAGT
TGAAATTGGCACAAATGAAAATTGATGCTGCTAAAAGCCACTTATCAAAGCTCCAAAAAGTTTTGGATGCAAA
AAGAAAGCATCTGAACTCGAAACTTCAATCCATTTTTAAGGTATCTGTTGACATCAACGCTTACCCCAAGATT
TTGAAAGATGCCATGGACGAGAGAGATAAACAGACAAATAATTTCAGTTATGCTAAGGGAATGCGCCAAATGT
ATGAACCTTTTGAAACAGTGGCCCGCCAGCATCACAAGTGTCCTTGCTGTGATCGTGCTTTCACACCTGATGA
AGAGGACCTCTTTGTAAAGAAGCAAAGGACAACAGGTACAAGTACCGCAAAGCGCTTGAAAGTGCTGGCAGAG
AACTTATCAGTTGCTGAAGACTTATTCAATCAATTGGATAATCTCCGTGTGATTTATGATGAATATGTGAAAC
TGGAGAAAGAGACTATACCTTTAGCAGAGAAGGATTTGGAACAACTTTCGGCAGATAAAAGTGAGAAGGAACA
GATATCTGATGATCTTGTGAGTGTTCTTGCTCAAGTTAAAATGGACAGGGATGGAGTGGAAATCTTGTTACGT
CCAGTTGATACTATTGACAGGCATGTGCAAGAAATACAGGAGTTAGAACCACAAGTCAAAGATCTTGAATATA
AGCTTGATTCTCGTGGCCAAGGTGTTAAATCTGTCGACAAAATTCAGTTGGAGCTGATCTCTGTGCAGAGGGC
AAGGGACACATTGACTGGTGAAGTAGACGATCTCAGGGATCGGCAAAAAATGCTTAGCGAGGATCTATCAAAT
GCTCAGATGCGGTGGCATGCTCTTAGGGAAGAAAAACTAAGAGCTTCAAGTGTATTGCTGAAGTTCAAAAAGG
CTGGAGAAGATTTGGTACATTTTGCCGAGGAAAAGGAGCAACTGATCCTAGATCAGAAGCATTTAGAAGAAGC
TCTTGTTCCATTGTCAAAAGAGAGAGAAAGCTTGTTGCAAGAATATAAAGCTTTGAAGGAAAGGTTTGATCAG
GAGTATGATCAGCTGGCAGAAAGAAAAAGGGGATTCCAGCAAGAAATCGATGTACTTGGAACCCTTAACACAC
GCATCAAAGGGTACCTGGATTCAAACAAAGTAGAGAAGCTTAATGAGTTGCAGGAAAGGCATACCCTATCCCT
GTCTCAGTTACAGAAATGTGAGGCAAGAAAGCAAGACATCTCGGTTGAGCTTGACAAGAGCAAACGGCTATTA
CGGAGCCAAGATCAATTGAAAAGAAACATTGATGACAATCTGAACTACAGGAAAACAAAGGCTGAAGTGGATC
GACTTACTCATGATATCGAGTTACTTGAAGATAATGTGCTTTCCATCGGCAGCATGTCTACTATAGAAGCTGA
TCTTAAGCGGCATGCTCAAGAAAAGGAGAGGCTTCTTTCAGAGTATAATAGGTGTCAAGGAACAATTTCTGTT
TACCAAAGTAATATTTCAAAGCACAAACTTGAACTTAAACAGACACAATACAAGGATATTGAGAAGAGATATT
TTAACCAACTTCTTCAACTAAAGACAACTGAGATGGCAAACAAGGACTTGGACCGATACTATGCTGCTTTGGA
CAAGGCTCTTATGCGGTTCCATACCATGAAAATGGAGGAGATAAATAAAATAATTAAGGAATTGTGGCAGCAG
ACATACAGAGGCCAAGATATTGATTGCATAAGCATCAATTCTGATTCTGAGGGTGCAGGCACTCGATCATATA
GCTACCGTGTTGTCATGCAAAATGGTGGTGCTGAGCTGGAAATGCGAGGGCGATGCAGTGCTGGTCAGAAGGT
GCTTGCTTCTCTTATAATCAGACTCGCACTGGCAGAGACATTCTGTCTGAATTGTGGCATATTAGCTCTGGAT
GAGCCAACCACCAATCTTGATGGACCGAATGCTGAGAGCCTAGCTGCTGCCCTATTGAGAATAATGGAGAGTA
GGAAAGGCCAGGAGAACTTCCAGCTGATTATAATCACCCACGATGAGCGGTTTGCTCAGCTTATTGGTCAGAG
GCAACTTGCCGAGAAGTATTACCGAATCTCCAAGGATGAGCAGCAACACAGCAAAATAGAAGCCCAAGAGATA
TTTGACTAG
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Figure 3 — Summary report of TaPHS1 mass-peptide identification

Feference: Translaticn\of\pDEST17V-TaFHSl\clons'esqguance
Databass: shXcaliburhdactabasas\Whole Rice Protécams FPASTA & TaFHSl.fasta
Muimbsr &f Aming Acids: 382 Honoisotopic MW: 4191B8.8 pl: 5.60

[

Frotein:

MAYYHHHAHE LESTSLYFEA GSEFALMAGA GORSRERLTS RARRARGINR
BREOEWEVEFA RYFAKPRRAF BTPPPPOLREY IESRGEOLMOG TWLLARSPAR
LCISRPTHSEF AABVLTVSIG DVWYEEHYVE ILNFEWPOVA CVTECPVRGES
FEVVFVEFCOR SKQTQKFAVE FPRLEDARSF LHNSVIVEELS FNTMDIMPIG
SOYMCELEDS S3SEVIPANG LOYRPDEAVE FEEFPTSDHRT DAPAVITHME
POOPVLOSPTI ATHINIIYSS FPEGYSAGFPE GYSSFPERYS GEVEIRRDGG
PFPATITDMA PEEAYILDTR IDAAGGHSVA DEGKGAGKEI DVSDVIEDIL
AGIETYGGDD SFEDMLSKELD FAIDELGGDL 8L

Frotein Coverage:

Sequence MH =+ 3 Mase BR Y AR
EAGSEFALMAGAGGR 142272 3,59 15 - 33 3.5%
AGSEPALMAGRGSR 12594 62 i.0% 20 - 33 3. 66
ORWEVEFAR 1220.82 2.81 &1 = &l 2.38
WEVEFAR G36.48 2.23 55 Bl 1.82
EAPSTPPPPOLR 1245.71 2.97 (3] T8 .14
RPSTPPPPGLRE 1085. 61 2.60 €5 = 79 2.88
YWFVSFIDR 1071.53 .56 162 - 160 2.36
LEDAESFLNSVIVE 1521.82 3,63 178 = 1EB7 3.6
FOEAVSFEEPTEDHR 1715.%5 4.09 225 239 3.93
IERCOGFFPFATITOHAFEE 2051.02 4.8% 285 313 4.87
DGGPFPATITDHAPER 1652.72 3.94 2808 - 313 4.19
RYILDTR BE1l.46 2.03 al4 - 320 1.83
IDAAGGNIVADE 1117.58 2.67 azl - 332 .14
GAGKEIDVEDVTR 134&.69 3. 41 3315 47 i.&0
EIDVEDVTR 133 .52 2.47 339 - 347 436
DILAGIETYGODDIFHDMLIE 2284.04 5.45 348 - 368 5.50
AIDELGGDLIL M 7

Tetals:

Reference: Translation'of'\pDEST17-TaPH51'\clone'\ sequence

Databage: C:\Xcalibur\database'Whole Rice Proteoms FASTA & TaPHS1l.fasta
Humber of Amino Acids: EL:F Monolectopic MW: J41816.8 Pl 6,80
Protein:

LESTELYFFKA GOEFALMAGA GUGRSRERLTS RAEERAGGFR
RYFAEPRRAP STPPPPOLEY ISROEQLHOG TWLLAASPAA
' RARVLTYIIG DWWYEEHYVE ILNFSWPQVA CVTECPVRGS
EVWEVERCDE SXQICKFAVE FPELEDAESF LNSVIVEELS SNTMDIMPEG
EDYMCELEDSE SESEYVIPENG LOYRFDEAVE FEEPTSDMET DAPAVGYHME
FROFVLOEPI ATHINSIYEG FPEGYEGFPE GYSGFPEGYS GEVEIERDGH
PFPATITDHA PEFAVILIDTR IDAAGENSVA DEGKGAGKEI DVIDVIRDIL
AGIETYGGDD SFHDMLSKLD KAIDELGGDL SL

Frotein Coverage:

Berguonce M 1 Mags B 155
AGBEPALEAGAGIR 1254 .62 3,09 20 - 33 3.65
WEVEFAR 936.46 2.23 55 - §1 1.83
RAPETPPPPGLR 1245.71 2.97 &8 - 79 314
APSTPPPRGLR 1089.61 2.60 £3 - 79 2.88
VVFVEFCDR 1071.53 2.58 152 - 160 2.3%
LIDARSFLHSVIVE 1521.82 .63 174 - 187 .66
FPDEAVSFEEPTSDHE 1716.75 4.09 236 - 239 .83
DGOFFPATITOHAFER 1652.79 1,94 298 - 313 4.1%
IDAAGGHEVADE 1117.556 2.87 321 - 332 i.14
RIDVIDVTR 1033.52 2.47 338 - 347 2.3
DILAGIETYGSDDSFHDMLER 228%.04 .45 348 - 268 5.50
AIDELGGDLEL 2 2 ] r

Totals:

346



Appendix D1

Figure 1 — Summary report of TaZYP1 mass-peptide identification

Feference: LOC Oe04g37960.1[12004.m08705 |protein expresssed protelin
Database: O:\Xcaliburdatabase\Rice_database'\Rice_dacabase.fasta

Humber of Amino Acids: 887 Monodsotoplic MW: 101520.4 P+ 5.70
Procain:

MOELOLESLE GLEJFRSLAC STSTAAFAFN FEFSSDI0OE TYGEFANLEI

TAEKLVEEQA SVETDLENTV YFEAFTIIVG NFTGEWYGHI IFTVVIFAGA

BVLVIEWIKE AKLODAVHEN AKLEVE(TED SFLWQOLDIE VISTETLCRG

LTETLOOLAS CTERAREDEK FFEEILGKNS EAFEEFNCLL NDSSIKLECK

EQMIISGKOE MLRIFCEEEE MODOSYEEQLY ASDTTIRERN SLIKQLEDSI
LEENLASTES EFMDLELENE
DEENTSISSH

VIGLISSFER
EEFM LMINSANDRF EHLONOYVHL ISENMALOTE ITERLESRIIE
CHVEECOVAE ERVASDLEGR

ERCOXLODEL ELOESKEEND FALLOLOWEY MGETOOVDOE

STRRRDEYIR KEMQLOLVER ETIREDVNLE GIIQSPITHM LEEVEKGTOD
IFIHREVTHN EYEVETANGR ITVRAXTEST VIFGEFNTOE SLHDTADEDE
THMEXVYRGS HFHPANIGEL FSEGSLNFYA EDFYAFG

Protein Coverage:

LG g "Ti‘?.“:: : H 3 ::‘k‘l'ﬁ

[

LEJLE B.75
GLEGFRELAGSTETAAK 1652, 86 1.62 11 - 2 1.92
LEQGLOSKE w650 0. 83 13y - 149 B.9a
EQLYASDTTIR 129554 1.27 237 - 237 1.24
FLEEEAEIERENISOLEK 2004.02 1.97 43% - 442 .03
LESTMQELLOR 1273.64 1.35 475 - 485 1.24
VLSVLNEE 515,51 0.90 485 - 433 0.90
FOTDIMLEGE 1224 8% 1.30 EEE - E74 1.1%
QEDIMLEGK 1096.53 1.08 566 = 574 1.01
AYHEEELOR 1173.60 1,15 560 - 568 1.01
LODELELOE 111%. 89 1.08 THE - T14 1.01
ALLOLOWE FE9. 60 0,58 722 = 739 0,80

ETVHFIEFNIQE —
Tobale: éiﬁ-g.! éii i! iﬁ

Feference: LOC Owld4g3TH60.1]12004,mI8785 |protelin exprassed protein
Database; C:\Jcaliburi\databaes'\Rice database’\Rice _database. fasta

Membar of Amine Acide: 087 Henadsotopie MW: “101920.4 pIl+ E.70
Prarelin

MOFLGLEGLE GLEGFRELAG STSTAARFAPN PEPSSDIGGS TYGSFANLEI
TAEKLNEEGS SVETOLEMTY YFEAFTIIVG HWITGHVYGHNI IFTVVIFHGR
VLV ISHIKE AKLOQAVNEN AXLEVEQTED SKLWOQGLDSE VSSTETLORG
L

TETLOOLAS (QTERAEEDKK

EOM1 1SGECE MLRINQEREE MOQSYEEQLY ASDTTIREXN SLIROLEDST
EOHKARLLYY DERLECMEQE LXLEEDVCIC LEEMLASTES EXNDLELENE
GYTLEVOKLE KDMKELNELL SGFIVENTEL DKEMTSISEH VIQLIBSFER
FOGEVHEER LMIKSAKDEF EHLOMOYVIL [GEMMALOTE IEEZLKSRIIE
LOKTOEIVMY OQHVERCOVAE DEIRRLESEA EISASNISQL EXVASDLEGR
VOELLEDSES AEMMNOELLO KILKLESDH] ELLGEVISYVL NEXSNDTESL
UEEIARRDGO VETLENOVNG LOSIIDERED LNTCAVERER NLEEQKLOVOD
ASLAKTESQL TEAFEQYDIN LEGKEIELSX ELEELELIMND QAINEIREEY
ELEKVEIINI EKENAEKLIK EMENKCHEKD SENRQDEESS FEMVARICOQD
HEREESTLRA YHEEELORIQ SOARNELRER Lﬂumlté CHESLTERRE

ERCGKLODEL FALLOLOWKEY MOETOOVDO

SIERRDFYIR EENQLOLVEF ETVRKDVHLE GIIQSFITHM LREVEKGTOD
IFEMEEVTHN EVEVETANGR ITHRRKTEST VMPGEFNTOR SLMDTADEDE
TIMIGAVAGE HPHPANTAEL FIRSALNPYA ELDYARS

Frotein Coverage:

1= - h Maas AR |1

LOLEJLE = . = a
ELAGSTETARK 593,53 0.97 17 - 27 1.4
LRUSLOSK SdE .80 1% 5] 133 - 140 4. 00
EQLYASDITIR 11%E6.64 1.27 27 - 237 1.24
LECMEGELEK 1133.83 1.10 264 - 272 1.01
HOLKLE T58.45 .74 I83 - IPE {1 % 1]
LLETSREAENHEOELLOE 2138.13 2.10 454 = 471 2.83
QELLGX TEHA. 44 .74 466 - 471 O. 68
LEBTHQELLIR 1I73.64 1.35 475 = 485 1.24
VOEVLNEE #16.51 [ -11] 486 = 493 0. 90
BOLHTCAVER 1185.57 1.18 529 - 518 1.1%
ESYDINLETE 1324.83 1.3 565 = 574 1.13
QFDIMLETK 109E6.53 1.08 566 = 574 1.01
KIELSX T17.45 0,70 575 - 580 0.68
LODRLELOE W‘r z

Totals: =31 ] a
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Figure 2 — Dual 3-dimensional immuno-fluorescence localisation of TaASY1 and
TaZYPL1 in Taasyl-1.9.2 pachytene cells. Three representative replicates of Taasyl-
1.9.2 mutant pachytene meiocytes showing reduced levels of TaZYPL1 signal compared to
wild-type. Left most panel shows diffuse TaZYP1 signal with foci formation on the

chromatin while centre and right panels show undetectable levels of TaZYP1.

Figure 3 — Dual 3-dimensional immuno-fluorescence localisation of TaASY1 and
TaZYP1 in Taasyl-2.2.3 pachytene cells. Three representative replicates of Taasyl-
2.2.3 mutant zygotene-pachytene transition meiocytes showing no significant increase in
TaASY1 and TaZYP1 protein signals compared to wild-type.
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Appendix E

Copyright permission for Figure 1.1

Dear Kelvin,

RE: Permission to reuse one figure from McLeish and Snoad, Looking at

chromosomes, 1958 in a University of Adelaide thesis

It is our policy to grant permission free of charge to students who are looking to
quote excerpts from our titles for strictly academic purposes. This is subject to

the following conditions:

Your work must be of a entirely academic nature; no commercial

publication of the work at hand is allowed;

You must acknowledge our edition directly below the reproduced
material as follows : «author/editor, title, year of publication,
publisher (as it appears on our copyright page) reproduced with
permission of Palgrave Macmillan. This material may not be copied

or reproduced without permission from Palgrave Macmillan»

Your thesis may be reproduced through academic aggregators but should it
become eligible for commercial publication at a later stage, you will need to re-

apply for our permission.

Best wishes
Lauren Russell

Rights Co-ordinator

Palgrave Macmillan
Houndmills

Basingstoke

Hampshire

RG21 6XS

+44 (0)1256 329242 Ext. 3518
fax +44(0)1256 353774
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