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ABSTRACT

Phosphoregulation is essential for the controletifdivision. In yeasts and animals,
premature entry into mitosis is prevented by thelory phosphorylation of CDK
by WEE1 kinase. WEE1 homologues have been idedtifieseveral species of
higher plant, includind\rabidopsis and tobacco. However, while WEE1 function
has been confirmed in the DNA replication checkpwoirhigher plants, a role for the
protein in the G2/M transition during an unpertutiptant cell cycle is yet to be
identified. To address this issue, the further aberisation oArabidopsis WEE1
was completed, particularly focussing on the l@zdion and stability of the protein.
A GFP-Arath;WEE1 construct under the 35S promoter was tramsfdrinto both
Arabidopsis plants and the tobacco BY-2 cell line, and a rardecalisation of the
protein at interphase was confirmed. Additionalhe study of WEE1 subcellular
localisation in different cell cycle phases revddleat the protein was absent during
metaphase. Interestingly, levels of WEE1 degradataried in differenArabidopsis
root tissues, and the protein was absent in latecdlprimordia. The proteasome
inhibitor MG132 was used to demonstrate #atth;WEE1L is degraded via the 26S
proteasome pathway, as in yeasts and animals. Baulalr fluorescence
complementation confirmed an interaction betwAesth;WEE1 and the F-box
proteinArath;SKIP1in vivo, which may targefrath;WEE1 for degradation.
Tobacco BY-2 cells were stably co-transformed 8tRC constructs to facilitate
the study of any changes in this interaction dutivgcell cycle. There was again no
evidence of the interaction during metaphase, atuan of the signal during
anaphase and telophase. The root phenotype Afadin SKIP1 knockdown line
suggested that this F-box protein may taAgeth;WEEL1 for degradation early in
development, but this requires confirmation. Thekywresented in this thesis
describes, to my knowledge, the first investigatito the stability ofArath;WEE1

protein.
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1. INTRODUCTION

The cell cycle is the mechanism by which livingle@lroliferate. It consists of four
distinct phases: mitosis (M), during which the cillides; G1, the first period of cell
growth; DNA synthesis (S), during which the ceD8IA is replicated, and G2, the
second period of cell growth. Non-proliferativdle®ften occupy a fifth stage, GO,
or stationary phase, in which the cells are arcest€s1 (Drebot et al., 1987; Figure

1.1). Cells can also arrest in G2 phase.

Figurel.1 Schematic diagram
showing the eukaryotic cell
cycle, consisting of several
C0 phases including mitosis (M),
during which the cell divides;
G2 G1 G1 phase, the first period' of
The Cell cell growth; DNA synthesis
Dgl)i,zilgn (S), during which the cell’s
DNA is replicated; and G2
phase, the second period of
cell growth. Also
represented is GO, or
stationary phase, which is
often occupied by non-

S proliferating cells.

Many aspects of cell division are remarkably welhserved in all eukaryotes
including yeasts, animals and plants. Due tot@ortance of timing in the cell
cycle, phosphoregulatory mechanisms are in plaeasare that DNA synthesis and
cell division progress smoothly. These mechanismsansition points, are
sometimes wrongly referred to as checkpoints. &b@iats are defined as
operational when a step “B” depends on a step UAtess a loss-of-function mutant
can relieve the dependence (Hartwell and Wein8891 In other words, the
checkpoint is a hurdle which needs to be overcoeferb a cell is competent for the
transition. Most commonly for experimental datacteckpoints, cells are exposed
to hydroxyurea, which induces the DNA replicatidreckpoint, or ionizing radiation

(mimicked by zeocin), which induces the DNA damealgeckpoint (described below
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in section 1.5). Two phosphoregulatory mechaniaraghose at the transition from
G1 to S-phase and at the transition from G2 to Msgeh Another level of control is
also imposed by the varying stability of the proginvolved in these processes, and
their timely degradation is highly regulated.

1.1 CYCLIN-DEPENDENT KINASES

The phosphoregulation of proteins involved in te cycle transitions is controlled
by cyclin-dependent kinases (CDKSs), all of whichuiee the binding of a non-
catalytic cyclin for their enzymatic activity. Tieeare several categories of CDK,
although not all are involved in the regulatiorttoé cell cycle (reviewed by Morgan,
1997). Both the G1/S and G2/M transitions in basyeast $chizosaccharomyces
pombe) are regulated primarily by Cdc2 (Nurse, 19903cZis well conserved in
eukaryotes (Table 1.1), includitggccharomyces cerevisiae (termed CDC28;
Nasmyth and Reed, 1980), Drosophila (Jimenez et290), humans (CDK1 &
CDK2; Lee and Nurse, 1987) and plants (CDKAs & CDRXBerreira et al., 1991).

Table 1.1 Summary of CDKs and cyclins important at the cell cycle transitions in different

organisms
S. cerevisiae S. pombe Human Plants
CDKs CDC28 Cdc2 CDK1 CDKA/CDKB
G2/m , Cdc13, Cigl,
Cyclins CLB1-3 . B/A A, B,D
Cig2
CDKs CDC28 Cdc2 CDK1,2,4,5 CDKA
G1/s , A, DJE, D2,
Cyclins CLN1-3 Pucl, Mcs2 D3 6 D-types

To be capable of catalytic activity several lewaigontrol are exerted onto these
CDKs - cyclin-binding alone is not always suffididor enzyme activity. The CDK
must be phosphorylated on the threonin€Y{¥***¢j residue, near to the C-terminus

of the protein’s polypeptide chain (Gould et a@91), which increases the stability

2



T160/161/167i5

of the interaction with the cyclin protein. Phosepflation of
implemented by CDK activating kinase (CAK; Figur@)lwhich was first isolated

in Xenopus oocyte extracts and found to be a CDK itself (8wa et al., 1992). The
isolation of human CAK (CDK?7) led to the discoverfythe cyclin partner of CAK,

a previously undescribed cyclin protein designagdyclin H (Fisher and Morgan,
1994; Makela et al., 1994). In addition, the CDK&llmH complex can contain a
MAT1 subunit, a RING-finger protein which is thougdhb stabilise the complex
(Devault et al., 1995; Fisher et al., 1995; Tassaal., 1995) and may also be
responsible for substrate recognition (Yankulov Bedtley, 1997). CAKs have also
been identified in bot®. pombe andS. cerevisiae (reviewed by Draetta, 1997; Table
1.2). As well as their cell cycle function, CAKsalhave a role in the control of
transcription (reviewed by Nigg, 1996). Being CDiKse CAKSs also require
phosphorylation on a T-loop threonine residue i@irtcatalytic activity. While it is
possible that this occurs via a positive feedbaok linvolving the CDK2-cyclinA
complex, it is more likely that CAK activating kises (CAKAKS) are responsible.
One CAKAK, Csk1, which is able to regulate the atyiof Mcs6-Mcs2, has been
isolated inS. pombe (Hermand et al., 1998, 2001). To be catalytic,GiK also
needs to be dephosphorylated at the tyrosine 1% ¥d, in mammals, also the
threonine 14 (1%) residue near to the N-terminus of the molecdés¢ribed in
Section 1.4.2).

Table 1.2 Summary of CAKs and cyclins in different organisms (adapted from Draetta,
1997).

S. cerevisiae S. pombe Human Plants
CAKs CAK1 (unrelated Mcs6 CDK7 CDKDs
to CDK7)
Cyclins Mcs2 H H




Inactive Inactive

CAK /o Figure 1.2 t"l'h': ch?tzgehln CDK'
enzyme activity with changes in

CDK| —> [cDK yme actvity &
cycling-binding and

phosphorylation on T**%/*6Y1¢7 by
CAK. The CDK-cyclin complex can

be partially active without
T160/161/167

only fully active after T

phosphorylation, but is
160/161/167

phosphorylation (diagram
CAK o adapted from Draetta, 1997).
CDK —> |CDK

Partially Fully
active active

1.1.1 PLANT CDKs

In plants, at least 152 CDKs have been identifiechf41 different species (reviewed
by Dudits et al., 2007). However, the mechanisrgsileging the cell cycle are less
well known, and although these mechanisms are giyerell conserved with
yeasts and animals, there are some important eliiftexs. InPArabidopsisthaliana

two classes of CDK, A, encoded by a Cdc2 homolpgnd B, unique to plants,
show peaks of activity around the stage of the G2&visition (Ferreira et al., 1991,
Joubes et al., 2000; Porceddu et al., 2001). CD&#ECDKBs are distinguished by
differences in their amino acid sequences in tloircpinding domain — CDKAs are
characterised by the presence of the PSTAIRE mwitiiist in CDKBs this is altered
to PPT(A/T)LRE. The A-type CDK is able to complamé&ecdc2” andcdc28
mutants in fission yeast and budding yeast resggygtiwhereas the B-type CDKs
do not complement the yeast mutants (Imajuku efil@02). InA. thaliana, CDKB
transcripts accumulate in cells at the G2/M tramsjtwherea$CDKA is consistently
expressed throughout the cell cycle (Menges andafu002; Menges et al.,
2005). Similarly, inNicotiana tabacum BY-2 cells, CDKA kinase activity peaks
from S-phase until the G2/M transition, while CDKBase activity peaks in late
G2, suggesting that CDKA has a role in many staféise cell cycle, while CDKB



is only active at the transition between G2 anaaist (Porceddu et al., 2001; Sorrell
et al., 2001). Five additional classes of CDKsG¥have been identified in plants
(Table 1.3).

Table 1.3 Summary of CDKs and cyclins in higher plants, including function in the cell cycle
and putative function outside of the cell cycle where appropriate (adapted from Francis,
2007, 2009).

Cell cycle phase or putative
Family Members function outside of the cell
cycle
CDKs
A ;1 G1/S+ G2/M
B 1;1,1;2 G2/M
2;1,2;2 G2
c 1 Regulation of RNA polymerase
’ ]
D ;1,52,;3 CAK
E ?
F CAKAK
G ?
Cyclins
1,1, 1,2, 2,1, 2;2, 2;3, 2;4, 31, 3,2, 3,3,
A G1/S (G2/M)
3;4
B 1;1, 1;2, 1,3, 1,4, 2;1, 2;2, 2;3, 2;4, 3;1 G2 or G2/M
D 1;1, 2;1, 3;1, 3;2, 3;3,5;1,6;1, 7;1 GO0/G1/S
4;1,4;2 G2/M

The threonine residues in the T-loops of CDKs amegally conserved between
animals and plants, except in the C-type CDKs,randire phosphorylation by a
CAK for their catalytic activity (Harashima et @&007; Figure 1.3). The plant D-
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type CDKs are homologous to the human CAK, CDKukés et al., 2000). Three
D-type CDKs have been identified Amabidopsis. CDKD;1, CDKD;2 and CDKD;3,
originally named CAK3At, CAK4At and CAK2At respeetily (Shimotohno et al.,
2003). Cyclin H has also been discoveredviabidopsis and interacts with CDKD;2
and CDKD;3 to form active CAK complexes, which di€AKs in other organisms,
have a role in transcription as well as cell cyelgulation (Shimotohno et al., 2004,
2006; Figure 1.3).

Animal Arabidopsis
? ?

S
CDKF;1
CDK7 ™~_

MAT1

/N - |
Cellcycle Transcription Cell cycle /<Transcnptlon

Figurel.3 Comparison between animal and Arabidopsis CAK pathways. CDKF;1 phosphorylates

i

and activates CDKD;2 and ;3 in Arabidopsis, whereas no CAKAK has been identified in animals. In
Arabidopsis, CDKF;1 forms a complex with unknown subunit (X) but not with cyclin H (CYCH),
while CDKD;2 and ;3 form complexes with cyclin H and other unknown subunit(s) (diagram
adapted from (Shimotohno and Umeda, 2007).

Arath;CDKF;1 (originally named CAK1At; Umeda et al., B)9s able to
phosphorylate and activate CDKA;1, but has no tlir@e in transcription
(Shimotohno et al., 2004, 2006), and is also disakle for CDKA;1 activation
(Takatsuka et al., 2009; Figure 1.3). CDKF;1 i®a@CAKAK with the ability to
phosphorylate conserved serine and threonine residuthe T-loops of both
CDKD;2 and CDKD;3 (Shimotohno et al., 2004). HoweW@DKF;1 does not
interact with cyclin H, indicating that it may becyclin-independent CAK
(Shimotohno et al., 2004).



1.2 CYCLINS

As described in section 1.1, as well as phosphtaégn, CDKs require the binding
of a cyclin subunit for their catalytic activity.y€lins were first discovered in sea
urchin oocytes due to the pattern of their expogssgihich clearly oscillates during
the cell cycle. Mitotic cyclins increase in conaatibn throughout interphase,
peaking at the G2/M transition and disappearingifgetelophase (Evans et al.,
1983). As for the CDKs, cyclin nomenclature vadepending on the organism in
question. IrS cerevisiae there are three CLN proteins which are importamhe
G1/S-phase transition, while three CLB proteinsaative at the G2/M transition. In
animals, various CDKs are activated by A-, D- antyjie cyclins at the G1/S-phase
transition, while CDK1 forms a complex with A- aBetype cyclins at the G2/M-
phase transition (Table 1.1). Different CDK-cyatiomplexes are responsible for the

initiation of different stages of the cell cycleafdle 1.1; reviewed by Pines, 1995).

Cyclins contain a sequence of 100 amino acidsa#fle cyclin box which is able to
bind to the " residue of CDK (Kobayashi et al., 1992). Theyalsntain a
“destruction box” which is subject to rapid degriolathrough ubiquitination prior
to and during early anaphase by the anaphase ponuamplex, an ubiquitin E3
ligase (Glotzer et al., 1991; Hershko et al., 19&E Section 1.6). The G1 cyclins,
ie. the CLN proteins of budding yeast and the ahbaand E-type cyclins,
additionally contain PEST sequences, rich in pmlglutamate/aspartate and
serine/threnonine, which are markers of unstaléeprs (Tyers et al., 1992).

1.21 PLANT CYCLINS

In animals the cyclins are grouped into 13 clas&ds,and T. In plants, over 100
cyclin homologues have been identified, which camgtouped into classes
according to their animal homologues (reviewed ligudland et al., 2007). In
Arabidopsis there are 50 cyclins which fall intol8sses including A-D, H, P and
(T), three of which, A, B and D, are well charaided in the cell cycle (reviewed by
Dewitte and Murray, 2003). The H-type cyclins focomplexes with CAKs
(Shimotohno et al., 2004, 2006; see Section 1.1).
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The plant A-type cyclins can be subdivided intethclasses: CYCAL, CYCA2 and
CYCAZ3 (Chaubet-Gigot, 2000; Renaudin et al., 1996 expression of the A-type
cyclins commences close to the beginning of S-phasa to the expression of B-
type cyclins (Fuerst et al., 1996; Ito et al., 19%@uchi et al., 1995; Meskiene et al.,
1995; Reichheld et al., 1996; Setiady et al., 1996 different subclasses of A-type
cyclins may have different biological functions,gled by the timing of their
expression during the cell cycle in the tobacco B¥ell line. While the two A3-type
cyclins were maximally expressed at the G1/S-phasesition, the Al-type was up-
regulated in the middle of S-phase (Reichheld.etl8B6). Interestingly, the A2-
type cyclin was found to peak in expression in nthea one phase, once in the
middle of S-phase then decreasing to a basal paigal to its maximal expression at
the G2/M-phase transition (Roudier et al., 2000).

The plant B-type cyclins are expressed later incélecycle than the A-types. They
can be categorised into three subclasses: CYCBCRB2Yand CYCB3 (Vandepoele
et al., 2002). Functionally, the B-type cyclins areolved in the transition from G2-
phase into mitosis (Qin et al., 1996; Schnittgealgt2002). This is reflected by the
pattern of expression of B-type cyclins, with tremsts generally absent during S-
phase before rising during G2 to peak in late G2early in mitosis, followed by a
rapid decrease in expression as mitosis progréssg®t al., 1992; Menges and
Murray, 2002; Qin et al., 1996; Trehin et al., 197

The plant D-type cyclins are important at the titams from G1 to S-phase, and
were isolated by their ability to complement mut&dt cyclins in yeast (Dahl et al.,
1995; Soni et al., 1995). Ten D-type cyclins hagerbidentified irArabidopsis,
which can be classified into seven separate sutesdasvith three D3-types, two D4-
types and one member of every other subclass (\teede et al., 2002). Several
structural features of the D-type cyclins, in aidhitto the cyclin box, are conserved
with their mammalian counterparts, including pmatPEST sequences (the markers
of unstable proteins), and the RB-interaction m&dth CYCD2;1 and CYCD3;1
bind the RB-protein, which is important at the Gpfase transitiorin vitro (Ach et
al., 1997; Huntley et al., 1998; see Section 1.Ahpther indicator of the
importance of the D-type cyclins at G1/S is the petance of CYCD2;1 and
CYCD3;1 to bind and activate CDKA;1, which is exgsed throughout the cell
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cycle, but not CDKB1;1, expressed at the G2/M titaorsonly (Healy et al., 2001).
An interesting feature of the plant D-type cyclissheir ability to respond to
environmental signals. The expression of both CYQDRd CYCDS3;1 is dependent
upon the availability of sucrose (Riou-Khamlichiagt 2000) and the kinase activity
of both drops when sucrose is removed from thetgeowth medium (Healy et al.,
2001). The D-type cyclins also respond to hormeaigaials, especially cytokinin,
the application of which causes a rapid super-iidnof CYCD3;1 (Riou-
Khamlichi et al., 1999; Soni et al., 1995).

1.3 CDK INHIBITORS

As well as regulation by phosphorylation, negategulation is also exerted upon
CDKs by cyclin dependent kinase inhibitors (CKI#).budding yeast, SIC1 is an
inhibitor of cyclin-CDK complexes at the G1/S-phasmsition (Mendenhall, 1993;
Schwob et al., 1994), while FAR1 induces cell cyarlest at G1/S in response to
pheromones (Peter and Herskowitz, 1994). In manama&ills two classes of CDK
inhibitor have been identified. The INK4 proteimesifically inhibit CDK4 and
CDKG®6 by preventing the formation of an active coexplvith D-type cyclins
(Serrano et al., 1993). CIP (CDK inhibitory pro®jiand KIP proteins bind to a
wider range of CDKs (reviewed by Besson et al.,.82®&herr and Roberts, 1999).
Four INK4 proteins have been identified in mammatalls (Hannon and Beach,
1994; Guan et al., 1994; Hirai et al., 1995; Chiaal.e 1995), all of which contain
ankyrin repeats, necessary for protein-proteirrautgons (Serrano et al., 1993). The
INK4 proteins are maximally expressed during S-phasd inhibit G1/S cyclin-
CDK complexes (Hirai et al., 1995; Chan et al.,3)99

The CIPs and KIPs have a conserved N-terminal domhich mediates their
binding with cyclin-CDK complexes, however the rentker of the sequence is
different in each inhibitor, suggesting they haistidct roles. CIPs and KIPs mainly
control the transition from G1 to S-phase, exertuggker inhibition on CDK1-
cyclinB complexes at the G2 to M-phase transitidrhuman CIP protein, CDI1
was found to interact witB. cerevisiae CDC28, and human and Drosophila Cdc2s

by a yeast two-hybrid screen, and interestinglyesha degree of sequence similarity
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with bothS. pombe and human Cdc25 phosphatases (Gyuris et al., 1098),
p27'"* and p5%#"? interact with and inhibit cyclinA-CDK2, cyclinE-Og®,
cyclinD1-CDK4 and cyclinD2-CDK4 (Harper et al., %iong et al., 1993;
Polyak et al., 1994a; Polyak et al., 1994b; Toymshand Hunter, 1994; Lee et al.,
1995; Matsuoka et al., 1995). Additionally p27 and p5%"2 both have a weak
inhibitory effect on the mitotic cyclinB-Cdc2 congpd (Toyoshima and Hunter,
1994; Lee et al., 1995; Matsuoka et al., 1995). CKés are in turn regulated via
phosphorylations and protein-protein interactiaesiéwed by Besson et al., 2008).

1.3.1 PLANT CDK INHIBITORS

Seven CKIls have been identifiedAnabidopsis: ICK1 and ICK2 (interactors with,
or inhibitors of, CDK) and KRPs 3-7 (Kip-relatecopeins), all of which share
limited homology with mammalian CIPs and KIPs (Wat@l., 1997; De Veylder et
al., 2001; Lui et al., 2000). The C-terminal domairithe plant ICKs and KRPs is
conserved and similar to the mammalian N-termimahain which is important for
their binding with cyclin-CDK complexes. In plarités conserved domain is
equally required for the interaction of ICK1 witibBA;1 and CYCD3;1 (Wang et
al., 1998), and consequently for its function &K inhibitor (Zhou et al., 2003).
The ICKs and KRPs are differentially expressediffeent Arabidopsis tissues
which implies varying roles for these proteins (@mase et al., 2004). They are also
differentially expressed during the cell cycle. KiRPPand 4 peaked during S-phase
and KRP6 peaked at the G1/S-phase transition, WbKd and 2 peaked during G2
(Menges et al., 2005; De Veylder et al., 2001). o that ICK proteins are able to
block the cell cycle at the G2/M transition, bubal the progression of S-phase,
often leads to endoreduplication (Lui et al., 2008ou et al., 2002; Weinl et al.,
2005). Also in support of their varying roles ireteell cycle, the ICKs and KRPs
display different patterns of interaction with CD#&isd cyclins. ICK1 and 2 and
KRP3 and 4 are able to interact with CDKA, while R&kand 7 do not (Zhou et al.,
2002). Interestingly, none of the ICKs or KRPs bBtlype CDKs (Lui et al., 2000).
All of the plant ICKs and KRPs interact with D-typgclins (Jasinski et al., 2002;
Zhou et al., 2003).

10



A second class of CDK inhibitors, the SIAMESE(SIk)ated proteins (SMRS),
have been discovered in plants. SMR proteins aadif®ed to the nucleus and
contain a motif found in the ICKs/KRPs, as wellbasyclin-binding motif
(Churchman et al., 2006). SMRs are expressed thouigheArabidopsis plant, and
are able to interact with CDKA; 1, and D-type cyslincluding CYCD2;1,
CYCD3;2 and CYCD4;1 (Churchman et al., 2006). WHilke trichomes of wild type
Arabidopsis are unicellular, with a high DNA content of appiraately 16C-32C,
recessivesim mutants produce multicellular trichomes with eaeh containing a
nucleus with a low ploidy level (Churchman et 2006). Taken together, these
results suggest that SMRs inhibit mitotic progressallowing cells to switch to the
endocycle in trichomes by inhibiting the activity@YCD-CDKA;1 complexes
(Churchman et al., 2006).

In light of the activity of these proteins, and #qgparent redundancy afath;WEE1
in a normal cell cycle (see Section 1.4.2.3), @nétheory postulates that the G2/M
transition could be controlled by the phosphorglatdf ICK2/KRP2 by CDKB,
which would then dissociate from CDKA, enablingl @gicle progression (Boudolf
et al., 2006). However, this would still requine tdephosphorylation of CDKA, and
the phosphorylation of ICK2/KRP2 primarily by CDKBs both CDKA and CDKB
phosphorylate these proteins to a similar degredro (Verkest et al., 2005).

14 CELL CYCLE TRANSITIONS

141 G1S

The transition of cells from G1 into S-phase isndttely regulated by the
phosphorylation status of the RB-protein and, immmelian cells, RB-related
proteins p107 and p130. In its dephosphorylatech faluring G1, RB sequesters and
inactivates the E2F family of transcription factgeeeventing the expression of
genes required for entry into S-phase. The hypepinarylation of RB by cyclin-
CDK complexes is required for the release and atttm of E2F, and the subsequent

entry of cells into S-phase (reviewed by Neganay laako, 2008).
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In mammalian cells, there are six members of the flaghily, each of which is able
to heterodimerise with the DNA-binding proteins Ddid DP2, resulting in a
possible twelve different DNA-binding transcriptadrregulators (Cam and
Dynlacht, 2003). The E2Fs can be further divided two classes: activators (1, 2
and 3) and repressors (4 and 5) of transcriptidnlewE2F6 lacks functional cyclin-
and RB-binding and the trans-activation domainss mnsidered an independent
member (Trimarchi et al., 1998). RB is the mainding partner of the activator
E2Fs, while the RB-like protein, p130, binds theressor E2Fs (with the exception
of E2F4, which preferentially binds the alternatiB-like protein p107; Frolov and
Dyson, 2004).

In mammalian cells, the complexes required for@ieto S-phase transition are
cyclinD-CDK4/6 and cyclinE-CDK2. D-type cyclin exgssion can be induced by
mitogenic growth factors. CyclinD-CDK4/6 activitgours in mid- to late-G1, prior
to that of cyclinE-CDK2. As well as the direct hypkosphorylation of RB,
cyclinD-CDK4/6 complexes may regulate the prog@ssif S-phase indirectly by
the sequestration of CIPs/KIPs. A balance existwéxn the CIPs/KIPs acting on
the cyclinD and cyclinE complexes. When the expogssf cyclinD is increased by
mitogenic factors, p2¥* is redistributed from cyclinE complexes to the new
cyclinD complexes, releasing cyclinE-CDK2 (Sherd &oberts, 1995, 1999). The
binding of CIP/KIP also stabilises the cyclinD-CDBR4£omplex and leads to its
transport into the nucleus (Cheng et al., 1999 @kpression of cycling, and also
CDC25A, is sufficient to induce the restriction piia critical point in late G1 after
which the cell is committed to undergo DNA replioatand is no longer sensitive to
growth factors (Pardee, 1974). CDC25A promotes &elentry by
dephosphorylating and activating the cyclinE-CDK2plex (Blomberg and
Hoffmann, 1999).

1.4.1.1 G1/Sin Plants

The mechanisms of the G1/S-phase transition inpkae generally well conserved
with those of mammalian cells. Hence, in plantsegative regulation of E2F
transcription occurs through its tight binding be tRB protein. As described in
section 1.2.1, plant D-type cyclins are inducetesponse to sucrose and hormone
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signalling, providing a mechanism for control og ttell cycle in response to
external conditions (Riou-Khamlichi et al., 19990D). Rising levels of the D-type
cyclins, late in G1, form complexes with CDKA, whim turn hyperphosphorylate
the RB protein (Boniotti and Guttierrez, 2001) aling E2F to activate the
transcription of S-phase genes, includ@C6 (de Jager et al., 2001) aRCM(s)
(Stevens et al., 2002L.YCD3;1 transcription is also activated by E2F activity,
providing a positive feedback loop for the inactiva of RB. However, transcription
of E2Fc, which lacks a transactivation domain, $etadnegative feedback by the
competitive inhibition of E2F. In total, nearly 6D@enes irArabidopsis have been
identified as containing E2F-binding sites, oneelaf which are cell cycle genes
(Ramirez-Parra et al., 2003).

One RB and several RB-related proteins have besriifebd in plants (Grafi et al.,
1996; Xie et al., 1996), while three E2F gene® (@nd c; Ramirez-Parra et al., 1999;
Sekine et al., 1999) and two DP genes (a and byhltagf al., 2000; Ramirez-Parra
et al., 2000) have been discovered. At least threee E2F-like genes have been
discovered irArabidopsis, however these are less well characterised andnmiay
require the association of DP for their functioraffitrez-Parra et al., 2007).
Interestingly, no E-type cyclins have been ideatifin plants which may explain, at
least in part, the relatively increased number afe cyclins compared to

mammalian cells.

142 G2/M
1.4.2.1 CDKs/cyclins

Two cyclin subclasses are primarily involved in trensition from G2-phase into
mitosis in mammalian cells, the A-types and B-ty@esl of these the B-types are
the most important at this stage. Cyclin A is priiiyaexpressed shortly after cyclin
E, binding to CDK2 to regulate S-phase entry, & anteracts with CDK1 in G2
and mitosis. Cyclin B also binds CDK1, and was ioadly identified as the
maturation or mitosis promoting factor (MPF) in oté Xenopus oocytes (Masui
and Markert, 1971; Dunphy et al., 1988; Gautiealgt1988; Murray et al., 1989).
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The activity of cyclinB-CDK1 is strongly regulatéy several mechanisms in order

to maintain the timing of mitotic entry.

In human cells, cyclin B transcription begins let&-phase (Pines and Hunter,
1989; Piaggio et al., 1995). During G2, the cych@BK1 complex is
phosphorylated on the threonine 14*fnd tyrosine 15 (¥) residues, inhibiting

its activity. Fission yeast Cdc2 is phosphorylatedy® only (Gould and Nurse,
1989). The phosphorylation of-¥inhibits CDK activity by interfering with
phosphate transfer to any bound substrate, dueetesidue’s situation in the ATP-
binding site (Atherton-Fessler et al., 1993), whiie phosphorylation of*f
interferes with ATP-binding (Endicott et al., 199%is inhibitory phosphorylation
of the cyclinB-CDK1 complex is important to prevgmemature entry of the cell
into mitosis. It is controlled by the WEE1 familygrotein kinases (Lundgren et al.,
1991; Parker and Piwnica-Worms, 1992; see Sectb2.B). At the onset of
mitosis, WEEL activity is countered by the phosphat CDC25 (Russell and Nurse,
1986; see Section 1.4.2.2).

In animals, another level of regulation is imposedhe cyclinB-CDK1 complex by
inhibitory proteins. While these are less evidéaintat the G1/S-phase transition,

p21CIP1
1998; Niculescu et al., 1998). The induction of §24led to the accumulation of

may have a role in the regulation of G2/M (Duliak, 1998; Medema et al.,

cells in G2-phase as well as G1, and the inhibitibayclin B-associated kinase
activity as well as that of cyclins A and E (Medeetal., 1998; Smits et al., 2000).

In plants, both A- and B-type CDKs are importantdatry into mitosis. While
CDKA;1 activity peaks at both the G1/S and G2/Msiéions inArabidopsis,
CDKB1;1 kinase activity displays a single peak a{\& (Joubes et al., 2000).
Similarly, in tobacco BY-2 cell culture CDKA kinasetivity is evident from S-
phase to G2/M, while the kinase activity of CDKBags late in G2 (Porceddu et al.,
2001; Sorrell et al., 2001). As in mammalian cehg A- and B-type cyclins are
primarily thought to be responsible for the G2/lnsition in plants, with cyclin B
expression occurring from G2 up to mitosis. HoweherD-type cyclin CYCD4;1,
which is expressed throughout the cell cycle, wss found to bind CDKB2;1 in a

yeast two-hybrid screen (Kono et al., 2003) and foay an active kinase complex
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(Sorrell et al., 1999). So, at G2/M in plants thare potentially three important
classes of cyclin-CDK complex: cyclinA-CDKA, cycBARCDKB and cyclinD4-
CDKB (Sorrell et al., 2001; Kono et al., 2003).

1.4.2.2 CDC25

Y*° of Cdc2 is dephosphorylated by Cdc25 phosphateSepbmbe (Nurse, 1990).

In mammalian cells, the CDC25 family members amesphatases with dual-
specificity for both ¥* and Y*° of CDK1 (Dunphy and Kumagai, 1991; Gautier et
al., 1991; Millar et al., 1991; Strausfeld et &B91; Lee et al., 1992; Sebastian et al.,
1993). This dephosphorylation occurs late in G2sphand results in the onset of
mitosis via the induction of cyclinB-CDK1 kinasetiaity. A positive feedback loop

is affected by the phosphorylation of CDC25C bylieyg-CDK1, which further
activates CDC25C (Hoffmann et al., 1993; Izumiletl®093).

There are three members of the mammalian CDC28yfa&iB and C, with
specificity for different cyclin-CDK complexes. CR2GA dephosphorylates the
cyclinA-CDK2 and cyclinE-CDK2 complexes, promotiagtry into S-phase (Jinno
et al., 1994; see Section 1.4.1). Both CDC25B aD@€Z5C function in the
transition from G2-phase to mitosis. It is thoutifat CDC25B regulates the
nucleation of the centrosomal microtubules (Galetlal., 1996). As previously
mentioned, CDC25C is responsible for the dephosgdioon and activation of
cyclinB-CDK1 at the G2/M transition (Russell andrisie, 1986).

CDC25 phosphatase may also be responsible foreghieasphorylation of the®t
and Y residues of CDKs in higher plants. Phosphataseiyaduring prophase has
been demonstrated Micotiana plumbaginifolia cells in which mitosis was induced
via the application of cytokinins (Zhang et al.08). The expression & pombe
Cdc25 in tobacco BY-2 cells led to a short G2-phase@methature division at a
small cell size, as well as premature activatio€DBKB, but not CDKA (Orchard et
al., 2005). However, in higher plar@®C25 lacks a regulatory domain (Landrieu et
al., 2004) and is poorly expressed in all tiss@srell et al., 2005). Despite this,
the Arabidopsis CDC25 protein can dephosphorylétebidopsis CDKs (Landrieu
et al., 2004), and is also able to induce a tymbalt cell length when expressed in
fission yeast (Sorrell et al., 2005).
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The cytokinin plant growth regulatory group is regd for the G2/M transition in
tobacco (John et al., 1993). Given that eitherlagio treatment or expression of
Socde25 was able to dephosphorylate plant CDK it has bggothesised that a
cytokinin signalling cascade culminates in CDC2B4#g et al., 1996, 2005).
Additionally, the expression &ocdc25 in tobacco BY-2 cells may inhibit the
production of cytokinins (Orchard et al., 2005).n@ersely, it has been postulated
that the plant cell cycle may have lost the requéest for CDC25 altogether,
evolving CDKBs instead (Boudolf et al., 2006), haeethis theory lacks evidence.

1.42.3WEE1

As mentioned in Section 1.4.2.1, in fission yehstinhhibitory phosphorylation of
the Y*° residue of the cyclinB-Cdc2 complex is regulatgdhie Weel/Mik1 (mitotic
inhibitory kinase) family of protein kinases (Deaése et al., 1995). The budding
yeast homologue of WEE1, SWE1, phosphorylatéoTCDC28 (Booher et al.,
1993; Sia et al., 1996). In mammals, WEEL1 is adsponsible for the
phosphorylation of ¥ (Featherstone and Russell 1991; Lundgren et@91;1
Parker and Piwnica-Worms, 1992), while a further®¥Eelated kinase, MYT1, is
able to phosphorylate botH*Tand Y'°, but with a preference for'f(Mueller et al.,
1995). Although WEEL1 is nuclear (Baldin and DucominlQ95; Heald et al.,
1993), MYT1 localises to the membranes of the eladopic reticulum and Golgi
apparatus (Liu et al., 1997), possibly allowingttoe inhibition of distinct

subpopulations of cyclinB-CDK2 complex prior to osts.

In humans, the kinase activity of WEEL1 is relatieigh during interphase,
dropping in mitosis (McGowan and Russell, 1995)nterphase, in human cells,
WEEL1 is found in the nucleus whilst CDC25 is setpresl in the cytoplasm. At this
stage WEEL is associated with a 14-3-3 proteirtgptimg it from deactivation by
hyperphosphorylation (Morgan, 2007). At the G2/Bhsition these proteins reverse
positions so that CDC25 is present in the nuclegsVAEEL in the cytoplasm
(Baldin and Ducommun, 1995; Figure 1.4). During @2 T-loop of CDK1
containing 7°' physically protects ¥ from dephosphorylation by CDC25, even if it
is able to enter the nucleus. At G2/M the arrang@of the T-loop suddenly alters,
probably due to the phosphorylation df Tand subsequent binding of cyclin.
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Consequently, CDC25 is able to out-compete WEEfhdsphorylating the ¥ of
CDK1 and allowing progression into mitosis (reviewsy Draetta, 1994; Figure
1.4). This may be regulated by the accumulatiooyofin during interphase.
Additionally, the deactivation of WEE1 at mitosssdaoncomitant with its
hyperphosphorylation (Tang et al., 1993). Thislitory phosphorylation has been
attributed to Nim1 in fission yeast (Parker et 8093; Wu and Russell, 1993),
however Nim1 homologues have not been identifieghiyn other organism. In fact,
in Xenopus this hyperphosphorylation is attributed to cychG@BK1 activity
(Watanabe et al., 2005). Following hyperphosphaiofa WEE1 is degraded via the

26S proteasome pathway (see Sections 1.6 and 5.1).

cdc25 G2 G2/M WEE1
cytoplasm @ cytoplasm
nucleus
@4 Y% T14 Y15

CDK1

T1|67 T167

Cyclin B

Figure 1.4 Schematic diagram showing some of the important proteins at the G2/M transition of
the mammalian cell cycle. At G2, threonine 14 (T14) and tyrosine 15 (Y15) of CDK1 are
phosphorylated (P; Y15 by WEE1) and T167 is dephosphorylated, inhibiting the activity of CDK1
and transition into mitosis. During G2, CDC25 is sequestered in the cytoplasm. At the G2/M
transition, WEE1 and CDC25 are reversed, with WEE1 being sequestered in the cytoplasm and
CDC25 dephosphorylating T14 and Y15. Cyclin activating kinase (CAK) phosphorylates T167,
allowing the binding of cyclin B and progression into mitosis. 0= active protein. o=inactive
protein. (Diagram adapted from Francis, 2007)

Homologues t&WEEL have been discovered in several higher plantsdimg maize
(Zeamays; Sun et al., 1999), tomat8&danum lycopersicum; Gonzalez et al., 2004),
rice (Oryza sativa; Guo et al., 2007) an#érabidopsis (Sorrell et al., 2002).
Arath;WEEL1 is found on chromosome 1 of tAeabidopsis genome, in a single copy
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which encodes approximately 500 amino acids (Saetell., 2002). The strongest
expression ofrath; WEEL1 is seen in tissues with high rates of cell divisiand is

not observed in non-cycling tissues such as métares, suggesting a role for this
protein in the cell cycle (Sorrell et al., 200Burthermore, in both tobacco BY-2
andArabidopsis cell culture WEEL expression peaks in late S-phase (Gonzalez et
al., 2004; Menges et al., 2005), while protein lewé Nicta;WEE1 peak early in G2
(Lentz Grgnlund, 2007). Interestingicta;WEE1 kinase activity is highest early in
S-phase, dropping consistently during S and G&tlmwest level in mitosis (Lentz
Grgnlund, 2007). A role foirath;WEEL in S-phase under conditions of replication
stress was recently proposed (Cools et al., 2Hdever, a role in the inhibition of
the G2/M transition under normal conditions, simtlathe function of yeast and
mammalian WEEL1 (described above), has not beemrowd in higher plants.

The Arath;WEEL1 protein consists of 500 amino acids and ¢osia serine/threonine
kinase domain at the C-terminal. This includes aPAinding region signature
from isoleucine at position 255 to lysine at pasit78 and a serine/threonine
protein kinase signature from isoleucine at posi868 to isoleucine at position 380.
In Arabidopsis, WEEL is able to physically interact with CDKA;litmot with B-

type CDKs (De Schutter et al., 2007; Boruc et2010). Interestingly, in
Arabidopsis the system of phosphorylation is differentiallguéated between CDKs
— Arath;WEEL1 is able to phosphorylate CDKA;1 at’Ybut phosphorylates
CDKD;1,CDKD;2 and CDKD;3 at ¥**in vitro (Shimotohno et al., 2006),
probably reflecting the different roles of theseK&n the cell cycle. It has recently
been discovered that the control of the cell cytlelants is not actually dependent
on sudden changes in the phosphorylation stat@H#fA;1 (Dissmeyer et al.,
2009), leading to further questions regarding tile of WEEL in plants.

In S pombe Weel shows functional redundancy due to Mik1 (lgred et al.,

1991), and to MYTL1 in mammalian cells (Mueller bt 4995). InArabidopsis,
although the presence of both Mikl and MYTL1 isaygparentArath; WEE1
knockouts grow relatively normally (De Schutteakt 2007), which again may
demonstrate functional redundancy to other kina&kstnatively, higher plants may
not require WEEL for the inhibition of the G2/Mnstion under normal growth
conditions. As previously mentioned in Section 1.2 recent theory postulates that
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the G2/M transition could be controlled via theulagion of CDK inhibitors, by the
inhibitory phosphorylation of these proteins by CBKT his would lead to the
dissociation of ICK2/KRP2 from, enabling cell cygeogression (Boudolf et al.,
2006). However, evidence is also lacking for fingposal.

One role for higher plant WEE1 which has been destrated is in
endoreduplication, the repeated expansion in pladgl of plant cells via repeated
S-phase, which is important for cell expansiontomato plants, the downregulation
of Solly;WEE1 expression led to a decreased plant and fruitgheaotype.
Although little effect was observed on mitosis,réheas a decrease it
phosphorylation of CDKA, leading to increased kmastivity and decreased
endoreduplication (Gonzalez et al., 2007). Highreggpion levels aZeama;WEE1
were also observed in maize tissue undergoing eddeptication (Sun et al., 1999).
However, this function for WEE1 may be species djge@as no change in ploidy
level could be detected Arath;WEE1 T-DNA insertion mutants compared to wild
type (De Schutter et al., 2007).

As described at the beginning of this chapter DN& damage and replication
checkpoints are signal transduction pathways wargure that cells containing
damaged DNA or perturbed replication forks areaiwé to proceed through the cell
cycle transitions. One mechanism for this is vearteintenance of the inhibitory
phosphorylation of CDKs, which can be achievedthpitising WEEL1 activity (see
Section 1.5)Arath;WEE1 T-DNA insertion mutants were hypersensitive to
hydroxyurea, which depletes cellular deoxyribonatte triphosphates (ANTPS)
required for DNA synthesis, leading to the con@usihatArath; WEEL is mainly
involved in the DNA replication checkpoint in thosells which are exposed to
stress (De Schultter et al., 2007). The possibiitgains that WEEL also has a role in
the unperturbed cell cycle in higher plants, anggtigations into the function of
WEEU1 in plants are the focus of this thesis.
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143 MITOSIS

The cyclinB-CDK1 complex triggers mitosis by phosphating a wide range of
proteins required for mitotic progression (Nurs@9@), including protein kinases
such as Aurora and Polo, and hundreds of additijgmasphoproteins (Dephoure et
al., 2008; Errico et al., 2010; Holt et al., 200Bhis leads to the re-organisation of
the cell structures, such as the network of midyokess and actin microfilaments, and

the nuclear lamina.

At mitosis, the sister chromatids of the chromoseneplicated during S-phase
separate and divide into two new daughter cellsifgyrophase, when the
chromosomes condense, the two chromatids of eaomcasome are joined together
by cohesin, a multiprotein complex which is prodliead attached to the
chromatids during telophase of the previous mit(igse, 1990). At metaphase,
the chromosomes align on the mitotic spindle. Rathen attaching directly to
DNA, the microtubules are connected by kinetoclommplexes to the DNA of the
centromere (Connelly and Hieter, 1996). The attaaitrof kinetochore complexes
to the mitotic spindle is regulated by Aurora kieagreviewed by Bischoff and
Plowman, 1999). Also at metaphase, the anaphaseopirg complex (APC) is
activated by the cyclinB-CDK1 complex which has th&l effect of targeting both
securin and cyclin B for degradation via the 26&gasome (see Section 2.6). The
destruction of securin allows separase activityictvin turn destroys cohesin,
allowing the sister chromatids to part, triggerargaphase (Funabiki et al., 1996;
Ciosk et al., 1998; Nasmyth, 2001). The degradasfayclin B leads to the
deactivation of CDK1 and consequently exit fromasi$ and the onset of
cytokinesis (Pines, 1995).

1.4.3.1 Mitosisin Plants

In plants, the mechanisms of mitotic progressi@veell conserved with those of
animals, described above (reviewed by Francis, R@0dmologues of separase,
Aurora kinases, APC components and the 26S prateasbave all been identified
in plants, as well as the cyclinB-CDKA/B complexasath;AURORAS localise to
the spindle microtubules and centromeres, and>xalesvely expressed in

proliferative tissues, supporting a role in kinétore regulation (Demidov et al.,
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2005). Cytokinesis, however, is very different largs compared to higher animals
due to the need to construct a new cell wall (nse by Staehelin and Hepler,
1996; Francis, 2007).

1.5 DNA DAMAGE AND REPLICATION CHECKPOINTS

As previously mentioned, cell cycle checkpointsragulatory pathways which
ensure that events such as DNA replication andecbsome segregration are
completed correctly prior to the onset of the sghset cell cycle stage. These
pathways are able to respond to DNA damage oesdtadiplication forks by
arresting the cell cycle in G1-, S- or G2-phase, amthe case of the DNA damage
checkpoint, inducing the transcription of DNA rapgenes (Hartwell and Weinert,
1989). Mammalian cells are also able to responddmptosis (programmed cell
death).

DNA damage and replication checkpoints are lessaoeiserved between
organisms than the general cell cycle mechanismaritbed above. The budding and
fission yeast checkpoint pathways have been thé coosprehensively studied to
date (reviewed by Elledge, 1996; Weinert, 1998)ydwer the mechanisms in other
organisms are being uncovered. Generally, checkgeimes fall into three
categories: sensors, which recognise the DNA damagerturbation of DNA
replication; and signal transducers, which media¢eresponse via
phosphoregulation of the third class, the targetgins. For cells arresting in G2,
phosphorylation of the ¥ residue of Cdc2/CDK1 is the target of the DNA dgma
pathway in fission yeast and mammals (Kharbandh ,et994; O’Connell et al.,
1997; Rhind et al., 1997).

ATM (ataxia telangiectasia-mutated) and ATR (Raelated) are kinases active in
the DNA repair and replication checkpoints, respeby, acting as the sensors in
mammalian cells (Hoekstra, 1997; Figure 1.5). CHiKthe signal transducer in
these pathways, phosphorylated by ATM and ATR (Vdallvet al., 1993). CHK1

is able to phosphorylate both WEE1 (O’Connell etE97) and CDC25C (Sanchez
et al., 1997), which in turn inhibits cyclins A aBdrom binding to CDK1,
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preventing mitosis (Figure 1.3). The phosphorgaEEL and CDC25 kinases are
protected from dephosphorylation by 14-3-3 protéiree et al., 2001; Zeng and
Piwnica-Worms, 1999). PLK1, an upstream activatd@@BC25C, may also have a
role in the mammalian DNA damage checkpoint, byitibition of both CDC25C
and the APC (Smits et al., 2000). A second impadrsagnal transducer in the
mammalian DNA damage checkpoint pathway is CDSdigveed by Rhind and
Russell, 2000). In mammals, p53 is also a targebti CHK1 in the DNA
replication checkpoint pathway and CDSL1 in the DiN#nage pathway (Chehab et
al., 1999; Hirao et al., 2000; Shieh et al., 2080®3 is able to induce the CDK
inhibitor p2"™in response to DNA damage, preventing the onsStmiiase (Deng
et al., 1995).

Stalled fork DNA damage
uv Gamma
ATR ATM

CDSl>< CHK1 PLK1

p53 ‘/CDC-Z-25C/A-P-C
p21
G1 J > S > G2 v »M—Y  ,G1

Figure 1.5 The DNA damage and DNA replication (stalled fork) checkpoint in mammalian cells
(adapted from Rhind and Russell, 2000 and Smits and Medema, 2001).

151 PLANT DNA DAMAGE AND REPLICATION CHECKPOINTS

Homologues to ATM and ATR have been identified lanps (Garcia et al., 2003;

Culligan et al., 2004), however the checkpoint naei$ms are yet to be fully

resolved (reviewed by Cools and De Veylder, 200§uie 1.6). Homologues to
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CHK1 or CHK2 have not been discovered in plantscaigh CIPK proteins,
implicated in the response to environmental str&sare characteristics with CHK1.
However, WEEL is a major regulator of the respdodBNA stress in plants,
responding to both ATM and ATR phosphorylation bgreased\rath;WWEE1
transcription (De Schutter et al., 2007). Interegii, Arath; WEE1 was found to be
required for the arrest of cells in S-phase in oesp to DNA replication stress, and
was able to protect against premature vasculagréiftiation in the root (Cools et
al., 2011). WEEZ1 has also been implicated in theARIEMage response to ROS in
Arabidopsis (Vanderauwera et al., 2011). In additidnath;WEE1 interacts with a
14-3-3 protein, GF14, in vivo, an interaction which is likely to stabilise theE&/1
protein by preventing its dephosphorylation, aseobed in animal cells (Lentz
Gregnlund et al., 2009).

While there is no evidence for a link between DNadhge and KRPs, plant CDK
inhibitors may have a role to play in the respdiesBNA stress. A second class of
CDK inhibitor, SIAMESE-related (SMR) proteins, hasen identified in plants
(Peres et al., 2007), the transcription of whicktisngly up-regulated by DNA
stress, in an ATM-dependent manner (Culligan e28I06). Interestingly, DNA
stress can also lead to the upregulation of CYCB1fants, also dependent upon
ATM (Culligan et al., 2006; Ricaud et al., 2007;edret al., 2003). This may
provide a mechanism for preventing entry of all<eito the endocycle upon DNA
stress, allowing for the re-activation of divisifwllowing the completion of DNA
repair (Cools and De Veylder, 2009). These disdeserovide a basis for the
characterisation of cell cycle-linked DNA damage agpair checkpoints in higher

plants.
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Figure 1.6 The DNA damage and DNA replication (stalled fork) checkpoint in plant cells (adapted
from Cools and De Veylder, 2009).

1.6 UBIQUITIN-MEDIATED DEGRADATION IN THE CELL
CYCLE

Many of the key cell cycle and DNA damage respaants, described above, rely
on phosphoregulatory mechanisms to ensure the srpoogression of the pathway.
Another level of regulation is imposed by the pbgbavailability of the relevant
proteins, which is regulated in part by their tignekpression and control of
subcellular localisation, but is also controlledtbgir timely degradation. The most
widely studied and probably most important methbgdroteolysis in eukaryotes is
the ubiquitin/26S proteasome pathway. This mechamswvidely conserved among
eukaryotes, and proteolysis of plant proteinsaguiently achieved via the
ubiquitin/26S proteasome pathway (reviewed by Satiet al., 2003).

The ubiquitin protein consists of 76 amino acidd attaches to a lysine residue in
the protein targeted for degradation via its C-tatms. This is achieved by a cascade
of three different enzymes (reviewed by Sullivalet2003; Vierstra, 2003; Figure
1.7). Firstly, a generic ubiquitin-activating enzgifie1l) attaches to ubiquitin and
transfers it to an ubiquitin-conjugating enzyme )(Hxe third enzyme, ubiquitin
ligase (E3) mediates ubiquitin transfer from thet&2 lysine residue of the target
protein. An intermediate complex consisting of BE& E2 and the target protein may

form. The E3 ligase provides the specificity foe thegradation of the target protein.
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Subsequently, more ubiquitins may be added to fwhain on the target protein,
with different types of chain dictating the fatetbé protein. Generally the chain
forms on the K48 residue of the target proteirgeting it for degradation via the
26S proteasome, however the K29 and K63 residuealsa be ubiquitinated which

can have a role in protein trafficking, DNA repaird the regulation of both

transcription and translation (Aguilar and Wendla2@03; Conaway et al., 2002;
Weissmann, 2001).

. @) i :
L

Figure 1.7 The ubiquitin enzyme
cascade. Ubiquitin (Ub) is transferred
between the E1, E2 and E3 enzymes
in turn before binding to the target
protein (T). The target protein can be
degraded via the 26S proteasome.
Ubquitin is recycled into the cell by
deubiquitinating enzymes (DUBs).
(Adapted from Sullivan et al., 2003).

The 26S proteasome is a large protein complex ¢xppately 700kDa) formed of
two subcomplexes, the 20S core protease and theet@fatory particle (Glickman,
2000; Voges et al., 1999). The 20S complex conthi@satalytic domain, and
consists of a hollow cylinder. The 19S complex bititk 20S complex at one or
both ends and consists of both a lid and a bas@leansontaining ATPases.
Polyubiquitinated proteins are recognised by th® ¢@mplex and fed through the
base, which probably acts as a “reverse chapelmnbbdth unfolding the protein and
transferring it to the 20S complex (Ferrell et 2000). Five types of protease
activity act on the protein within the 20S complprgducing short peptides which

25



are deubiquitinated by deubiquitinating enzymesraagicled by the cell (Vierstra,
1996; Wilkinson, 2000). The 26S proteasome in glatvell conserved with that of
yeasts and animals (Fu et al., 1999; Smalle e2@02).

Over 1400 genes for either constituents of or adtrs with the 26S proteasome
pathway have been identified Amabidopsis, of which 90% encode E3 ligase
subunits (reviewed by Moon et al., 2004; Viersg@)3). As mentioned above, the
specificity of the ubiquitin/26S proteasome pathwsagonferred via the E3 ligases.
Several types of E3 ligase have been identifieglikaryotes, however two complex
E3 ligases are mostly important for cell cycle pesgion in budding yeast and
mammalian cells: the anaphase-promoting complextam&CF complex (King et
al., 1995; Feldman et al., 1997; Skowyra et al97)9Although these were in the
past considered to be active in completely sepa@tavays, there is some evidence
for their collaboration in the cell cycle. SE¥F! is the complex responsible for the
degradation of WEE1 (Ayad et al., 2003) Xenopus, the F-box protein TOMEL is a
target of APCP™ which removes SCEV! activity during G1, allowing WEE1
activity and preventing premature onset of mit¢aigad et al., 2003). Another F-
box protein, SKP2, is also targeted for degradatpPC-""! (Bashir et al., 2004;
Wei et al., 2004), demonstrating a further linkviben these E3 ligases.

1.6.1 ANAPHASE-PROMOTING COMPLEX

The APC is mainly important for the progressiorandl exit from mitosis. It is a
large protein complex, consisting of 11 subunitsiemmalian cells (Peters, 2002)
and 13 in yeasts (Yoon et al., 2002). At minimuine, APC consists of the APC2
protein and the RING-finger protein APC11, whickenact both with each other and
with E2 enzymes. Additionally the APC must be aatidd by an activating protein,
either CDC20 or CDH1, which are thought to conféfledent substrate specificities
to the complex, allowing for phase-specific degtauataof proteins (reviewed by
Peters, 2002; Castro et al., 2005).

Activation of the APC occurs early in mitosis viatb cyclinB-CDK1
phosphorylation and the association of its actiya@®C20. As described in section
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1.4.3, APCP?is required for the degradation of securin whilttves separase
activity and consequently the onset of anaphasér{aim et al., 2000; Yanagida,
2000). While CDC20 is the APC activator requiredtfee degradation of securin,
APC“P" has been identified as the complex responsibléhtomaintenance of APC
activity until the end of G1-phase (Nasmyth, 20Bdr, and Brandeis, 2001). It is
thought that CDH1 has a wider substrate specifitiizn CDC20 (Zur and Brandeis,
2002), with targets including the AURORA kinasesdi et al., 2004) and
CDC25A (Donzelli et al., 2002).

The degradation of mitotic cyclins by APC has besately studied. The B-type
cyclins contain a motif of nine residues in thed¥rtinus (RxxLxxIXN) known as
the destruction or “D” box (Glotzer et al., 199dgletion of which inhibits cyclin
degradation (Brandeis and Hunt, 1996; Yamano £1888). A-type cyclins also
contain a “D”-box, but are degraded earlier in¢b# cycle than the B-type cyclins,
for example animal cyclin A is degraded at prome&se (Whitfield et al., 1990; den
Elzen and Pines, 2001; Geley et al., 2001). CydlipBteolysis is initiated during
metaphase and continues throughout mitosis andamt@Clute and Pines, 1999).
This is regulated first by APE“*then by APEP™. A wide range of processes
vital for mitotic progression and exit are initidtby the degradation of cyclinB and
the consequent deactivation of CDK1, includingesishromatid separation, the
disassembly of the mitotic spindle, decondensatfashromosomes and nuclear
envelope formation (Murray et al., 1989; Luca et B91; Gallant and Nigg, 1992;
Holloway et al., 1993; Surana et al., 1993). Aduditilly the proteolysis of the B-
type cyclins is absolutely required for exit fronitosis in a wide variety of
organisms includingtenopus, sea urchinDrosophila, humans and both budding and
fission yeasts. The inhibition of cyclinB degradatieads to the continued activity
of CDK and arrest of cells in mitosis (Murray et 41989; Holloway et al., 1993;
Rimmington et al., 1994; Sigrist et al., 1995; @atland Nigg, 1992; Surana et al.,
1993; Yamano et al., 1996).

1.6.1.1 Plant APC

Homologues to APC subunits have been identifigulants, all in a single copy

except theCDC27 homologue, of which there are two copieérabidopsis, A and
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B/HOBBIT (Capron et al., 2003). This may imply thlaére are two different APC

27A and APEPC27BHOBBIT \vith distinct roles in

complexes present in plants, A
the cell cycle (Genschik and Criqui, 2007). Theeeaso multiple homologues to
the APC activating proteins in plants, with six hadagues to CDC20 and three to
CDHL1 (termed CCS52 in plants) Amabidopsis. Although no homologues to securin
have been identified in plants, the treatment batzo BY-2 cells with the
proteasome inhibitor MG132 during prophase prevr@onset of anaphase,
indicating that a similar mechanism for anaphag&tion does exist in plants

(Genschik et al., 1998).

The majority of plant cyclins contain a “D”-box (Ra&udin et al., 1998), although
some do not (Vandepoele et al., 2002). Plant B-tyatins are also subjected to
ubiquitin-mediated degradation at metaphase, fampteZeama;CYCB1;2 and
Nicta;CYCB1;1 are both degraded in a cell cycle depenhaemner (Mews et al.,
1997; Criqui et al., 2000, 2001). Similarly to atleeganisms, the degradation of B-
type cyclins is absolutely required for mitotic Xihe inhibition of cyclin B1
degradation in tobacco BY-2 cell culture led tdselhich progressed normally
through prophase and metaphase, but were arrestgthphase, leading to a mitotic
catastrophe and reiterating the importance ofithimg) of cyclin destruction
(Weingartner et al., 2004). Similarly to animallsgplant A-type cyclins are
degraded earlier in the cell cycle than the B-typath Nicta;CYCAS3;1 never being
detected at mitosis (Criqui et al., 2001).

1.6.2 SCF COMPLEX

The SCF E3 ligase complex consists of four subugi$1 and CULLIN provide
the structural backbone, while RBX is a ring fingeotein which binds the E2
enzyme. Finally an F-box protein, which binds toPF3K provides specificity to the
target protein (Skowyra et al., 1997; Zheng et24lQ2; Deshaies et al., 1999; Figure
1.8). The SCF complex is involved in several aspetthe cell cycle. In yeast, both
SKP1 and CDC53 (CULLIN) are required for entry ighase (Schwob et al.,
1994; Bai et al., 1996). SKP1 has also been imigetan the G2/M-phase transition
(Bai et al., 1996; Connelly and Hieter, 1996).
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Figure 1.8 Schematic diagram representing the SCF
protein complex, an ubiquitin E3 ligase. The E3
ligase consists of RBX; CULLIN (CUL) and SKP1; and
/\® F-box, which provides specificity for the target
protein (T) through protein-protein interaction
F-box motifs in its C-terminus. The complex functions to
Rbx SKP1 transfer ubiquitin (Ub) from the E2 ligase to the
“ target protein as part of the ubiquitin/26S protein
degradation pathway. (Diagram adapted from
Sullivan et al., 2003)

Frequently, the degradation of proteins via SCHiireg their phosphorylation
(Hershko and Ciechanover, 1998; Jackson et alQ)2@ich in the case of cell
cycle regulators is usually by a cyclin-CDK compléxbudding yeast, the cyclin-
CDK phosphorylation-dependent degradation of SIES6F “*is required for
progression into S-phase (Schwob et al., 1994; Maah, 2001). In animals, the
regulators of the G1/S-phase transition, RB and, B2&-both targeted for ubiquitin-
mediated degradation. The RING-finger protein MDM3ulates RB stability (Sdek
et al., 2005), while the RBR protein, p130, and H2kegradation involves the
SCP*"2complex, and is phosphorylation-dependent (Tedesad, 2002; Marti et
al., 1999). The degradation of %7 is also dependent upon phosphorylation of a
conserved threonine residue by cyclinE-CDK2 (Shet#l., 1997), and may also
involve the SCEF?(Carrano et al., 1999; Montagnoli et al., 1999t&iuty et al.,
1999; Tsvetkov et al., 1999).

1.6.2.1 Plant SCF

Homologues to both CULLIN and SKP1 have been idiedtin Arabidopsis
(Arath;CUL andArath;ASK respectively; Yan et al., 2000; Deshaies 1998ras et
al., 2001; Shen et al., 2002). Additionally F-bartgins are present in all plant cells
(reviewed by Wang et al., 2004). All F-box proteoontain a conserved sequence
near their N-terminus of approximately 40 aminalacknown as the F-box, which
is thought to interact with SKP1, joining the F-banotein to the rest of the complex.
The specificity for the target protein is provideglprotein-protein interaction
sequences in the C-terminus of the F-box proteiar(@\et al., 2004). The F-box
protein superfamily is one of the largest in plamih 694 potential genes identified
in Arabidopsis (Gagne et al., 2002). The vast number of diffeFebbx proteins in
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Arabidopsis provides the potential for the formation of maiifjedlent SCF
complexes, each specific to a different proteigroup of proteins. F-box proteins in
plants are central to the regulation of many keycesses, including auxin signalling
(SCFR: Gray et al., 2001), pathogen resistance, senesgeincadian rhythms,

lateral branching and self-incompatibility (reviedvey Vierstra, 2003).

The degradation of cell cycle proteins via SCFlants also often relies upon their
phosphorylation by a cyclin-CDK complex. Anabidopsis, the degradation of
KRP2 is dependent on phosphorylation by CDK (Verkesl., 2005), however the
E3 ligase responsible for this degradation is umkmd\otably, two proteins similar
to the animal SKP2 F-box protein have been idettiin Arabidopsis (del Pozo et
al., 2002), so it is possible that one of thegesponsible for KRP2 degradation.
SCP*P?Ahas been identified as being responsible for tA&-@hosphorylation-
dependent degradation of E2Fc in plants (del Pbah,£2002).

1.7 EXPERIMENTAL AIMS

Currently, much less is known about the cell cyelplants in comparison with yeast
and mammalian systems. Especially of interesgtascontroversy regarding WEE1's
role, and whether it truly does not have a functioan unperturbed cell cycle in
higher plants, and only functions in response éDRNA replication and repair
checkpoints. In an attempt to answer this quesherfurther characterisation of
higher plant WEE1 was completed. In particular,dhes of the work presented in

this thesis were to examine:

1. the subcellular and tissue-specific localisatiod stability ofArath, WEE1
during the cell cycle;

2. the changes in the subcellular localisatioduath;WEE1 during its interactions

with other proteins during the cell cycle;

3. the effect of perturbing one éfath;WEE1’s interactors, SKIP1, an F-box
protein which may be involved in the degradatioWMEE1 protein.
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2. GENERAL MATERIALSAND METHODS

All standard chemicals were sourced from Sigma-algrPoole, UK unless

otherwise specified.

TABLE 2.1

BUFFERS AND MEDIA

LB medium

10 g/L tryptone, 5 g/L yeast extract and 10 g/L sodium
chloride dissolved in water, pH7
For plates: 0.8% Difco agar, granulated (BD, Oxford, UK)

BY2 medium

4.3 g/L Murashige & Skoog basal salts (Duchefa
Biochemie, NL), 30 g/L sucrose, 0.1 g/L myoinositol, 0.2
g/L potassium hydrophosphate, 0.2 mg/L 2,4-
Dichlorophenoxyacetic acid (prepared in 20 mM sodium
hydroxide (NaOH)) and 1 pg/L thiamine hydrochloride
dissolved in water, pH5.7

For plates: 0.8% Difco agar, granulated (BD, Oxford, UK)

MS medium

4.708 g/L Murashige & Skoog basal salts (Duchefa
Biochemie, NL), 10 g/L sucrose, pH5.7
For plates: 0.8% Difco agar, granulated (BD, Oxford, UK)

Hoechst stain

1% 10 mg/mL Hoechst stain (Bisbenzimide Ca), 2% Triton
X-100

Bromophenol blue (BPB) dye

10 mM Tris-HCI (pH8), 1 mM EDTA, 50% glycerol,
bromophenol blue

50X Tris-Acetate-EDTA buffer

2 M Tris base, 1 M glacial acetic acid, 50 mM EDTA (pH8.0)
diluted in water

Edward’s extraction buffer
(Edwards et al., 1991)

0.5% SDS, 250 mM NaCl, 100 mM Tris-HCl pH8.0, 25 mM
EDTA

TE buffer

10 mM Tris-HCl pH8.0, 0.1 mM EDTA

Lysis buffer -

50 mM Tris-HCl pH7.5, 75 mM NacCl, 15 mM EGTA, 15 mM
MgCl,, 60 mM B-Glycerophosphate, 0.1% Tween-20

25x Pl One protease inhibitor tablet (Roche, UK) dissolved in 2
mL distilled water
50X PPI 50mM Sodium fluoride, 10mM Sodium vanidate, 100mM

Sodium pyrophosphate

Lysis buffer +

94% lysis buffer -, 4% 25x Pl, 2% PPI, 1.05mM DTT
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SDS-PAGE separation buffer

1.875 M Tris-HCI pH7.5, 0.25% SDS

SDS-PAGE stacking buffer

1 M Tris-HCI pH6.8, 0.5% SDS

5x loading buffer (proteins)

250 mM Tris-HCI pH6.8, 10% SDS, 30% glycerol, 0.5 M
dithiothreitol (DTT), 0.02% bromophenol blue

10x SDS running buffer

1 g/L SDS, 3.03 g/L Tris base, 14.4 g/L glycine

Coomassie Brilliant blue stain

2.5 g/L Coomassie Brilliant Blue R-250 dye, 45% ethanol,
10% acetic acid

Coomassie de-staining

solution

45% ethanol, 10% acetic acid

Blotting buffer

20% methanol, 0.01% SDS, 14.4 g/ glycine, 8.08 g/L Tris
base

Basic buffer

20 mM Tris-HCI pH7.5, 150 mM NaCl, 0.05% Tween-20, 1%
Triton X-100

Blocking solution

5% milk powder dissolved in basic buffer

TABLE 2.2 ANTIBIOTIC SELECTION
CONSTRUCT PLANT ANTIBIOTIC - -
In planta Concentration | In bacteria | Concentration
kanSPYCE- Tobacco .
AYWEEL BY.2 Kanamycin 50 pg/mL
Tobacco .
PGFP-AtWEE1-N BY-2 + Kanamycin sopg/mL | Kanamyein | 50 pg/ml
Arabidopsis
pSPYNE-AtSKIP1 | Arabidopsis | Hygromycin 20 pg/mL

For antibiotic selection relevant to stable transfation of bimolecular fluorescence

complementation refer to section 4.2.1.
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TABLE 2.3 PRIMERS

- Tm | FRAGMENT
TARGET PRIMERS SEQUENCE (5'-3) ¢Q | Size bp)
0GFP-Arath; | GFPEND1F AGCTCAAGGGCATCGATTT 55 500
WEE1-N P62R CACCTCATCTGTGTC 46
Arath; AtWEELF AGCTTGTCAGCTTTGCCT 55 12s
WEE1 AtWEELR CGTGCATCCCTCCTTCTTCTACT 55
pSPYCE- P81F GCTAATCAAACAGAGAGGAC 55 1000
Arath:WEE1 | HATAGR AGCGTAATCTGGAACATCGTAT 55
pSPYCE- P38F TGGTGATTATGCATCAGATAGC 53 c00
Arath:WEE1 | HATAGR AGCGTAATCTGGAACATCGTAT 55
DSPYNE- FBOXF | ATGGCGCGCCATGGAAGAAGACGGGTCTG | 55 500
Arath:SKIP1 | CMYCR AGATCCTCCTCAGAAATCAACT 55
SPYNE- GSTOF ATGGCGCGCCATGGTGCTAAAGGTGTAC | 66 00
Arath;GSTF9 | CMYCR AGATCCTCCTCAGAAATCAACT 55
pSPYNE- BZIP63F GAGTGAGCTAGAGACACAAGT 54 450
BZIP63 CMYCR AGATCCTCCTCAGAAATCAACT 55
PUV2 TTCCATGCTAATGTATTCAGAG 55
185 rRNA PUVA ATGGTGGTGACGGGTGAC 55 459
Arath; FBOXF | ATGGCGCGCCATGGAAGAAGACGGGTCTG | 55 500
SKIP1 FBOXR | TCCCCCCGGGGATTCTCATGGCTTGTATGTC | 67
SKIP1-KO: promF ATTACCGAACACAAAGAACC 51 .
WT exon1R CTATCGGCTGCGTAAGA 51
SKIP1-KO: | GABILB ATATTGACCATCATACTCATTGC 51 .
Insertion exonlR CTATCGGCTGCGTAAGA 51
mRFP- 355332 CCAGCTATCTGTCACTTCATC 53 | 000
Arath:SUN1 | AtSUN1R2 TAGTCGCTGCCGCCGTATTA 58

21 TOBACCOBY-2CULTURE

211 WILDTYPEBY-2CULTURE

Tobacco BY-2 culture medium was prepared as destiibable 2.1). The WT BY-
2 cells were cultured under sterile conditions tgtiag 7 day old culture (3 mL) to
BY-2 culture medium (95 mL) in a 300 ml conicalska and sealed using two layers
of foil. They were grown at 27°C in darkness &b 8m in a Gallenkamp Cooled
Orbital Shaker. The cells were subcultured usigabove method every 7 days to

maintain the cell line.
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212 BY-2 TRANSFORMATION

Stable transformation of BY-2 cells was achieveidgia method modified from An
(1985).A.tumefaciens LBA4404 containing the appropriate construct wiaseuol

from glycerol stocks (see section 2.2.3) onto LBragates in the presence of
rifampicin (100pg/mL) and grown at 30°C for 3 days. They were thaicultured
onto a fresh LB-rifampicin (10@g/mL)-kanamycin (5Qug/mL) agar plate and
grown at 30°C for 2 days (these cell lines werema@ned by subculturing onto
fresh agar plates every 7 days). Overnight cudtofeéhe appropriatdgrobacterium
cultures were established, inoculating from the® old colonies into LB medium
(7 mL) and 2 mM magnesium sulphate in 50 mL corfleaks and cultured
overnight at 30°C and 100 rpm in a Gallenkamp Gib@ebital Shaker. Five mL of
each culture was subsequently transferred to all1&amtrifuge tube, centrifuged at
2000 rpm in a MSE Centaur 2 centrifuge for 5 miauthe supernatant removed and

discarded, and the pellet resuspended in 5 mL Bivedium.

A three day old BY-2 culture was diluted to 50%ngsiresh BY-2 medium. Ten mL
aliquots of this 50% BY-2 culture containing 108 of freshly added
acetosyringone were co-cultivated with 1 mL of owgint Agrobacterium culture
(transformed with the appropriate construct) imf0conical flasks, sealed using
aluminium foil and incubated at 2Z, 130 rpm in a Gallenkamp Cooled Orbital

Shaker in darkness for 48 hours.

BY-2 cells were washed by transferring the celte n50 mL centrifuge tube and
bringing to 50 mL with BY-2 medium followed by ceifiigation for 5 minutes at
3000 rpm in a MSE Centaur 2 centrifuge, and theswgiant was removed. Fresh
medium was added up to 50 mL, mixed and centrifiagedbove, before the
supernatant was removed and this step repeated Timedinal pellet was
resuspended in 10 mL of BY-2 medium containingexitsO0ug/mL carbenicillin
(for vectors under kanamycin selection) or 280mL timentin (for vectors under
hygromycin selection). Aliquots of 2.5 mL were @dtonto plates of BY-2 medium
containing either carbenicillin or timentin as abpand appropriate antibiotic
selection. Plates were sealed with autoclave tapgped in foil and incubated at
27°C in the dark. Antibiotic resistant calli wesslated after 2-4 weeks.
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Transformants appeared as yellow calli on a backgtef dead white cells. Each
individual callus was considered as an independent and grown for a further
two weeks on fresh plates until it reached an afemproximately 2 cf Half of
each callus was then transferred to a fresh pfaB&'e?2 medium containing
appropriate selection, and a tiny piece of calygpfoximately 0.05 cf placed into
8 mL BY-2 medium containing appropriate selectiomisterile 25 mL conical flask
and incubated at 27°C, 130 rpm in a Gallenkamp €bG@irbital Shaker until the
culture reached stationary phase (approximateh2 Weeks). The culture was
subcultured at seven or fourteen day intervalgdysferring 25QL of 7 or 14 day
old culture to 8 mL BY-2 medium containing eitharlgenicillin or timentin as

above, and appropriate antibiotic selection.

2.1.3 SYNCHRONISATION OF TOBACCO BY-2 CELL LINES

For synchronisation of cell division in tobacco B¥cells, 1 mL of the appropriate
cell line was subcultured into 30 mL of BY-2 medigontaining appropriate
antibiotics in a 100 mL flask, and subcultured -abi714-day intervals until the
cultures were stable at this size. For the symohrb mL of cells were subcultured
into 25 mL of medium with 30 pL of aphidicolin (5gimL to a final concentration
of 5 pg/mL) to block the G1/S-phase transition emdrrest any cell that was in S-
phase during exposure to aphidicolin, and retutoe®¥°C, 130 rpm in a
Gallenkamp Cooled Orbital Shaker for 24 hours. A24 hours the cells were
washed with culture medium to release them froma@d S-phase arrest. The
contents of the flask were transferred to a 50 meritrifuge tube and centrifuged at
800 rpm for 30-60 s in an MSE Centaur 2 centrifuidee supernatant was carefully
removed and the cells resuspended in 50 mL BY-2unedy gentle agitation,
being careful not to damage the cells. The cemfaifion and resuspension steps
were repeated 5 times in a period of 15 minuteferAhe final centrifugation, cells
were resuspended in 30 mL BY-2 medium, returneaidterile 100 mL flask and
returned to 27°C, 130 rpm in a Gallenkamp Coolehit@rShaker. Cell samples
were taken as described in section 2.1.4.
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214 MEASUREMENTSOF CELL DENSITY, MITOTIC INDEX AND
MITOTIC CELL SIZE

BY-2 cell density was measured using a Pye UnicB&-&00 UV-Vis
spectrophotometer at 600 nm. The mitotic index e&sulated by adding dilute
Hoechst stain (LL; Table 2.1) to 2Q.L of cells on a microscope slide. These were
mixed, a coverslip applied gently and the cellswad under an Olympus BH-2 light
microscope using a x20 objective, an ultraviolgihliand a 420 nm batrrier filter.
Cells (300) were scored and images of each mitefiaccaptured using a Fujifilm
Fujix HC-300Z digital camera and the pictures aledi using Fujifilm Photograb
300z 2.0 software. Duration of cell cycle phase walsulated according to
Nachtwey and Cameron (1968; see Appendix I). Mitoéll area was calculated

using SigmaScan Pro 5 software.

2.1.5 MONITORING GFP/YFP FLUORESCENCE

To prepare slides, 2@ of culture was taken using a sterile cut-off pipeip,

taking well dispersed cells which looked like notsabculture, and avoiding large
masses. This was pipetted onto a slide and spngzallittle, before a coverslip was
applied. For counter-staining with Hoechst, a @/@idution of stain (Table 2.1) was
prepared in 2% Triton X-100 and applied to cellsaanicroscope slide as described
in section 2.1.4. The cells were observed undélgmpus BX61 light microscope
under a x20 objective, using ultraviolet light éatvavelength of 510 nm) to find
cells positive for GFP/YFP fluorescence. The celse photographed using a SIS
F-view B&W digital camera and the pictures obtainsthg AnalySIS imaging
software. The photographs were coloured using Wi@n imaging software.
Alternatively, the cells were observed as aboveupdter a Zeiss Imager M1 AX10
microscope, photographed using a Zeiss Axiocam Marbera and images obtained

using Zeiss Axiocam imaging software.
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2.1.6 CLONING OF TRANSGENIC BY-2LINES

A recently described protocol (Nocarova and Fisck@09) was used in an attempt
to clone cells which were successfully stably tftamsed. Transgenic BY-2 culture
was diluted with BY-2 medium in a ratio of 1:3, aseparately wild type BY-2
culture was also diluted with BY-2 medium in aoatf 1:3. The diluted cultures
were mixed gently in a ratio of 1:1000 transgeni€:\\A sterile glass rod was used
to spread 75QL of the culture onto each of 4 plates of BY-2 mudicontaining
appropriate selection. The plates were sealed @sitgrlave tape, wrapped in foil
and incubated at 2T for 2 weeks. The resulting calli were screermed f
homogenous expression of fluorescence using a IM#Za6F fluorescence
dissecting microscope. Homogenous calli were cadtuinto liquid and maintained
as described in section 2.1.2.

2.2 AGROBACTERIUM PREPARATION

221 AGROBACTERIUM COMPETENT CELLS

LBA4404 glycerol stock (L) was inoculated into 10 mL LB medium with 100
ug/mL rifampicin and incubated at 30°C, 100 rpm,rought in a Gallenkamp

Cooled Orbital Shaker. This culture (3 mL) wasduseinoculate 100 mL of LB
medium (no selection) in a 300 mL conical flask armaibated at 30°C, 100 rpm in a
Gallenkamp Cooled Orbital Shaker to an optical dgmd 0.6 at 600 nm. The
culture was then divided into 25 mL aliquots andtg&uged at 3000 g at 4°C for 10
minutes. The pellets were resuspended togetHeninof ice-cold 20 mM CagGl

and divided into 10QL aliquots in pre-cooled Eppendorf tubes. Thesevirwzen

in liquid nitrogen and stored at —80°C.
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2.2.2 AGROBACTERIUM TRANSFORMATION

DNA samples in a volume of up to 10(0.2 ug/uL) were added to separate aliquots
of competenigrobacterium cells that had been thawed on ice, and mixed.cElie
were then frozen in liquid nitrogen and thawed3oninutes at 37°C. LB medium

(1 mL) was added and tiAgrobacterium was incubated for 4 hours at 30°C at 100
rpm in a Gallenkamp Cooled Orbital Shaker. Thésagere then centrifuged at
13000 rpm in an Eppendorf MiniSpin® microcentrifuige 30 seconds, all
supernatant removed, and resuspended in LB mediQ6ul). The cells were
spread onto LB agar plates in the presence ofrthbkiatic rifampicin (200ug/mL).
The plates were then incubated at 30°C for 3 daglsn@onitored for the appearance

of Agrobacterium colonies.

223 GLYCEROL STOCKS

Liquid cultures were set up by inoculating colomégach bacterial transformant
into growth tubes containing LB (3 mL) and apprapgiantibiotics. These were
grown shaking overnight at 30°C fAgrobacterium and 37°C foiE. coli. Glycerol
stocks of the cultures were made by pipetting 1L5ofreach cell culture into 1.5 mL
Eppendorf tubes and centrifuging in an EppendoriiSppin® microcentrifuge for 3
minutes at 8000 rpm. The resulting bacterial peleere each resuspended in 4:1
LB medium: sterile glycerol (500L), mixed thoroughly and stored at -80°C.

2.3 ARABIDOPSISLINES

231 TRANSFORMATION OF ARABIDOPSIS

Arabidopsis plants were transformed using the floral dip mdt{@lough and Bent,
1998).Agrobacteria EHA105 containing the appropriate construct wéreaked out
onto an LB agar plate containing 1p@/mL rifampicin and 5g/mL kanamycin
and grown for 2 days at 30°C. A single colony wa&ed and inoculated into 10
mL of LB medium containing 100g/mL rifampicin and 5Qug/mL kanamycin and

grown overnight at 30°C, 100 rpm in a GallenkampIl€d Orbital Shaker. This
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starter culture was added to 500 mL LB medium dairtg 100ug/mL rifampicin

and 50ug/mL kanamycin and grown at 30°C, 100 rpm in a &damp Cooled
Orbital Shaker, for 16-18 hours. The culture wastafuged at 55009 for 20
minutes at room temperature and the supernatamvenirand discarded. Bacteria
were gently resuspended in a solution of 5% sucnade).05% Silwett L-77® (GE
Silicones, USA) and transferred to a bowl. Flowg#rabidopsis plants grown in
domed pots were dipped into the bacterial susperisroapproximately 10 seconds
with agitation. The plants were covered with blatkstic overnight to retain
humidity and then grown under 18 hours light arftb@rs dark for 3-4 weeks. Once
siliqgues had developed the plants were allowedymdt and harvested when the

siliques had turned yellow, but before they begashatter.

2.3.2 SELECTION OF ARABIDOPSISPRIMARY TRANSGENIC LINES

Arabidopsis plants were transformed using the floral dip mdt{@lough and Bent,
1998; as described in section 2.3.1) and seedotetleand stored. Transgenic lines
were then selected from the background of untramsfd seed as follows. Seed
(100 mg) was weighed and placed in a 50 mL Falabae.t In sterile conditions in a
laminar flow cabinet the seeds were first treatéti W0% ethanol solution (30 mL)
for 10 minutes, shaking to mix. The ethanol solutivas carefully removed by
pipetting and the seeds treated with sterilisifgtsmn (30 mL of 20% sodium
hypochlorite, 0.05% Tween-20) for 10 minutes, shgkb mix. The sterilising
solution was carefully removed by pipetting andsbeds washed with sterile
distilled water (30 mL) four times for 5 minutesa&ing to mix. The seeds were
divided between fifteen separate pre-warmed Fdigbes, 2 mL to each tube. Once
the seeds had settled the water was removed. rifeelution of 0.8% Difco agar,
granulated (5 mL; at 45°C; BD, Oxford, UK) was adde each tube and
immediately poured onto plates of MS medium (T&blg containing appropriate
antibiotic selection (see Table 2.2). Plates wieea tsealed using micropore tape and
the seeds were stratified at 4°C for 48 hours smenuniform germination before
being moved to a growth chamber at 21°C. Seedlwege grown under 18 hours

light and 6 hours dark for two to three weeks. Triggority of untransformed
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seedlings yellowed and died, whereas transformedlisgs remained green (Figure
2.1). These were carefully removed from the ag#n farceps and transplanted into
compost which was kept damp while the seedlingptadarom the agar to the soil.
After the plants had flowered and siliques had tpel, the plants were allowed to
dry out before seeds were harvested. Siliques stered in envelopes for 2 weeks
and allowed to dry out completely before seeds wellected and stored in

Eppendorf tubes.

Figure 2.1 An example of selected
transgenic seedlings on a

. background of dead, yellow, non-
~ transgenic seedlings

2.3.3 STERILISATION AND SOWING OF ARABIDOPSIS SEEDS

Seeds were transferred to a clean Eppendorf tibsterile conditions, in a laminar
flow cabinet, dilute bleach solution (10% sodiunpbghlorite; 1 mL) was pipetted
onto the seeds and mixed thoroughly before beiitgdestand for 2-5 minutes. The
bleach solution was carefully removed by pipetteaying approximately 50-100
uL. Ethanol mix (70% ethanol, 10% sodium hypoché&gri mL) was added and
mixed thoroughly before being left to stand for Bautes. The ethanol mix was
carefully removed by pipetting leaving approximgat®0-100uL. Sterile distilled
water (1 mL) was added and mixed thoroughly, aftddestand until the seeds had
settled to the bottom of the tube. The water Was tarefully removed by pipetting
leaving approximately 50-1Q€L, and sterile distilled water (1 mL) added as befo
The water was left in the tube and, using a stpipette, seeds were transferred to
an MS agar plate (Table 2.1) containing appropsatection if required (see Table

2.2). Single seeds were sown approximately 1 cantawith 5-50 seeds to each

40



plate. Plates were sealed with cling film and doddted at 4°C for 24 hours before
being moved to a growth incubator at 21°C and granater 18 hours light and 6

hours dark, with the plates in a horizontal or icaitposition as appropriate.

2.34 CROSSING ARABIDOPSISLINES

Arabidopsis seeds were surface sterilised as described imsetB8.3 and sown in 9
cm diameter pots, which were then germinated aoaigiat 21°C and under 18
hours light and 6 hours dark for approximately @kge A branch was selected on
the female parent plant which was strong with ii#éld siliques, and the mature
flowers and siliques were removed. Under a digsgchicroscope, a mature
unopened bud was selected in which the antheradiaget dehisced and fine
forceps used to carefully open the petals and renathanthers, leaving the mature
stigma and petals intact. If there was any sigpadien the flower was discarded
and a fresh unopened bud selected. The plantstivameeturned to 21°C for 48
hours and then the stigmas checked to ensure taeystill healthy and
unpollinated. A branch was selected on the malenpalant with healthy, well-
filled siliques. A flower which had recently fullypened was selected and removed
from the plant. The flower was grasped with finecéps to allow the flower to splay
out displaying the anthers, which were then exathimeder the dissecting
microscope. Good anthers had sticky, yellow polgrmung smooth anthers and old
anthers with dry, orange pollen were discardedaanew flower selected. The
anthers of the male flower were touched to theddritie previously prepared stigma
of the female flower, attaching as much pollen@ssble to the hairs of the stigma.
The pollinated stigma was labelled appropriatéfter 1-2 weeks, once the silique
had filled and yellowed it was removed and allowedry fully before the seeds
were collected. The seeds were sown as describ@gtiion 2.3.3 and DNA
extracted and tested for each construct by PCRswiled in sections 2.4.1 and
2.4.2.
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235 PHENOTYPING OF TRANSGENIC ARABIDOPSISLINES

For phenotyping of transgenic linesArfabidopsis, seeds were sown as described in
section 2.3.3. Five seeds were sown on each iplateertical line approximately 1
cm apart at one end of the petri dish. Plates akoeved to dry and sealed using
micropore tape after sowing and the seeds coldeest 4°C for 3 days prior to
incubation. Plates were incubated in a verticaitpmmn to ensure the growth of the
roots along instead of through the agar. Aftengeation, primary root length was
measured daily. For measurement of number ofdbteots and primordia,
seedlings were fixed by the application of 3:1 &ltgoethanol: glacial acetic acid.
This was pipetted over the seedlings in the platesthe plates stored at 4°C prior to
analysis. Fixed seedlings were mounted on a ngopmesslide in water and viewed
under an Olympus BH-2 microscope at 10x magnifocatihe number of lateral
roots and lateral root primordia were counted audirded.

236 MONITORING GFP/RFP FLUORESCENCE

To prepare slides, a drop of water was appliedritocaoscope slide, the seedling
was carefully removed from the agar using forcepsapplied to the water, and an
extra drop of water applied to the root until caderThe roots were observed under
an Olympus BX61 light microscope under a x20 olyectusing ultraviolet light (at
a wavelength of 510 nm) to find cells positive @FP/RFP fluorescence.

2.3.7 PROPIDIUM IODIDE STAINING AND CONFOCAL IMAGING OF
ARABIDOPSIS SEEDLINGS

GFPArath;WEEL1 localisation was observed using a Leica T€3 SOBS spectral
confocal microscope. Seeds from the appropriateviere sown (as described in
section 2.3.3) and grown vertically for 5 daysdascribed in section 2.3.5). Cell
walls were counter-stained using propidium iodiddéadlows. Propidium iodide
stock solution and dilutions were prepared usipgviger. A 2QuL drop of 25-35
pug/mL propidium iodide solution was applied to a ragrope slide. The seedling

was carefully removed from the agar using forcépes aerial parts removed, and the
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roots immediately placed into the drop of propidiiodide solution. Another 20L
drop of propidium iodide solution was added anadecslip carefully applied, not
squashing the seedling. The seedlings were viewrd the confocal microscope.
GFP fluorescence was excited using a 488nm argolaser line and detected
between 500 and 550 nm. Propidium iodide fluoreseevas excited using a 543
nm helium neon ion laser line and detected betvé®@&and 650 nm. Images were
captured using Leica confocal software and expdaédF format. Fluorescence
was quantified using Image J software.

24 DNA

241 DNA EXTRACTION FROM CALLUS/LEAF DISCS

DNA extraction was achieved using the method fraiwéards et al., 1991. Material
was ground in liquid nitrogen in a pre-cooled $¢epiestle and mortar (callus) or in
an Eppendorf tube using a sterile Eppendorf grifiearf discs). Sterile extraction
buffer (200uL; Table 2.1) was added to the homogenate in tedgpand mortar or
Eppendorf tube, allowed to thaw and transferreal 16 mL Eppendorf tube. The
sample was centrifuged in an Eppendorf MiniSpin®@nagentrifuge at 13000 rpm
for 5 minutes. 15Q.L of the supernatant was added to an equal voldme o
isopropanol in a fresh sterile Eppendorf tube, miwell and incubated on ice for 5
minutes. The sample was then centrifuged in an g€ MiniSpin®
microcentrifuge at 13000 rpm for 10 minutes befmaeefully removing and
discarding the supernatant, being sure not torthighe pellet. The pellet was air-
dried at 60°C for 5-10 minutes to aid solution & [@OOuL; Table 2.1). The DNA

was checked by usingil in a PCR reaction.

242 PCR

For each sample, il of DNA template was added to a PCR mix of 5x Gree
GoTag Flexi buffer (uL; Promega, Southampton, UK), 25 mM magnesium
chloride (1.5uL), 0.5uL of each appropriate primer (10/1; see Table 2.3), 10 mM
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dNTPs (0.5uL; Promega, Southampton, UK) and finally GoTaq Dpi#lymerase
(0.125uL; Promega, Southampton,UK). Sterile distilled watas added to bring
the sample to 2pL. Sterile distilled water (L) was used in the place of DNA
template as a negative control. The samples wepdifeed using the following PCR
cycle: 2 minutes at 95°C; 40 cycles of 1 minut®8=C, 1 minute at Tm°C and 1
minute at 72°C; 7 minutes at 72°C, using eithelf @00 (MJ Research, Inc,
Quebec, Canada) or GeneAmp PCR system 2700 (Appia=ystems, Warrington,
UK) PCR machine. The PCR products were separatedléa agarose gel, adding 3
uL of Bromophenol blue to each sample (BPB; seeetadll), prepared as described

in section 2.4.3.

243 AGAROSE GEL ELECTROPHORESIS OF DNA

The DNA was checked using a 1% agarose gel, préfmradding multi-purpose
agarose (5 g; Bioline, London, UK) to 1x Tris-atetBDTA (TAE) buffer (Table
2.1). This was then heated to dissolve the agamdeooled to approximately
60°C, before adding ethidium bromidey@/mL). This was swirled to mix, poured
into a tray and a comb inserted to form wells. @hkwas then left to set for 30
minutes, at which point the surface of the gel fl@sded with 1x TAE buffer and

the comb removed. Each DNA sample was pipettedargeparate well, and the gel
was electrophoresed at 50-100v for approximatdigur. The gel was photographed

using Syngene GeneSnap software.

25 RNA

251 RNA EXTRACTION

For the extraction of RNA approximately 200 mg dadterial was sampled and
frozen in liquid nitrogen, which was then not alkxdvto thaw. Sterile equipment
was used for RNA extraction as it is susceptibledistamination by RNases.
Samples were placed into a pestle and mortar wgtid nitrogen and ground to a

fine dust. In a fume hood, 1 mL Tri reagent wadealand grinding resumed to
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form a homogenous paste. Equal amounts of pastetveamsferred to two sterile 1.5
mL Eppendorf tubes, vortexed and allowed to stdamdam temperature for 5
minutes. The samples were then centrifuged atA2®® for 10 minutes at’€ in a
cooled Beckman Coulter Allegre™ 21R, rotor F2402dtdfuge and the clear
supernatants transferred to fresh 1.5 mL Eppertdbds. Chloroform (200L) was
added to each tube, vortexed for 15 seconds antblsfand at room temperature for
5 minutes. The samples were then centrifuged @@ 2om for 15 minutes af@ in

a cooled Beckman Coulter Allegre™ 21R, rotor F24@2iHtrifuge and the agueous
top layers transferred to fresh 1.5 mL Eppenddyésu Isopropanol (500.) was
added to each tube, mixed and left to stand at teomperature for 10 minutes. The
samples were then centrifuged at 12000 rpm for ibites at 4C in a cooled
Beckman Coulter Allegre™ 21R, rotor F2402H cengéwand the supernatants
removed and discarded, without disturbing the pell&thanol (75%, 1 mL) was
added to each tube and vortexed for 15 seconds.sdimples were then centrifuged
at 12000 rpm for 10 minutes &Clin a cooled Beckman Coulter Allegre™ 21R,
rotor F2402H centrifuge, and the supernatants rexh@nd discarded. The pellets
were then allowed to dry in air for 10-30 minutesailaminar air flow cabinet before
being dissolved together in a total of @O of sterile water. The quality of RNA was
assessed by agarose gel electrophoresis (seens2@iB) after soaking the tank,
tray and comb of the electrophoresis equipmentirMNaOH for 10 minutes and
rinsing them in distilled water prior to use toneilnate possible contamination by
RNases. The concentration of RNA was analysed wsifigermoScientific
NanoDrop 1000 UV-Vis Spectrophotometer. RNA wasesi at -80C. RNA was
used for cDNA synthesis and subsequently semi-gative RT-PCR (as described
below in sections 2.5.2 and 2.5.3).

2.5.2 REVERSE TRANSCRIPTASE PCR
2.5.2.1 cDNA SYNTHESIS

Extracts of RNA were used to produce cDNA. The R&acts were first treated
with DNase to remove residual DNA. DNA-free DNad€k buffer (2iL) and

rDNasel (luL; Ambion/Applied Biosystems, Warrington, UK) wesdded to RNA
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(2 ng), made up to 2QL with sterile distilled water, mixed and incubat&td37°C

for 30 minutes. DNase Inactivation Reagent (AmbAgplied Biosystems,
Warrington, UK) was resuspended by flicking/vortexand 21L was added to the
RNA samples to terminate the reaction. The sampés then incubated at room
temperature for 2 minutes, mixing occasionallyadisperse the DNase Inactivation
Reagent. The samples were centrifuged at 10000@0fgrand the RNA carefully
transferred to fresh tubes. Oligo(dT) 15 primepid 500 ug/mL; Promega,
Southampton, UK) was added to DNase-treated RNAaeix(19uL) and incubated
at 70°C for 10 minutes before being cooled at @G#CLD minutes. 5x M-MLV
RNase H reaction buffer (uL; Promega, Southampton, UK), 0.1M DTTyR)

and 10 mM dNTPs (LL; Promega, Southampton, UK) were added and inewaloait
42°C for 2 minutes. M-MLV RNase HReverse Transcriptase (L; Promega,
Southampton, UK) was added and incubated at 42°60feninutes then at 70°C for
15 minutes, producing single stranded DNA. To khbat cDNA synthesis was
successful, LL was used in a PCR reaction (as previously desd)ibsing primers
directed against 18S rRNA (see Table 2.3). DNe=at¢d RNA (1uL) was also

included as a negative control to ensure thatealbgnic DNA was indeed removed.
2.5.2.2 SEMI-QUANTITATIVE RT-PCR

Primers against 18S rRNA were also used to contharamount of cDNA in the
samples, as it was unrelated to the gene of intetewas assumed that rRNA
expression was constant so the expression of gdrers was compared to the
expression of rRNA. This methodology has been gtblil (Price et al., 2008) and
has provided reliable and acceptable results fange of experimental systems in
the Cardiff lab. For semi-quantitative RT-PCR,leyesumber must be limited to
ensure that PCR products are analysed after a muhbgcles that ensures linear
amplification across a range of concentrationscl€gumbers were tested using
dilutions of a mix of cDNA. A mix of cDNA was madesing an equal volume from
each cDNA sample. 50% and 25% dilutions were nfiamhe this mix. PCR was run
at a low cycle number usingul of each mix/dilution and the products quantified
using Syngene Gene Tools software. Product ammeasiplotted against dilution
and if a straight line formed it was assumed thatdycle number was optimised for
detecting differences in the amount of cDNA templatDNA samples were
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normalised by setting up a PCR reaction usipd. bf each sample with 18S rRNA
primers. Each dilution was also run alongsidensuee linear amplification,

limiting the cycle number to that previously camtéld. PCR products were
guantified as previously described and, if diluiavere linear, a ratio of the samples
was taken. This was repeated three times to ecaldalation of the mean and
standard error of the three ratios. This was tkeeeated using PCR primers for the
gene of interest. A mix of cDNA samples was useddculate the optimum cycle
number for these primers, and the PCR run on tharate cDNA samples. This was
repeated in triplicate to enable calculation ofitean and standard error of
expression levels. To calculate the differencesxpression levels of the target gene
between samples the results were multiplied bydtie obtained using the 18S
rRNA PCR in order to normalise for differences DINA amount.

26 PROTEIN

26.1 PROTEIN EXTRACTION

10 day oldArabidopsis seedlings were frozen in liquid nitrogen and sdaae-8CC
prior to protein extraction. Plant material (1 ggsaground to a fine powder with
liquid nitrogen in a pre-cooled sterile pestle amattar, transferred to a 50 mL
centrifuge tube and lysis buffer + (1mL; Table Zatlfled to the tube, mixed and
kept on ice. The sample was homogenised by sooicéfoniprep MSE thin tip, 10
micrometre amplitude) for 40 seconds x4 with 1 rtenon ice between each
sonication. The sample was transferred to a 1.&ppendorf tube and centrifuged
in pre-cooled Beckman Coulter Allegre™ 21R, rot@d62H, at 14000 rpm for 30
minutes at 4C. The supernatant was transferred to a fresh frdzeen in liquid

nitrogen, and stored at -80.

2.6.2 BRADFORD ASSAY

The Bradford Assay was used to determine protenceatrations. BSA standards of
0, 0.125, 0.25, 0.5, 1 and 2 mg/mL were preparaah fa stock solution of 2 mg/mL
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BSA diluted in lysis buffer +. Each BSA standardi @ach protein sample were
loaded into separate wells of a microtitre platduplicate (5uL). Bradford reagent
(250uL) was added to each well and mixed gently, folldveg incubation at room
temperature for 5-45 minutes. Absorbance at 57@vammeasured using a Dynex
Technologies MRX-TC Revelation Microtiter plate deaand protein
concentrations determined using a standard curtaersal from the BSA protein

measurements.

2.6.3 SDS-PAGE

To prepare a SDS PAGE gel (Sodium Dodecyl SulpRatgacrylamide Gel
Electrophoresis) a 12% SDS stacking gel was owvkdato a 12% SDS separation
gel using a BIO-RAD Mini Protean electrophoresisteyn. Glass plates were
cleaned thoroughly with 70% ethanol and allowedriobefore use. To make the
12% separation gel, 40% acrylamide/bis-acrylamitt®:3 (3.3 mL; Melford
Laboratories Ltd, UK), 2.5x separation buffer (#i; Table 2.1), distilled water
(3.3 mL), 10% ammonium persulfate (APS; 120 and N,N,N’,N’-tetramethyl-
ethylenediamine (TEMED; 1f0L) were mixed and 3-4 mL pipetted between two
glass plates. Distilled water was added to theofdpe acrylamide to prevent drying
of the gel, and the gel allowed to set for 10-1Gutes. The 12% SDS stacking gel
was made by mixing 40% acrylamide (37:5:1; 0.65 jystacking buffer (0.66 mL;
Table 2.1), 10% APS (30L), distilled water (2 mL) and TEMED (&L). The water
was removed and the stacking gel pipetted betweplates over the separation
gel, combs were added and the gel was left toosetgproximately 30 minutes. The

concentration of acrylamide could be altered talpoe a 15% gel.

Protein samples (2@g in a volume of 10-1kL) were mixed with 5x loading buffer
(3 uL; Table 2.1) and boiled at 100°C for 5 minutesS@1C for 10 minutes.
Samples were then returned to ice before beingitieged in an Eppendorf
MiniSpin® microcentrifuge at 13000 rpm for 15 sedenSamples were again
returned to ice before being loaded onto the gélran in SDS running buffer (1x;
Table 2.1) at 100V for 20-30 minutes, then 120VZe8 hours; or 50V for 1 hour,
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then 100V for 2-3 hours. PageRuler™ pre-stainetepranarker (1QuL;

Fermentas) was used as a marker for protein size.

264 COOMASSIE STAINING

Proteins were detected by staining the complete8-BBGE gel (described in
section 2.6.3) with Coomassie Brilliant blue st@iable 2.1) for 45 minutes. The
gel was then de-stained with de-staining soluticatb(e 2.1) for one hour or until

sharp blue bands were visible.

26,5 WESTERNBLOTTING

Samples were run out on an SDS gel as previouslgritbed (see section 2.6.3).
Hybond-P PVDF membrane was pre-wetted in 100% metHar 30 seconds then
rinsed in distilled water for 5 minutes. Six filjgapers, two sponges, the SDS gel
and the pre-wetted PVDF membrane were soaked ititgduffer (Table 2.1) for
15 minutes. On the black side of a Mini-Trans Bltestern Blotting System
Cassette (Bio-Rad) the sponge, three filter paj@®S§ gel, PVYDF membrane, the
other three filter papers and the other sponge lagered and sandwiched together
in the cassette. The cassette was then placedehtank filled with stirred blotting
buffer and an ice cassette, packed with ice anttidal@t 100V for one hour.

After blotting, the PVDF membrane was transferggl,side down, to 1 mL/chof
blocking solution (Table 2.1) and incubated on akgtg platform overnight at°C.
Blocking solution was discarded and NtWEET Beed) primary antibody (25L;

fully described by Lentz Grgnlund et al., 2009)utdid in fresh blocking solution,
was added. The membrane was incubated shakingZdralirs at room temperature.
The membrane was then rinsed in basic buffer (T24lefor 20 minutes, followed

by fresh basic buffer for 5 minutes x2. Basic buffias discarded and an anti-rabbit
IgG secondary antibody (0.5¢%.) added, diluted in fresh blocking solution, ahé t
membrane incubated shaking for up to 1 hour at reonperature, before rinsing the
membrane as previously described. The membrangevdly blotted in filter paper,
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placed on 0.125 mL/chECL solution (1:40 reagent A:reagent B; AmershaCL
plus Western Blotting Detection System) on a transpt plastic bag, gel side down,
and incubated for 5 minutes. ECL reagents were veohby gently blotting with

filter paper, the membrane enclosed in the pldstgcand placed in an X-ray
cassette, gel side up. Hyperfiim™ ECL (AmershamsBiences) was placed on top
of the membrane and exposed for between 12 seewrd$5 minutes before the

film was developed using a Curix 60 developer (Agfa

2.7 STATISTICAL ANALYSES

Statistical analysis was used to determine thafgignce of differences in results in
the case of quantitative measurements suérasdopsis phenotyping,
measurements of mitotic cell size, and semi-quatnté RT-PCR. Where the means
of only two samples were compared a two-samplestTvtas used. For the
comparison of more than two samples a one-way ANOA used to determine
overall levels of significance. This was followeg post-hoc testing using the
Fisher's LSD test to determine specifically whietmgples differed significantly from
wild type or another sample of interest. Alternalyy the non-parametric Mann-
Whitney test was used to compare data sets whidlateded significantly from

normal distribution. Regression analysis was ueeazilculate rates of primary root
growth. Analysis of covariance was used for the ganson of different rates of
primary root growth. The contingency chi-squared veas used to determine
significance of associations between samples winegeencies or proportions were
used. Significance was thought to be determin&xif.05 in all statistical tests

used.
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3. THESUBCELLULARLOCALISATION OF
ARATH;WEE1 ISNUCLEAR AT INTERPHASE
BUT ALTERSAT MITOSIS

3.1 INTRODUCTION

The localisation and stability of cell cycle protgiis important in the temporal
regulation of the cell cycle, physically separatiniggracting proteins and other
components. In mammalian cells Cdc2 is localigeithé nucleus and cytoplasm,
and localises to the centrosomes at the onsettotimi(Bailly et al., 1989; Riabowol
et al., 1989). The cyclin partner of Cdc2, cy@inaccumulates in the cytoplasm of
interphase cells, localising to the nucleus shdrélfore the breakdown of the nuclear
envelope. Cyclin B then associates with the cosdérhromosomes at prophase
and metaphase, before being degraded at the toansdm metaphase to anaphase
(Pines and Hunter, 1991). The physical separati@@dc2 and cyclin B is likely to
be a very important mechanism for controlling tberect timing of cell cycle
progression, and it is likely that other cell cypleteins are also spatially regulated
in a cell cycle dependent manner. The physicarsgion of CDC25 from the Cdc2-
cyclinB complex in mammalian cells also appeansgamportant. Conversely to
cyclin B, CDC25 is localised to the nucleus durimtgrphase and early prophase,
relocalising to be distributed throughout the clésm just before nuclear envelope
breakdown. CDC25 remains distinct from the conddrchromosomes during
metaphase and anaphase, reappearing in the ndcleng telophase, after cyclin B
has been degraded (Girard et al., 1992).

A recent study has demonstrated the subcellulatisation of many key cell cycle
regulators in plants (Boruc et al., 2010a). Prtaif interest were fused to GFP at
the C-terminal and stably expressed in tobacco B¥#& under the strong
constitutive 35S promoter. It was found that,;amiammalian cells, the main cell
cycle CDKs localise to both the nucleus and cytsplauring interphase, altering to
localise exclusively to the nucleus or the regianated by the nuclear membrane at
mitosis. The localisation of plant cyclins is \&doie, for example cyclin A1;1

localises to both the nucleus and cytoplasm duntegphase, while the cyclin B1
51



subfamily localises to the cytoplasm. Also, atiiptease, cyclins were unstable, or
expressed at low levels. In mitosis, B1-type awhivere found to associate with the
chromosomes until the transition from metaphasefiphase, a similar mechanism
to that seen in mammalian cells (Boruc et al., 201@ther studies have also made
use of BY-2 cells for expressing fusions of GFPhwaell cycle proteins such as
CYCB2;2 and CDKB2;1 (Lee et al., 2003), CDKA;1 (idshima et al2007) and
CYCB1 (Criqui et al., 2000), demonstrating the ghiiity of this system for this
application.

From a whole tissue perspective it has been dematedtby RT-PCR that, in
Arabidopsis, WEEL is predominantly expressed in proliferative tissuecluding
seedlings, flowers and weakly in the stem, butimtiie leaves (Sorrell et al., 2002).
WEE1-promoter-GUS analysis has shown that at Hrestriptional level expression
is highest in the shoot apical meristem, vascigaue and young flowers, but
surprisingly not in the root apical meristem oelal root primordia (De Schutter et
al., 2007). More recently a systematic analysisaifcycle gene expression during
Arabidopsis development has shown tRAEEL is strongly expressed in dark-grown
seedlings and the xylem of light-grown seedlingsl @ the vascular tissues of
young and mature roots. Tighter regulation of egpion is indicated by patchy
expression patterns in parts of the young and red¢aves, shoot apical meristem

and young roots (Engler et al., 2009).

At a protein level, in mammalian cells WEEL1 is l@zhin the nucleus during
interphase, transferring into the cytoplasm at smtospecifically to the microtubules
(Baldin and Ducommun, 1995). Boruc et al. (201}@wed that WEEL1 also
localises to the nucleus during interphase in higitents, but they did not show the
localisation of WEE1 during mitosis. It has alseh demonstrated that during
interphaseéirath;WEEL is able to interact with GFd4a 14-3-3 protein which may
protect WEE1 from inhibitory phosphorylation asammal cells; a complex which
localises to the nucleus during interphase, andiplysalso to the newly formed cell
plate at cytokinesis (Lentz Grgnlund et al., 200®)ath;WEEL is also able to
interact with several other proteins, all of whiohalise to the nucleus during
interphase (G. Cook, unpublished data; see Chdmad Appendix IV). These
results suggest that we should expect WEEL to teewe in the nucleus at
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interphase, possibly altering location to the ciasp or cell wall at mitosis. If the
subcellular localisation of WEE1 #rabidopsisis cell cycle dependent, this could

indicate a role for WEE1 in a normal cell cycle.

The stability of cell cycle regulators is also imamt in the control of these
processes. The best-studied example of this isutiden degradation of B-type
cyclins by the APC at mitosis (Pines, 1995). Thgrddation of WEEL protein is
required for the onset of mitosis in many organisimduding budding yeast (Kaiser
et al., 1998) an&enopus (Michael and Newport, 1998). In tobacco BY-2 cells
WEEL protein levels peak in S-phase, dropping aptbportion of mitotic cells
increases (Lentz Grgnlund, 2007), indicating th&BA proteolysis may also be

necessary for the onset of mitosis in higher plants

3.11 EXPERIMENTAL AIMS

In order to ascertain the dynamics of WEE1 proteinigher plants, the subcellular
and tissue-specific localisation and stabilitydoéth; WEE1 during the cell cycle
were studied in detail. The following questions evaddressed, using a GFP-
Arath;WEE1 construct as a tool:

1. Is Arath;WEE1 degraded during the cell cycle in tobacco Byells?
2. Is Arath;WEE1 degraded during the cell cycleArabidopsis roots?
3. Does the GFPrath;WEEL construct affect root phenotype?

4. What is the subcellular localisation and stabitifyArath; WEE1 in

Arabidopsis root tissues?

5. Is Arath;WEE1 degraded via the ubiquitin/26S proteasombevpay?
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32 MATERIALSAND METHODS

321 CELL SIZE MEASUREMENTSIN ARABIDOPSISROOTS

Seeds were surface sterilised as described irose2t.3. Five seeds were sown on
each plate in a vertical line approximately 1 crarapt one end of the Petri dish.
Plates were allowed to dry and sealed using miceofape, and the seeds cold-
treated at 4°C for 3 days prior to incubation. té4avere incubated in a vertical
position to ensure the growth of the roots alorsggad of through the agar. After 7
days growth, forceps were used to carefully rentbeeseedlings from the surface of
the agar. Seedlings were fixed in 8:3:1 chloralrhtet water: glycerol in 1.5 mL
Eppendorf tubes, before being transferred to mamps slides. Slides were prepared
by mounting a seedling in a drop of 8:3:1 chlonadrate fixative on a microscope
slide and applying a second drop to ensure thdiegetias covered. A coverslip

was applied, sealed with transparent nail varnighlaft to dry. Slides were stored at
room temperature. Roots were observed by DIC uad@x oil immersion objective
using a Zeiss Imager M1 AX10 microscope, photogeaplsing a Zeiss Axiocam
Mrc5 camera and the images obtained using Zeisscarn imaging software. Image
J software was used for cell size measurementtleébgth and width, and cell
number were calculated for each tissue in the nesnigepidermis, cortex and cell

lineages destined to become the stele), up tadhnesition zone.

3.22 HOECHST STAINING AND MITOTIC INDEX IN ARABIDOPSIS
ROOT MERISTEMS

For the Hoechst staining of nuclei in lieabidopsis roots, seeds were surface
sterilised as described in section 2.3.3. Fivels@&re sown on each plate in a
vertical line approximately 1 cm apart at one ehthe Petri dish. Plates were
allowed to dry and sealed using micropore tape th@deeds cold-treated at 4°C for
3 days prior to incubation. Plates were incubatealvertical position to ensure the
growth of the roots along instead of through tharadifter 7 days growth, seedlings
were carefully removed from the surface of the agamg forceps and placed into
1.5 mL Eppendorf tubes containing a 1/20 dilutibioechst stain (Table 2.1),
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prepared in 2% Triton X-100, for 30 minutes. Stdiseedlings were transferred to a
microscope slide and the root meristems separaded the rest of the root using a
sharp blade. The meristems were mounted in the kb edution, a coverslip

applied and gently squashed to separate the €alls were scored for mitosis under
an Olympus BH-2 light microscope using a x20 oliyegtan ultraviolet light and a

420 nm barrier filter.

323 MG132 TREATMENT OF ARABIDOPSIS SEEDLINGS

MG132 (an inhibitor of the 26S proteasome) wasalv&sl in DMSO to create a
stock solution (25 mg/mL) and stored at?@0Seed was sterilized and sown as
described in Section 2.3.3, and plates were ineabiata vertical position to
encourage growth over, rather than through, the. &ga confocal imaging, MG132
stock solution (or for the mock-treatment, an equdime of DMSO) was mixed
with liquid MS medium (20 mL; Table 2.1) in a Padrsh @ 9 cm) to a final
concentration of 5QM. Five day old seedlings were carefully removemhfrthe
surface of the agar using forceps and added teretitie MG132 or the DMSO
solution in the Petri dish, and incubated with tigh22C for 6 hours, with
occasional gentle agitation. After treatment, thedéings were carefully transferred
to fresh liquid MS medium (10 mL; Table 2.1) inlaan Petri dish and used for

confocal imaging (see Section 2.3.7).

For protein extraction, MG132 stock solution (or flee mock-treatment, an equal
volume of DMSO) was mixed with liquid MS medium (&(.; Table 2.1) in a 50

mL tube to a final concentration of p®. Ten day old seedlings were carefully
removed from the surface of the agar using foregpsadded to either the MG132
or the DMSO solution in the tube, and incubatedwght at 22C for 6 hours, with
occasional gentle agitation. After treatment, thedtings were carefully drained of
as much liquid as possible using a sieve, blottetiler paper and frozen in liquid
nitrogen prior to storage at -8D. Protein extractions were performed as desciibed

Section 2.6.
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33 RESULTS

3.31 ARATH;WEE1ISDEGRADED DURING MITOSISIN TOBACCO
BY-2CELLS

Prior to this work a GFRArath;WEE1 construct under the 35S promoter was
produced via the Gateway cloning system (InvitrodénSpadafora, Cardiff Lab.
Unpublished results). To investigate the cell cybjaamics of WEE1 subcellular
localisation the GFArath; WEE1 construct was transformed into tobacco BY-2
cells viaAgrobacterium mediated transformation and a liquid culture aiedifrom
one line (Section 2.1.2). Presence of the traresges checked by PCR (Section
2.5; Table 2.3) This line was shown to be positive for the G&fath;WEE1 fusion
andArath; WEEL1 (Figure 3.1). The second, larger fragment draglfrom the GFP-
Arath;WEE1 Arabidopsis leaf (positive control) using primers specific for
Arath;WEE1 was representative of endogenausth;WEE1, complete with introns
(Figure 3.1).

GFPEND1F/P62R AtWEE1F/R
G + W= | (g +

Figure 3.1 Results of PCR to
ladder confirm presence of GFP-

INAWAS NN Arath;WEEL construct in BY-

W 2 2 culture. GFPEND1/P62R=

primers targeted to GFP-
Arath;WEE1; AtWEE1F/R =
primers targeted to
Arath;WEE1. G = GFP-
Arath;WEE1 BY-2 culture, +
= GFP-Arath;WEE1 leaf (+ve
control), W = BY-2 wt (-ve
control), - =SDW (-ve
control).
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The GFPArath;WEE1 BY-2 culture was monitored for growth, mitothdex and
mitotic cell size every day over the course of Zkse(Section 2.1.4), in order to
compare the characteristics of the culture witts¢hof wild type. The GFP-
Arath;WEE1 culture reached stationary phase after 14,des/opposed to 7 days for
wild type culture (Figure 3.2a). During this tirtieere were two peaks in mitotic
index, the first at approximately 10% on day 3 #msecond at 6% on days 8 and 9,
compared to the one peak at 15% on day 4 in wpd gulture (Figure 3.2b).
Compared to the mitotic cell size of wild type BYe@lls, cells from the GFP-
Arath;WEE1 line were significantly smaller by approximigt26% (Figure 3.2c).

. —— T
./ Y
L/ N S T
i) pd 47 N
L/ and : ~ N .
e D D
c) 00 Figure 3.2 Characteristics of the GFP-
2000 | Arath;WEE1 BY-2 cell culture compared to wild
£ * type (WT).
g a) Growth of whole culture over 14 days.
g 1000 - b) Mitotic index over 14 days.
g c¢) Mean (%SE, n=135) mitotic cell size.
1 *=significantly different from WT
0 : (P<0.05).
GFP-WEE1-4 WT

57



The GFPArathWEE1 BY-2 culture was synchronised (Section 2.ar8) the
mitotic index scored (Section 2.1.4). Measuremehtsitotic index indicated that
the timing of mitosis in both the 35S-GFP and GkBth;WEE1 BY-2 lines was
similar to wild type, peaking 9 hours after remowhbaphidicolin and then again

after 22 hours (Figure 3.3), giving a cell cycleation of 13 hours in total. The

duration of each cell cycle phase was also estuinateach line (see Appendix 1).

The durations of S-phase and mitosis were simlaitlithree lines, at five hours and

one hour, respectively (Figure 3.3). However, GRegped shorter in the GFP-

Arath;WEE1-4 line; only two hours, compared to four dind hours in the wild

type and 35S-GFP lines, respectively (Figure 3.Bjs shortening of G2-phase in

the GFPArath;WEEL line was compensated for by a lengthenedf@&15chours,

compared to only three hours in the other two liffegure 3.3).
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Figure 3.3 Mean mitotic index (+SE, n=3) with time
after removal of aphidicolin in

a) wild type,

b) GFP-Arath;WEE1 and

c) 355-GFP BY-2 lines.

The corresponding cell cycle phases are shown
above each mitotic index graph.
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Measurement of mitotic cell size (Section 2.1.4)i¢ated that the control 35S-GFP
cells were very large, at approximately 6Q06° (Figure 3.4). Conversely, mitotic
cells of the GFRArath;WEEL1 line were three-fold smaller than the 35S-GERs at
approximately 200Qm? (Figure 3.4).

7000

€000
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Mitotic Cell Size {(um’)
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1000 ~

T
355-GFPL GFP-WEEL
BY-2 Line

Figure 3.4 Mean mitotic cell size (+SE, n=21-35) in the GFP-Arath;WEE1 and 35S-GFP BY-2 lines.
* = significantly different from 355-GFP (P=0.000).
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Synchronised GFRrath;WEE1 BY-2 cells were counter-stained using dilute
Hoechst and monitored for GFP signal in each naifoliase (Section 2.1.5). One-
hundred per cent of interphase cells were fourektobit a GFPArath;WEE1

signal, however this dropped sharply to only 4% miphase cells (Figures 3.5 and
3.6). A GFP signal could not be detected in anyapiedse cells (Figure 3.5 and 3.6).
In anaphase and telophase the proportions of @etibiting a GFP signal rose again
to 61% and 88% respectively (Figure 3.5 and 3.6)nQaratively, a GFP signal was
observed in 100% of 35S-GFP cells, regardlesslbtygele phase (Figure 3.7).
Unfortunately counter-staining using Hoechst waspossible in the 35S-GFP line
as the addition of Triton X-100 permeabilised tesccausing the dispersal of the
unattached GFP (as previously described by Lek, &093).
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Cell cycle phase

Figure 3.5 Mean nuclear fluorescence frequency (%; +SE, n=3) in each cell cycle phase in the GFP-
Arath;WEE1 BY-2 line. Contingency x2 = 30.031, df = 6, P =0.000.
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Figure 3.6 GFP-Arath;WEE1 expression in each cell cycle phase in synchronised GFP-Arath; WEE1 BY-2 cells.
Green colouring indicates GFP-Arath;WEE1 expression while blue colouring indicates Hoechst nuclear
stain.
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Figure 3.7 35S-GFP expression in each cell cycle phase in synchronised 355-GFP BY-2 cells. Green colouring
indicates 35S-GFP expression.
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3.3.2 ARATH;WEE1ISDEGRADED DURING MITOSISIN ARABIDOPSIS
ROOT MERISTEM CELLS

Prior to this work the GFRrath;WEE1 construct was transformed imtoabidopsis
using the floral dip method (Section 2.3.1; N. Sggadh, Cardiff Lab. Unpublished
results). Seed from the transformed plants waeci@t and stored at room
temperature. One independent homozygous line (@&) this transformation was
crossed with a line containing RFAPath;SUN1, a protein which localises to the
nuclear envelope, to visualise GAPath;WEEL1 localisation in mitotic cells in the
Arabidopsis root meristem more accurately. Seeds from thesan@se sown on MS
medium, transferred to soil (Section 2.3.3), aredNA extracted from mature leaf
samples (Section 2.4.1). This DNA was tested ferpgtesence of both constructs by
PCR (Section 2.4.2, Table 2.3). All 18 plants téstere positive for both
constructs. These plants were allowed to self ahdexd, and the seed collected for
further analysis. Seed from each line was growM&medium (Section 2.3.3),

with the original GFPArath; WEE1-12 and RFArath;SUNL lines as controls, and
screened for fluorescence (Section 2.3.6). On igjie prower microscope the original
GFPArath;WEE1-12 line exhibited a weak nuclear green flsoeat signal, while
the RFPArath;SUNL1 line exhibited a strong general red fluoressggnal. The
majority of the GFPArath; WEE1 x RFPArath;SUNL1 crossed lines had a weak GFP
signal and a strong RFP signal, similar to theioablines. Three lines, 1, 6 and 9,
were selected for confocal analysis (Section 2.8sAhey had a stronger nuclear
GFP signal as well as an RFP signal. Good images al@ained from line 1
courtesy of Dr K Grauman (Oxford Brookes Universand show a similar pattern
to that seen during mitosis in BY-2 cells. A cleaclear GFP signal is seen at in
interphase, a weaker signal at prophase, no & WEE1 signal visible at
metaphase and a strong GFP signal is restorethlegphase/cytokinesis (Figure
3.8).
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Figure 3.8 GFP-
Arath;WEE1 and RFP-
Arath;SUN1
expression in
different cell cycle
phases in roots of
GFP-
Arath;WEE1/RFP-
Arath;SUN1 crossed
Arabidopsis line 1.
Green colouring
indicates GFP-
Arath;WEE1
expression while
purple colouring
indicates RFP-
Arath;SUN1
expression. (Images
by K. Graumann,
Oxford Brookes
University).



3.3.3 EXPRESSION OF GFP-ARATH;WEE1 IN ARABIDOPSIS CAN
AFFECT ROOT GROWTH, CELL SIZE AND MITOTIC INDEX

The GFPArath;WEE1-12Arabidopsis line was tested for over-expression of
Arath;WEEL1 by semi-quantitative RT-PCR. RNA was extractednfrmature leaves
of GFPArath;WEE1-12, theArath;WEE1 over-expressor WEE1-58 and wild type
plants, cDNA synthesised and testedAoath;WEEL expression using specific
primers (Section 2.5; Table 2.3rath;WEEL expression in the GFRrath; WEE1-
12 line was four times that of wild type, but wageexpressed to a lesser extent
than in the WEE1-58 line, which was expresshngth;WEEL1 to a level six times
that of wild type (Figure 3.9).
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Figure 3.9 Results of semi-quantitative RT-PCR: Mean (SE, n=3) Arath;WEE1 gene expression in

the GFP-Arath;WEE1-12 transformed line compared to wild type (WT) and the Arath;WEE1 over-

expressor WEE1-58.
The root phenotype of the GFath;WEE1-12 line was compared to that of wild
type and two lines over-expressiAgath; WEEL1: WEE1-58 and WEE1-61 (Section
2.3.5). It was expected that the GARath;WEE1-12 line would display a similar
root phenotype to tharath;WEE1 over-expressors. The primary root growth data
were analysed by linear regression in order toutae rates of primary root

elongation in each line (Table 3.1). The primargtrelongation rates of both WEE1-
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58 and WEE1-61 were significantly slower than wyde, at 4 mm per day
compared to 5.7 mm per day in wild type (FigureD3Table 3.1). The elongation
rate of GFPArath; WEE1-12 primary roots was also slower than wildetyat 5.3

mm per day, but this was closer to the wild typenpry root elongation rate than
that of the other over-expressors (Figure 3.10jeratd).
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Figure 3.10 Mean primary root length (+SE, n=15-59) over time in the GFP-Arath;WEE1-12 line compared
to Arath;WEE1 over-expressers (WEE1-58 and -61) and wild type (WT) Arabidopsis. a, b = significantly

different from GFP-Arath;WEE1-12, WT respectively (P<0.01).

Table 3.1 Rate of primary root elongation in the GFP-Arath;WEE1-12 line compared to

Arath;WEE1 over-expressors (WEE1-58 and -61) and wild type Arabidopsis.

Arabidopsis line

Linear regression
equation (P=0.000)

Rate of primary root
elongation (mm per day)

GFP-Arath;WEE1-12 y=5.31x +9.77 5.31
WEE1-58 y =4.02x + 8.06 4.02
WEE1-61 y =4.02x + 8.69 4.02
Wild type y = 5.73x + 12.00 5.73
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After 7 days growth, the WEEL over-expressors hgwaifscantly shorter primary
roots than wild type, and WEE1-58 also had sigaiiity fewer lateral roots and
primordia (Figure 3.11). However GERath;WEE1-12 primary root length and
number of lateral roots were similar to wild tydeea7 days (Figure 3.11). After 14
days growth, the WEEL over-expressing lines bothdignificantly shorter primary
roots and significantly fewer lateral roots thahdwype, while the phenotype of the
GFPArath;WEE1-12 line was again similar to wild type (Fig8.12).
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]
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Figure 3.11 Primary root length and number of lateral roots and primordia (+SE, n=9-28) after 7 days
growth in the GFP-Arath;WEE1-12 line compared to Arath;WEE1 over-expressors (WEE1-58 and -61) and
wild type (WT) Arabidopsis. a, b = significantly different from GFP-WEE1-12, WT respectively (P<0.05).
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Figure 3.12 Mean primary root length and number of lateral roots and primordia (+SE, n=11-29) after 14
days growth in the GFP-Arath;WEE1-12 line compared to Arath;WEE1 over-expressors (WEE1-58 and -61)
and wild type (WT) Arabidopsis. a, b = significantly different from GFP-WEE1-12, WT respectively (P<0.05).

The rate of lateral root initiation per mm of primaoot after seven days growth did
not vary from that of wild type in any of the trgesic lines (Table 3.2). This was
supported by regression analysis which indicatiear relationship between the
primary root length and number of lateral roote@th line after seven days
(r’=0.94), confirming that the rate of lateral rootrfation was similar in each line.
Similarly, a linear relationship between the prigneoot length and number of lateral
roots in each line was confirmed after fourteensday:0.95). After fourteen days
growth, the GFFArath;WEE1-12 line produced an increased number ofdatents
per mm of primary root compared to wild type (TaBl2).
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Table 3.2 Rate of lateral root formation per mm of primary root (+SE) after 7 days and 14
days growth in the GFP-Arath;WEE1 line compared to Arath;WEE1 over-expressors (WEE1-
58 and -61) and wild type Arabidopsis. * = significantly different from wild type (P<0.05).

Rate of lateral root formation per mm of primary root (+SE)

Arabidopsis line | 7 day old seedlings (n=9-28) | 14 day old seedlings (n=11-29)
GFP-At;WEE1-12 0.27 £0.01 0.60 +0.02 *
WEE1-58 0.20 +0.02 0.58 +0.02
WEE1-61 0.25+0.03 0.58 +0.03
wild type 0.24 +0.01 0.54 +0.01

Seeds from the GFRrath;WEE1-12 line were surface sterilised and sown t{Sec
2.3.3) and, after 5 days growth, imaged using domah microscope (Section 2.3.7).
The GFP signal observed demonstrated Anath;WEEL1 is expressed at the protein
level in the nucleus iArabidopsis root cells (Figure 3.13). Also, the GFP signal
appeared to be lower in the cortical cells andctiklineage destined to become the
stelar cells of the meristem (Figure 3.13). Howedespite being under the control
of the strong constitutive 35S promoter, this sir@+P expression was only
observed in one of 54 homozygous seedlings scresnatew lines were sought in
order to further confirm and quantify these results
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Figure 3.13 Confocal images of the root tip of one seedling of the GFP-Arath;WEE1-12 line. Green
colouring indicates GFP-Arath;WEE1 expression, red colouring is propidium iodide counter-stain
for the cell walls. e: epidermis, c: cortex, s: stele.

Seed from the original transformation was usedé&ection (Section 2.3.2;
10Qug/mL kanamycin) and 70 plants were isolated. Tipmsets were transferred to
soil and allowed to self and set seed. A matureviea taken from each plant, DNA
extracted, and used for PCR (Section 2.4; Tablet@.8onfirm the presence of the
GFPArath;WEE1 construct in 68 of the 70 plants. Seed fréplants was
collected, surface sterilised and sown (SectiorB2and the resulting 5 day-old
seedlings screened for GFP signal compared totyplel and the weak GFP-
ArathWEE1-12 line under a high power fluorescent micope (Section 2.3.6). An
Arabidopsis line transformed with a H2B-YFP construct, under 85S promoter

and known to localise to the nucleus, was obtaaged positive control (by kind
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donation from J. A. H. Murray, Cardiff UniversitBpisnard-Lorig et al., 2001).
While none of the new GFRrath;WEEL lines exhibited a very strong nuclear
fluorescent signal similar to the H2B-YFP contiakl several lines were clearly and
consistently expressing GFRath;WEEL at a higher level than the GFP-
ArathWEE1-12 line. Two lines, 10 and 67, were choseriddher analysis.
Seedlings from each of these lines were transfeaadil and allowed to self and set
seed. A homozygous line (exhibiting 100% surviiadeedlings on kanamycin
selection) was obtained from each line and usetlftiier analysis.

Semi-quantitative RT-PCR was used to compare lefedsath; WEEL expression in
mature leaves relative to wild type and WEE1-5&td4Section 2.5; Table 2.3).
Both GFPArath;WEE1-10 and GFArath; WEE1-67 were found to be over-
expressingirath;WEEL, a 4-fold and 2-fold increase compared to wildetyp
respectively (Figure 3.14). However, both were emgoressingfrath;WEEL at a
lower level than WEE1-58, which was expressingth;WEEL at a level
approximately five times higher than wild type (g 3.14).
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Figure 3.14 Results of semi-quantitative RT-PCR: Mean (+SE, n=3) Arath;WEE1 gene expression
in the GFP-Arath;WEE1-10 and -67 transformed lines compared to wild type (WT) and the
Arath;WEE1 over-expressor WEE1-58.
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To test for the number of insertions of the G&Rth;WEE1 transgene into the
Arabidopsis genome in each line; Beeds (200) from lines GFRath;WEE1-10
and -67 were surface sterilised and sown on MS mnedontaining kanamycin
selection. The ratio of kanamycin-resistant to kayean-sensitive plants was
calculated for each line and compared to the &tRil (75% kanamycin-resistant)
which is expected for a single insertion. The rafikanamycin-resistant to
kanamycin-sensitive in the GERath;WEE1-10 line was approximately 3:1
(75.8%), implying that this line contained a singisertion of the GFPArath;WEE1
transgene. In the GFR-ath; WEE1-67 line, 97.3% of seedlings were kanamycin-
resistant, implying that the genome of the G&th;WEE1-67 line contained more
than one copy of the GFR-ath;WEEL1 transgene.

The root phenotypes of the GAPath;WEE1-10 and -67 lines were compared to
wild type and thé\rath;WEE1 over-expressors WEE1-58 and WEE1-61 (Section
2.3.5). The primary root growth data were analysgtinear regression in order to
calculate rates of primary root elongation in eliwd (Table 3.3). Contrary to the
results described for the GFpath;WEE1-12 line, although the primary root
elongation rate of 5.5 mm per day in WEE1-61 waw/el than wild type (5.8 mm
per day), that of WEE1-58 (6.8 mm per day) wasalhtiound to be faster on this
occasion (Figure 3.15; Table 3.3). The primary elohgation rates of GFP-
Arath;WEE1-10 and -67 were also faster than wild typ8 éhd 7 mm per day,
respectively), similar to WEE1-58 (Figure 3.15; TeaB.3).
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Figure 3.15 Mean primary root length (+SE, n=17-60) over time in the GFP-Arath;WEE1-10 and -67 lines
compared to Arath;WEE1 over-expressors (WEE1-58 and -61) and wild type (WT) Arabidopsis. a, b, c =
significantly different from WEE1-58, WEE1-61, WT respectively (P<0.05).

Table 3.3 Rate of primary root elongation in GFP-Arath; WEE1 lines 10 and 67 compared to

Arath;WEE1 over-expressors (WEE1-58 and -61) and wild type Arabidopsis.

Arabidopsis line

Linear regression
equation (P=0.000)

Rate of primary root
elongation (mm per day)

GFP-Arath;WEE1-10 y = 6.88x + 15.4 6.88
GFP-Arath;WEE1-67 y = 7.06x + 15.2 7.06
WEE1-58 y = 6.80x + 16.4 6.80
WEE1-61 y=5.51x+14.3 5.51
Wild type y=5.78x + 12.4 5.78

73




After 7 days, WEE1-61 had significantly shortempairy roots and fewer lateral
roots than wild type, as expected (Figure 3.16pwklver, WEE1-58 primary root
length and number of lateral roots were similawiid type (Figure 3.16). GFP-
Arath;WEE1-10 and -67 both had significantly more ldtevats and primordia than
wild type and botArath;WEE1 over-expressors, and GAPath; WEE1-67 also had

significantly longer primary roots (Figure 3.16).
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Figure 3.16 Mean primary root length and number of lateral roots and primordia (+SE, n=14-30) after 7
days growth in the GFP-Arath;WEE1-10 and -67 lines compared to Arath;WEE1 over-expressors (WEE1-58
and -61) and wild type (WT) Arabidopsis. a, b, c = significantly different from WEE1-58, WEE1-61, WT
respectively (P<0.05).
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After 14 days growth, the root phenotype of the VWEH. line was similar to wild
type (Figure 3.17). WEE1-58 had significantly longemary roots than wild type,
but similar numbers of lateral roots (Figure 3.0#)e GFPArath; WEE1-10 line
displayed a similar pattern to WEE1-58 (Figure 3.The GFPArath;WEE1-67
line also had significantly longer primary rootsuthwild type, but also had more
lateral roots than both wild type and WEE1-58 (FeyB.17).
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Figure 3.17 Mean primary root length and number of lateral roots and primordia (+SE, n=10-11) after 14
days growth in the GFP-Arath;WEE1-10 and -67 lines compared to Arath;WEE1 over-expressors (WEE1-58
and -61) and wild type (WT) Arabidopsis. a, b, c = significantly different from WEE1-58, WEE1-61, WT
respectively (P<0.05).

75



The rate of lateral root initiation per mm of primaoot after seven days growth was
increased compared to wild type in the G&fath; WEEL lines (Table 3.4). In
contrast, the rate of lateral root initiation penrof primary root was decreased in
WEE1-61 compared to wild type after seven days Igr'alt). The rate of lateral root
initiation was similar to wild type in the WEE1-%8e after seven days (Table 3.4).
After fourteen days, however, the rate of lateoal formation was decreased
compared to wild type in both the GAPath;WEE1-10 and WEE1-58 lines, while
GFPArath;WEE1-67 and WEE1-61 were similar to wild type (Teab.2).

Table 3.4 Rate of lateral root formation per mm of primary root (+SE) after 7 days and 14
days growth in the GFP-Arath;WEE1 lines 10 and 67 compared to Arath;WEE1 over-
expressors (WEE1-58 and -61) and wild type Arabidopsis. * = significantly different from
wild type (P<0.05).

Rate of lateral root formation per mm of primary root (+SE)
Arabidopsis line | 7 day old seedlings (n=14-30) | 14 day old seedlings (n=10-11)
GFP-At;WEE1-10 0.26 +0.01 * 0.41 +0.02 *
GFP-At;WEE1-67 0.27 +0.01 * 0.49 +0.01
WEE1-58 0.21 +0.01 0.42 +0.02 *
WEE1-61 0.11 +0.03 * 0.48 +0.02
Wild type 0.21 +0.01 0.48 +0.02
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The meristematic cell sizes in these lines were misasured and compared (Section
3.2.1, see Appendix Il for images). In the epidarVEE1-61 cells were a similar
width and length to wild type cells, while WEE1-&gidermal cells were
significantly wider and longer (Figure 3.18a). TREP-Arath;WEE1-67 epidermal
cells were similar in length to wild type, but sifggantly wider, resulting in a
similar width to WEE1-58 (Figure 3.18a). GRAPath;WEE1-10 epidermal cells
were also similar in length to wild type, howevetls were approximately twice as
wide (Figure 3.18a). In the cortex, on the otherdhdhe cells in thérath WEE1
over-expressors and GFath;WEEL lines were all similar in width to wild type
cortical cells (Figure 3.18b). WEE1-58 and G&Rth;WEE1-67 cortical cells were
also similar to wild type in length, while WEE1-&hd GFPArath WEE1-10 were
significantly shorter (Figure 3.18b). The lengtldamdth of stele initial cells was
similar in all lines, except for GFRrath; WEE1-67 which had longer stele initial

cells than wild type (Figure 3.18c).
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Cell number in each tissue in each line was alsasored in order to determine
whether or not cell number was altered to compenfeatchanges in cell size.
Statistical analyses indicate that there were fferdnces in cell number between
any of the lines in any tissue (Figure 3.19). Sciioje analysis of the overlap in error
bars suggests that cortical and stelar cell numlers indeed similar in all lines,
however there seemed to be more epidermal celleiGFPArath WEE1-67 line
compared to wild type, and less in WEE1-61 (Figlif9).
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Figure 3.19 Cell number (xSE, n=2-5) in the meristems of 7 day old seedlings of the GFP-
Arath;WEE1-10 and -67 lines compared to Arath;WEE1 over-expressors (WEE1-58 and -61) and
wild type (WT) Arabidopsis.

78



Finally, the area of the whole meristem was meakireach line. Statistical
analysis indicates that GFM-ath;WEE1-10 and -67 and WEE1-58 meristems were
similar in area to each other and wild type, bugéa than WEE1-61 , while WEE1-
61 meristems were a similar size to wild type (Fég8.20). Subjective analysis of
the overlap in error bars suggests that the meratie areas of lines GFP-
ArathWEE1-10 and -67 and WEE1-58 were larger than talthtype and WEE1-
61, while WEE1-61 meristems were smaller than wyifge (Figure 3.20).
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Figure 3.20 Meristem area (+SE, n=2-5) of 7 day old seedlings of the GFP-Arath;WEE1-10 and -67
lines compared to Arath;WEE1 over-expressors (WEE1-58 and -61) and wild type (WT) Arabidopsis.
a, b, c = significantly different from WEE1-58, WEE1-61, WT respectively (P<0.05).
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Roots from each line (7 days old) were stainedgukiaechst, the root tip squashed
on a microscope slide, and mitotic index scoredtiSe 3.2.2), to test for any effects
of Arath WEE1 over-expression on the cell cycle in rootistems. It was found

that WEE1-58, WEE1-61 and wild type all had simitatotic indices of
approximately 2% per meristem (Figure 3.21). Howgtree GFPArath; WEE1-10
and -67 lines both had a higher percentage of mifigures than both the

Arath;WEE1 over-expressers and wild type, at approxim#té&% respectively
(Figure 3.21).
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Figure 3.21 Mitotic index (£SE, n=3-6) in the root meristem of 7 day old seedlings of the GFP-
Arath;WEE1-10 and -67 lines compared to Arath;WEE1 over-expressors (WEE1-58 and -61) and
wild type (WT) Arabidopsis. a, b, c = significantly different from WEE1-58, WEE1-61, WT
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334 ARATH;WEE1LOCALISESTO THE NUCLEUSIN ARABIDOPSIS
ROOT CELLS, AND ITSSTABILITY ISTISSUE-DEPENDENT

In order to study the subcellular localisation oERA inArabidopsis, 5 day old
seedlings from lines GFRrath; WEE1-10 and -67, and the control H2B-YFP, were
counter-stained using propidium iodide and imagadieu the confocal microscope
(Section 2.3.7). As expected, a strong constitutiverescent signal was detected in
the nuclei of H2B-YFP root cells (Figure 3.24).the GFPArath;WEEL lines a

clear nuclear fluorescent signal was also detgéteires 3.22 and 3.23). However,
as seen in the GFR-ath;WEE1-12 line, the signal appeared to be weakeeitain
areas and tissues of the root (Figures 3.22, Hid324).
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Figure 3.22 Confocal images of the GFP-Arath;WEE1-10 Arabidopsis line, showing the root tip and
root elongation zone at sections 0-5, 6-10 and 11-15 um from the surface of the root. Green
colouring indicates GFP-Arath;WEE1 expression, red colouring is propidium iodide counter-stain
for the cell walls. Representative images of at least 8 seedlings examined.
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Figure 3.23 Confocal images of the GFP-Arath;WEE1-67 Arabidopsis line, showing the root tip
and root elongation and differentiation zones at sections 0-5, 6-10 and 11-15 pm from the surface
of the root. Green colouring indicates GFP-Arath;WEE1 expression. Representative images of at

least 7 seedlings examined.
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Figure 3.24 Confocal images of the H2B-YFP Arabidopsis line, showing the root tip and root
elongation and differentiation zones at sections 0-5, 6-10 and 11-15 um from the surface of the
root. Green colouring indicates H2B-YFP expression. Representative images of at least 5 seedlings
examined.

To investigate the potential differencesfirath WEE1 protein levels in the different
root tissues further and to try to confirm this @hstion, the fluorescent signal from
each nucleus was quantified (expressed as avebeglantensity) in each line, and
the signal in each tissue (epidermis, cortex aelg)stompared to the other tissues in
the same root zone (meristem, elongation zone dfedeshtiation zone). Due to
differences in confocal settings, the raw data@owit be directly compared.
However, the intensity of fluorescence in the nuofeéhe epidermal cells was

consistently higher than that of both the corted siele in all root zones in all three
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lines. Therefore, by expressing the cortex ane sedults as a ratio to epidermal
signal intensity, differences in the pattern of G&ression could be analysed.

Unlike the epidermis, in the meristem and elongmatione the fluorescent signals in
the cortex and stele relative to that of the epidgwaried between the GFP-
Arath;WEE1 lines and the H2B-YFP control line. In therrstem, the fluorescent
signal in the cortex was 75% that of the epidelimthie H2B-YFP line (Figure
3.25). Similarly, signal intensity in the cortextoe GFPArath WEE1-10 line was
68% that of the epidermis (Figure 3.25). Howevethie GFPArath;WEE1-67 line
the GFP signal in the cortex was significantly eliént from the H2B-YFP control,
at 50% that of the epidermis (Figure 3.25). Theréscence signal in the cell
lineages destined to become the stele of the H2B-MEristem was only 42% of the
epidermal signal (Figure 3.25). Both of the GiRath;WEEL lines had a higher
GFP signal in the cell lineages destined to becthaetele compared to the
epidermis in the meristem compared to the H2B-\MR®, lof 54% in line 10 and
57% in line 67 (Figure 3.25).
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Figure 3.25 Ratio to epidermal GFP signal intensity (%, SE, n=75-433) in the cortex and cell
lineages destined to become the stele of the root meristem of the GFP-Arath;WEE1-10, GFP-
Arath;WEE1-67 and H2B-YFP Arabidopsis lines. * = significantly different from H2B-YFP (P<0.05).
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In the root elongation zone, the fluorescent sigméhe cortex of the H2B-YFP line
was similar to that of the epidermis (Figure 3.26)contrast, the signal in the cortex
in both GFPArath;WEEL1 lines was significantly lower than that o thpidermis
than in the H2B-YFP line (Figure 3.26). The sigmathe cortex of the GFP-
Arath;WEE1-10 line was 78% that of the epidermis, witile signal of the GFP-
Arath;WEE1-67 line was only 33% that of the epidermig(iFe 3.26). In the H2B-
YFP line in the stele of the elongation zone thefscent signal was 74% that of
the epidermis (Figure 3.26). The signal in theestélthe GFPArath; WEE1-10 line
compared to the epidermis was similar to that efHi2B-YFP line, at 65% of the
epidermis (Figure 3.26). However, in the GRRth;WEE1-67 line the difference
between the signal in the stele and epidermis washriarger, with the signal in the
stele being only 30% that of the epidermis (Figai25).
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Figure 3.26 Ratio to epidermal GFP signal intensity (%, +SE, n=18-192) in the cortex and stele of
the root elongation zone of the GFP-Arath;WEE1-10, GFP-Arath;WEE1-67 and H2B-YFP
Arabidopsis lines. * = significantly different from H2B-YFP (P<0.05).
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In the root differentiation zone, the fluorescesmmal compared to the epidermis in
both the cortex and the stele of the Ghfath; WEE1-67 line was similar to that of
the H2B-YFP line (Figure 3.27). No data were cdbecfrom the differentiation
zone of the GFPArath;WEE1-10 line.
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Figure 3.27 Ratio to epidermal GFP signal intensity (%, +SE, n=5-157) in the cortex and stele of the
root differentiation zone of the GFP-Arath;WEE1-67 and H2B-YFP Arabidopsis lines.
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Propidium iodide is able to enter and label dedid.de several seedlings, especially
in line GFPArath;WEE1-10, dead cells, heavily stained by propidiodide, were
observed in the elongating and differentiatingasteklls (Figure 3.28). This was
primarily assumed to be caused by damage to tliisge on removal from the
agar, but the phenomenon was not observed in H2B-0fFwild type seedlings.

GFP-Arath;WEE1-10

GFP-Arath;WEE1-67

Figure 3.28 Propidium iodide staining of dead cells in the elongation and
differentiation zones of GFP-Arath;WEE1-10 and -67 roots. Green colouring indicates
GFP-Arath;WEE1 expression, red colouring is propidium iodide counter-stain for the
cell walls. Representative images of at least 7 seedlings examined.
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WEE1 localisation in lateral root primordia wasaaéxamined. Fourteen day old
seedlings were counter-stained with propidium iedidd imaged using the confocal
microscope (Section 2.3.7). In line GAPath; WEE1-10 a weak GFP signal was
observed in the nuclei of the basal cells of tiveréd root primordia, but
fluorescence was not detected in the rest of timgodium (Figure 3.29). In line
GFPArath;WEE1-67 a fluorescent signal could not be detertdle cells of the
lateral root primordia (Figure 3.29). In contrastthe H2B-YFP line, strong
constitutive nuclear YFP expression was observexighout the lateral root
primordia (Figure 3.29).

GFP-Arath;WEE1-10

GFP-Arath;WEE1-67

H2B-YEP P Figure 3.29 Lateral root
*ree® primordia of GFP-Arath;WEE1-
10 and -67, and H2B-YFP
seedlings. Green colouring
indicates GFP-Arath;WEE1
expression, red colouring is
propidium iodide counter-
stain for the cell walls.
Representative images of at
| leasts seedlings examined.
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335 ARATH;WEE1ISDEGRADED VIA THE 26SPROTEASOME
DEGRADATION PATHWAY

The proteasome inhibitor MG132 was used to detexminether the differences in
the level of fluorescent signal between tissuabenGFPArath;WEEL lines were
caused by differences Arath;WEE1 stability. Five day old GFRrath;WEE1-67
seedlings were treated with MG132 or mock-treatagd @MSO (Section 3.2.3),
counter-stained with propidium iodide and imageidgishe confocal microscope
(Section 2.3.7). The confocal settings were naraft between the imaging of the
MG132-treated and mock-treated seedlings to allmva€curate and direct
comparison between the two treatments. GFP sigaalokearly increased in the
MG132-treated seedlings relative to the mock-ticbaeedlings (Figure 3.30).
Quantification of the fluorescent signal showed thare was a significant, two-fold
increase in GFP signal in the MG132 treated segsliiompared to the mock-treated
seedlings (Figure 3.31). Additionally, western bigg was used in an attempt to
confirm the increase iArath;WEEL protein level in MG132-seedlings compared to

the mock-treated seedlings, however this was uesgba (see Appendix Ill).
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Figure 3.30 Roots of
MG132- and mock-
treated GFP-
Arath;WEE1-67
seedlings. Green
colouring indicates GFP-
Arath;WEE1 expression,
red colouring is
propidium iodide
counter-stain for the cell
walls. Representative
images of 3 seedlings
examined for each
treatment.
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Figure 3.31 GFP signal intensity (+SE, n=466-2121) in the roots of 5 day old seedlings of the GFP-
Arath;WEE1-67 line treated with MG132 or mock-treated. * = significantly different from mock
treatment (P<0.05).

The levels of fluorescence in each tissue typed@mis, cortex and stele) were
compared between MG132- and mock-treated seedlimgjse meristem/elongation
zone the fluorescent signal in the epidermis of M&fireated roots was
approximately 3-fold higher compared with mock-tegbseedlings, while the
fluorescent signal in the stele of MG132-treataatsavas significantly higher than
the zero signal recorded in the stele of mock-¢eatedlings (Figure 3.32a). In
contrast, the level of fluorescent signal in theeowas similar whether MG132-
treated or mock-treated (Figure 3.32a). In the gdtion/differentiation zones, the
fluorescent signal was significantly higher in #mdermis and cortex of the
MG132-treated roots than in the epidermis and gatehe mock-treated roots
(Figure 3.32b). In the stele, however, the levdlwdrescence was similar between
MG132-treated and mock-treated seedlings (FigiB23.
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Figure 3.32 GFP signal intensity (£SE, n=23-770) in the a) meristem/elongation zone and b)
elongation/differentiation zones in the roots of 5 day old seedlings of the GFP-Arath;WEE1-67 line
treated with MG132 or mock-treated. * = significantly different from mock treatment (P<0.05).

34 DISCUSSION

The spatial and temporal control of cell cycle fdatprs is important for ensuring
that cell cycle progression occurs in an accuratetemely manner. Therefore the
localisation and stability of higher plant WEE1 tprovide information about its
role in the plant cell cycle. In the work descrildexte, the expression of GFP-
Arath;WEE1 under the 35S promoter in tobacco BY-2 adliuces allowed the
study of the change in localisation of the prothiming the cell cycle. Synchronised
GFP-Arath;WEE1 and control 35S-GFP BY-2 cultures both peakeditotic index
after 9 and 22 hours, similar to wild type, butik@lpreviously recorded results for
BY-2 cultures expressingrath; WEE1, where premature mitosis was observed
(Siciliano, 2006; Lentz Grgnlund, 2007; Spadaf@@(8). However, in the previous
studies the premature mitosis was found to be alaeréduced G2 phase (Siciliano,
2006), which was also observed in the GkBth;WEEL line, compensated by a
lengthening of G1 (Figure 3.3, Appendix ). Thisuted in a cell cycle duration of
13 hours (Figure 3.3), which was typical of bottdwype andArath WEE1
expression (Orchard et al., 2005; Siciliano, 2gadafora, 2008).

The mitotic cell size of the 35S-GFP BY-2 cells vdasible that of the

approximately 300Qm? previously recorded for wild type BY-2 cells (Figu3.4;
Siciliano, 2006; Spadafora, 2008). However, GkBth;WEE1 BY-2 mitotic cells
were 3-fold smaller than 35S-GFP cells (Figure,3#4pwing a similar small cell
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phenotype to that previously recorded for the esgio: ofArath;WEEL in BY-2
cells (Siciliano, 2006; Spadafora, 2008). It is artpant to note that the cells
measured here were taken from a culture grown imR®f medium as opposed to
the more standard 95 mL, which could have an etiratell size. It would be
interesting, therefore, to compare this cell siaadvith measurements from wild

type cells grown in only 29 mL of medium.

In human cells, WEEL localisation alters early imosis, being removed from the
nucleus. This physically removes WEEL1 inhibitioonfr the CDK-cyclin complex
driving mitotic progression (Baldin and Ducommu@95%). The GFP BY-2 lines
were used to assess changefrath;WEE1 localisation during mitosis. In the 35S-
GFP BY-2 line, GFP expression was observed in 160élls in all cell cycle
phases (Figure 3.7). This is to be expected; atthdle levels of expression from
the 35S promoter may vary with cell cycle phaseg@dia et al., 1987), the GFP
protein is expected to remain stable throughout#tecycle, since GFP degradation
during the cell cycle is dependent upon signalgetiamg the protein to which it is
fused (Corish and Tyler-Smith, 1999). This meaias ith the GFPArath; WEE1 BY-
2 line, which was also under the control of the B&@noter, any removal of GFP
signal would be due to the targeted degradatiokrath;WEEL. In the GFP-
ArathWEE1 BY-2 line,Arath; WEE1 expression was only observed in 4% of
prophase cells, and was never observed in metapblsewith expression
increasing in anaphase and telophase cells (Fi@usesnd 3.6). This indicates that
Arath;WEE1 is removed during prophase and suggest#tiati;WEE1 degradation
may be a requirement for mitotic progression. Thesalts are supported by the
confocal imaging of a cross between the G¥Bth;WEEL line 12 and a line
containing RFPArath;SUN1, a nuclear envelope marker (Figure 3.8; Geaunet
al., 2009). In thi\rabidopsis line, a nuclear GFP signal was observed in rodg ce
during interphase and telophase, but no GFP sigasilvisible during metaphase
(Figure 3.8).

GFP-Arath;WEE1 was also expressedAnabidopsis plants under the strong
constitutive 35S promoter. Three homozygous lid@s {0 and 67) were isolated
and found to be over-expressiAgath;WEEL at levels 2- to 4-fold higher than
Arath;\WWEE1 expression levels in wild type plants (Figuresa&n@ 3.14). The
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number of insertions of the GFR-ath; WEE1 transgene was analysed in lines GFP-
ArathWEE1-10 and -67. Interestingly, line G®Path;WEE1-10, which was shown
by semi-quantitative RT-PCR to be expressingth;WEEL1 at a level 4-fold higher
than that of wild type, was found to contain onheaopy; while line GFP-
ArathWEE1-67, which was only expressiAgath;WEE1 at a level double that of
wild type, was calculated to contain more than ooy of the GFFArath; WEE1
transgene (Section 3.3.3). It is therefore posgh@Aéthe introduction of more than
one copy of the transgene led to partial silencasghas been found in other systems
(reviewed by Stam et al., 1997; Fagard and Vauth20€0).

The root phenotypes of the three GAiRth;WEEL lines were compared to the root
phenotypes of wild type plants and the previouglyadibedArath; WEE1 over-
expressors, WEE1-58 and WEE1-61 (Spadafora, 2008pth the WEE1-58 and
WEE1-61 linesArath;WEE1 was expressed at levels ten-fold higher than type
(Spadafora, 2008). It was expected that the GFdPh;WEE1 lines would display a
similar phenotype to that already described forAreth;WEE1 over-expressing
lines, with slower primary root growth and fewetelal roots and primordia
compared to wild type (Spadafora, 2008). This WBkEdr-expression phenotype
was observed in WEE1-58 and WEE1-61, however tbeplenotype of GFP-
ArathWEE1-12 was similar to wild type and roots develdmormally (Figures
3.10, 3.11 and 3.12). This might imply that theidagprotein was not functional in
the GFPArath;WEE1-12 line.

In a separate experiment, the root phenotypes &-&8&th;WEEL lines 10 and 67
were also compared to that of wild type andAhath;WEE1 over-expressors. While
the root phenotype of WEE1-61 was consistent wislvipus results, the WEE1-58
line exhibited faster primary root growth and aitamnumber of lateral roots and
primordia compared to wild type, despite the saggirating from the same stock as
those used above (Figures 3.15, 3.16 and 3.173.difierence in results could be
due to the inherent variability @frabidopsis, or due to a subtle difference in the
growth conditionsArabidopsis seedlings are particularly sensitive to changeken
sucrose concentration of the medium, so a verylgiifldrence between
experiments could have led to the opposing pherst{Rognoni et al., 2007;
Gibson, 2005). The root phenotypes of lines G¥&h;WEE1-10 and -67 were
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consistent with WEE1-58 in having faster primargtrelongation (Figures 3.15).
However, roots of both GFRrath;WEEL lines also had a higher rate of lateral root
production than wild type after seven days, andsrob GFPArath;WEE1-67 also
had more lateral roots after fourteen days (Table Jhe increase in lateral roots is
more similar to arath;WEE1 knockout phenotype (Lentz Grgnlund, 2007),
therefore may indicate a loss of WEE1 functiorhie@ GFPArath; WEEL lines. This
could be caused by the mis-folding of the proteie tb the attached GFP fragment
leading to the removal of both WT and transgenicBAEA similar mechanism has
been postulated in the Cardiff lab to explain anloosresults obtained when
Arath;WEEL1 is expressed in tobacco cells (Cardiff lab, unishigld data).

An increase in WEE1 expression levels is knowresult in increased cell length in
other systems, such as fission yeast, by the itndribof cell division (Russell and
Nurse, 1987)Arabidopsis WEE1 has been previously demonstrated to induag lo
cells when expressed in fission yeast (Sorrell.eR802). It was expected that the
over-expression ohrath WEE1 in the GFFArath;WEEL lines would lead to an
increase in cell size in the root meristem compéoedlild type. Cell length and
width varied between lines in all cell layers. e tepidermis, the cell width in
WEE1-58 was greater compared to wild type, as wWeravidths of epidermal cells
in the GFPArath;WEE1-10 and -67 lines (Figure 3.18). However wafith was
similar in all lines in the cortex and cell lineag#estined to become the stele (Figure
3.18). Cell length was more variable. While WEE1epidermal cell length was
greater compared to wild type, the epidermal eglgths of the GFRrath;WEE1
lines were similar to wild type (Figure 3.18). hetcortex, GFPArath; WEE1-67 and
WEE1-58 cells were similar in length to wild typehereas GFRArath; WEE1-10

and WEE1-61 cells were shorter than wild typehim ¢ell lineages destined to
become the stele, only GFRath;WEE1-67 cells were longer than wild type (Figure
3.18). The overall area of the root meristem wamdbto be similar to wild type in

all lines, however the meristems of GRRath; WEE1-10 and -67 and WEE1-58
were larger than WEE1-61 meristems (Figure 3.2@)ccould be explained by the
differences observed in cell size. The most pronedrchanges in cell length and
width in the GFPArath;WEEL lines compared to wild type were seen in the
epidermis, which may imply a role férath; WEEL1 in this tissue. In the
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Arath;WEE1 insertion mutant lineyeel-1, shorter epidermal cells were observed, as
expected for a line deficient in WEE1 expressionR@fiei, Cardiff lab, unpublished
data). Overall the cell size results are as expdoieWEEL over-expression, with
generally longer cells observed, contradictingrtia phenotyping results described
above which implied an impairment Afath; WEE1 function in the GFP-

Arath;WEE1 lines. This could indicate that the gene a@sally functional in these
lines, with the phenotypic variation being causgdéiation in the media, as
postulated for the differences in phenotype reabfde WEE1-58.

If Arath;WEE1 has a role in the inhibition of mitosis dgrian unperturbed cell
cycle, as recorded in other organisms (Den Haeak, €9995; Booher et al., 1993;
Russell and Nurse, 1987; Featherstone and Ru$96Il) it would be expected that
an increase irath;WEE1 expression would lead to a reduction in tiedence of
mitosis in the root meristem. However, in the G&Rth;WEEL lines the mitotic
index in theArabidopsis root meristem was found to be significantly greate
comparison to wild type and tiAeath;WEE1 over-expressors (Figure 3.21).
Strangely this is not reflected by an increasesihrmumber in the root meristems of
the GFPArath;WEEL lines (Figure 3.19). The increased mitotobeix could explain
the increase in number of lateral roots in the @Fa&h;WEE1 lines compared to
wild type (Figures 3.16 and 3.17). Overall it i<l@ar from the comparison of root
phenotypes whether or not tAeath;WEE1 protein expressed as part of the GFP
fusion was functional, however this does not nesrdgamean that the localisation of
Arath;WEE1 observed in these lines is not accurateadty the functionality of the
fusion protein is rarely published alongside logatiion data (Boruc et al., 2010;
Sozzani et al., 2010; Srilunchang et al., 2010).

Roots of the GFRArath; WEE1-12 line were screened using confocal micrpgco
however only one seedling exhibited a fluorescagrtad strong enough to be imaged
(Figure 3.13). An explanation for this could be kaek of functionality of the fusion
protein demonstrated above by the lack of abnorowlphenotype (Figures 3.10,
3.11 and 3.12), for example, if the protein was-folded, it could be targeted for
degradation. The GFRrath;WEE1-10 and -67 lines were isolated as lines
exhibiting a stronger GFP signal, and imaged aloleg35S-H2B-YFP as a control.
The H2B-YFP fusion protein is known to localisetie nucleus in Arabidopsis root
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cells (Boisnard-Lorig et al., 2001; Figure 3.24)ath;WEE1 was confirmed to
localise to the nucleus in both GAPath;WEEL lines, as previously described
(Figures 3.22 and 3.23; Boruc et al., 2010; Cobld.e2011).

The strength of the GFP signal in both G&fath;WEEL lines appeared to vary
according to tissues and sections of the roothestrength of the fluorescent signal
was quantified to allow for more objective companis. In all root sections, the GFP
signal was consistently higher in the epidermistimathe other tissues, in the H2B-
YFP line as well as in the GERath;WEEL lines, indicating that this is not a WEE1
effect. In the cortex of the meristem, the lowgnsil compared to the epidermis
observed in the GFRrath;WEE1-67 line compared to that of the H2B-YFP line
was not reflected in the GFRrath;WEE1-10 line, so this may be a positional effect
(Figure 3.25). In contrast, the GFP signal in tak lmeages destined to become the
stele was higher compared to the epidermis in GétRArath;WEEL1 lines

compared to the H2B-YFP line (Figure 3.25). Thiggests that WEE1 degradation
is reduced in the cell lineages destined to bedbhmestele compared to the other
tissues, so WEE1 may be important for inhibitingasis in the cell lineages
destined to become the stelar tissue of the manristéis is in contrast to data from
in situ hybridisation in the root apical meristemArfabidopsis, where weak
Arath;\WWEE1 expression was observed in the cortex and stéle aslightly stronger
signal in the epidermis (Engler et al., 2009).

In the elongation zone this pattern was reversethd stele, the lower signal in the
GFP-Arath;WEE1-67 line compared to the H2B-YFP line wasnefiected in the
GFPArath;WEE1-10 line, so again this is likely to be a piosial effect (Figure
3.26). In contrast, the GFP signal in the cortex Weaver compared to the epidermis
in both GFPArath;WEEL1 lines compared to the H2B-YFP line (Figur263. This
suggests that more WEEL is removed in the cottisslie, indicating that perhaps
WEEL1 is no longer required. This could either bedose these cells are no longer
going through the cell cycle, or because WEE1 rhasemoved for mitosis to
proceed. However, this pattern is again in contsdita fronmn situ hybridisation,
whereWEE1 expression was not detected in the epidermisete sf the
Arabidopsis root elongation zone, but a weak signal was olesenv the cortex
(Engler et al., 2009).
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In the differentiation zone, the fluorescence sigwanpared to the epidermis in both
the cortex and stele of the GRAPath; WEE1-67 line was similar to that of the H2B-
YFP line (Figure 3.27). This implies that WEE1 talde in this section of the root
and may reflect the fact that differentiated calis no longer going through the cell
cycle, so may not possess the mechanism for WERawa. Data fronin situ
hybridisation indicated that whiEE1 was sometimes expressed in the epidermis
and cortex of youndrabidopsis roots, it was strongly expressed in the vascular
tissue, and patchy expression in the xylem indecaight regulation (Engler et al.,
2009).

It is important to remember that, due to the usthef35S promoteMVEEL was
expressed ectopically in these transgenic linescdnéhe differential removal of
WEEZ1 protein in these tissues may not reflectithevo situation. The results would
need to be further verified through the expressiotiihe GFPArath;WEEL fusion
under the nativérath;WEEL promoter.

Timely degradation of cell cycle proteins is freqthg achieved via the 26S
proteasome degradation pathway, including cychnglants (Genschik et al., 1998).
WEE1 degradation is also achieved via the 26S asot@e degradation pathway, as
demonstrated in budding yeast (Simpson-Lavy anddis, 2010)Xenopus

(Michael and Newport, 1998) and humans (Watanabé&,e2004). However, the
mechanism for the degradation of WEE1 protein anfd is yet to be described. A
26S proteasome inhibitor, MG132 (Rock et al., 1994s used to treat seedlings
from line GFPArath;WEE1-67, halving degradation Afath;WEE1 protein

(Figures 3.30 and 3.31). This clearly indicates Arath;WEE1 protein is degraded
via the 26S proteasome degradation pathway andhbdow level of GFP-
Arath;WEE1 signal observed in root cells was likely eodue to high levels of
Arath;WEE1 proteolysis.

The results described in this chapter were allinbthusing the GFRyath;WEE1
construct under the control of the 35S promoteprdvided a useful tool for looking
at the stability oArath; WEE1 protein, but may not accurately reflect tksutes in
which endogenoulrath;WEEL1 is expressed. The expression pattern of
Arath;WEE1-GFP under the endogendusth;WEEL promoter was recently
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described by Cools et al. (2011). A GFP signal aralg observed in roots subjected
to replication stress (imposed by hydroxyurea tnegit), leading to the conclusion
thatArath;WEEL is not expressed in unperturbed roots. Howetveould be argued
that turnover ofArath;WEEL1 in the roots was so high that levels of GFP-
Arath;WEE1 were too low to allow detection. Hence, itulktbbe interesting to study
the effects of MG132-treatment oqd2:Arath; WEE1-GFP plants.

The effect of MG132 treatment on the patteriuadth; WEE1 degradation in the
different root tissues of the GERath;WEEL1 lines 10 and 67 was also examined. In
the meristem/elongation zom&r,ath; WEE1 protein was highly stabilised in the
epidermis and stele by MG132-treatment (Figure)3i8%lying thatArath WEE1
degradation is usually higher in these tissuesohirast Arath;WEEL protein levels
were similar in the cortex of the meristem/elongatzone of MG132- and mock-
treated seedlings (Figure 3.32), indicating thatrddation ofArath;WEEL1 is usually
low in cortical cells. This is supported by dataAyath;WEE1 transgene levels from
in situ hybridisation, which indicated th®EE1 is not usually expressed in the
epidermis and stele of the elongation zone, withknexpression in the cortex
(Engler et al., 2009). Similarlrath;WEE1 degradation was decreased in the
epidermis and cortex in the elongation/differemniazones of MG132-treated roots,
while there was no change in the degradatiofrath; WEEL1 in stele cells (Figure
3.32), suggesting that there is usually a relatieyher degradation &rath; WEE1

in the epidermis and cortex. Again, this is supgbby data fronin situ
hybridisation, which indicated tharath;WEE1 expression is high in the vascular
tissue of young roots, and sometimes expressdeirgidermis and cortex (Engler
et al., 2009). The MG132 data also fit with thedasions drawn from the GFP
signals in the root tissues of untreated G¥Bth;WEE1 seedlings, which indicated
that WEE1 may be important in the cell lineagedided to become the stele of
meristematic cells and in the cortex of cells & thot elongation zone (Section
3.3.4). However, the relatively higher levels ofdedation in the epidermis contrast
with the observation that the GFP signal was ctesily higher in the epidermis of
untreated seedlings (Section 3.3.4). This may @@ngpensation for the ectopic
expression ofrath;WEEL in these lines via the 35S promoterAaath;WEEL is
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usually expressed at low levels in the epidermisath the elongation zone and

young roots (Engler et al., 2009).

The root phenotype results implied a role Aoath; WEEL1 in lateral root initiation,
so GFPArath;WEE1 expression was examined in lateral root prthao
Arath;WEE1 expression was reduced in both G¥Bth;WEEL1 lines, to the point of
being undetectable in line GF&Rath;WEE1-67, whereas H2B-YFP was strongly
and constitutively expressed in the lateral rooghprdia (Figure 3.29). This implies
a high turnover oArath;WEEL1 in lateral root primordia, supporting a rtde
Arath;WEE1 degradation in the initiation of lateral rgmowth. This is further
supported by the down-regulationArfath; WEEL, compared to its usual expression
in the pericycle, observed in roots stimulatedrdpce laterals by NAA-treatment
(Engler et al., 2009). It would be interesting twdy whether or not the GFP signal
is re-established in more mature lateral roots atcinthe pattern ddrath; WEE1
protein turnover observed in primary roots. Anotinéeresting application of
MG132 would be to confirm that the low level of GRRath; WEE1 signal observed
in lateral roots was due to higtnath;WEE1 protein turnover.

It would also be interesting to study the effedtdM&132-treatment on GFP-
Arath;WEE1 degradation in BY-2 cells. It might be exgecthat MG132 would
stabiliseArath;WEEL1 protein, allowing it to be visible at metaphaMG132-
treatment has been shown to block cell cycle pssjoa in BY-2 cells, due to the
prevention of the degradation of cyclins, but celese arrested in metaphase
(Genschik et al., 1998), which should be sufficiensee the effect oirath WEE1
degradation. MG132 could also be applied to segsllof the GFP-
Arath;WEE1/RFPArath;SUNL1 cross.

Recently Arath;WEE1 was shown to have a role in protecting aggiremature
vascular differentiation ikrabidopsis roots under replication stress (Cools et al.,
2011). Differentiated vascular tissue is charasegtiby dead cells, which propidium
iodide is able to penetrate and stain fully. During confocal imaging of both the
GFPArath;WEEL1 lines 10 and 67, dead cells were frequeriibeoved in the stele

of the elongation and differentiation zones (FigBui28). These were never observed

in the wild type and H2B-YFP lines, implying a WEEftect. However, in the
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previously described study, these prematurely whffgating cells were only
observed in aveel knockout background when the plants were undercapin
stress (imposed by hydroxyurea treatment; Coadd €2011). Here the GFP-
Arath;WEE1 seedlings were not grown under conditionseplfication stress, so the
putative premature differentiation seen in thesedicould support a role for
Arath;WEE1 in an unperturbed cell cycle, protecting agapremature vascular
differentiation under normal conditions as welkhdsen under replication stress.
Alternatively, the observation of these dead delthe GFPArath;WEEL1 lines
could be an indication that tieath;WEE1 fusion protein was not functioning
normally in these lines and instead causing thebet@ve as replication-stressed
weel knockout lines. Or the effect could be due togbmpic expression of the
WEEL1 transgene by the 35S promoter, as discussed alAgae, transgenic lines
expressing GFRArath;WEE1 under the endogenoésath; WEE1 promoter may help

to resolve this issue.

The expression of a GER-ath; WEE1 construct under the 35S promoter in both the
tobacco BY-2 cell line andrabidopsis roots has provided several new insights into
the stability of theArath; WEE1 protein. The subcellular localisationfArfth;WEE1
was confirmed to be nuclear during interphase th babacco BY-2 cells and
Arabidopsis roots. It was observed thatath WEE1 protein appears to be removed
during prophase, and absent during metaphase, 8hgidests that the removal of
WEE1 may be required for mitotic progression imgga The application of the
proteasome inhibitor MG132 allowed the demonstrati@tArath; WEE1 is

degraded via the 26S proteasomdiabidopsis. Also, interestingly, levels of
Arath;WEE1 proteolysis appeared to vary in differerguiss of thé\rabidopsis

root, being relatively higher in the epidermis atele of the root elongation zone,
and in the epidermis and cortex of differentiatiogt tissueArath;WEE1

degradation was also high in lateral root primgrdigggesting that the removal of
WEE1 may be important for the initiation of laterabts. Finally, the detection of
dead cells in the stele of the differentiation at@hgation zones in the GFP-
Arath;WEE1 lines may indicate tharath; WEE1 is involved in the protection
against premature differentiation under normal ook, as well as under

conditions of replication stress as previously desdl.
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4. THEINTERACTIONS OF ARATH;WEE1 KINASE
WITH OTHER PROTEINS

4.1 INTRODUCTION

Discovering the proteins with which core cell cycemponents interact is useful for
building networks in order to discover specificlpaays and also may point towards
unknown functions of individual proteins. Sevdraihniques are now available to
researchers to build knowledge of protein-protateraction networks
(interactomes; reviewed by Zhang et al., 2010).eRt¢ an interactome network of
Arabidopsis core cell cycle proteins was constructed usingydeest two-hybrid

assay and bimolecular fluorescence complementatatysis, correlated with
already available cell cycle phase-dependent gemesgsion data and subcellular
localisation information (Boruc et al., 2010b; Vlaeene et al., 2011). It was found
thatArath;WEE1 only interacted with one core cell cycle gegbBKA;1, which

occurred in the nucleus (Boruc et al., 2010b).

A yeast two-hybrid assay was used by the Cardaffntéo discover which proteins
interact withArath; WEEL, in order to obtain more information about pihetein’s
function inArabidopsis (Lentz Grgnlund, 2007). The yeast two-hybrid assay
technique which uses a protein of known functiobaisto determine whether it
interacts with candidate proteins, or to identi&nninteractors in a screen (Thorner
et al., 2000). This method was devised by Fietds%ong (1989) and utilises
budding yeastSaccharomyces cerevisiae) cells, making use of the GAL4 protein.
GAL4 is a transcriptional activator protein respbiesfor the expression of genes
encoding enzymes involved in galactose metaboksmd,contains two domains: a
DNA-binding domain (DBD) and a transcriptional aetior domain (AD). In the
assay these two domains are separated and fusiegl ppooteins under scrutiny, one
domain to each protein (eg. DBD to the proteiméiiest and AD to the bait
protein; Figure 4.1; Thorner et al., 2000). If th® proteins interact with each other
in the yeast cell the two domains come together@Ab4 is expressed (Figure 4.1).
This leads to the expression of marker enzymes asféfgalactosidase, detectable

by the indicator X-gal, meaning that any colonigkikiting the interacting proteins
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will be dark blue, as opposed to white coloniesneh® interaction occurs (Fields
and Song, 1989). In the system used in the Cdatiffan additional transcriptional
activator was utilised, which promotes the tramgoyn of HIS3, conferring the
ability to grow on media lacking histidine when tywmteins interact. Over 90
cellular proteins were able to interact wikhath; WEE1 in yeast cells (Lentz
Grgnlund, 2007). The functions of these proteitsuded transcription, RNA and
DNA binding, histone modification, plant growth tégtion, signal transduction,
stress response, detoxification, pathogen respoe8alivision, cell growth, protein
biosynthesis and ubiquitin-mediated degradatiom{.&rgnlund, 2007).

NO INTERACTION INTERACTION

o '
on Gene

- transcription
DBD Genenot DBD “ '

transcribred
PROMOTER PROMOTER .

Figure 4.1 The yeast two-hybrid system. The DNA-binding domain (DBD) of a transcriptional
activator protein is fused to a bait protein (X). The transcriptional activator domain (AD) of the
transcriptional activator protein is fused to proteins of interest (eg. Y and Z). If no interaction
occurs between the proteins (eg. X and Y), the AD and DBD of the transcriptional activator
remain separated and transcription of the marker gene does not occur. If the two proteins
interact (X and Z), the AD and DBD of the transcriptional activator protein are able to come
together to activate the transcription of the marker gene.

Among these proteins, an F-box proténath;SKIP1, was identified, which
probably has a role in the ubiquitin/26S proteaspateway, and may target
Arath;WEE1 protein for degradation. Additionally, fouogeins were identified
which may have a function in the cell cycheath; GCN5, a histone-acetylating
protein;Arath; TFCB, ana-tubulin folding cofactorArath;14-3-3v», which may
prevent dephosphorylation Afath;WEE1; andArath; GSTF9, a glutathione S-
transferase involved in the cell’s response tasstréhis enzyme is involved in a
redox pathway which may be linked to cell cycletcoin The interactions of these
four proteins were confirmad vivo via bimolecular fluorescence complementation
(BiFC; Cook, unpublished data, see Appendix IV;tize@rgnlund et al., 2009).
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The BiFC procedure uses the linkage of two intémgqgbroteins to bring together
two fragments of yellow fluorescence protein (YFi®ed to these proteins by the
use of complementary expression vectors (Hu e2@02) both expressed in the
same plant cell. When the proteins interact aetirtions of YFP are brought
together, the resulting fluorescence can be vieweker a light microscope using
ultraviolet (UV) light. Two advantages of this kexque for viewing protein-protein
interactions in plant cells include the visualisatof these interactions vivo, and
the discovery of the subcellular compartments inctvithey take place. A
disadvantage of the BiFC procedure is that the ¥&§ments may associate non-
specifically at high expression levels, which getes background fluorescence
(Stephens and Banting, 2000).

The BIFC vectors developed for use in plant céNsilter et al., 2004) are known as
pSPYCE and pSPYNE (split YFP C-terminal/N-termifitagment expression;
Figure 4.2), enabling proteins of interest to bpregsed and fused to either the 86
amino acids at the C-terminal or the 155 aminosaaidhe N-terminal of YFP,
respectively. Each plasmid contains an affinity+aHA in pSPYCE and C-MYC in
pSPYNE — which allows the fusion protein to be degd, for example by PCR or
through the use of commercially available antibedfigure 4.2). Transcription is
driven by the 35S promoter of the cauliflower mosarus which ensures high
levels of expression of the fusion proteins withlant cells (Figure 4.2). The
pPpSPYNE and pSPYCE vectors originally adopted inGaediff lab carried a gene
conferring resistance to the antibiotic hygromyeind to the herbicide glufosinate
(BASTA) respectively (Walter et al., 2004).
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Figure 4.2 Plasmid vectors designed for the use of BiFC in plant cells. Both vectors contain
the cauliflower mosaic virus 35S promoter sequence, a multi-cloning site (MCS) containing
target sites for the restriction enzymes Ascl and Xmal (among others) and the terminator
for the Nos gene (NosT). The pSPYNE vector codes for the 155 amino acids from the N-
terminal of the split-YFP, and contains a C-MYC affinity tag. The pSPYCE vector codes for
the 83 amino acids from the C-terminal of the split YFP, and contains a hemagglutinin
affinity tag. (Diagram adapted from Walter et al., 2004).

Recently, new sets of vectors have been develapaddlti-colour BiFC (mc-
BiFC), allowing the visualisation of more than gretein-protein interaction
simultaneously (Waadt et al., 2008). BiFC and nifeBhave both been used
successfully to show the interactions of protemBY-2 cells (Liu et al., 2008; Lee
et al., 2008; Lentz Grgnlund et al., 2009; Yanalgt2006). BiFC can in theory be
used in all cell types of all organisms, and hanhgsed to confirm protein-protein
interactions in many plant processes, includingciiecycle (Boruc et al., 2010c,
Van Damme et al., 2011), processes associatedovathin degradation (Dowil et
al., 2011; Li et al., 2011) and DNA damage (Halenal., 2011). Previous work in
the Cardiff lab used transient transformation tttco BY-2 cells. This was either
achieved by co-transformation of the two vectonsudianeously or by generating a
stable BY-2 culture carrying the pSPYNE vector &nadsforming the cells
transiently with the pSPYCE vector. This enablesligiisation and localisation of
the interactions but due to the low efficiencytuétmethod it was not possible to
chart the interaction between WEEL1 and interagtiogeins through the stages of
the cell cycle. To do this, stable cultures camgyoth vectors would be required. It
is expected that these stable cultures would alt@istudy of the dynamics of
Arath;WEE1’s interactions with other proteins at differstages of the cell cycle,
which is not possible using the transient BiFC eyst It should also allow the
visualisation of a higher percentage of cells pesitor fluorescence caused by
BiFC.
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411 EXPERIMENTAL AIMS

The interactions of\rath; WEE1 withArath;SKIP1 andArath;GSTF9 were studied

further to:

1. Verify invivo the interaction betweefrath; WEE1 andArath;SKIP1 by
transient BiFC.

2. Develop stable, double-transformed tobacco BY-2uces carrying both
pSPYCEArath;WEE1 and pSPYNE constructs containing the WEE1-

interacting proteins of interest.

3. Use these cultures to study any changes in theeBulac localisation of the

ArathWEE1 complexes with proteins of interest during tell cycle.

42 MATERIALSAND METHODS

All standard chemicals were sourced from Sigma-iéhjrPoole, UK unless

otherwise specified.

421 CLONING

For a flow diagram of methods used see Figure 4.3.

Table 4.1 Summary of cloning completed:

FROM RESTRICTION DIGESTION
TARGET TO PLASMID
PLASMID ENZYMES BUFFER
pkanll-
Arath;WEE1 pSPYCE Ascl/Xmal NEB buffer 4
SPYCE(M)
Arath;WEE1 pkanll-
pSPYCE Ascl/Xmal NEB buffer 4
(S485A) SPYCE(M)

4.2.1.1 PLASMID DNA EXTRACTION

Plasmid DNA was extracted froEscherichia coli using a Qiagehminiprep Kkit,

which uses several different buffers to elute DNFe bacteria are lysed under

alkaline conditions and the DNA bound to a silieh membrane under high salt
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conditions, before being eluted into Tris buffetA@rep® miniprep handbook,
December 2006). The bacteria were inoculatedLiBt¢5 mL) containing
appropriate selection in growth tubes, from a gigtstock of the appropriate. coli
culture. The cultures were grown overnight shal@hg00 rpm at 37°C in a
Gallenkamp Cooled Orbital Shaker.

Each culture was used in a Qia§eniniprep by pipetting aliquots into each of four
Eppendorf tubes and centrifuging at 8000 rpm iEppendorf MiniSpin®
microcentrifuge for 3 minutes. All supernatant waesn removed and the bacterial
pellets resuspended in buffer P1 (2&9 in a single Eppendorf. Buffer P2 (2R0Q)
was added and the tube gently inverted 4-6 timesixo Buffer N3 (35QuL) was
added and the tube gently inverted 4-6 times tq bekore being centrifuged at
13000 rpm in an Eppendorf MiniSpin® microcentrifge 10 minutes to give a
white pellet. The supernatants were then apptiggdiApre®’ spin columns and the
white pellet discarded. These supernatants wertgiitgged at 13000 rpm in an
Eppendorf MiniSpin® microcentrifuge for 60 seconasd the flow-through
discarded from the collection tube. The spin calumas washed by adding buffer
PE (750uL), left to stand for 2-3 minutes and then cengéd for 60 seconds. This
step was then repeated once. The flow-throughdisgarded and the column
centrifuged dry for 60 seconds in order to rem@sedual wash buffer. The spin
column was then placed into a clean Eppendorf &gewarm buffer EB (elution
buffer; 50uL) added to the centre of the column, left to stiosd minutes and
centrifuged for 60 seconds to elute DNA (QIAptepiniprep handbook, December
2006). The concentration of the DNA miniprep wasasured and calculated using a
ThermoScientific NanoDrop 1000 UV-Vis Spectrophogber.

4.2.1.2 VECTOR PREPARATION FOR CLONING

Vector DNA was extracted froif. coli using a Qiagéhminiprep as described
above (Section 4.2.1.1). The vector was digestéa nstriction enzymes in order to
allow insertion of the desired DNA. Parallel reans were set up, one for each
restriction enzyme, containing: appropriate regticenzyme buffer (4L), bovine
serum albumin (Lig/mL; BSA; New England Biolabs, Hertfordshire, UKigctor
DNA (2 ng), 10 units of either restriction enzyme (RE), atetile distilled water
added to 4@.L. Reactions were incubated at 37°C for 3 houdstha results
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viewed by checking 100 ng of the digested DNA @82 agarose gel (as described
in Section 2.4.3) and comparing to undigested DNfAligestion was complete,

RE2 (10 units) was added to the RE1 digest and R&1Lnits) to the RE2 digest,
then digested at 37°C for 3 hours. Otherwise tfs fligestion was repeated.

Phosphatase treatment was used to prevent rejadhitigested ends. To the digest,
1% Calf Intestine Alkaline Phosphatase (CIAP; Wiy Fermentas, York, UK),

10x CIAP buffer (5uL; Fermentas, York, UK) and sterile distilled wafér5ulL)

were added, mixed and the sample incubated at f7°8) minutes. Another 0.5
units of 1% CIAP were added and the sample incubatt&7°C for a further 30
minutes before the digests were pooled and purnifgédg a QiaQuick PCR

purification kit (as described in Section 4.2.1.3).

4.2.1.3 PURIFICATION OF DNA FRAGMENTSUSING A QIAQUICK PCR
PURIFICATION KIT

A QIAquick® PCR purification kit (Qiagen, Crawley, UK) was dge remove
contaminants from DNA samples using a similar metteothe Qiagehminiprep
(described in Section 4.2.1.1). PB buffer was dddehe sample (5:1), applied to a
spin column and centrifuged at 13000 rpm in an Bdp& MiniSpin®
microcentrifuge for 60 seconds to bind the DNA.eTlow-through was discarded
from the collection tube and the spin column wadiweddding PE buffer (750L)

and centrifuging at 13000rpm in an Eppendorf Mimm&pmicrocentrifuge for 60
seconds. The flow-through was discarded from tikection tube and centrifuged
dry for another 60 seconds. The spin column weas ghaced into a clean Eppendorf
tube and elution buffer (buffer EB; 3Q) was added to the centre of the membrane,
left to stand for 60 seconds and centrifuged aD088m in an Eppendorf MiniSpin®
microcentrifuge for 60 seconds in order to elueBINA (QIAquick® Spin

Handbook, November 2006).

4.2.1.4 PREPARATION OF INSERT FRAGMENTS FOR CLONING BY
DIGESTION FROM PLASMID DNA

Plasmid DNA was extracted frofn coli using a Qiagéhminiprep (described in
Section 4.2.1.1). Products were digested as destabove in Section 4.2.1.2,
except that both enzymes were added at the sareeTime products of this

108



digestion were separated on a 0.8% agarose gebéssimn 2.4.3) and extracted
using the QIAquicR Gel Extraction kit (Qiagen), using a method simitathe PCR
purification (described in Section 4.2.1.3). Hyshe DNA fragment was excised
from the agarose gel using a clean sharp razoeldad QG buffer added to the gel
(3:1). This was then incubated at 50°C for 10 nrespand mixed by vortexing
every 2-3 minutes during this incubation to hekgsdive the gel. Having dissolved
the gel completely, isopropanol (1:1) was addetthéatube and mixed (this was only
required for fragments sized <500 bp and >4 kH)is Fample was then applied to a
spin column and microcentrifuged at 13000 rpm ifcppendorf MiniSpin®
microcentrifuge for 1 minute to bind DNA. The fletwrough was discarded from
the collection tube and PE buffer (7pl0) added and microcentrifuged at 13000rpm
in an Eppendorf MiniSpin® microcentrifuge for 6Geads to wash. The flow-
through was discarded and the column centrifugeihaa 13000rpm in an
Eppendorf MiniSpin® microcentrifuge for 60 second$e spin column was then
placed into a clean Eppendorf tube and elutiondsyffuffer EB; 3QuL) added to

the centre of the membrane, left to stand for @@sés, and then centrifuged at
13000rpm in an Eppendorf MiniSpin® microcentrifuge 60 seconds, eluting the
DNA (QIAquick® Spin Handbook, November 2006). A 0.8% agarosevgslused

to test the quantity and quality of the recover@tif)see Section 2.4.3).

4.2.1.5 LIGATIONS

Three parallel reactions were set up. Reactionsaaddwo were controls,
containing no insert DNA, and no insert DNA andliigase respectively (Table 4.2).
Ligations were incubated at 4°C overnight and state-2GC if required.

Table 4.2 Ligation reactions

Reaction one

Reaction two

Reaction three

2uL empty vector (50-
100ng)

2uL empty vector (50-
100ng)

2ulL empty vector (50-
100ng)

1pl ligase buffer

1pl ligase buffer

1ul ligase buffer

1pl ligase

1ul ligase

6uL sterile distilled water

7uL sterile distilled water

6uL insert DNA
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4.2.1.6 TRANSFORMATION INTO E.COLI

Competent cells (strain Db were prepared in house (Section 4.2.2), snagiffroz
in liquid nitrogen and stored at -8G. The cells were thawed on ice and divided into
four aliquots (10QuL) in 1.5 mL Eppendorf tubes. Ligated DNA (P) was added to
separate aliquots of the cells. Undigested vedi®+20 ng) was added to the final
aliquot of cells as a control. Transformations waiged thoroughly, then left on ice
for 20 minutes. The cells were then heat shockd@ 4T for exactly 45 seconds,
before being transferred back to ice for 2 minut&medium (90QuL) was then
added to the cells, before being incubated at 3rfaking horizontally at 100 rpm in
a Gallenkamp Cooled Orbital Shaker for approxinyatehour. Each transformation
(200uL) was plated onto an LB agar plate (Table 2.1thapresence of appropriate
antibiotic selection (see Table 2.2) and incubate®7°C overnight (approximately
17 hours). The next morning the resultant coloniege counted.

4.2.1.7 COLONY PCR

PCR was used to identify positive clones. Colomese inoculated into aliquots
(200uL) of LB (Table 2.1) in the presence of appropriatéibiotic selection (see
Table 2.2) in Eppendorf tubes and incubated at 3fdking horizontally at 100 rpm
in a Gallenkamp Cooled Orbital Shaker for approxetygd hours. PCR mix was
prepared for each culture, as described in Se2ti2, using 1uL of culture for

each sample and appropriate primers. Undigest@dyaractor (1uL containing
approx 1 ng of DNA) was used as a positive corgnal sterile distilled water (dL)

as a negative control.
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422 E.COL|I DH50¢ COMPETENT CELLS

E. coli DH5a cells were streaked out on a LB-agar plate andbiated at 37C
overnight. A single colony from this plate was intated into 3 mL LB medium and
incubated at 3T overnight, 200 rpm in a Gallenkamp Cooled Oriftahker. 100
uL of this starter culture was inoculated into 10D of Psi broth (0.5% bacto yeast
extract, 2% bacto tryptone, 0.5% magnesium hydegxpH 7.6) and incubated at
37°C, 200 rpm in a Gallenkamp Cooled Orbital Shakéi tire culture reached an
optical density of 0.6-0.7 at 600 nm (2-3 hourEhe culture was then put on ice for
15 minutes. The cells were pelleted at 3000g fairftutes at 4C and the
supernatant discarded. The pellet was resuspend&d volume (20 mL) of Tfbl
(30 mM potassium acetate, 100 mM rubidium chlori®mM calcium chloride, 50
mM manganese chloride, 15% glycerol, pH5.8) andopute for 15 minutes. The
cells were again pelleted at 3000g for 5 minute® @tand the supernatant
discarded. The pellet was resuspended in 0.04n@l2 mL) of Tfbll (10 mM
MOPS, 75 mM calcium chloride, 10 mM rubidium chttej 15% glycerol, pH6.5)
and put on ice for 15 minutes. The cells were aligd into 10QuL or 400uL
aliquots, frozen rapidly in liquid nitrogen and r&td at -80C. The competency of
the cells was checked by transformation (see Sedtd.1.6) with 2 ng of a plasmid
with a known concentration and colonies countete dells were deemed

competent if they produced 300’ coloniesjig of DNA.

4.2.3 TRANSIENT BIMOLECULAR FLUORESCENCE
COMPLEMENTATION (BiFC)

Agrobacterium transformed with the appropriate constructs (8act.2) were plated
from glycerol stocks onto LB agar plates (Table) tlthe presence of rifampicin
(100ug/mL) and kanamycin (50g/mL) and grown at 30°C for 3 days. They were
then subcultured onto a fresh LB-rifampicin-kanamyagar plate and grown at
30°C for 2 days (these cell lines were maintaingdubculturing onto fresh agar
plates every 7 days). Overnight cultures of therepriateAgrobacterium cultures
were established, inoculating from the 2 day oldwies into LB medium (2 mL;
Table 2.1) in 15 mL growth tubes.
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To transiently transform BY-2 cells with plasmidsmnL of four day-old cells was
pipetted onto a BY-2 agar plate (Table 2.1) andlsdito fill the plate to the edges.
19.6 g/L acetosyringone (12; prepared in 100% ethanol) was added and swirled
to mix. 100uL of each appropriatdgrobacterium culture was added to the plate
and swirled to mix. Each plate was then sealddesco film, wrapped in

aluminium foil and incubated at 27°C in the dark7@ hours. Cells were monitored

for fluorescence as described in Section 2.1.5.

Stable transformation of BY-2 cells with BiFC vetavas achieved as described in
Section 2.1.2. For antibiotic selection see Tabk 4

Table 4.3 Antibiotic selection of stable tobacco BY-2 cell lines for bimolecular

fluorescence complementation (BiFC)

CONSTRUCT BY-2 FORM ANTIBIOTIC

Kanamycin 10 pg/mL
Callus Hygromycin 80 pg/mL

kanSPYCE-Arath;WEE1/ Timentin 250 pg/mL

pSPYNE-Arath;

(gene) constructs Kanamycin 25 pg/mL

Liquid Hygromycin 80 pg/mL
Timentin 250 pg/mL

43 RESULTS

Transient BiFC was used to confirm theath; WEE1/Arath;SKIP1 interaction
revealed by the yeast two-hybrid assay and in lehstbble BY-2 cultures carrying
both SPYNE and SPYCE constructs were created. Thétseges were used to
identify the localisation of the interaction Afath;WEE21 with other proteins of

interest in different cell cycle stages.
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431 VERIFICATION OF THE ARATH;WEE1- ARATH;SKIP1
INTERACTION BY TRANSIENT BiFC

Arath;SKIP1 in the pSPYNE vector was transformed trartgiento BY-2 cells via
Agrobacterium EHA105 along with pSPY CEArath;WEEL to facilitate the
investigation of the subcellular localisation oé tinteraction between these two
proteins (as described in Section 4.2.3). Transétion efficiency was relatively
high with approximately 230 cells per g0 exhibiting fluorescence in the positive
control (BZIP63 heterodimer) and approximately #&&ters of cells per 20L
exhibiting fluorescence in the experimental transation
(Arath;WEE1/Arath;SKIP1). The proteins, when interacting, were ydsicalised
in the nucleus, however the interaction was als¢eated at the cell wall, especially
where two cells joined (Figure 4.4; Appendix V).dges were not acquired from the
negative control transformationaréth; WEE1/Arath;BZIP63 and
Arath;BZIP63/Arath;SKIP1) on this occasion (for representative imagfasegative
controls see Appendix V).

.. |
.. "“ --‘

Figure 4.4 Tobacco BY-2 cells co-transformed with a) Arath;WEE1 fused to the split-YFP vector
pSPYCE and Arath;SKIP1 fused to pSPYNE, and b) Arath;BZIP63 fused to both pSPYCE and
pSPYNE (positive control); under UV light (left), white light (right) and the two merged
(centre). Blue colouring indicates a positive interaction between the two proteins

(representative images).
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432 DEVELOPMENT OF STABLE BiFC BY-2 TRANSGENIC LINES

Initial efforts aimed at creating stable doublesf@rmants using the original
pSPYCE vector used in the Cardiff lab were hampbsethe use of BASTA
selection. pSPYCEArath;WEE1 was transformed into tobacco BY-2 cells via
Agrobacterium EHA105 (see Section 2.1.2), however due to problemth BASTA
selection calli were not isolated at any concemmnabf BASTA (2.5, 5, 7, 10 and 15
mg/mL) attempted. Consequently the decision waseniadlone thérath;WEE1
fragment into the pkanll-SPYCE(M) vector conferrikkgnamycin resistanda
planta (as described in Section 4.2.1). The resultingtract was transformed into
Agrobacterium LBA4404 competent cells (see Section 2.2.2) resulh many
colonies, one of which was grown up and used twsfoam BY-2 cells. Many
individual calli were selected. One of these callis inoculated into liquid BY-2
medium (Table 2.1) and a stable culture obtained §ection 2.1.2). DNA was

extracted from this liquid culture and checkedtfa transgene by PCR using
primers P81F and HATAGR (as described in sectidnfdr primers see Table 2.3)
This line was shown to be positive for the SPYA&tath;WEE1 construct (Figure
4.5).

1kb SPYCE-WEE1 SDW Figure 4.5 Results of PCR for the

Ladder BY-2DNA 1/10BY-2 plasmid -ve pSPYCE-Arath;WEE1 construct in
extract DNA DNA (+ve) control transformed tobacco BY-2 cells,

using primers P81F and HATAGR.
The first two lanes show the
fragment amplified from a DNA
extract from the transformed BY-2
culture, and a 10% dilution of the
same extract. Both show a faint
band of the expected size
(~1000bp). A very strong band
was amplified from the positive
control, purified pSPYCE-
Arath;WEE1 plasmid DNA.
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Expression of the SPYCErath; WEE1 transgene was tested by transiently
transforming the liquid BY-2 culture with the SPYM¥ath; SKIP1 construct (as

described in Section 4.2.3). Positive and negatorerols were also set up (see
Table 4.4). Fluorescence was detected in the noic&PYCEArath;WEEL1 cells

transiently transformed with both the BZIP63 consts, and those transformed with

the SPYNEArath;SKIP1 construct (Figure 4.6 and Appendix VI) thddr
indicating that the transgenic BY-2 cells were egsing SPYCErath; WEEL.

Fluorescence above background was not detecteebitine control cells (Figure
4.6 and Appendix VI).

Table 4.4 Controls for transient BiFC in stable pKanSPYCE-Arath;WEE1 BY-2 line

Control/Experiment | BY-2 Cell Line SPYCE SPYNE OUTCOME
. pSPYCE- .
1. Experiment - Arath;SKIP1 Positive
Arath;WEE1
2. Positive control WT Arath;WEE1 Arath;SKIP1 Negative
. pSPYCE- .
3. Positive control BZIP63 BZIP63 Positive
Arath;WEE1
4. Positive control WT BZIP63 BZIP63 Positive
. pSPYCE- .
5. Negative control - BZIP63 Negative
Arath;WEE1
6. Negative control WT Arath;WEE1 BZIP63 Negative
7. Negative control WT BZIP63 Arath;SKIP1 Negative
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Figure 4.6 Results of
experiment to test for
expression of
pkanSPYCE-
Arath;WEE1 in stably
transformed tobacco
BY-2 cells by semi-
transient BiFC, under
white light (left), UV
light (right) and the
two merged (centre).
Clear blue colouring
indicates a positive
interaction, whereas
grainy unclear blue
colouring indicates
background, or false
positive, fluorescence.
See Table 4.4 for key
to numbering.
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Having verified expression of the transgene, the GP-Arath; WEE1 BY-2 culture
was co-transformed with several co-interactordumtiog Arath;SKIP1,
Arath;GSTF9,Arath;GCN5 andArath; TFCB, in the SPYNE vector (as described in
Section 2.1.2). Co-transformed cells were seleas#og hygromycin for the
SPYNE vectors and low level kanamycin to ensuregptiesence of the SPYCE
vector (Table 4.3). Many calli were obtained frolansformation with all
constructs, several of which were maintained ormdsokdium for each line (Section
2.1.2). Aliquid culture was obtained from at lease line each of SPYCE-
Arath;WEE1/SPYNEArath;SKIP1, Arath;GSTF9 and -Arath;BZIP63 (as
described in Section 2.1.2). DNA was extractedftbese liquid cultures and
checked for both the SPYCE and SPYNE transgen®& 8y (as described in
Section 2.4, for primers see Table 2.3)
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All the lines were positive for the SPYCaath;WEE1 fusion, with a band

amplified of approximately 500bp, as expected li@se primers (Figure 4.7).
However, the band amplified from the positive coht8PYCEArath;WEE1
plasmid, appears to be 500bp larger (Figure 4The SPYCE-
Arath;WEE1/SPYNEArath;SKIP1 culture was positive for SPYNArath; SKIP1
(Figure 4.7). The SPYCErath,WEE1/SPYNE-BZIP63 culture was positive for
SPYNE-BZIP63 (Figure 4.7). And finally the SPY @¥ath;WEE1/SPYNE-
Arath;GSTF9 culture was positive for SPYNEath;GSTF9 (Figure 4.7).
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Figure 4.7 Results of PCR to
confirm presence of BiFC
constructs in stable co-
transformed BY-2 cultures.
P38F/HATAGR = primers for
pSPYCE-Arath;WEE1;
FBOXF/CMYCR = primers for
pPSPYNE-Arath;SKIP1;
BZIP63F/CMYCR = primers for
pSPYNE-BZIP63;

GST9F/CMYCR = primers for
pSPYNE-Arath;GSTF9

S = pSPYNE-Arath;SKIP1 culture;
B = pSPYNE-BZIP63 culture;

G = pSPYNE-Arath;GSTF9;

+ = positive control, appropriate
plasmid; - = negative control,
SDW



The SPYCEArath; WEE1/SPYNEArath;SKIP1 and SPYCErath; WEE1/SPYNE-
BZIP63 cultures were transferred to 95mL cultuedescribed in Section 2.1.1).
Growth was monitored and the mitotic index was mea$ every day over the
course of 7 days (as described in Section 2.Ih4)rder to compare the growth
profiles of the transgenic lines with those of wiyge. The cultures both reached
stationary phase after 7 days, similarly to wildeyculture (Figure 4.8a). The
mitotic index of the SKIP1 culture peaked at apprately 18% on day 4, while the
BZIP63 culture also peaked at approximately 18%omutlay 3, compared to the
peak in mitosis in wild type at 15% on day 4 (Figdt8b).
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Figure 4.8 Growth characteristics of the pSPYCE-Arath;WEE1/pSPYNE-Arath;SKIP1 and pSPYCE-
Arath;WEE1/pSPYNE-BZIP63 BY-2 cell cultures compared to wild type (WT). a) Growth measured
as increase in absorbance at 600nm (turbidity) of culture sampled daily for 7 days. b) Mitotic
index (% frequency of cells in mitosis) sampled daily for 7 days.

The next step was to use these cultures to stdghtnges in the subcellular
localisations of WEE1’s interactions during thel cgtle. However the cultures
were extremely heterogeneous, with only a very kpmaportion of the cells
actually expressing YFP. A recently describedguot (Nocarova and Fischer,
2009; see Section 2.1.6) was used in an attengione the cells which are
expressing YFP and increase homogeneity. Howeverekperiment proved to be
unsuccessful, with none of the isolated calli ekhig an improved level of YFP
expression, so following several attempts the datiwas made to continue the

study using the existing cultures.
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433 THEINTERACTION OF ARATH;WEE1WITH ARATH;SKIP1
ALTERSDEPENDING ON CELL CYCLE PHASE

Wild type, SPYCEArath;WEE1, SPYCEArath; WEE1/SPYNEArath;SKIP1 and
SPYCEArath;WEE1/SPYNEArath;GSTF9 BY-2 lines were cultured in 29mL of
medium and cell division synchronised (as describhefection 2.1.3). After release
from G1 by the removal of aphidicolin, samples waieen from each BY-2 line
every hour for at least 27 hours, stained with Heeand scored for percentage
mitosis. The duration of each cell cycle phase alss calculated in each line (see
Appendix 1). In the wild type BY-2 line mitotic dslcould be seen after four hours,
with the first peak in mitotic index occurring niheurs after the removal of
aphidicolin (Figure 4.9a). A second peak occurrgdh@urs after the removal of

aphidicolin allowing an estimation of cell cyclerdtion as 13 hours (Figure 4.9a).

In the SPYCEArath;WEEL line, mitotic cells could be seen only twaiteafter the
removal of aphidicolin, with the first peak in msie occurring seven hours after the
removal of aphidicolin, both two hours earlier thanhe wild type line (Figure
4.9b). However, similarly to wild type, the secqmehk in mitosis in the SPYCE-
Arath;WEE1 line occurred 22 hours after removal of afoiih (Figure 4.9b). This
results in a longer cell cycle duration of 15 hdiarsthe SPYCEArath; WEEL1 line,
two hours longer than in wild type. This is accashtor by an increase in duration
of both S-phase and mitosis by one hour each (EigLab)

Two independent SPYCErath;WEE1/SPYNEArath;SKIP1 lines, 6 and 2, were
synchronised and scored for mitotic index. In bathth; SKIP1 lines mitotic cells
were seen three hours after the removal of apHidicane hour later than in the
SPYCEArath;WEEL1 line, but one hour earlier than in wild tyjg@égure 4.9c and d).
However, peaks in mitotic index did not occur untile hours after removal of
aphidicolin in line 6, 2 hours later than in theY&HE-Arath;WEEL1 line, but similar
to wild type; or 11 hours after removal of aphidigon line 2, four hours later than
in the SPYCEArath;WEEL line and two hours later than in wild typeg(ife 4.9c
and d). This is accounted for by an increase irdtiration of G2, lasting six and
seven hours in line 6 and line 2, respectively ({Feégd.9c and d). A second peak in
mitosis occurred 22 hours after removal of aphilhca line 6, giving a cell cycle
duration of 13 hours, similar to wild type (Figut®c). No clear second peak
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occurred in line 2, although the mitotic index rée@ small peak 26 hours after the
removal of aphidicolin, giving a cell cycle duratiof 15 hours, similar to the

SPYCEArath;WEEL1 line (Figure 4.9d). The lengthened G2 phagbese lines was
compensated for by a short G1 of 1.3 and 1.9 hadmse 6 and line 2, respectively,

accounting for the similarity in cell cycle duratito wild type (Figure 4.9c and d).

An interesting attribute of tharath;SKIP1 lines was the size of the mitotic peaks.
The scaled-down method used here resulted in ayeidikype mitotic index of
approximately 23% (Figure 4.9a). The peak mitatiex in the SPYCE-
Arath;WEE1 line was similar, approximately 24% (Figur8l®). The peaks in
mitotic index seen in thArath;SKIP1 lines, however, were considerably higher:
approximately 32% in line 6 and 38% in line 2, acrease of 9-14% compared to
wild type and SPYCErath;WEEL1 (Figure 4.9c and d).

To test whether the results from the SPYA1&th; WEE1/SPYNEArath; SKIP1

lines were the effects of the double transformatayrof the WEE1 protein-protein
interaction generally rather than a specific eft#fdhe interaction with

Arath;SKIP1, the SPYCHErath;WEEL1 line was stably transformed with a different
second construct, SPYNArath;GSTF9. One independent line, line 3, was selected
and used in a partial synchrony (ie. measuremeets taken every hour up to only
11 hours, rather than the full 27 hours) in ordegather preliminary mitotic index
data for this line. Mitotic cells were first se2mours after removal of aphidicolin,
although the mean percentage did not rise sigmifigabove 0% until 8 hours after
removal of aphidicolin, 5 hours after the same o@nce in the SPYCE-
Arath;WEEL1 line, and 4 hours after wild type (Figuree).Due to the limited
number of measurements it was not possible to @scehe time of peak mitosis in
the Arath;GSTF9 line, although it was at least 11 hoursrdfte removal of
aphidicolin, so at least 4 hours later than inSk&CEArath;WEEL1 line and at least
2 hours later than in wild type, giving a delay g&mto that in theéArath;SKIP1 lines
(Figure 4.9e). Again due to the limited measureeansecond peak was not
recorded therefore it was not possible to estiroallecycle duration for the
Arath;GSTF9 line. However, the length of G2 phase wémeased as eight hours,
twice the length of G2 in wild type, and similarttee SPY CEArath;WEE1/SPYNE-
Arath;SKIP1 lines (Figure 4.9¢e). The size of the mitqiak in theArath;GSTF9

line also cannot be meaningfully estimated.
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During each synchrony, images of mitotic cells freath of the transgenic lines
were captured and used for measurements of maelicize (as described in
Section 2.1.4). Mitotic cells from the SPYQ¥ath;WEE1 line were, on average,
4400pum? (Figure 4.10). The addition of the SPYMath; SKIP1 construct had no
significant effect on the cell size in line 6, haxgein line 2 mitotic cells were
significantly smaller than in the SPYC&ath;WEEL1 line, by approximately 43%,
and also smaller than the 30@®”usually recorded for wild type, with a mean
mitotic cell area of 250Qm? (Figure 4.10). Cells from the SPYCE-
ArathWEE1/SPYNEArath;GSTF9 BY-2 line were also significantly smalleaith
SPYCE-WEEL1 alone, by approximately 23%, with a ma@a of 3400m? (Figure

4.10), similar to the size of wild type cells.
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Figure 4.10 Differences in the mean area (+SE, n=27-41) of mitotic cells in the following
transgenic BY-2 lines: SPYCE-Arath;WEE1 (SPYCE-WEE1), SPYCE-Arath;WEE1/SPYNE-Arath;SKIP1,
lines 6 and 2 (WEE1-C/SKIP1-N6 and WEE1-C/SKIP1-N2) and SPYCE-Arath;WEE1/SPYNE-
Arath;GSTF9, line 3 (WEE1-C/GST9-N3). * = significantly different from SPYCE-WEE1 (P<0.05).

The aim of the BIFC experiment was to study theaaiyics ofArath;WEE1's
interactions with the known interactors (describe8ection 4.1) at different stages
of the cell cycle. The double transformants, SPYAREh;WEE1/SPYNE-
Arath;SKIP1 (line 6) and SPYCRBrath,WEE1/SPYNEArath;GSTF9 (line 3) were

synchronised using aphidicolin and once a highticiindex was reached (8 and 11
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hours after the removal of aphidicolin respectiyaysample was taken and scored
for the percentage of cells exhibiting a YFP signaach cell cycle phase (as
described in Section 2.1.5). The pattern of fluceese is compared to that of GFP-
Arath;WEE1 (as described in Section 3.3.1). In all 2¢ina contingency chi-squared
test confirmed that the proportion of fluoresceacanged with respect to cell cycle

phase (see legend of Figure 4.11).

As described in Section 3.3.1, the percentageltsf eehibiting GFP fluorescence,

or, in other words, expressidgath;WEEL, dropped sharply as cells entered mitosis,
from 100% in interphase to only 4% and 0% in prgehand metaphase
respectively, but rose again to 61% and 88% in laasg and telophase (Figure
4.11). Both of the BIiFC lines displayed a similattprn to the GFP line with
Arath;WEE1 alone (Figures 4.12 and 4.13), although theqrtion of cells
fluorescing in each line was somewhat differeng(iF¢ 4.11). Due to the inherent
heterogeneity of fluorescence in the BiFC linesichlit was not possible to
decrease (as described in Section 4.3.2), 100%e#agence was neither expected nor
observed in either BiFC line. Instead, in #ath;SKIP1 line 64% of cells exhibited
fluorescence during interphase, while only 48%aedfscexhibited fluorescence
during interphase in tharath;GSTF9 line (Figure 4.11). In thgrath;SKIP1 line a
95% drop in fluorescence was seen between integpdrad prophase, with only 3%
of prophase cells fluorescing (Figure 4.11). Thisimilar to the 96% drop in
fluorescence seen in the GERath;WEEL1 line (Figure 4.11). However in the
Arath;GSTF9 line there was only a 54% drop in fluoresedmetween interphase and
prophase (Figure 4.11). In metaphase, no fluorescems observed in any of the
BY-2 lines (Figures 4.11, 4.12 and 4.13). Whilamaphase the signal from GFP-
Arath;WEE1 rose to 61%, th&rath;SKIP1 andArath;GSTF9 lines exhibited
fluorescence in only 31% and 20% of cells respettialthough both were highly
variable (Figure 4.11). Between anaphase and takspthe proportion of cells
exhibiting a GFP signal in the GFRrath;WEEL1 line increased by 44%, however
there was no change in the proportion of fluoreggcills in theArath;SKIP1 line
between anaphase and telophase, due to the higibiigr at anaphase (Figure
4.11). In theArath;GSTF9 line there was a three-fold increase irpireentage of
fluorescing cells between anaphase and telophesgjriy the percentage

fluorescence in telophase to 66% (Figure 4.11¢rédtingly this is 37.5% higher
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than the percentage of cells fluorescing duringrpptiase in this line, contrasting

with the situation seen in the GFR-ath;WEEL line where fluorescence in telophase
was 12% lower than in interphase (Figure 4.11).r&Reas an even larger difference
in theArath;SKIP1 line, where fluorescence in telophase w&s Biwer than in
interphase (Figure 4.11).

120

100

80 A

60 - W GFP-WEEL-4
W WEE1-C/SKIP1-N6

40 | = WEE1-C/GST9-N3

Nuclear fluorescence frequency (%)

20 4

Interphase Prophase Metaphase Anaphase Telophase
Cellcycle phase

Figure 4.11 Mean nuclear fluorescence frequency (%; +SE, n=3) in each cell cycle phase in cells
from the following transgenic BY-2 lines: GFP-Arath;WEE1, line 4 (GFP-WEE1-4), SPYCE-
Arath;WEE1/SPYNE-Arath;SKIP1, line 6 (WEE1-C/SKIP1-N6) and SPYCE-Arath;WEE1/SPYNE-
Arath;GSTF9, line 3 (WEE1-C/GST9-N3). GFP-WEE1-4: Contingency X2 = 30.031, df = 6, P =0.000.
WEE1-C/SKIP1-N6: Contingency X2 = 98.585, df = 6, P =0.000. WEE1-C/GST9-N3: Contingency X2
=50.526, df = 6, P =0.000.
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Figure 4.12 YFP expression in BY-2 line stably transformed with SPYCE-Arath;WEE1 and SPYNE-
Arath;SKIP1 constructs. Hoechst was used as a counterstain to indicate mitotic phase.

(Representative figures).
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Figure 4.13 YFP expression in BY-2 line stably transformed with SPYCE-Arath;WEE1 and SPYNE-
Arath;GSTF9 constructs. Hoechst was used as a counterstain to indicate mitotic phase.

(Representative figures).

4.4 DISCUSSION

Previous work in the Cardiff lab has shown by yéasthybrid screening that
Arath;WEE1 interacts with over 90 different proteinsiitzGrgnlund, 2007),
several of which have been confirmadivo by bimolecular fluorescence
complementation (Appendix IV, Lentz Grgnlund ef 2009). In the course of this
work a further interaction was confirmed by BiF@{WweenArath;WEE1 and
Arath;SKIP1, an F-box protein (see Section 4.3.1). Titesraction suggests that
Arath;WEE1 is targeted for protein degradation via tB8 proteasome by
Arath;SKIP1 (see Chapter 5).
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WEEZ1 has been well characterised in many organenascell cycle regulator (Den
Haese et al., 1995; Booher et al., 1993; RussdlNanrse, 1987; Featherstone and
Russell, 1991) and recent results seem to indibaté\rath;WEE1 may also have a
role to play in the cell cycle in plants (see Cleaid). In determining the
functionality ofArath;WEE1'’s interactions with other proteins it is tbfare of
interest to study the dynamics of these interastiardifferent cell cycle phases. To
this end, the highly synchronous tobacco BY-2 Waes stably transformed with the
split-YFP vectors for BiFC, first with the pSPYG&ath;WEE1 construct. The
expression of this transgene was confirmed via g$emsient BiFC with
Arath;SKIP1 (see Section 4.3.2), as used for BiFC erpanis in previous work
(Lentz Grgnlund et al., 2009). Having confirmed SfE¥Arath; WEE1 expression,
the line was then stably co-transformed with intérg proteins in the pSPYNE
vector:Arath;SKIP1,Arath;BZIP63 andArath;GSTF9 (see section 4.3.2).

The co-transformed cultures were studied for grostidwracteristics in comparison to
wild type BY-2 culture, before their use in thedtwf protein-protein interactions.
Both SPYCEArath;WEE1/SPYNEArath;SKIP1 and the negative control, SPYCE-
Arath; WEE1/SPYNEArath;BZIP63, grew in a similar manner to wild type otiee
course of seven days, in 95 mL culture (see sedti®r2). The growth of the cultures
in 8 mL and 29 mL of medium was not studied, howekiss would be interesting,
especially as the cultures can take 14 days, ieetas long, to reach stationary
phase in 8 mL of medium. However, the small amadiculture is limiting for these

measurements, as at least 1 mL is required each day

Cell division in the co-transformed cultures wasd@dyonised and assessed for
changes in mitotic index and mitotic cell size amgparison to wild type and
SPYCEArath;WEEL1 lines. It was expected that the SPYAath; WEEL1 line

would behave as the previously descriBedth;WEEL1 line, which leads to
premature mitosis due to a reduced G2 phase @ioili2006; Lentz Grgnlund,
2007; Spadafora, 2008). Indeed, the premature mmitoshis line compared to wild
type (two hours, see Section 4.3.3) fits with predns and supports the previously
recorded phenotype associated with expressidmaih;WEEL in tobacco BY-2
cells. However, the SPYCErath;WEEL1 line had a cell cycle duration of 15 hours,
two hours longer than the typical 13-hour cell eyguration of both the wild type
andArath;WEE1 lines (Orchard et al., 2005; Siciliano, 208padafora, 2008). In
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the Arath;WEE1 line the short G2 leading to an early mitpgak was compensated
for by a long G1 (Siciliano, 2006; Spadafora, 20G6&8)wever, in the SPYCE-
Arath;WEE1 line the durations of both G2 and G1 weralaimto wild type, and the
increased cell cycle duration could be attributethe lengthening of both S-phase
and mitosis (Figure 4.9). The differences in thE®ilines compared to the
previously describedrath;WEEL line (Siciliano, 2006) may be related to the
different vector systems used, with the SPYAIBth;WEE1 fusion protein
containing a fragment of YFP. It would be usefulse semi-quantitative or real
time RT-PCR to test the relative expression leeélrath, WEE1 in the different

lines.

Two SPYCEArath; WEE1/SPYNEArath;SKIP1 co-transformed lines were
synchronised and mitotic index measured. The nifmiak of line 6 was similar to
wild type and had a normal cell cycle duration, letihe mitotic peak of line 2 was
later than both wild type and the SPY®@Eath;WEEL line, with a long cell cycle.
Both SPYCEArath; WEE1/SPYNEArath;SKIP1 lines had a long G2, compensated
for by a short G1 (Figure 4.9c and d). This sugg#st the SPYNRyath;SKIP1
construct may be able to rescue the abnormal eftéétrath;WEE1 expression on
the cell cycle of BY-2 cells. This could either dhee to the stabilisation of
Arath;WEE1 protein via the BiFC complex, or due to thereexpression of
Arath;SKIP1 which may accelerate degradation ofAha&th;WEE1 protein via the
26S proteasome. It would also be useful to use-geiantitative or real time RT-

PCR to quantify the levels éfrath;SKIP1 expression in these lines.

Typically, in a standard synchronisation experimesihg the wild type line, peaks
in mitotic index of 40-50% can be expected (e.ghbdd et al., 2001), but this can
drop to 20-30% for some transgenic BY-2 lines (@ghard et al., 2005). An
interesting feature of the SPY G ath;WEE1/SPYNEArath;SKIP1 co-transformed
lines was the high mitotic peaks compared to wijgetand SPYCEyath;WEEL.
This could be indicative of a decrease in the iioib of cell cycle progression by
Arath;WEE1 due to it being targeted for removal by areéase irArath;SKIP1. It
would be interesting to know if there was |édsath;WEEL protein, or even less total
WEE1 protein (endogenodscta;WEE1 andArath;WEEL) in the SPYCE-
Arath;WEE1/SPYNEArath;SKIP1 co-transformed lines compared to SPYCE-
ArathWEE1 and wild type lines.
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The SPYCEArath; WEE1/SPYNEArath;GSTF9 co-transformed line was used as a
control to test whether the effects recorded fer$iPY CEArath; WEE1/SPYNE-
Arath;SKIP1 line were due to the BIFC interaction or doérath;SKIP1 over-
expression. The peak in mitosis in the SPY&Bth;WEE1/SPYNEArath;GSTF9
co-transformed line was also later than that oht&®Y CEArath;WEE1 and wild
type lines, similar to the SPY CArath;WEE1/SPYNEArath;SKIP1 lines.
Additionally, the duration of G2 in the SPY Gk ath;WEE1/SPYNEArath;GSTF9
line was also long, again similar to the SPYA&tath;WEE1/SPYNEArath;SKIP1
lines. This implies that the rescue of the abnoreffa@lcts caused bArath; WEE1
over-expression, specifically the reversal of thenpature mitosis due to a shortened
G2 phase, is most likely due to the BIiFC intexactiather tharrath;SKIP1 over-
expression. Due to the limited number of measurésieom the SPYCE-
ArathWEE1/SPYNEArath;GSTF9 line, it is not possible to draw any meahihg
conclusions about the size of the mitotic peakis line. However, the difference in
mitotic index between 10 and 11 hours after theoneahof aphidicolin is much
smaller than the difference between 9 and 10 hedhigh could lead to the
conclusion that the peak in mitotic index was imamihand would be approximately
23-25% mitosis (Figure 4.9e). This is similar tddatiype and SPYCRrath;WEEL,
and much lower than th&rath;SKIP1 lines, which would confirm the high mitotic
index to be arath;SKIP1 effect, rather than the effect of the double
transformation. Of course it is also possible thatmitotic index of the

Arath;GSTF9 line would have continued to increase dffehours, to reach the same
levels as thdrath;SKIP1 lines or higher. The mitotic index measurataef this

line would need to be repeated in full, to a tofet least 27 hours, to allow
meaningful conclusions to be drawn. It would aledrieresting to see the results of
a synchrony using the SPYC&ath;WEE1/SPYNEArath;BZIP63 co-transformed
line. There should be no BIFC interaction in thm®) giving a negative control to
further confirm that the delay in mitosis in thetcansformed lines was caused by
the stabilisation oArath;WEE1 protein via the BiFC interactions in the
Arath;SKIP1 andArath;GSTF9 lines.

Previous studies on the effects of WEE1 over-exgioeshave shown a cell size
effect. In fission yeast, when WEEL is over-expedssell division is inhibited,

leading to a long cell size phenotype (RussellMase, 1987). Long cells are also
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induced wherArabidopsis WEEL1 is expressed in fission yeast (Sorrell et28102),
and this has also been demonstrated with humamaime WEE1 (lgarashi et al.,
1991; Sun et al., 1999). This long cell phenotypeid also be expected when
expressingirath;WEEL1 in tobacco BY-2 cells, however it has beartinely found
that this actually causes a small size (Sicili&@f)6; Spadafora, 2008). The
expression ofArath;WEEL in tobacco plants also leads to a smallsiedl (G. Rafiei,
Cardiff University, unpublished data). Measuremaitsiitotic cell size were taken
from synchronised SPYCErath;WEE1 and co-transformed BY-2 lines. Cells from
the SPYCEArath; WEEL line were, on average, larger than the 3080usually
recorded for synchronised wild type cells (Orchetrdl., 2005; Siciliano, 2006;
Spadafora, 2008). This is the opposite effect af seen irArath, WEE1 over-
expressing BY-2 cells (Siciliano, 2006; Spadaf@@)8). However the large cell
size phenotype is as would generally be expectedrf@ver-expression of WEEL. It
is possible that the differences are caused byliffexrent vectors used in the
differentArath;WEEL lines, with the SPYCRErath;WEE1 construct containing a
fragment of YFP. The effect may alternatively be du the different size of these
cultures, grown in 29 mL of medium as opposed &pieviously used 95 mL. The
study of change in mitotic cell size in wild typelttires of varying sizes could be an

interesting area of future research.

The addition of both SPYNEB¥rath;SKIP1 (line 2 only) and SPYNEfath;GSTF9
led to mitotic cell sizes which were, on averaggnisicantly smaller than in the
SPYCEArath;WEEL1 line alone. This gives them a similar cetkesio the wild type
line (Siciliano, 2006; Spadafora, 2008), which gakvith the mitotic index results
above, probably confirms that the BiFC interactiomse stabilisingArath; WEEL,
preventing the effects of its over-expressions klso possible that the BiFC
interaction was preventing the catalytic functidrthe WEE1 enzyme.

The overall aim of the BiFC experiment was to sttldyydynamics ofrath;WEE1's
interactions withArath;SKIP1 andArath;GSTF9 at different stages of the cell cycle.
The percentage of cells demonstrating fluorescasseciated with the
chromosomes in each cell cycle phase was calculatezhch line. A fluorescent
signal was indicative of an interaction betwéeath;WEE1 and eitheArath;SKIP1

or Arath;GSTF9. The results were compared to those of tHe/&ath;WEE1 line,

described in Section 3.3.1. The results from tHeBlines were more variable than
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the GFPArath;WEEL results, as expected due to the low effigiafdhe technique
(see Section 4.3.3). However, the overall pattéfiuorescence from both BiFC
lines was similar to the pattern seen in the @F&h;WEEL line, being relatively
high in interphase, low and completely absent oppase and metaphase
respectively, and rising again into anaphase doghase (see Section 4.3.3). It is
difficult to tell whether or not this is genuindlye pattern of interaction between
Arath;WEE1 andArath;SKIP1 orArath;GSTF9, or merely an effect of the removal
of Arath; WEE1 at mitosis. This is discussed in detail below

Between interphase and prophase the proportioglisfiadicating an interaction
betweerArath;WEE1 andArath;SKIP1 dropped by a similar amount to the
proportion of cells expressing GFAath;WEE1 between the same two phases. On
the other hand, the proportion of cells indicatamginteraction betweefrath;WEE1
andArath;GSTF9 only dropped by almost half as much as therawo lines
between interphase and prophase. One explanatidmisacould be that while both
the Arath;SKIP1 andArath;GSTF9 interactions stabilisédath;WEE1 via BiFC, as
implied by the mitotic index and mitotic cell sizsults described above, the over-
expression oArath;SKIP1 leads to an increaseAnath;WEE1 degradation. This
could compensate for the effects of stabilisatipnlécreasing the amount of
Arath;WEE1 protein to the levels seen in the Ghath;WEEL line alone, leading
to the similar decrease in fluorescence at prophidss theory is also supported by
the high percentage of mitotic cells seen in th¥ GP-Arath;WEE1/SPYNE-
Arath;SKIP1 lines compared to the SPY@Eath;WEE1 and SPYCE-
ArathWEE1/SPYNEArath;GSTF9 lines, which could imply a removal of mitoti
inhibition by Arath WEE1 by its degradation via exce&sath;SKIP1.

In the GFPArath;WEEL line it was discovered thatath;WEEL is never observed
during metaphase (see Section 3.3.1). In both Bif&S an interaction was also
never seen during metaphase (Section 4.3.3), cainfirthat the stabilisation of the
protein via the BIFC interaction was not sufficiémtprevent its degradation. This
also implies a strong mechanism for the completeokal of all WEEL protein

before mitosis is able to proceed beyond prophase.

The high variability in the proportion of fluoresw® seen in the BiFC lines at
anaphase and telophase make it difficult to drayvma@aningful conclusions about
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the dynamics of the interactions betweéeath;WEE1 and the interacting proteins of
interest during these mitotic phases. It is knowannf previous work that WEE1
protein levels peak in S-phase (Lentz Grgnlund72@@d the results from the GFP-
Arath;WEE1 line show that WEEL is removed prior to mbtsge (see Section
3.3.1). So, itis interesting in itself that théseevidence of interactions occurring
during anaphase. This means that interactions leetd@th;WEE1 and its
interactors take place soon affeath;WEEL is expressed again, which is not
necessarily to be expected, especially inAreth; SKIP1 line with its expected role
in targeting WEE1 for degradation. In human cellEEY protein localises to the
microtubules at telophase and cytokinesis (Baldoh Rucommun, 1995). It has
been proposed that this could function to inhidtK activity on exit from mitosis
(Baldin and Ducommun, 1995). The return of theraxt@ons observed in the BiFC
lines during anaphase and telophase may also tedicale forArath; WEEL at this
stage of the cell cycle. Another possibility istttiee Arath; WEEL is being targeted
as a non-endogenous protein, but then the interactiuestion idArath; SKIP1,

itself not an endogenous protein. It would be eséing to see if the pattern of
interactions were different Nicta;WEE1 andNicta;SKIP1, expressed under their
native promoters, were used instead. It is morfecdlf to interpret the pattern of
localisation during mitosis in the SPYG¥ath;WEE1/SPYNEArath;GSTF9 line as
Arath;GSTF9 localisation has not been characterisedefdre it is not clear what
pattern is expected betweArath WEE1 andArath;GSTF9.

There are of course several limitations to theaigke BiFC technique. Firstly, the
efficiency is low, with only a small proportion oélls exhibiting an interaction
between the two proteins. However, stably co-tramsing the BY-2 cells with both
constructs rather than using transient transfoonatid improve the efficiency
considerably. It is known that false positives oanur using the BiFC technique, as
the YFP fragments may associate non-specificalhigit expression levels, which
generates background fluorescence (Stephens arish@a2000). However the
difference between these and real positive intemagts easy to distinguish with
some experience. This does, of course, add an etevhsubjectivity to the
procedure. A considerable disadvantage of the tqabns the lack of potential to
follow the change in an interaction in real tim&isTis because once the interaction

occurs, the YFP is stable and the two fragmentsadart (Kerppola, 2009).
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This also restricts the interpretation of the cgtile phase results, although does not
entirely explain the reason why the BiFC linesdullthe same pattern as the GFP-
Arath;WEE1 line. It should not mean that whenereath;WEE1 is expressed, the
interaction occurs. Although under the controlle# 85S promoter and therefore
constitutively expressed, a positive signal is aigerved when the two proteins
interact. The possibility remains that the two pna$ could be sequestered in distinct
subcellular compartments, preventing the interac#oath;WEEL1 is not expressed
during metaphase, and a recurrence of the interabetweerrath;WEE1 and
Arath;SKIP1 is not expected until interphase. Howevehe BiFC interaction was
stabilising theArath;WEE1 so that it was not degraded during mitosismwald

expect to see the signal in metaphase as wellagshase and telophase. So both the
loss of the signal at metaphase and the observatithe signal in anaphase imply a
real recurrence of the interactions at this stdégeay, however, explain the

relatively higher proportions of fluorescence bedswanaphase and telophase and
between telophase and interphase in the SPX@H;WEE1/SPYNEArath;GSTF9
line, as the complexes are able to accumulatetower A final restriction of the
method used is th&rabidopsis proteins were studied in a tobacco system, and wer
also (probably) expressed at high levels, meariagthe results may not accurately

reflect thein vivo situation.

Although BIiFC has been used in BY-2 cells previgusiiis is usually done by
transient transformation so, to our knowledge, Wosk represents the first
demonstration of the BiFC technique used in stablysformed tobacco BY-2
cultures, although BiFC has been demonstratedaliystransformedirabidopsis
plants (Boruc et al., 2010c). Most frequently Biis@ised by transient
transformation via infiltration int®licotiana benthamiana leaves (Boruc et al.,
2010c; Dowil et al., 2011; Halimi et al., 2011; VBamme et al., 2011) although the
method can also be used in rice protoplasts (al.e2011), and has of course been
demonstrated previously in tobacco BY-2 cells (&iwal., 2009; Lee et al., 2008;
Lentz Grgnlund et al., 2009; Yano et al., 2006).

It would be interesting to use other methods tthierr confirm the dynamics of the
Arath;WEEL1 interactions at different stages of the cgtlle. A frequently used
method is to introduce mutations to the putativellng sites of the proteins

followed by BiFC to test for the abolition of thetéractions (Lentz Grgnlund et al.,
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2009; Li et al., 2011). Co-localisation of the mios separately can be tested using
full-length fluorescent protein fusions (Boruc &t 2010c; Van Damme et al.,
2011). Co-immunoprecipitation could be used (Datial., 2011; Halimi et al.,
2011; Van Damme et al., 2011), although thereiarigdtions, for example the cells
would need to be sorted into cell cycle phases poi@analysis. One study couples
BiFC with flow cytometry to produce a high througimethod of screening the
strength of protein-protein interactions (Morellaét 2008). BiFC can also be used
alongside methods such as fluorescence resonaaggyanansfer (FRET; Kerppola,
2009). It would be interesting to repeat the Bilperiment using tobacco proteins,
especially if introduced into a mutant backgroum@mnsure there was no net over-
expression. Of course the further study of the tioncof these interactions is
probably the most interesting aspect, and showdepvery useful towards our
understanding of the role of WEEL1 in plants. THefing chapter (Chapter 5)
outlines the results of experiments completed tdwthe role ofArath;SKIP1 in

targetingArath;WEEL1 for degradation via the 26S proteasome.
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5. PERTURBATION OF THE ARATH;WEE1
INTERACTOR, ARATH;SKI1P1, AFFECTSROOT
PHENOTYPE IN ARABIDOPSIS SEEDLINGS

5.1 INTRODUCTION

One of the proteins found to interact wihath; WEEL via yeast-two hybrid was
SKIP1 (SKP1 interacting protein, At5g57900), andxIprotein (Lentz Grgnlund,
2007). F-box proteins are involved in protein @egtion via the ubiquitin/26S
proteasome-mediated pathway (see Section 1.6&ikwed by Wang et al., 2004
and Sullivan et al., 2003)Arath;SKIP1 is a 35 kDa protein which has an F-box
domain at its N-terminus and is able to intera¢huheArabidopsis SKP1
homologueArath;ASK1 (Farras et al., 2001). Although the F-boatpins form a
superfamily Arath;SKIP1 is not closely related to any other prot@émarabidopsis.
The closest homologue is a member of the RNI-sap@ly, theArabidopsis

putative F-box/leucine-rich repeat protein 19 (A@§40), which shares 40% gene
sequence identity witArath; KIP1. Arath;SKIP1 is also related to several cyclin-
like F-box proteins fronMedicago truncatula. There is evidence to suggest that
SKIP1 is involved in the response to abiotic stiag&abidopsis. Arath;KIP1
expression increases when the plant is subjectadttmnbination of drought and
heat stress (Rizhsky et al., 2004), and is alspegptated in response to cold de-
acclimation (recovery from cold stress; Oono et2004). Additionally, SKIP1 may
be involved in ethylene and cytokinin signallinga@ds et al., 2004), and in the

response to viral infection (Ascencio-lbanez et2008).

In both yeasts and mammals there is evidence tlkdE MWs degraded via the 26S
proteasome pathway. The budding yeast and hunmanlbgues to the SCF
component, SKP1, were both required for the traorsitom G2-phase into mitosis
(Bai et al., 1996), demonstrating a link betweendéll cycle and the SCF complex.
In the African frogXenopus laevis, the degradation of WEE1 requires CDC34, an
E2, or ubiquitin-conjugating, enzyme (Michael aneMbort, 1998). This
degradation of WEE1 was required for the corrawirtg of mitosis, and was

blocked by inhibition of DNA replication, clearlndicating a link between the
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completion of S-phase and the progression of nsitdichael and Newport, 1998).
TheS. cerevisiae WEE1 homologue, SWEL, is degraded in a cell cgelgendent
manner, requiring CDC28 activity for degradatiora(& al., 1998). Recently it was
discovered that SWEL is targeted for degradatioa BY MO (Small-Ubiquitin
Modifier proteins, similar to ubiquitin) proteinM' 3, via the E3 ligase SIZ1
(Simpson-Lavy and Brandeis, 2010). F-box proteangehalso been previously
implicated in WEE1 degradation, including MET30Srcerevisiae (Kaiser et al.,
1998) and TOME-1 ixXenopus (Ayad et al., 2003).

The 26S proteasome is also important for cell cyetgilation in plants. Another
type of ubiquitin E3 ligase, the APC, is conserireglants and is important for
mitotic progression and exit (Capron et al., 2008)e CDK inhibitor KRP1s
targeted for degradation by two ubiquitin E3 ligasacluding SCE***(Ren et al.,
2008). Protein degradation is also important fanpdevelopment, for example
APC is active in post-mitotic cells and is impottéor the development and
organisation of vascular tissueAnabidopsis (Marrocco et al., 2009). An
Arabidopsis F-box protein, FBL17, is important for male gangetoesis,

highlighting the diverse functions of the F-box f@ias in plants (Gusti et al., 2009).

In tobacco BY-2 cellNicta;WEEL protein levels decrease as the percentagellef
in mitosis increase, which may imply that a certeirel of WEE1 degradation is
required for mitotic progression (Lentz Grgnlun@02). WEE1 activity can also be
negatively controlled by phosphoregulation (revidvag Dunphy, 1994), which may
explain why somélicta;WEE1 protein is still present at mitosis (Lentz@iund,
2007), as it could be present in an inactive form.

Expression data from microarrays show #vaith;WEE1 andArath; KIP1 are
sometimes co-expressed, both spatially and tempd&thmid et al., 2005). Both
are moderately expressed in the roots, stems dglbdons, as well as flower buds,
early embryos and young siliques (Schmid et aD520BothArath; WEEL and
Arath; XIP1 are also moderately expressed in the shoot apieattem (Yadav et
al., 2009). However, neither gene is ever highlgregsed at the same time.
Arath;\WEEL is highly expressed in both the shoot apex andimagtollen, while
Arath;KIP1 is low (Schmid et al., 2005). Conversetyath;WEEL1 is expressed at a
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low level in mature flowers and dry seed, wharath; SKIP1 is highly expressed
(Schmid et al., 2005). In the leavésath;WEEL is highly expressed in stage 10
leaves whileArath;SKIP1 is highly expressed in cauline and senescent $eave
(Schmid et al., 2005). Finally, in the embrAwath; SKIP1 is highly expressed in the
seed coat, whilérath;WEEL1 is highly expressed in the embryo and endosperm,
especially at the linear cotyledon stage (Schmal.e2005). The co-expression of
the genes in certain organs supports a rolérfath;SKIP1 in the degradation of
ArathWEEL1. The lack oArath;SKIP1 expression in organs wheteath;WEEL1 is
highly expressed could be due to an underlying msim ensuring that

Arath;WEE1 is not degraded when its activity is needed.

Arabidopsis provides the tools to manipulate levels of genaession and thus test
whether altering the levels of WEE1-interactingtpnas impacts on WEEL1 function.
One hypothesis is that increased expressidgirath; SKIP1 would lead to increased
levels of SCF ubiquitin E3 ligase, which would iease the ubiquitination of
ArathWEE1 and decrease WEE1 abundance, leading to presmaitosis.
Conversely, a knockout of SKIP1 should decreaséethads of suitable SCF
complex, decreasing ubiquitination of WEE1 andéasing WEE1 abundance,
delaying mitosis and inducing G2 arrest. Additibnan alteration in cell size

would be expected in these lines, with small celislent where SKIP1 is over-
expressed and large cells where SKIP1 expressideci®ased, due to the difference

in WEE1 protein abundance.

139



511 EXPERIMENTAL AIMS

Further characterisation of tiieath;SKIP1 F-box protein is required in order to

assess its impact dwath;WEE1 protein levels and function. This was invgstied

by generating transgenic lines carrying an extpyad Arath;SKIP1 and thorough
analysis of arfirath;SKIP1 T-DNA insertion line, asking:

1. What is the effect of perturbingyath; SKIP1 gene expression okrabidopsis

root phenotype compared wilnath;WEE1 over-expression?

2. What is the effect of knocking-dowArath; KIP1 gene expression on
Arath;WEE1 protein levels?

5.2 MATERIALSAND METHODS

For full details of methods used in this chapteagk refer to Chapter 2: General
Materials and Methods.

53 RESULTS

The Arath;WEEL interactoArath; KIP1 was transformed intdrabidopsisin an
attempt to over-express this F-box gene. Howeverxpectedly, this transformation
resulted in decreased expression of endogefiath; KIP1. These lines were
analysed and the phenotype compared to wild tydeptants over-expressing
Arath;\WEE1. Attempts were made to further analyse these logls by western
blotting for the abundance #fath;WEE1 protein, and crossing with a GFP-
Arath;WEE1 line, however these proved unsuccessful.

140



53.1 ISOLATION OF SENSE KNOCK-DOWN LINES OF ARATH;SKIP1
IN ARABIDOPSISPLANTS

The split-YFP construct pSPYNEyath; KIP1 was transformed intdrabidopsis

via Agrobacterium EHA105 and the floral dip method in an attempbver-express
this gene (see Section 2.3.1). Seed harvestedtfremipped plants was selected on
hygromycin and growing seedlings were transferrethfthe selection plates onto
soil (see Section 2.3.2). After several weeksrofwgh of first generation seedlings
in soil, DNA was extracted from the leaves of eiglaints and tested for the presence
of the pSPYNEArath; KIP1 construct by PCR (see Section 2.4). A primer i§ijgec
for Arath; SKIP1 was used to verify the presencefoéth; KIP1 and a primer
directed against the CMYC affinity tag was usedddfy the presence of the vector
(see Table 2.3). A fragment of the expected siZ90bp was amplified from the
DNA extracts of all eight plants, confirming theepence of the construct in the
transgenic plants (Figure 5.1). After material wadgen for RNA extraction, plants

were allowed to self and set seed, and seeds tlléar further work.

+ve -ve
oltige I eiite )M Figure 5.1 Results of PCR

for the pSPYNE-Arath;SKIP1
construct in transformed
1018bp Arabidopsis plants using
FBOXF and CMYCR primers.
Numbers 1-18 refer to

each individual plant
sampled.

WT = wild type.

18 e Ve +ve control = positive
control control control, SPYNE-Arath;SKIP1
plasmid.

—-ve control = negative

1018bp e N ’ control, SDW.

507bp
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RNA was extracted from the leaves of all eight fdaand, following DNase
treatment, tested by PCR to ensure the absenanofrgc DNA (see Section 2.5).
cDNA was synthesised for use in semi-quantitatiVeHCR to confirm levels of
transgene expression (as described in SectionTh®)pSPYNEArath; KIP1
transgene could consistently only be detected NADf lines 4 and 6 (Figure 5.2),
leading to the question of whether the transgergiwéact inhibiting the expression

of the endogenouArath; KIP1 gene.

Figure 5.2 Results of PCR for the
pSPYNE-Arath;SKIP1 transgene in
transformed Arabidopsis plants
507bp using FBOX and CMYCR primers.
Numbers 1-18 refer to each
individual plant sampled.

WT = wild type.

+ve control = positive control,

1018bp

+ve -ve
control  control SPYNE-Arath;SKIP1 plasmid.

—ve control = negative control,
SDW.
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To test this, the cDNA was used for semi-quantiGaRT-PCR in comparison with
wild type cDNA for expression of the endogenduath; KIP1 gene using
Arath;KIP1 specific primers (Table 2.3). The results shoat #il eight plants were
expressingirath; SKIP1 to varying degrees, but all less than wild typigFe 5.3).
The expression of endogenotisath; KIP1 was reduced by at least 50% compared
to wild type in each line, with the highest expressseen in line 6 at 48% of wild
type expression (Figure 5.3). Seed from all eAyfath; SKIP1 sense knockdown
lines were sown on selective medium and two homoagdines, 1b and 5b, selected
for phenotypic analysis. Lines were considered heygous if 100% of germinated

seedlings survived on MS medium supplemented wigrdmycin.

60

Figure 5.3 Results of semi-quantitative
RT-PCR: Mean (+SE, n=3) endogenous I
Arath;SKIP1 gene expression in the
SPYNE-Arath;SKIP1 transformed lines

50

40

30

20

‘alal i't

SKIP1-1 SKIP1-2 SKIP1-4 SKIP1-5 SKIP1-6 SKIP1-8 SKIP1-14  SKIP1-18
Arabidopsis Line

Relative SKIP1 expression (% of WT)
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532 ANALYSISOF A T-DNA INSERTION LINE OF ARATH;SKIP1IN
ARABIDOPSISPLANTS

A T-DNA insertion mutant oArath;SKIP1 was acquired (GK-571F12-0231F2;
NASC, Nottingham, UK), with a T-DNA insertion inetfirst exon, 49 bp
downstream of the ATG. Seeds were sown on MS me(ses Section 2.3.3), and
DNA was extracted from mature leaves and genotyayddCR for the presence of
the T-DNA (see Section 2.4). Primers specific for wild typeArath; KIP1 allele

and the insertion allele were designed and uségstdhe homozygosity of the plants
(Table 2.3; P1, P2 and P3; Figures 5.4 and 5.&8nht®homozygous for the insertion
allele were transferred to soil, mature leavesndke RNA extraction (see Section
2.5), and the plants allowed to grow and set s8edd from one of these

homozygous lines was selected for phenotypic arsalys

= [ promoter [ 3ur Figure 5.4 Schematic diagram
| | N | | , LB/RB of .
sur ] RS ol Of the Arath;SKIP1 gene
. Exon |:| Inserted T-DNA  indicating position of T-DNA
_ Intron insertion.

P1 = AtSKIP1promF primer,
P2 = AtSKIP1exon1R primer,
P3 = GABI LB primer,

P4 = FBOXF primer,

P5 = FBOXR primer.

Insertion
homozygous homozygous| Heterozygous

plant plant plant

Figure 5.5 Representative image of results of genotyping for the presence of Arath;SKIP1 T-
DNA in three plants. Primers specific for the insertion allele (1; GABI LB and AtSKIP1exon1R;
277bp) and the wild type Arath;SKIP1 allele (2; AtSKIP1promF and AtSKIP1exonl1R; 377bp)
were used (see Table 2.3). If a fragment was amplified using primer set 2, but not 1, the plant
was wild type (WT). If a fragment was amplified using primer set 1, but not 2, the plant was
homozygous for the insertion allele. If a fragment was amplified using both primer sets, the
plant was heterozygous.
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Semi-quantitative RT-PCR was used to compare tpesggion levels of
endogenougvrath; KIP1 in mature leaves of the two homozygdusth; SKIP1
sense knock-down lines and the homozygous T-DNArtim line with wild type
Arabidopsis (see Section 2.5). A line over-expressirgth; WEE1, WEE1-58
(Spadafora, 2008), was used as a control. Prinesigmed to amplify the
Arath;SKIP1 ORF were used (P4 and P5; Figure 5.4; Table Zi#).homozygous
sense knock-down lines (SKIP1-1b and SKIP1-5b)estppressed\rath; KIP1 at a
significantly lower level than wild type (Figure@). TheArath; SKIP1 expression
levels of lines 1b and 5b were 33% and 83% of Witk expression, respectively
(Figure 5.6). It was expected that the T-DNA ingerin the first exon of

Arath; SK1P1 would lead to reduced expression of the endogegens.
Unexpectedly, thérath;SKIP1 T-DNA insertion line was found to be exprags
Arath;KIP1 at a significantly higher level than wild type (b§%; Figure 5.6),
indicating that it was, in fact, not a knock-outtamt line, despite being homozygous
for the T-DNA insertion. Interestingly, therath;WEE1 over-expressing control line
was also significantly over-expressiAgath; KIP1, at a level 19% higher than wild

type (Figure 5.6).

100

90
80
70
60
50
40
30
20
10
o} T T

SKIP1-1b SKIP1-5b SKIPT T-DNA WEE1-58

Relative expression of SKIP1 (% max)

Arabidopsis line

Figure 5.6 Results of semi-quantitative RT-PCR: Mean (+SE, n=3) endogenous Arath;SKIP1 gene
expression in the SPYNE-Arath;SKIP1 transformed lines (SKIP1-1b and -5b) and the Arath;SKIP1 T-
DNA insertion line compared to wild type (WT). * = significantly different from WT (P<0.05).
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To further study the expressionAfath; KIP1 in the T-DNA insertion line, the
cDNA was tested by PCR (Section 2.4.2) using tiagns specific for the wild type
Arath; XIP1 allele and the insertion allele (P1, P2 and Pguid 5.4; Table 2.3). As
expected, the wild type genomic DNA and cDNA weosifive for the wild type
allele and not the T-DNA insertion (Figure 5.7)sélas expected, and as seen in
Figure 5.5, the gDNA from th&rath;SKIP1 insertion line was positive for the T-
DNA insertion, but not the wild type allele (Figuser). The cDNA from the
Arath;KIP1 insertion line was also positive for the T-DNA@nson, however a

faint band was also amplified using the primerstifierwild type allele (Figure 5.7).

I t:;b cDNA T'DINAgDNA cD\I&vg Figure 5.7 Results of PCR to test
adder

SEL e P SIS ISR Arath;SKIP1 T-DNA insertion line (T-

: DNA) compared to wild type (WT).
507bp ; Primers for the Arath;SKIP1 wild type
allele (P1+2) and T-DNA insertion
(P2+3) were used (Figure 5.4; Table
2.3) on genomic (g) DNA and cDNA
from each line. —ve control =
negative control, SDW.

cDNA! gDNA
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The possibility that the T-DNA insertion was nosénted into thérath; SKIP1 gene
was tested for by PCR (Section 2.4.2) using prirf@rgheArath; KIP1 ORF (P4
and P5; Figure 5.4; Table 2.3) on genomic DNA abi& from theArath;SKIP1
T-DNA insertion line compared to wild type gDNA aoBNA. These primers used
on a wild type template should amplify a fragmei®@0 bp (exons only) from the
cDNA and 1000 bp from wild type gDNA. No fragmestwould be amplified from
the Arath;SKIP1 T-DNA insertion line gDNA or cDNA becauseetii-DNA
insertion would make the fragment too large to in@ldied. As seen in Figure 5.8,
the fragments amplified from the wild type gDNA arfdNA were of the expected
sizes. However the same size fragments were alpbfeat from theArath;SKIP1
T-DNA insertion line gDNA and cDNA (Figure 5.8).

Figure 5.8 Results of PCR to test

1kb T-DNA wT tve =5 for splicing of T-DNA insertion
ladder ¢cDNA gDNA cDNA gDNA control control from Arath;SKIP1 T-DNA insertion
line (T-DNA) compared to wild
type (WT). Primers for the
Arath;SKIP1 ORF were used (Table
2.3) on genomic (g) DNA and

1018bp

D N e

cDNA from each line.

+ve control = positive control,
SPYNE-Arath;SKIP1 plasmid.
—-ve control = negative control,
SDW.
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5.3.3 PHENOTYPING OF SENSE KNOCK-DOWN AND T-DNA
INSERTION LINES OF ARATH;SKIP1IN ARABIDOPSISPLANTS

The phenotypes of the twarath; SKIP1 sense knock-down lines, 1b and 5b, and that
of theArath;SKIP1 T-DNA insertion line, were compared to wiyjghe and two lines
over-expressingrath;WEE1 (WEE1-58 and WEE1-61; Spadafora, 2008). The
Arath;\WEE1 over-expressors were used as a control becawse iexpected that if
Arath;WEE1 is targeted for degradation Asath;SKIP1, a decrease Arath;SKIP1
should lead to an increaseAnath;WEEL1 protein. Half of the seedlings were fixed
after seven days growth and the other half aftertéen days growth (see Section
2.3.5). Primary root length was measured dailglliiseedlings until fixed (Figure

5.9). The primary root growth data were analysedirtsar regression in order to
calculate rates of primary root elongation in efwd. Over the course of 14 days,

the primary root elongation rates of theath;SKIP1 sense knock-down lines were
intermediate between tiAgath;WEE1 over-expressing lines and wild type (Figure
5.9). TheArath;SKIP1 sense knock-down lines elongated at a fae3oamm per

day, while the roots of th&rath;WEE1 over-expressors elongated by 4 mm per day,
and wild type 5.7 mm per day (Table 5.1). In castirthe primary root elongation

rate of theArath;SKIP1 T-DNA insertion line was similar to wild tgpat 5.8 mm

per day (Figure 5.9; Table 5.1).
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Figure 5.9 Primary root length (+SE, n=15-60) over time in Arath;SKIP1 sense knock-down (SKIP1-1b and -
5b) and T-DNA insertion lines compared to Arath;WEE1 over-expressors (WEE1-58 and -61) and wild type
(WT) Arabidopsis. a, b, c = significantly different from WEE1-58, WEE1-61, WT respectively (P<0.05).

Table 5.1 Rate of primary root elongation in Arath;SKIP1 sense knock-down (SKIP1-1b and
-5b) and T-DNA insertion lines compared to Arath;WEE1 over-expressors (WEE1-58 and -
61) and wild type Arabidopsis.

Arabidopsis line Linea.r regression Rate ?f primary root
equation (P=0.000) elongation (mm per day)
SKIP1-1b y =5.34x + 9.62 5.34
SKIP1-5b y =5.29x + 11.80 5.29
SKIP1 T-DNA y=5.78x+11.5 5.78
WEE1-58 y =4.02x + 8.06 4.02
WEE1-61 y=4.02x + 8.69 4.02
Wild type y =5.73x + 12.00 5.73
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Previous results have demonstrated that 10 dagrssaftving (equivalent to the 7

days of growth analysed here) the primary root/&E1-58 and WEE1-61 lines

over-expressindrath;WEE1 were significantly shorter than wild type, andythe

produced significantly less lateral roots and pridne (Spadafora, 2008). This

difference in root length was confirmed by the eatrphenotyping in both of the

Arath;\WWEEL1 over-expressing lines, however the number of éteots was only

reduced in WEE1-58 (Figure 5.10). The primary nwas also significantly shorter

than wild type in one of tharath;SKIP1 knock-down lines (5b), and the number of

lateral roots and primordia were reduced, simdaWtEE1-58 (Figure 5.10). Both

the primary root length and number of lateral rantthe otheArath; SKIP1 knock-

down line (1b), however, were similar to wild tyes, were those of the

Arath;SKIP1 T-DNA insertion line (Figure 5.10).
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Figure 5.10 Primary root length and number of lateral roots and primordia (+SE, n=9-29) after 7 days
growth in Arath;SKIP1 sense knock-down (SKIP1-1b and -5b) and T-DNA insertion lines compared to
Arath;WEE1 over-expressors (WEE1-58 and -61) and wild type (WT) Arabidopsis. a, b, c = significantly

different from WEE1-58, WEE1-61, WT respectively (P<0.05).
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After 14 days of growth, for which there was novywes data for the lines over-
expressingirath; WEE1, both WEE1-58 and WEE1-61 had shorter primarysoot
and less lateral roots and primordia than wild tgfaats (Figure 5.11). On the other
hand, bothArath;SKIP1 sense knock-down lines had primary root tleagnd
numbers of lateral roots similar to those of wilde (Figure 5.11). The root
phenotype of thérath;SKIP1 T-DNA insertion line was also similar to &ilype
after 14 days of growth (Figure 5.11).
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Figure 5.11 Primary root length and number of lateral roots and primordia (+SE, n=11-29) after 14 days
growth in Arath;SKIP1 sense knock-down (SKIP1-1b and -5b) and T-DNA insertion lines compared to
Arath;WEE1 over-expressors (WEE1-58 and -61) and wild type (WT) Arabidopsis. a, b, c = significantly
different from WEE1-58, WEE1-61, WT respectively (P<0.05).

The rate of lateral root initiation per mm of primaoot after seven days growth did
not vary from that of wild type in any of the trgesic lines (Table 5.2). This was
supported by regression analysis which indicatkdear relationship between the
primary root length and number of lateral rooteath line after seven days
(r’=0.96), confirming that the rate of lateral roatrfiation was similar in each line.
Similarly, a linear relationship between the prigneoot length and number of lateral
roots in each line was confirmed after fourteensday0.87). Interestingly, SKIP1-

1b was the only line in which the rate of late@trinitiation differed from that of
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wild type after fourteen days growth, producingrereased number of lateral roots

per mm of primary root (Table 5.2).

Table 5.2 Rate of lateral root formation per mm of primary root (+SE) after 7 days and 14
days growth in Arath;SKIP1 sense knock-down (SKIP1-1b and -5b) and T-DNA insertion lines
compared to Arath;WEE1 over-expressors (WEE1-58 and -61) and wild type Arabidopsis. *
= significantly different from wild type (P<0.05).

Rate of lateral root formation per mm of primary root (+SE)
Arabidopsis line | 7 day old seedlings (n=9-29) | 14 day old seedlings (n=11-29)
SKIP1-1b 0.27 +0.01 0.61+0.01 *

SKIP1-5b 0.21 +0.02 0.54 +0.02
SKIP1 T-DNA 0.27 +0.01 0.52+0.01
WEE1-58 0.20 +0.02 0.58 +0.02
WEE1-61 0.25 +0.03 0.58 +0.03
Wild type 0.24 +0.01 0.54 +0.01
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534 CROSSBETWEEN ARATH;SKIP1 SENSE KNOCK-DOWN AND
GFP-ARATH;WEE1LINES

The homozygous SPYNErath;SKIP1-1b sense knock-down line was crossed with
the homozygous GFRrath;WEE1-12 line (see Section 3.3.3) to study theot$fef
the decrease iArath;SKIP1 expression oArath;WEE1 protein (see Section 2.3.4).
It was expected that an enhanced GFP signal wauttetected in the plants carrying
both transgenes compared to the original @¥&h;WEEL line. Thirty two F1

plants were positive for the presence of both cantt by PCR (see Section 2.4.2;
Table 2.3; Figure 5.12).

GFP-Arath;WEE1:
GFPEND1/P62R

pSPYNE-Arath;SKIP1:
FBOXF/CMYCR

Figure 5.12 Results of PCR to test for presence of GFP-Arath;WEE1 (GFPEND1 and P62R
primers; +ve = positive control, GFP-Arath;WEE1 plasmid) and pSPYNE-Arath;SKIP1 (FBOXF
and CMYCR primers; +ve = positive control, pSPYNE-Arath;SKIP1 plasmid) constructs in 18
representative F1 plants. —ve = negative control, sterile distilled water.

F1 plants were allowed to self-fertilise and sefeais each line were grown on MS
medium (see Section 2.3.3), with the original G&Bth; WEE1-12 and wild type
lines as controls, and screened for GFP fluorescéee Section 2.3.6). Using a
high power microscope, the original line, GRRth;WEE1-12, exhibited a weak
fluorescence signal. A weak GFP signal was seémeimajority of the GFP-
Arath;WEE1 x SPYNEArath;SKIP1 F2 lines, similar to that of the original BF
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Arath;WEE1 line. Only two lines, 11 and 28, seemed tuileka stronger nuclear

GFP signal. No fluorescent signal was detectetenntild type seedlings.

Seedlings from the GFRrath;WEE1 x SPYNEArath;SKIP1 F2 lines 11 and 28
were subsequently used for confocal analysis (segdd 2.3.7). Unfortunately,
using the confocal microscope, no GFP signal cbaeldetected from either of the
F2 lines, or from the control, the original GRPath,WEE1-12 line. Western
blotting was used as an alternative method ofrtggtir any increase iaArath; WEE1
protein levels in thérath;SKIP1 sense knock-down lines and the G¥Bth;WEE1
x SPYNEArath;SKIP1 F2 lines compared to wild type and the G¥B&th;WEE1-
12 line. However, it was not possible to isola&ac] measurable bands of
Arath;WEE1 protein (see Appendix III).

5.3 DISCUSSION

If WEEL is a cell cycle regulator in plants thee firecise control of its activity is
likely to be very important. In other organismssthontrol is exerted via both
phosphorylation (reviewed by Dunphy, 1994) andgirotlegradationArath;WEE1

is degraded via the 26S proteasome pathway (se®i$8c3.5). WEEL protein is
also degraded via the 26S proteasome in other isrgansuch as fission yeast,
budding yeast, humans aRdnopus (Bai et al., 1996; Kaiser et al., 1998; Michael
and Newport, 1998). IXenopus this is via an SCF complex, which uses the F-box
protein TOME-1 to target WEEL1 for degradation (Aydl., 2003)Arath;WEEL is
able to interact with the F-box protehnath; SKIP1in vivo (see Section 4.3.1.1).

Arabidopsis plants were transformed with the SPYXEath;SKIP1 construct in an
attempt to over-express this gene. This in factded decrease ifirath; SKIP1
expression levels (Figure 5.3). This phenomenor, sgnse sequence decreasing the
expression of the target gene, has been recor@etpsly (reviewed by Dougherty
and Parks, 1995). It is thought that 75% homolegyeeded to decrease expression
in this manner (English et al., 1996; Waterhousa.etL999), so it is unlikely that

any other F-box proteins were knocked-down by ¢bisstruct, as the closest
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homologue tArath; SKIP1, the putativeArabidopsis F-box/leucine-rich repeat

protein 19, only shares 40% sequence identity.

The insertion of a large T-DNA into a gene, espbciato the exon where it should
not be spliced out, usually has the effect of rauythe expression of that gene
(Azpiroz-Leehan and Feldmann, 1997; Wang, 2008)Arath;SKIP1 T-DNA
insertion line was acquired in the hope that it ldqurovide a loss-of-function
mutant for comparison with the sense partial kndowmn lines. However, semi-
quantitative RT-PCR showed these plants to expkeath; KIP1 at wild type levels
or above (Figure 5.6), and their phenotype waslairto wild type (Figures 5.9, 5.10
and 5.11). The increase of gene expression lend@lsDNA insertion lines has been
demonstrated previously, and this was attributetieéd35S promoter which formed
part of the T-DNA. The endogenous promoter droyaession of the gene up to the
insert, with the 35S promoter causing the exprassidhe gene downstream of the
insert (Wang, 2008). It is possible that this wiae ghe cause dirath; KIP1
expression in the T-DNA insertion line, as the mges present in the cDNA
(Figure 5.7). However, the detection of wild tyfeth; SKIP1 using primers for the
ORF (Figure 5.8), but the lack of detection of ikl type allele using primers for
the Arath; SKIP1 promoter and first exon (Figure 5.7) in the germBINA is yet to

be explained. It is possible that the study oftfertgenerations would resolve the

issue. Alternatively, a different insertion lineutd be acquired.

Over-expression oArath;SKIP1 was also seen in thath;WEEL over-expressor
line, WEE1-58 (Figure 5.6). One possibility is thiat is a compensation for the
increasedrath;WEEL expression, leading to a requirement for increasetval of
Arath;WEE1 protein. However, levels éfath;WEEL protein in the WEE1-58 line
have not been measured, so this would need ttubded before any meaningful
conclusions were drawn. Also, the levelfpath; SKIP1 gene expression in the
WEE1-58 line was only increased by 19% comparegiltbtype, so it is possible

that this is due to natural variation.

The root phenotypes of tihgath;SKIP1 sense knock-down lines were studied in
comparison with thérath;WEE1 over-expressing lines, WEE1-58 and WEE1-61,

and wild typeArabidopsis. The elongation rate of the primary root in the
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Arath;WEE1 over-expressing lines was reduced (Figurg 89expected and as
previously described (Spadafora, 2008). InAhath; SKIP1 sense knock-down lines
the primary root elongation rate was also signiftgaslower than wild type, but was
closer to the wild type primary root growth ratankto that of thérath;WEE1 over-
expressors (Figure 5.9). This could indicate a seahindant mechanism for the
control of WEEL, with its activity also being cooited by phosphorylation, as seen
in other organisms (Dunphy, 1994). It is of cousts® possible that the level of
Arath;SKIP1 expression in these lines is not suffickenéiduced to cause an increase
in Arath;WEEL1 protein to levels similar to those of theath;WEE1 over-expressing

lines.

After seven days, the primary root length and nunatbéateral roots and primordia
of theArath;SKIP1 sense knock-down line 5b were similar testhof the WEE1-58
line, however the phenotypes of line 1b, and biois| after 14 days, were similar to
wild type. This may indicate thétrath;SKIP1 has a greater influence on
Arath;WEE1 degradation early in development. This igpsuied by the high
expression ofrath;KIP1 in dry seeds and in the seed coat of the embrglon(&l

et al., 2005). However the phenotypic affect wauded to be confirmed in at least
one additionaBArath;SKIP1 sense knock-down line. Ideally a loss-ofefion

mutant would also be studied. It would also stlibteresting to obtain lines over-

expressing thérath; XIP1 gene.

The rate of lateral root initiation was also ca#tatl (Table 5.1). After seven days,
the rate of lateral root initiation was similarath six lines. This implies that
although the WEE1-61 and, especially, the WEE1+&83KIP1-5b lines grew more
slowly than wild type and the SKIP1-1b and SKIPDNA insertion lines overall,
the rate of lateral root initiation remained constd he rate of lateral root initiation
was similar between most of the lines after fourtdays, with the exception of
SKIP1-1b. The SKIP1-1b line produced more latevats per mm of primary root
than wild type after fourteen days, suggesting the#rath; SKIP1 gene had a
positive effect on lateral root development. TRigi contrast to the expected
phenotype of decreased lateral root productiomeslover-expressingrath; WEEL
(Spadafora 2008) and further supports the needrrm the SKIP1-5b phenotype
in at least one addition&krath;SKIP1 knock-down line.
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TheArath;SKIP1 sense knock-down line 1b was crossed weghaRPArath;WEE1
line 12 (described in Section 3.3.3). An enhanceé® Gignal was expected in the F2
seedlings carrying both transgenes, as it was hggaed that the decrease in
Arath; KI1P1 expression would lead to an increaséiath;WEE1 protein. A GFP
signal was detected in the F2 lines on a high-pdluerescent microscope, however
no signal could be detected on the confocal miapscThe GFRArath; WEEL line

12 was known to be expressing a weak GFP signalt tas thought this would be
helpful in seeing any increased signal in the @ddmes. One possibility is to image
these lines on a more sensitive instrument. Anatpaon would be to repeat the
cross using a GFRrath;WEEL1 line which has been identified as expres&R® at

a higher level, such as line 10 or 67 (see Se&i8r8). The phenotype of the F2
lines might also be interesting, as the additifea$ ofArath;WEEL1 over-

expression from the GFRrath;WEE1 construct, and possible reduéedth;WEE1
degradation due to reduc@dath; KIP1 expression, may lead to a clear WEE1 over-

expression phenotype.

In theArath;SKIP1 sense knock-down lines and the F2 lines fileercross it was
hypothesised thairath;WEE1 protein levels would be increased compareslith
type and GFFArath;WEEL line 12 respectively, due to decreased degiau
Attempts were made to investigate this using wadwatting, however several
problems arose, including the co-migration of Wk#th the similarly-sized large
subunit of RUBISCO (57 and 55 kDa respectively; Appendix Ill; Lentz
Grgnlund et al., 2009; Lentz Grgnlund, 2007; Speeiaind Silvucci, 2002). The
high abundance of RUBISCO (Ellis, 1979) led toairy labelled non-specifically
by the secondary antibody (see Appendix Ill). Alemipt was made to remove
RUBISCO from the protein extracts using calciunmocigle and phytate, however
this proved unsuccessful (see Appendix Ill). Pdessblutions to this problem
include improving the protocol for RUBISCO removalpH of 7.5 was used, this
being the pH of the lysis buffer into which the fgios were extracted. In the
original protocol, however, pH6.8 was used (Krishaad Natarajan, 2009), which
would require fresh protein extractions into a buféf the suitable pH. The pH of
the original extracts could be adjusted, but thég/prove problematic due to the

small sample size. Another option would be to abtamore specific secondary
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antibody. A GFP antibody could be used for the ysislof the crossed lines.
However a second problem still remains in the istgtency of the WEEL protein
bands, which cannot be quantified. The WEEZ1 sigaald not be resolved using
any of the methods tried, which included gel elgaioresis at a lower voltage,
decreasing the percentage of acrylamide in theagel unfolding the protein prior to
loading by treatment at 8G for 10 minutes instead of the usual 400or five
minutes. Another possibility is that the samplesen®t sufficiently homogenised,
which would also require fresh protein extractidhsight also be the case that if

the RUBISCO was removed, the WEE1 protein wouldltde to migrate normally.

There are several other methods of analysis whoaklddoe interesting for the
Arath;SKIP1 knock-down lines. The affect of the proteasanhibitor MG132 could
be investigated. In a microarradrath; SKIP1 expression was decreased after three
hours treatment with MG132 (Winter et al., 200F,Rbrowser). IrArabidopsis,
GFP-Arath;WEEL1 signal was increased after six hours of tneat with MG132,
demonstrating that it is targeted for degradati@nthe 26S proteasome pathway (see
Section 3.3.5). In thArath;SKIP1 knock-down lines the MG132 treatment could
further decreasArath;WEE1 degradation, leading to an even larger irszéa
Arath;WEE1 protein.

The effects of hydroxyurea treatment may also ber@sting, as hydroxyurea
inhibits the DNA replication checkpoint, of whi&rath;WEE1 has been shown to
be a key regulator (De Schutter et al., 2087ath;WEE1 mutants are
hypersensitive to hydroxyurea (De Schutter e8Q7; Lentz Grgnlund, 2007),
while it has little effect on thArath;WEE1 over-expressors (Unpublished data,
Cardiff lab). The effect of hydroxyurea treatmengnt, therefore, be more
interesting to test on alrath;SKIP1 over-expressing line, if one could be ol#din
in which Arath;WEE1 protein levels should be decreased. Thess lould be
expected to be hypersensitive to hydroxyurea,thiedrath WEE1 mutants.

It would also be useful to discover whether or Ath; SKIP1 is cell cycle
regulated. Microarray data show a large peakrath;WEE1 gene expression at S-
phase, decreasing into mitosis (Menges et al., 20dth the same pattern seen in
tobacco WEEL1 protein levels in BY-2 cells (LentaGlund, 2007). It would be
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expected tharath; SKIP1 expression levels would follow a similar patteon t
Arath;WEE1, peaking at S-phase and decreasing into isidsen all WEEL protein
had been removed. However, microarray data #oatidopsis cell cultures did not
detectArath; SKIP1 expression during the cell cycle, with valuesxjression level
so low that they would be considered as noise raliaa true gene expression
(Menges et al., 2003). Thus to determine wheffnath;SKIP1 is cell cycle
regulated its expression in other systems may teebd studied. Alternatively,
Arath;SKIP1 may still be important fokrath; WEE1 degradation, but not during a
normal cell cycleArath;WEE1 has a well documented role in the DNA repica
checkpoint (De Schutter et al., 2007; Cools et2f11,1), and so its degradation via
Arath;SKIP1 may be related to recovery from this cheakipo
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6. GENERAL DISCUSSION

The activity of the WEE1 kinase protein is fundataéto the cell cycle in many
organisms, including budding yeast, fission yeast\zertebrates. WEE1 prevents
the premature onset of mitosis via the inhibitanggphorylation of Cdc2 (or its
homologue), the cyclin-dependent kinase respongiblhe progression from G2-
phase into mitosis (Den Haese et al., 1995; Boehal., 1993; Sia et al., 1996;
Featherstone and Russell, 1991; Lundgren et @1 ;1Rarker and Piwnica-Worms,
1992). In higher plants, however, a role for WER1he G2/M transition during an
unperturbed cell cycle is yet to be identified. Tasults described in this thesis
begin to elucidate how the localisation and stgbdf WEE1 protein may be

regulated in higher plants.

A GFP-Arath;WEE1 construct under the 35S promoter was usew/astigate the
subcellular localisation dArath;WEE1, and proved particularly useful in the study
of the stability of the protein. The expressiorha construct in tobacco BY-2 cells
allowed the observation @éfrath;WEE1 localisation in different cell cycle phases.
While Arath;WEE1 was nuclear in all interphase cells, the pridpn of prophase
cells exhibiting fluorescence was only 4%, and redaphase cells contained an
Arath;WEE1 signal (Section 3.3.1). The fluorescent digetrned in anaphase and
telophase (Section 3.3.1). This was confirmed ot roeristem cells of a GFP-
Arath;WEE1 Arabidopsis line crossed with the nuclear envelope marker RFP-
Arath;SUN1 (Section 3.3.2). An interesting observatiothieArabidopsis GFP-
Arath;WEEL1 lines was that the levels A&fath; WEE1 degradation varied in the
different root tissues (Section 3.3.4). This ineéddhe lateral root primordia, where
Arath;WEE1 could not be detected (Section 3.3.4). Tlaégasome inhibitor MG132
was used to show thAtath;WEEL is degraded via the 26S proteasome pathway in
Arabidopsis roots (Section 3.3.5).

Bimolecular fluorescence complementation was usanfirm the interaction of
Arath;WEE1 withArath;SKIP1in vivo (Section 4.3.1). Stable tobacco BY-2 cell
cultures containing the SPY C&rath;WEE1 construct were co-transformed with the
SPYNEArath;SKIP1 and SPYNErath;GSTF9 constructs to facilitate the study of
the dynamics of these interactions (Section 4.38¢. expression of SPYCE-

Arath;WEE1 led to premature mitosis and small mitotik sige (Section 4.3.3). It
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was discovered that the BiFC interactions reschedbnormal effects caused by the
expression of SPYCRBrath;WEE1 alone (Section 4.3.3). The BY-2 culture co-
transformed with SPYCRBrath;WEE1 and SPYNEArath;SKIP1 differed from the
other cultures in producing a high mitotic indexambsynchronised (Section 4.3.3).
The line containindrath; SKIP1 also differed by exhibiting an increasedpdiro
fluorescence (ie. a larger decrease in the prapodf cells in which an interaction
betweerArath;WEE1 andArath;SKIP1 was detected) between interphase and
prophase relative to the other transgenic BY-2slif&ection 4.3.3). No interaction
with Arath;WEE1 was detected during metaphase in either BhéCE-
Arath;WEE1/SPYNEArath;SKIP1 line or the SPYCE-
ArathWEE1/SPYNEArath;GSTF9 line (Section 4.3.3). However, a returnhef t

interactions could be observed in anaphase anphase (Section 4.3.3).

An attempt was made to over-exprésath;SKIP1 inArabidopsis, however this
resulted in the creation @irath;SKIP1 sense knockdown lines (Section 5.3.1). A T-
DNA insertion was expected to provide Arath; SKIP1 knockout mutant for
comparison with the sense knockdown lines, howgvath;SKIP1 expression was
not reduced in this line (Section 5.3.2), and hdeed like wild type (Section 5.3.3).
The root phenotype of thrath; SKIP1 sense knockdown lines was compared with
wild type andArath;WEE1 over-expressors (Section 5.3.3). The primaoy growth
rate of theArath;SKIP1 knockdown lines was intermediate between wipe and

the ArathWEE1 over-expressors (Section 5.3.3). The numbkateral roots of one
of theArath;SKIP1 sense knockdown lines (5b) was reduced cozdpa wild type,
similar to theArath;WEE1 over-expressors, after seven days (Sect®i)s.
However the number of lateral roots after fourtdags, and in the second
Arath;SKIP1 knockdown line (1b) at both time points, vgasilar to wild type
(Section 5.3.3).

In light of the results described above | will diss the stability of thArath;WEE1
protein and also raise the question of the ro/&E1 in higher plants, before
describing what further work may be useful and ssagy to further characterise
plant WEEL1.
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6.1 ARATH;WEE1PROTEIN ISNUCLEAR AT INTERPHASE,
BUT ABSENT DURING METAPHASE

The proximity of WEEL protein to Cdc2 is an impaotttéevel of regulation. In

fission yeast, cyclinB-Cdc2 is localised to theopfasm at interphase, while Weel is
nuclear, until the Cdc2 complex transfers to thelews at mitosis (Masuda et al.,
2011). During interphase in mammalian cells, WEEIbcalised to the nucleus,
transferring to the mictotubules at mitosis (Baldimd Ducommun, 1995). It has
been demonstrated recently tAaath;WEE1 is also nuclear at interphase, however
its subcellular localisation during mitosis was rextorded (Boruc et al., 2010).
Here,Arath;WEE1 was confirmed to be nuclear at interphadsoth tobacco BY-2
cells andArabidopsis roots using a GFP construct under the 35S proniStmtions
3.3.1 and 3.3.4).

In budding yeas®enopus and humans it has been demonstrated that WEE1
degradation is necessary for the onset of mité&ssér et al., 1998; Simpson-Lavy
and Brandeis, 2010; Michael and Newport, 1998; Walta et al., 2004). In tobacco
BY-2 cells, protein levels dflicta;WEE1 peak early in G2, while kinase activity is
highest early in S-phase, dropping consistentlyngué and G2 to its lowest level in
mitosis (Lentz Grgnlund, 2007), suggesting thatrémeoval of WEE1 may also be
important for the onset of mitosis in higher plafitse expression of the GFP-
Arath;WEE1 construct in synchronised tobacco BY-2 caliswed the visualisation
of Arath;WEE1 subcellular localisation in different cellaby phases. It was
discovered thatrath;WEEL protein is removed prior to metaphase (Se@i3.1).
This was supported by the observation of this canstn Arabidopsis roots also
expressing the nuclear envelope marker RF®Rh;SUN1 (Section 3.3.2).
Additionally, there was no evidence of interactitwesweenrath;WEE1 and other
proteins of interest during metaphase using th&€CBdehnique (Section 4.3.3).
Taken together, these results suggest that theviadrabWEE1 protein may be
important for the progression of mitosis beyondghiase in plants.

An interesting discovery during the course of thak was the observation that the
level of WEE1 degradation seemed to vary in thiebht tissues oArabidopsis
roots (Section 3.3.4). The relatively higher lev@#$&FP signal in the cell lineages

destined to become the stelar tissue of the Gifeh;WEE1 meristems compared to
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the fluorescence signal in the H2B-YFP line impléeceduction of WEE1
degradation in this tissue. In the elongation ziweetissue-specific pattern of
Arath;WEE1 degradation was different, with a relativielgreased level of removal
in the cortical tissue. In the differentiation zphewever Arath;WEE1 was found to
be stable (Section 3.3.4). These observations sigrported by the results of
treatment of the GFRrath;WEEL lines with the proteasome inhibitor MG132
(Section 3.3.5)Arath;WEE1 degradation was decreased in the cortexein th
elongation/differentiation zones of MG132-treatedts, implying that there is
usually a relatively higher degradationArfath; WEEL in the cortex. In the
meristem/elongation zon&rath;WEE1 protein was highly stabilised in the stele by
MG132-treatment, implying thatrath;WEE1 degradation is usually high in this
tissue (Section 3.3.5). Although the pattern aredation in the cell lineages
destined to become the stele of the meristem isadictory between the untreated
and MG132-treated roots, both support the ideatki®ategulation oArath;WEE1
degradation may be important in this tissue, a$ agein the cortex in the elongation
zone. This observation is supported by WEE1-prom@tdS analysis anth situ
hybridisation studies, which both reported higiath;WEE1 expression in the
vascular tissue of roots (De Schutter et al., 2@igler et al., 2009), which
originates from the stelar tissue. Additionallyath; WEEL is required for the
protection against premature vascular differemratn the stelar tissue (Cools et al.,
2011).

It is thought that a lack of WEEL is necessartfierinitiation of lateral roots, as
demonstrated by the down-regulationfoéth;WEE1 observed in roots stimulated to
produce laterals by NAA treatment (Engler et @0%). The over-expression of
Arath;WEE1 can have an effect on root phenotype, paatiljucausing the
production of fewer lateral roots compared to wylde (Spadafora, 2008).
Conversely, theveel knockout mutants oArabidopsis produce more lateral roots
compared to wild type (Lentz Grgnlund, 2007). lea GFPArath; WEEL1 lines, a

lack of fluorescence in the lateral root primordmnpared to the H2B-YFP line
supports a requirement férath;WEE1 degradation prior to the initiation of latera
roots (Section 3.3.4).

From these results it can be concluded that WEgtadation may be central to the
G2/M transition in plants. Additionally, the leved§ WEE1 removal vary in a tissue-
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specific manner in thArabidopsis root, with the regulation of WEE1 degradation
being particularly important in the stele and lateoot primordia. Another
interesting aspect &rath;WEE1 degradation is the mechanism by which this
occurs, which could in turn provide further infortiea about the role of WEEL in

plants.

6.2 ARATH;SKIP1PROVIDESA POSSIBLE MECHANISM
FOR THE DEGRADATION OF ARATH;WEE1VIA THE
26SPROTEASOME

In budding yeast and vertebrates, the degradafi$viE1 is implemented via the
26S proteasome degradation pathway (Kaiser €1998; Simpson-Lavy and
Brandeis, 2010; Michael and Newport, 1998; Watareilsd., 2004). This pathway
can be blocked by the application of the proteasmmigitor MG132 (Rock et al.,
1994). GFPArath; WEEL1 seedlings treated with MG132 exhibited a dioghn GFP
signal compared to mock-treated seedlings, cletmhgonstrating thatrath;WEE1
is degraded via the 26S proteasome pathway (SeR{805).

It has been shown thAtath;WEE1 only interacts with one core cell cycle phote
CDKA;1, which occurs in the nucleus (Boruc et 2010b). A yeast two-hybrid
assay showed tharath;WEE1 is able to interact with over 90 additionellalar
proteins (Lentz Grgnlund, 2007). The interactiohfrath;WEE1 with

Arath; GCN5, a histone-acetylating protefw,ath; GSTF9, a glutathione S-
transferase involved in the cell’s response tasstisrath; TFCB, ana-tubulin
folding cofactor; and\rath;14-3-3», which may inhibit dephosphorylation of
Arath;WEE1 have been confirmed vivo using bimolecular fluorescence
complementation (BiFC; G. Cook, unpublished date, Appendix IV; Lentz
Grgnlund et al., 2009). The interactionfraith;WEE1 with the F-box protein
Arath;SKIP1 has also been confirmetvivo by BiFC (Section 4.3.1). This
interaction suggests thatath;SKIP1 is responsible for targetidgath;WEEL1 for

degradation via the 26S proteasome degradationvpgth

Arath;SKIP1 is also able to interact with tAeabidopsis SKP1 homologue,
Arath;ASK1 (Farras et al., 2001), meaning it is abléoton an SCF complex
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capable of targeting proteins for degradation k&a26S proteasome degradation
pathway. F-box proteins have been implicated indigradation of WEEL in other
organisms, for example MET30 in budding yeast (Kiaet al., 1998) and TOME-1
in Xenopus (Ayad et al., 2003). IArabidopsis, Arath;WEE1 andArath; KIP1 are
co-expressed in some tissues such as roots, stehtogyledons, however, neither
gene is ever highly expressed at the same timar{i8ogt al., 2005). This lack of
Arath; KIP1 expression wherArath;WEEL is highly expressed could be due to an
underlying mechanism ensuring taath;WEE1 is not degraded when its activity

is required.

It was hypothesised that by decreashngth; SKIP1 expression, the levels of the
appropriate SCF complex would be reduced, in taducing the ubiquitination and
degradation oArath;WEE1 and increasing levels Afath;WEE1 protein. In turn,
this could lead to a delay in mitosis via G2 arrkestding to a large cell size
phenotype. Thus, a root phenotype similar to th#he previously described
Arath;WEE1 over-expressor lines, WEE1-58 and WEE1-6ghirtbe expected, with
a reduced primary root growth rate and reduced rusndf lateral roots compared to
wild type (Spadafora, 2008). The root growth phgpetof theArath;SKIP1 sense
knockdown lines was reduced compared to wild tjpo not to the same extent as
the Arath,WEE1 over-expressors. OAeath;SKIP1 sense knockdown line (5b) had
developed fewer lateral roots than wild type as@ren days, similar to the
Arath;WEE1 over-expressors, but had a similar numbdéatefal roots compared to
wild type after fourteen days (Section 5.3.3). Td¢osld indicate tha#rath;SKIP1

has a greater influence @mnath;WEE1 degradation early in development, supported
by highArath;SKIP1 expression in seeds and the seed coat of the enBchmid et
al., 2005). A semi-redundant mechanismAoath;WEE1 regulation may exist, with
its activity also being controlled by phosphorydatiat different stages of
development (Dunphy, 1994). However, the numbéatefal roots in the second
Arath;SKIP1 sense knockdown line (1b) was similar taviyipe at both time points
(Section 5.3.3), so the phenotype of fewer laterals after seven days would still
need to be confirmed in at least one additiona. lin

To identify the localisation of the interactionAfath;WEE1 with Arath; SKIP1 and

other proteins of interest in different cell cystages, stable tobacco BY-2 cell

cultures carrying both SPYNE and SPYCE construeteewereated (Section 4.3.2).
165



When transformed with the SPYC¥ath;WEE1 construct alone, the BY-2 culture
displayed effects similar to previously describieé$ transformed with inducible or
stableArath;WEEL1 constructs, including premature mitosis corag@ao wild type
(Section 4.3.3; Siciliano, 2006; Spadafora, 208®)\wever, when co-transformed
with the SPYNEArath;SKIP1 or SPYNEArath;GSTF9 constructs, both timing of
mitosis and cell size were similar to wild type pilying that the BiFC interaction
was able to rescue the abnormal effectarath; WEE1 expression in BY-2 cells
(Section 4.3.3). This was probably due to the Btation of Arath;WEEL protein

via the BiFC complex, which may have physicallysesiereddrath; WEE1 from

the endogenous tobacco cell cycle machinery, ptengethe interference of the non-

native protein.

Several results from the co-transformed SPYATEh;WEE1/SPYNEArath;SKIP1
BY-2 line support the hypothesis thatath;SKIP1 may targefrath; WEE1 for
degradation. The high peaks of mitosis in thesesltompared to other transgenic
lines could be an indication of a decrease intihéition of cell cycle progression
by Arath; WEE1, due to it being targeted for proteolysisAbgith; SKIP1 (Section
4.3.3). Additionally, there was a higher drop ie firoportion of cells positive for a
interaction betweeArath; WEE1 andArath;SKIP1 between interphase and prophase
in this line compared to the SPYQ¥ath; WEE1/SPYNEArath;GSTF9 line. This
could be due to the over-expressiorAodith; SKIP1 leading to an increase in
Arath;WEE1 degradation, leaving le8sath;WEEL1 protein available to form a
complex withArath;SKIP1 (Section 4.3.3).

It has been previously demonstrated that the oxpression ofArath WEEL1 in
Arabidopsis leads to shorter primary roots and less lateratsrand primordia
(Spadafora, 2009). It is hypothesised that an asgenArath;WEE1 expression
would also lead to mitotic delay and G2 arrestieasing cell size as seen in fission
yeast (Russell and Nurse, 1987). The expressitbmmin, maize andrabidopsis
WEE1 in fission yeast each leads to long cellsréghi et al., 1991; Sun et al., 1999;
Sorrell et al., 2002). This was seen in the BY-Ruras described in Chapter 4,
where expression of SPYCArath;WEEL1 led to an increase in cell size. The co-
transformation of this line with SPYNErath;SKIP1 reduced the cell size back to
wild type levels (Section 4.3.1.3), which coulddee to the removal of excess

Arath;WEE1 viaArath;SKIP1. However, it is also important to rememlbet tthis is
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based on an assumption of wild type BY-2 cell siza 29 mL culture, as used
during this investigation, being equal to wild tygedl size in a 95 mL culture, as

measured previously. This remains to be investijate

6.3 DOESWEE1KINASE HAVE A ROLE TO PLAY IN AN
UNPERTURBED CELL CYCLE IN HIGHER PLANTS?

The role of WEEL1 in higher plants is still a congcsial topic. The function of the
protein in theArabidopsis DNA replication checkpoint has been clearly illastd

(De Schutter et al., 2007, Cools et al., 2011), dn@w it remains to be seen whether
or not there is a role for WEEL in the unperturbelll cycle in plants. The lack of a
distinct phenotype imeel knockout mutant plants suggests there may nabbe (
Schutter et al., 2007). However, homologues taMikd and MYTL1 proteins, to
which WEEL1 is functionally redundant in fission geand mammalian cells
respectively (Den Haese et al., 1995; Mueller t18195), have not been identified
in plants. It is of course possible that plant WE&Efunctionally redundant to an as

yet undiscovered protein unique to plants.

However, several of the results described in thesis support a role for WEEL in
the unperturbed cell cycle in plants. Firstly, thear removal of GFArath; WEE1
prior to metaphase, and the lack of BiFC interaxiat metaphase, in the tobacco
BY-2 lines implies the existence of a strong medrarfor the complete removal of
all WEEL protein before the progression of mitdm@ygond prophase. It is already
known thatNicta;WEEL1 protein levels peak early in G2, droppingheir lowest

level in mitosis (Lentz Grgnlund, 2007). These hsssuggest that the inhibition of
CDK by WEEZ1 protein must be removed prior to mgasi plants. The return of the
interactions at anaphase and telophase may imulie dor WEE1 in cytokinesis in
plants. A similar role was proposed for mammaliaBEY when it was observed that
the protein localises to the microtubules at mgasihuman cells (Baldin and
Ducommun, 1995). However, in tobacco BY-2 cells, B¥Evas observed to localise
to the chromosomes at anaphase and telophase, ttehehe microtubules
(Sections 3.3.1, 3.3.2 and 4.4.3). This differemes be due to the highly dissimilar,

complex mechanism for cytokinesis which existslangs, where a new cell wall
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must be constructed, compared to the relativelpkdrdivision in animal cells

(reviewed by Staehelin and Hepler, 1996).

Similarly, it appears that the inhibition of CDK BYEE1 protein must be overcome
for the initiation of cell division in the pericyel which leads to lateral root
formation. Pericycle cells are arrested in G2, pdrnto respond to signals which
initiate the production of lateral roots via theumption of cell division (Beeckman
et al., 2001). The onset of lateral root productiwey be controlled by auxin-
regulated degradation via the ubiquitin/26S praiges pathway (Hellmann and
Estelle, 2002). GFRrath; WEE1 degradation was high in the lateral root e
(Section 3.3.4). Roots stimulated to produce l#drg NAA treatment had reduced
Arath;WEE1 expression (Engler et al., 2009). This isgsufed by the observation
that more lateral roots are producedn®el insertion mutants oArabidopsis
compared to wild type, whil&rath;WEE1 over-expression reduces the number of
laterals (Lentz Grgnlund, 2007; Spadafora, 2008).

Recently WEE1 has been implicated in the protectigainst premature vascular
differentiation inArabidopsis roots under conditions of replication stress (Gaatl

al., 2011). Dead cells in the stele of the elormya#ind differentiation zones,
characteristic of those seen by Cools et al. (201 &)veel knockout mutant line
treated with hydroxyurea, were also seen in the-Gieh;WEEL lines during the
course of the work described in this thesis, bes¢hplants were not treated with any
kind of replication stress (Section 3.3.4). Thisldandicate thafrath WEE1 also

has an important role in preventing premature asdifferentiation under normal

conditions.

In summary, WEE1 could be important for the cortauotng of the G2/M transition,
the prevention of premature lateral root initiataord the protection against
premature vascular differentiation in roots, evadar normal conditions, in plants.
This is in contrast to various claims made whichgast that the role of the WEEL1
protein in plants is exclusively as part of the DN&mage and replication
checkpoints (De Schutter et al., 2007, Cools eall1). However, recently
attention has been drawn to the fact that “normaliditions for plants may involve
high levels of DNA damage and stress, due to the@mmental conditions which
they are constantly exposed to, due to their sadghtestyle (Francis, 2011). This
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should be considered when interpreting any resetjarding WEEL in plants grown

under relatively unstressed laboratory conditions.

Another possibility is that WEEL activity is spesigpecific. In tomato, for example,
the down-regulation d¥olly;WEE1 dramatically reduced fruit size in a dose-
dependent manner (Gonzalez et al., 2007). Thidased to the role dfolly,WEE1

in the endocycle, with a reduction $olly;WEE1 expression leading to reduced
endoreduplication and consequently reduced ceadl (§&onzalez et al., 2007).
Additionally, in apple falus x domestica Borkh.), WEE1 was important in the
promotion of cell production during fruit growthtteough the mechanism by which
this occurs is yet to be defined (Malladi and Joimp2011). It may be, therefore,
that whileArabidopsis generally provides a useful model for the molecatzlysis
of cell cycle genes, the study of WEEL1 in differeptems, especially fruit-bearing
plants, might provide a clearer understanding eftotein’s role in higher plants.

6.4 FUTURE WORK

The characterisation of higher plant WEEL1 is sloladyng revealed, however the
precise role of the WEE1 kinase in plants is fanfrclear, and will require much
further study. The work presented in this thesscdbes, to my knowledge, the first
investigation into the stability ddrath; WEE1. Several lines of investigation could
be taken both to confirm the degradation ofAhath;WEEL1 protein via the 26S
proteasome pathway and to confirm tAedth;SKIP1 is the F-box protein
responsible for targetingrath; WEE1 for proteolysis.

The proteasome inhibitor MG132 proved to be a udetl in demonstrating that
Arath;WEE1 is degraded via the 26S proteasome pathwsaysé could be extended
to other transgenic lines and systems to answrduguestions regarding the
mechanism oArath;WEE1 degradation. If applied to the tobacco BYeR line
containing the GFR”Arath;WEE1 construct, MG132 could be used to confirm tha
the disappearance of the fluorescence signal iphage and metaphase was due to
the degradation of the protein. This could be extelnto the BiFC lines, to see if the
interactions are stabilised and appear in metaplibea the cells are treated with
MG132.
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The treatment ofirabidopsis lines with MG132 would also be interesting. MG132
treatment could be used to confirm that the lac&BP signal in the lateral root
primordia of the GFPArath;WEEL lines was due to the degradatioadth; WEE1.
The RyeepArath; WEE1-GFP plants used by Cools et al. (2011) caidd be treated
with MG132 to investigate whether the lack of Gkghal observed in these lines
under normal growth conditions was due to a Anath;WEE1 expression or due to

a high level ofArath; WEEL1 turnover.

The study ofArath;WEEL1 protein levels would be the best test fordfiect of the
various transgenes and treatment®oath;WEE1 degradation. If the technique for
the western blotting of WEE1 could be perfected,ldvels ofArath WEE1 protein
could be compared in the MG132-treated and mocektdcelines GFRArath;WEE1
lines, or even in wild type. The levels of WEE1teio in the SPYCE-

Arath; WEE1/SPYNEArath;SKIP1 BY-2 line would also be interesting. If tleel

of WEEL protein is reduced in this line compareth®other BiFC lines it could be
due to the expression Afath;SKIP1. Similarly, the levels dirath WEE1 protein
could be increased in thAgath;SKIP1 sense knockdowArabidopsis lines
compared to wild type, i#rath;SKIP1 does targetrath; WEE1 for degradation.

The further characterisation Afath;SKIP1 will be important for confirming its role
as the F-box protein responsible for the targedingrath;WEE1 for degradation.
The characteristics of a true loss-of-functAmath; SKIP1 T-DNA insertion line, and
those of a line over-expressiAgath; SKIP1 inArabidopsis could confirm the
function of Arath;SKIP1. Knowledge regarding the levelsAvhth; WEE1 protein in
such lines would be especially useful in the comdition of the role of the
Arath;SKIP1 protein. Additionally, a line over-expresgiyath;SKIP1 should be
hypersensitive to hydroxyurea treatment due teettpeected reduction in
Arath;WEEZ1 protein.

Confirmation that the interaction betwegrath;WEE1 andArath;SKIP1 is cell

cycle regulated could also confirm the rolefoéth;WEE1 during an unperturbed
cell cycle. Firstly mutations could be introducatbithe binding sites of one or both
proteins to see if the interaction is abolisheaostruct in whiclArath;SKIP1 is
connected to a fluorescent marker such as RFP teutiioduced and tested for co-
localisation with GFFArath;WEE1. Co-immunoprecipitation could be used asoh to

170



to further confirm the interaction of the two prioie and could even confirm the
occurrence of the interaction in different cell leyphases if the cells were pre-

sorted.

The results described in this thesis focussed @mdbts ofArabidopsis as a simple
model for the study of cell division in plants. Hewer WEE1 may also have a role
to play in the above-ground elements of the plemthe study ofirath;WEE1
stability in shoots and leaves would be interestidgitionally, as described above,
WEEL1 has a role to play in fruit development infbttmato and apple, probably
through the role of the protein in endoreduplicatidhis may indicate that the
extension of the investigation of WEEL1 to otheitfhearing plants could even

provide commercially relevant results with the pai for controlling fruit size.
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APPENDICES

APPENDIX | CELL CYCLE PHASES

LINE C S G2 M Gl
WT 130 | 45 | 40 | 1.3 | 3.2
GFP-Arath;WEE1-4 145 | 50 | 20 | 1.0 | 6.5
35S5-GFP 140 | 50 | 50 | 1.0 | 3.0
SPYCE-Arath;WEE1 150 | 55 | 40 | 2.0 | 35
SPYCE-Arath;WEE1/SPYNE-Arath;SKIP1-6 130 | 40 | 60 | 1.7 | 13
SPYCE-Arath;WEE1/SPYNE-Arath;SKIP1-2 150 | 40 | 70 | 2.1 | 1.9
SPYCE-Arath;WEE1/SPYNE-Arath;GSTF9-3 8.0

— Cis the cell cycle duration, calculated from thierval between peaks.

— S-phase duration is calculated from the distantwdsn midpoints of the
ascending and descending lines of the first peak.

— G2 duration is calculated as the distance from emhere the curve begins to
rise, ie. the first value above 1%. This is onlthsis that any mitotic indices of
less than one per cent would indicate a Ml of thas 1 mitosis in 100 cells,
hence those values of less than 1% are seen asmamalse following the
induction of synchrony.

— Mis calculated using the following formula: Duatiof M = C/In2 x In(P+1),
where
P = The average mitotic index for all points on gin@ph, including zeros

(Nachtwey + Cameron 1968).
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APPENDIX [ DIC IMAGESOF ROOTSUSED TO CALCULATE
CELL SIZE

GFP-Arath;WEE1-10 e GEP-Arath;WEE1-67

£

WEE1-61

Figure i DIC images of Arabidopsis root

meristems used to measure epidermal,
cortical and stelar cell length, width and
number, and meristem area in the GFP-
Arath;WEE1-10, GFP-Arath;WEE1-67, WEE1-
58, WEE1-61 and wild type lines
(representative images of at least two
seedlings examined per line).
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APPENDIX |1 ARATH;WEE1 WESTERN BLOTS

Western blotting was used in an attempt to conflvenincrease irath;WEE1
protein levels in MG132-seedlings compared to tleek¥treated seedlings. This
technique was also used in an attempt to an®@yatd; WEE1 protein levels in the
Arath;SKIP1 sense knock-down lines 1b and 5b comparedidotype and the
Arath;WEE1 over-expressing line WEE1-58, and in the G¥&th;WEEL x
SPYNEArath;SKIP1 F2 lines 11 and 28 compared to the origialP-
Arath;WEE1-12 line. Total protein was extracted fromdids old seedlings treated
with MG132 or mock-treated and the protein conadittn measured by Bradford
assay. Twentyg of each protein was separated by SDS-PAGE, webtetted and
probed using a WEEL1 antibody (Section 2.6). Howeseveral problems prevented
the quantification oArath;WEE1 protein, including the non-specific detectan
RUBISCO (Figures ii and iii) and the aggregatioWMEE1L protein (Figure iii).

A strong, non-specific band of RUBISCO was consityedetected on the western
blots of theArath;SKIP1 knock-down lines (Figures ii and iii). Thss a problem
because the molecular weightArfabidopsis WEE1 protein is 57 kDa (Lentz et al,
2009; Lentz Gronlund, 2007), which is very similasize to the 55 kDa large
subunit of RUBISCO (Spreitzer + Silvucci, 2002ydering the two signals
inseparable on this gel system. Although the WEfibady is able to recognise
both Arabidopsis and tobacco WEEL (Lentz Gronlund, 2007), in presiwork the
antibody has been routinely used on protein exd¢thfrom tobacco BY-2 cell
cultures, which does not contain RUBISCO. Protainaeted from seedlings
germinated and grown in darkness, which are kn@ngontain little or no
RUBISCO, was used as a control and confirmed tieatkear bands were
RUBISCO (Figures ii and iii). The slightly largemeven bands seen in Figure iii
correspond in size tArath; WEEL1 protein.
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Dark-
MG132-treated Mock-treated grown . .
Figure ii WEE1 western blot of

130kba ) otein from MG132- and mock-

o treated GFP-Arath;WEE1-67
a
seedlings. Dark-grown seedlings

.55kpa | were used as a negative control for

RUBISCO
s0kpa RUBISCO.
25kDa
Figure iii Representative WEE1
SKIP1- SKIP1- WEE1l- WT  Dark- Cross Cross  GFP- western blot ofArath;SKIPl knock-

1b 5b 58 grown 11 28 WEE1
; . R down lines (SKIP1-1b and SKIP1-5b)

. 130kDa compared to the Arath;WEE1 over-
- ooy expresser, WEE1-58, and wild type
' (WT), and SPYNE-Arath;SKIP1xGFP-

WEEL
RUB!SCOMSS*D” Arath;WEE1 crossed lines 11 and 28

—— e . . ]
- : 40kDa TETNE . h.’ (Cross 11 and Cross 28) compared to

-9 - the original GFP-Arath;WEE1 line.
Dark-grown seedlings were used as a

25kDa
negative control for RUBISCO.

A protocol for the removal of RUBISCO froArabidopsis protein extract was
adapted from the method described in Krishnan aatdrdjan (2009). Protein was
extracted fromArabidopsis seedlings as described in Section 2.6.1. Calchioride
dihydrate and sodium phytate were added to a ématentration of 1QM each
(from 100 mM stock solutions) and mixed gently. Baenples were incubated at
42°C for 10 minutes, followed by centrifugation at 1@)g for 10 minutes afg€.

The supernatant was transferred to a fresh tubstaneld at -8TC.

However, this method proved unsuccessful as RUBIB@@ein could still be
detected on a coomassie-stained gel (Figure iveWtestern-blotted and probed
with the WEE1 antibody no bands of RUBISCO werébles but theArath;WEE1
signal remained highly inconsistent and did notfa@lear enough bands for
guantification (Figure v). Several attempts weralento resolve thérath,WEE1
signal, including gel electrophoresis at a lowdtage, decreasing the percentage of

acrylamide in the gel, and unfolding the proteiiopto loading by treatment at 5D
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for 10 minutes instead of the usual 40Gor five minutes, but all methods attempted

proved ineffective.

Figure iv Coomassie-stained gel
of phytate and calcium chloride
treated protein samples:
Arath;SKIP1 knock-down lines
(SKIP1-1b and SKIP1-5b), WEE1-
58, and wild type (WT). Dark-
grown seedlings were used as a
negative control for RUBISCO.

SKIP1-  SKIP1- WEE1- WT Dark-

T e - Figure v WEE1-probed western blot of

phytate and calcium chloride treated
protein samples: Arath;SKIP1 knock-down
lines (SKIP1-1b and SKIP1-5b), WEE1-58,
! and wild type (WT). Dark-grown seedlings
were used as a negative control for
RUBISCO. No non-specific RUBISCO bands
were visible, but the WEE1 signal was still
too inconsistent to be quantified.

130kDa

70kDa
55kDa <—WEEL

40kDa
10kDa
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APPENDIX IV

RESULTS OF TRANSIENT BiFC AND CONTROLS

Examples of results from controls for transient@ifFigure vi):

. . ‘
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Figure vi Tobacco BY-2 cells
cotransformed with a) BZIP63
fused to the split-YFP vector
pSPYCE in Agrobacterium and
BZIP63 fused to pSPYNE in
Agrobacterium; b) Arath;WEE1
fused to pSPYCE and BZIP63
fused to pSPYNE; and c) BZIP63
fused to pSPYCE and
Arath;GSTF9 fused to pSPYNE;
under UV light (left), white
light (right) and the two
merged (centre). a)isa
positive control — clear blue
colouring indicating an
interaction between the two
BZIP63 proteins. b)isa
negative control. c)is an
experimental negative control,
where auto-fluorescence is
indicated by grainy blue
colouring.



Examples of results of transient BiFC whath;GSTF9,Arath;GCN5 and
Arath; TFCB (Figure vii):
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Figure vii Tobacco BY-2
cells cotransformed with
Arath;WEE1 fused to the
split-YFP vector pSPYCE in
Agrobacterium and a)
Arath;GCNS5, b) and c)
Arath;GSTF9, and d)
Arath;TFCB fused to the
split-YFP vector pSPYNE in
Agrobacterium, under UV
light (left), white light
(right) and the two
merged (centre). Blue
colouring indicates a
positive interaction
between Arath;WEE1 and
the protein of interest.



APPENDIX V FURTHER RESULTS OF TRANSIENT BiFC
BETWEEN SPYCE-ARATH;WEE1 AND SPYNE-
ARATH;SKIP1 AND POSITIVE CONTROL

Positive control: SPYCRyath;BZIP63/SPYNEArath;BZIP63 (Figure viii):

Figure viii Tobacco BY-2 cells co-
transformed with Arath;BZIP63
fused to both pSPYCE and pSPYNE
(positive control); under UV light
(left), white light (right) and the
two merged (centre). Blue
colouring indicates a positive
interaction between the two
proteins (representative images).

Experiment: SPYCErath;WEE1/SPYNEArath;SKIP1 (Figure ix):
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Figure ix Tobacco BY-2
cells co-transformed with
Arath;WEE1 fused to the
split-YFP vector pSPYCE
and Arath;SKIP1 fused to
pSPYNE; under UV light
(left), white light (right)
and the two merged
(centre). Blue colouring
indicates a positive
interaction between the
two proteins
(representative images)




APPENDIX VI

Table i Controls for transient BiFC in stable pKkanSPYCE-Arath;WEE1 BY-2 line

FURTHER RESULTSOF SEMI-TRANSIENT BiFC TO
TEST FOR EXPRESSION OF SPYCE-ARATH;WEE1IN

STABLE TRANSFORMED BY-2 CULTURE

Control/Experiment | BY-2 Cell Line SPYCE SPYNE OUTCOME
. pSPYCE- "
1. Experiment - Arath;SKIP1 Positive
Arath;WEE1
2. Positive control WT Arath;WEE1 Arath;SKIP1 Negative
" pSPYCE- .
3. Positive control BZIP63 BZIP63 Positive
Arath;WEE1
4. Positive control WT BZIP63 BZIP63 Positive
. pSPYCE- .
5. Negative control - BZIP63 Negative
Arath;WEE1
6. Negative control WT Arath;WEE1 BZIP63 Negative
7. Negative control WT BZIP63 Arath;SKIP1 Negative

Figure x Results of experiment to test for expression of pkanSPYCE-Arath;WEE1 in stably
transformed tobacco BY-2 cells by semi-transient BiFC, under white light (left), UV light (right)
and the two merged (centre). Clear blue colouring indicates a positive interaction, whereas
grainy unclear blue colouring indicates background, or false positive, fluorescence. See Table i

for key to numbering.
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