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Abstract

Abstract

The cell cycle is the life of a cell from one mitotic division to the next. In yeast and
animals the transition from G2 to mitosis is regulated by the Weel kinases and Cdc25
phosphatases. Phosphoregulation of G2/M is also maintained by 14-3-3 proteins,
which function in a wide range of additional processes including signal transduction
and stress responses. The scope of this thesis was to investigate how the plant G2/M
checkpoint functions and how features of the yeast and animal G2/M model apply to
the plant model. A better knowledge of the mechanisms that regulate AtCDC25 and
AtWEE!1 activities was achieved by idéntifying interaction partners for the two
proteins. Both proteins interact with proteins involved in protein biosynthesis, cell
division and plant stress responses leading to many hypotheses about the localization,
regulation and function of both AtCDC25 and AtWEE1. Moreover, AtWEE] interacts
with pi'oteins involved in ubiquitin-mediated degradation, which might be the
mechanism regulating WEE1 protein levels (Chapter 4). Additionally, AtWEE1
interacts with 14-3-3 proteins and its interaction with 14-3-3w was confirmed in vivo
in plant cells (Chapter 5). Furthermore, greater insights into the role of WEEI in cell
cycle regulation and plant development were obtained by investigation of the
biochemistry of N. tabacum WEE! during the cell cycle of synchronized N. tabacum
BY-2 cells showing that both WEE1 protein level and kinase activity are sensitive
indicators for the timing of mitosis (Chapter 6). Moreover, A. thaliana weel T-DNA
insertion lines were characterized. Under standard growth conditions the T-DNA
insertions in the WEE! gene only mildly affect the plant root development. However,
exposure to hydroxyurea results in a hypersensitivity response leading to a reduced
primary root length and decreased rate of lateral root production linking AtWEE1 with
both stress responses and plant development (Chapter 7).

-ii-
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General Introduction

1 General Introduction

In 1858 the German pathologist Rudolf Virchow proposed the principle that "Where a
cell arises, there a cell must previously have existed" (Harris, 1999), which carried
with it a profound message for the continuity of life. Cells are generated from cells,
and the only way to make more cells is by division of those that already exist. All
living organisms, from uni-cellular bacteria to multi-cellular mammals, are products
of repeated rounds of cell growth and division extending back in time. This cycle of
replication and division, known as the cell cycle, is the essential mechanism, by which
all living things reproduce.

The following sections contain an overview of the eukaryotic cell cycle and how it is
regulated by important key proteins that ensure a tight control and correct progression
during the different stages of the cell cycle.

1.1 The Cell Cycle

Details of the cell cycle vary from organism to organism and variations may occur at
different times in the life of an organism. Nevertheless, certain characteristics are
universal. There is a minimum set of processes that a cell has to perform to allow it to
accomplish its most fundamental task: the transfer of its genetic information to the
next generation of cells. Therefore, the goal of the cell cycle is to produce two
genetically identical daughter cells. Two major phases of the cell cycle are the DNA
synthetic phase (S), where the DNA replication occurs, and the following mitotic
phase (M), where chromosome segregation and cell division occurs (Figure 1). In
somatic cells there are two additional phases and since these periods occur between M
and S phases, they are designated gap phase 1 (G1) and gap phase 2 (G2), respectively
(Mitchison, 1971).

If the conditions for continuous growth are not met in G1 phase the cell instead enters
the quiescent state (GO). The G1 and G2 phases serve as more than simple time delays
to allow cell growth. They provide time for the cell to ‘check’ the internal and
external environment to ensure that an earlier event, such as S phase, has been

properly executed before proceeding to a later event, such as M phase.
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Figure 1 - Schematic diagram of the eukaryetic cell eycle displaying the different phases, mitosis
(M), post-mitotic interphase (G1), DNA synthesis (S), the post-synthetic interphase (G2) and the
quiescent state (GO) for non-cycling cells

This checkpoint concept also includes events such as blocking M-phase after DNA
damage until damaged DNA has been repaired (Hartwell and Weinert, 1989; Nurse,
2000). The basic features of cell cycle regulation are remarkably conserved in all
eukaryotes examined so far (Van't Hof, 1973; Huntley and Murray, 1999; Pines,
1999; Inze and De Veylder, 2006; Francis, 2007).

1.2 Regulation of the Cell Cycle

1.2.1 Cyclin Dependent Kinases (CDKs)

The progression through the eukaryotic cell cycle is regulated at multiple points, but
all or most of these are regulated by the activation and deactivation of members of a
conserved super-family of serine/threonine protein kinases known as the Cyclin
dependent kinases (CDKs) (Nigg, 1995). Most CDKSs are inactive as monomers and to
be activated ‘they have to heterodimerize with regulatory proteins called cyclins. All
known eukaryotic CDKs share substantial structural similarity with a catalytic cleft
containing ATP and substrate binding sites. Cyclin binding stabilizes the catalytic site
within an otherwise rather flexible structure. However, access to the active site

remains restricted by a section of the CDK known as the T-loop (Figure 2A and B).
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In CDK monomers, the residues in the ATP binding site are misoriented and
contribute to CDK inactivity. Upon cyclin binding, the relative orientation of the bl-

and C-terminal lobe and the conformation of the catalytic cleft of the CDK changes.

ATP-binding Cyclin binding Catalytic domain T loop
domain domain

Cyclin binding domain
(PSTAIRE)

Tloop

Figure 2 - A) A schematic diagram of CDK consisting of an ATP-binding domain, a cyclin
binding domain, a catalytic domain and a T-loop (Adapted from Sorrell ez al, 2001) including the
known phosphorylation sites of CDKs (T14, Y15 and T167). B) The structure of H. sapiens Cdk2
in complex with ATP showing the PSTAIRE cyclin binding motif, the ATP binding domain
containing ATP (ball and stick representation), the N- and C-terminal lobes and the T-loop
highlighted in black (Adapted from De Bondt et al., 1993).

The most obvious change occurs in the T-loop leading to exposure of the substrate
binding site and allowing activating phosphorylations at conserved threonine residues
within the T-loop. In addition, the residues in the ATP binding site are reconfigured

making it possible for the CDK to phosphorylate its substrate (De Bondt ef al., 1993;
Jeffrey et al., 1995; Morgan, 1997).

In the fission yeast, Schizosaccharomyces pombe (S. pombe, Sp), cell cycle only a
single CDK has been identified, namely the Cell division cycle 2 (Cdc2), which has

the canonical sequence PSTAIRE within its cyclin binding domain. It is required for
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regulation of both G1/S and G2/M transitions. Homologues of CDKs are conserved in
all eukaryotes. The budding yeast, Saccharomyces cerevisiae (S. cerevisiae, Sc),
homologue CDC28 is expressed in Gl and is necessary for driving the cell into S
phase (Hartwell ef al., 1974; Nurse et al., 1976; Nasmyth, 1993). In the case of
human, Homo sapiens (H. sapiens, Hs), CDC2, mutations within the PSTAIRE motif
can abolish cyclin binding (Ohta et al., 1998). In higher eukaryotes there are
additional CDKs that have roles at different points of the cell cycle (Morgan, 1997,
Sanchez and Dynlacht, 2005). These CDKs are not conserved between animals and
plants and have variant sequences in their cyclin binding domain.

Plants contain seven types of CDKs (A, B, C, D, E, F and G), of which the best
characterized is the A-type CDK (Joubes et al., 2000; Menges ef al., 2005; Umeda et
al., 2005, Francis, 2007) (Table 1). The thale cress, Arabidopsis thaliana (A. thaliana,
At), CDKA;L is most closely related to SpCdc2, ScCDC28 and animal CDK1 and 2,
which all share the PSTAIRE motif in their cyclin binding domain. Furthermore,
AtCDKA;l can functionally complement yeast Cdc2/CDC28 mutations and is
- expressed throughout the cell cycle, however its kinase activity peaks at both G1/S
and G2/M (Colasanti et al., 1991, Ferreira et al., 1991; Fobert et al., 1996; Mironov et
al., 1999). Another group of plant CDKs, the B-type CDKs, are found exclusively in
plants. The B-type CDKSs are subdivided into two groups, the B1- and B2-type CDKs,
which are distinguished by their variant PPTALRE and PPTTLRE sequence in their
cyclin binding domain (Van't Hof, 1973; Segers et al., 1996; Mironov et al., 1999). In
animals only PSTAIRE CDKs are responsible for the G2/M transition, whereas in
plants the kinase activity of B-type CDKs has been found to be predominantly linked
to mitosis, suggesting that in plants the B-type CDKs are also important for the G2/M
transition (Huntley and Murray, 1999; Sorrell et al., 1999; Porceddu et al., 2001).
However, these B-type CDKs are unable to functionally complement temperature-
sensitive Cdc2 yeast mutants (Fobert et al., 1996). In A. thaliana additional CDKs
have been identified, which display a high degree of homology to the yeast and
animal CDKs (Vandepoele et al., 2002), but these are less well characterized
compared to the A- and B-type CDKs.
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Table 1 — Classification of CDKs from higher plants and their peak of expression during the cell

cycle (Joubes ef al., 2000; Menges et al., 2005; Umeda et al., 2005; Francis, 2007)

CDK type  Cyclin binding motif _Expression peak Species Gene name
CDKA PSTAIRE G1/8S and G2/M Antirrhinum majus AmCDKA;1
AmCDKA;2
Arabidopsis thaliana AtCDKA;1
Lycopersicon esculentum  LeCDKA;1
LeCDKA;2
Medicago sativa MsCDKA;1
MsCDKA;2
Nicotiana tabacum NtCDKA;1
NtCDKA;2
NtCDKA;3
Oryza sativa OsCDKA;1
OsCDKA;2
Zea mays ZmCDKA;1
ZmCDKA;2
CDKB PPTALRE and G2/M Antirrhinum majus AmCDKB;1
PPTTLRE AmCDKB2;1
Arabidopsis thaliana AtCDKBI;1
AtCDKBI1;2
AtCDKB2;1
AtCDKB2;2
Medicago sativa MsCDKBI;1
MsCDKB2;1
Oryza sativa OsCDKB;1
CDKC PITAIRE GO0/G1/S Arabidopsis thaliana AtCDKC;1
AtCDKC;2
Medicago sativa MsCDKC;1
CDKD N@/F)TALRE G1 and G2/M Arabidopsis thaliana AtCDKD;1
AtCDKD;2
AtCDKD;3
‘ Oryza sativa OsCDKD;1
CDKE SPTAIRE GO0 and G2/M Arabidopsis thaliana AtCDKE;1
' Medicago sativa MsCDKE; 1
CDKF - ND Arabidopsis thaliana AtCDKF;1
CDKG PLTSLRE GO0/G1 and G2/M  Arabidopsis thaliana AtCDKG;1
AtCDKG;2
ND: No data
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The C-type CDKs are characterized by a PITAIRE sequence in their cyclin binding
domain. A function for the CDKCs may lie within the transcriptional machinery
(Barrocco et al., 2003; Fulop et al., 2005). CDKCs have been shown to bind to T-type
cyclins, which share homology with the T- and K-type cyclins that bind CDK9 in
animals. The animal CDK9 has a divergent PITALRE sequence in the cyclin binding
domain and functions in transcription elongation (de Falco and Giordano, 1998;
Bregman et al., 2000). The E-type CDKs have been identified in alfalfa, Medicago
sativa (M. sativa, Ms), and A. thaliana and have a SPTAIRE motif in the cyclin
binding domain (Joubes et al., 2000; Vandepoele e? al., 2002). D- and F-type CDKs
are also known as CDK-activating kinases (CAKs, section 1.2.3) (Vandepoele et al.,
2002; Umeda et al., 2005). The D-type CDKs have a conserved N(I/F)TALRE motif
closely related to the motif of the animal CDK?7, which is involved in the
phosphorylation and subsequent activation of other CDKs during the cell cycle (CAK
activity). CDK7 regulates the activity of basal transcription by phosphorylation of the
C-terminal domain (CTD) of RNA polymerase II (CTD activity) (Elledge and Harper,
1998). In A. thaliana both CDKD;2 and CDKD;3 have CAK and CTD activity, but
only CDKD;3 is able to complement temperature-sensitive yeast cak/ mutants
(Shimotohno et al., 2003). The A. thaliana F-type CDK has CAK activity, but no
CTD activity and it is able to complement temperature-sensitive yeast cak! mutants
(Shimotohno e al., 2004). The A. thaliana CDKE is expressed at high levels in non-
dividing cells (Menges et al., 2005). Recently, G-type CDKs carrying a PLTSLRE
motif in the cyclin binding domain have been described as a new class of CDKs that
shares homology with the human cytokinesis-associated p58 galactosyltransferase
protein (Menges et al., 2005), but no activity data or functional homologies have so
far been reported for this class.

1.2.2 Cyclins

Cyclins are a diverse group of proteins with low overall homology that share a large
conserved region called the cyclin box, which is necessary for CDK binding and
activation (Figure 3A). Besides being the key elements at the CDK/cyclin interaction
interface, cyclin boxes also form the binding site for the cyclin binding domain and
make contact to the T-loop of the CDK (Figure 3B). Many cyclins are synthesized and
degraded in a highly coordinated process. The level of mitotic cyclins at specific
points during mitosis is tightly controlled by ubiquitin-dependent proteolysis
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conferred by an N-terminal destruction box (RXXLXX][L/I]XN motif) (Renaudin e?
al.,, 1996; Genschik et al.,, 1998). Some cyclins contain a C-terminal PEST sequence
that is rich in proline, glutamate, serine and threonine residues and is thought to

instabilize cyclin binding.

Cyclin box

Cyclin binding domain

Cyclin boxes

CDK9

T-loop

Figure 3 - A) A schematic diagram of the N. tabacum CYCD3;2 consisting of an cyclin box, an N-
terminal LXCXE motif and a C-terminal PEST sequence (Adapted from Sorrell et al.,, 1999). B)
Model of the H. sapiens CDK9/cyclin K complex showing the CDK/cyclin interaction interface
consisting of the cyclin binding domain of CDK9 and the N-terminal cyclin box (helices HI - HS)
and the C-terminal cyclin box (helices HI’ - HS5’) of cyclin K. The cyclin boxes also form the
binding site for the cyclin binding domain and make contact to the T-loop of the CDK (Adapted
from Baek et al., 2007).

Cyclins are divided into many subclasses that share structural and, to some extent,
functional homology between animals and plants. At least 13 classes of cyclins (A - L
and T) exist in animals (Pines, 1995), whereas only eight classes exist in plants
(A-D,H,L,Pand T) (Wang et al., 2004; Menges et al., 2005; Francis, 2007) (Table
2). Despite the lower number of classes, plants contain more cyclins than found in

other groups of organisms examined. However, in relation to the plant cell cycle, most
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is known about the A, B and D classes. Despite the small genome of 4. thaliana, the
number of cyclins was recently expanded from six classes containing 31 cyclins
(Renaudin et al., 1996) to 49 cyclins divided into eight classes with 23 subtypes
(CYCA1-3, CYCB1-3, CYCC, CYCDI1-7, CYCH, CYCL, CYCP1-4 and CYCT)
(Vandepoele ef al., 2002; Torres Acosta et al., 2004; Wang et al., 2004; Menges et al.,
2005) including two additional cyclin-like proteins not contained in the above
mentioned groups, SOLODANCERS (Abrahams et al., 2001) and CYCJ18 (Azumi et
al., 2002).

Table 2 - Classification of cyclins from higher plants and their peak of expression during the cell
eycfe (Torres Acosta ef al., 2004; Wang e al., 2004; Menges et al., 2005; Francis 2007)

_Cyclin Species Expression peak
CYCAL Arabidopsis thaliana, Nicotiana tabacum, Oryza sativa, ~ G2/M
‘ Zea mays
CYCA2 Arabidopsis thaliana, Medicago sativa, Nicotiana G2/M
- , tabacum, Oryza sativa, Zea mays
CYCA3 Antirrhinum majus, Arabidopsis thaliana, Nicotiana G1/S and G2/M
tabacum, Oryza sativa
CYCBI Antirrhinum majus, Arabdopsis thaliana, Nicotiana G2/M

tabacum, Oryza sativa, Zea mays
CYCB2 Arabidopsis thaliana, Medicago sativa, Oryza sativa, G2/M

Zea mays
CYCB3 Arabidopsis thaliana G2/M
CYcCcC1 Arabidopsis thaliana ND

CYCD1 Antirrhinum majus, Arabidopsis thaliana, Oryza sativa GO/G1/S
CYCD2 Arabidopsis thaliana, Nicotiana tabacum, Oryza sativa, = GO0/G1/S

Zea mays

CYCD3 Antirrhinum majus, Arabidopsis thaliana, Medicago G0/G1/S

: sativa, Nicotiana tabacum,
CYCD4 Arabidopsis thaliana G2/M
CYCDS5 Arabidopsis thaliana, Oryza sativa, Zea mays G0/G1/S
CYCDé6 Arabidopsis thaliana, Oryza sativa GO0/G1/S
CYCD7 Arabidopsis thaliana, Oryza sativa GO/G1/S
CYCH1 Arabidopsis thaliana, Oryza sativa G2
CYy CL Arabidopsis thaliana, Oryza sativa

CYCT!  Arabidopsis thaliana, Oryza sativa
CYCP1 Arabidopsis thaliana, Oryza sativa
CYCP2 Arabidopsis thaliana, Oryza sativa
CYCP3 Arabidopsis thaliana, Oryza sativa
CYCP4 Arabidopsis thaliana, Oryza sativa
ND: No data

5838388
2
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Cell cycle-related cyclins are broadly classified into G1 and mitotic cyclins based on
their expression patterns during the cell cycle. A-type cyclins generally appear at the
beginning of S-phase and are involved in the S-phase progression. B-type cyclins are
present during G2, the G2/M transition and mitosis. In H. sapiens the G1 cyclins,
CycC, CycD and CycE, were originally identified because of their ability to
complement yeast mutants lacking the endogenous G1 cyclins CLN1 - 3 (Lew et al.,
1991). Based on similar experiments, the D-type cyclins from A. thaliana were
described as Gl-specific cyelins controlling the progression through G1 and into S-
phaéc (Soni et al., 1995). In plants, the genes encoding the D-type cyclins are induced
at specific times during the cell cycle re-entry, but they generally remain expressed at
an approximately constant level in actively dividing cells (Dahl et al., 1995; Fuerst et
al., 1996; Sorrell et al., 1999). H-type cyclins have been identified in 4. thaliana, rice,
Onyza sativa (O. sativa, Os), and poplar, Populus tremulax (P. tremulax). In vitro H-
type cyclins can act as the regulatory subunit of CAKs positively controlling both
CDK and CDT activities (Yamaguchi et al., 2000; Vandepoele et al., 2002). C- and T-
type cyclins have not yet been experimentally characterized in plants. However, they
are thought to be involved in the control of the transcriptional machinery (Barroco et
al., 2003; Fulop et al., 2005). In contrast to the mitotic A- and B-type cyclins, which
contain the highly conserved cyclin box, G1 cyclins are not highly conserved.

1.2.3 CDK Activating Kinases (CAKs) and CDK Inhibitors (CKIs)

The activity of CDK/cyclin complexes is not only controlled through the levels of
CDK and cyclin due to regulated transcription, translation, protein turnover and
intracellular localization, but also by activating and inhibitory phosphorylations. As
| mentioned, the association of CDKs and cyclins results in a partially activated kinase
vcomplex. Full activation of the complex requires phosphorylation of a threonine
residue within the T-loop of the CDK. CAKs are responsible for this phosphorylation
of threonine residues within the T-loop, as demonstrated for T160/T161 of HsCDK2
(Joubes et al., 2000) and T167 of SpCdc2 (Nurse, 1990). The phosphorylation causes
a conformational change that allows proper binding of the substrate and is therefore
essential for full activation of the CDC2/cyclin complex (Ohta et al., 1998). The
vertebrate CAK is a complex consisting of CDK7/cyclinH/Matl. CDK?7 alone has a
low CAK activity, whereas in the presence of cyclinH the CDK7 activity is
stimulated. In addition to cyclinH, Matl also interacts with the CDK7/cyclinH
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complex and functions to stabilize the complex (Tassan ez al., 1995). In plants, two
classes of CAKs have been identified namely the D-type CDKs, which are
functionally related to the vertebrate CAKs and the F-type CDKs, which are plant-
specific CAKs (Umeda et al., 2005). Conversely, the kinase activity of the CDKs can
also be negatively regulated by the action of inhibitor proteins called CDK Inhibitors
(CKIs), which repress the CDK/cyclin complex by masking the ATP binding domain
of the CDK until the conditions are suitable and the cell can undergo mitosis (Morgan,
1997; Wang et al., 1997). There is limited sequence conservation between the animal
CKIs, known as Kip/Cip proteins, and plantCKIs In A. thaliana, seven genes have so
far been .identified, which encode proteins with limited homology to the animal
Kip/Cip family of CDK inhibitors (Wang ef al., 1997; De Veylder et al., 1997; De
Veylder et al., 2001b). Since all known plant CKIs share a 31 amino acid domain with
the mammalian Kip/Cip protein p275?!, the plant CKIs have been designated as Kip-
related proteins (KRPs). 4. thaliana KRP1 and KRP2 are homologous to the
previously discovered Inhibitors of CDKs, ICK1 and ICK2, which suppress CDK
activity in G2 (Wang et al., 1997). AtKRP1 and AtKRP2 are found to inhibit both
CYCD2/CDKA and CYCD2/CDKB complexes (Nakai ef al., 2006).

1.2.4 The G1/S Transition

The mechanism that regulates cell cycle progression through G1 and into S phase
‘appears to be conserved between mammals and plants and is controlled by the
retinoblastoma/adenovirus E2 promoter-binding factor (Rb/E2F) pathway (Figure 4).
' In G1-phase the S phase transcription factor, E2F, is bound by the Rb protein and this
binding represses transcription of E2F-dependent genes including several genes
needed for DNA synthesis. In mammals, when the conditions are suitable for
progression to S-phase, the Rb protein is phosphorylated by the cyclinD/Cdk4/6
complex. This releases the Rb protein from the E2F and thereby activates E2F
(Ezhevsky et al., 1997).

Plant homologues of the Rb protein have been identified in maize, Zea mays (Z. mays,
Zm), tobacco, Nicotiana tabacum (N. tabacum, Nt), and in A. thaliana (Grafi et al.,
1996; Nakagami et al., 1999; Kong et al., 2000). In A. thaliana the Rb protein can be
phosphorylated by the CDKA/CYCD complex, which thereby releases E2F (De
Veylder et al., 2002). In vitro both Z. mays and H. sapiens Rb proteins bind to all
classes of plant D-type cyclins through the conserved N-terminal LXCXE motif.
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Furthermore, Z mays Rb protein can bind H. sapiens and fruit fly Drosophila
melanogaster (D. melanogaster, Dm) E2F proteins and thereby inhibit the

transcriptional activation of HsE2F (Huntley et al., 1998).

Inactive

I

Expression of G 1/s
S phase genes

S
Figure 4 - Model of the regulation of the GI/S transition. In Gl phase, when the conditions are

suitable for initiating S phase, the CDK/cyclin complex will phosphorylate the Rb protein, which
is released from the E2F protein resulting in activation of E2F and expression of S phase genes
(Adapted from Inze and De Veylder, 2006)

Overall, this indicates that the G1/S transition is remarkably similar in mammals and
plants involving Rb/Rb-like proteins, E2F and D-type cyclins (Grafi et al, 1996;
Huntley et al., 1998). Interestingly, functional homologues to the proteins involved in
G1/S have not been found in yeast and other fimgi, which could indicate that this G1
checkpoint is a defining event allowing the elaboration of complex multi-cellular
organisms (Huntley ef al.,, 1998). However, an Rb protein homologue has been found
in the unicellular green alga Chlamydomonas reinhardii (C. reinhardii, Cr). In
contrast to mammalian Rb protein mutants, mutations in the C. reinhardii gene did
not result in a shortened Gl-phase or premature entry into S-phase. Furthermore, the
cells differentiated normally (Umen and Goodenough, 2001). These findings indicate
that the Rb protein-dependent pathway in unicellular organisms could have a different

role than in mammals and plants.
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1.2.5 The G2/M Transition

The G2/M phase is a major transition point of the cell cycle and, therefore, it requires
negative regulators, which will arrest the cell and prevent it from undergoing mitosis
in the case of DNA damage, and positive regulators that will promote the onset of
mitosis when the DNA has been repaired. In mammals and insects, the G2/M
transition is specifically regulated by CDKs that associate with A- and B-type cyclins
(Morgan, 1997). In plants, the regulation or entry into mitosis is still poorly
understood, but it is suggested that two types of CDKs (A- and B-type) control the
G2/M transition (Magyar et al., 1997; Porceddu et al., 2001). Negative regulators of
the cell cycle include the Weel kinases, which catalyse inhibitory phosphorylations of
threonine residues (T-14 and Y-15) located in the ATP-binding cleft of the CDKs. In
both animals and yeast, these inhibitory phosphorylations are removed by positive
regulators of the cell cycle, namely the Cdc25 dual-specificity phosphatases.
Therefore, Cdc25s are considered to be mitotic inducers controlling the G2/M
transition. Moreover, entry into mitosis appears to be determined by a balance
between the activities of Cdc25 and Weel (Kumagai and Dunphy, 1991; Lee et al.,
2001).

Models for cell cycle regulation upon DNA damage in S. pombe and higher
eukaryotes have been proposed (reviewed in Francis 2003). Upstream of Cdc25 and
Weel are the sensors of DNA damage, which in higher eukaryotes are the Ataxia-
telangiectasia mutated/related (ATM/ATR) proteins and in S. pombe the RAD3
protein (Elledge, 1996; Weinert, 1998, Abraham, 2000). The protein kinases ATM
and ATR are activated in response to DNA damage by ionising radiation (IR) and
ultra-violet (UV) light or to DNA replication damage by hydroxyurea (HU) resulting
in the phosphorylation and activation of checkpoint kinases Chk1 and/or Chk2 (Figure
5). These kinases phosphorylate and activate the Weel kinase, which then ensures
that the phosphorylation of the CDK/cyclin complex is maintained and the cell is
arrested in G2. At the same time Chk1/2 phosphorylates and inactivates the Cdc25
phosphatase in order to keep the CDK/cyclin complex in an inactive state. When the
DNA damage is repaired and the conditions in the cell are suitable to undergo mitosis,
Cdc25 is dephosphorylated and restores the activity of CDK/cyclin complex (Rhind
and Russell, 2000; Boutros et al., 2006)
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HU R uv
ATM ATR
Chkl/2,
1433 p P,143-3
Weel
Cyclin '
CDK

Figure 5 - Model for the eukaryotic G2 DNA damage checkpoint. DNA damage caused by
ionising radiation (IR) and ultra-violet (UV) light or DNA replication damage caused by
hydroxyurea (HU) is sensed by two kinases ATM and ATR, which then phosphorylates Chkl/2
kinases. This is followed by an activating phosphorylation of Weel and a deactivating
phosphorylation of Cdc25. Weel then ensures that the phosphorylation of CDK/cyclin complex is
maintained, whereas Cdc25 is inactive and unable to dephosphorylate and activate the
CDK/cyclin complex. Bold arrows indicate change in protein activity following DNA damage.

This model for the G2/M transition has yet to be confirmed in plants, however many
of the key proteins in this model have already been identified. Recently, homologues
to the ATM and ATR proteins were identified in 4. thaliana and atm mutant plants
were found to be hypersensitive towards y-radiation and the DNA damaging agent
methyl methanesulfonate (MMS), but not to UV-B light. Additionally, the atm
mutants failed to induce the transcription of genes involved in the repair and/or
detection of DNA breaks upon irradiation (Garcia et al., 2000; Garcia ef al. 2003).
A. thaliana atr mutants were hypersensitive to HU, aphidicolin, and UV-B light, but
only mildly sensitive to y-radiation (Culligan et al. 2004). All in all, this corresponds
to the functions of the ATM/ATR proteins in other organisms (Wienert, 1988;
Abraham, 2000). In addition, a Weel homologue and a putative Cdc25 homologue
from A. thaliana (Sorrell et al., 2002; Landrieu e? al., 2004; Sorrell et al., 2005) have

been identified and their credibility will be described in detail in the next two sections.
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The signalling pathway between ATM/ATR and WEEI1 has not yet been described in
plants. However, recently it has been suggested that a member of the 4. thaliana
calcineurin B-like (CBL)-interacting protein kinase (CiPK) family, CiPK21, may act
as the protein kinases regulating the signalling cascade downstream ATM/ATR
(Appendix C).

1.2.5.1 The Weel Kinase

Structurally, the Weel protein consists of a C-terminal catalytic domain and an N-
terminal regulatory domain (Figure 6A). In the N-terminal regulatory domain Weel
includes a well-conserved NIN motif called the ‘Wee-box’. In the frog, Xenopus
laevis (X. laevis, Xl), this domain is required for both normal kinase activity and

mitotic inactivation of Weel (Okamoto and Sagata, 2007).

Recently, the crystal structure of the catalytic domain of H. sapiens WeelA was
solved. It has an atypical tyrosine kinase structure and more closely resembles the
structure of serine/threonine kinases. The catalytic domain contains the active site
cleft, with the highly conserved motif HXD, which closely matches the protein kinase
consensus sequence IVHXDLKPXNIX. The active site cleft is located between the
N- and C-terminal lobes and provides the binding site for the WeelA inhibitor
PD0407824, which acts as an antagonist of the natural ATP substrate (Squire e? al.,
2005) (Figure 6B)

Originally, the Weel protein was isolated as a negative regulator of cell division in
S. pombe. Loss of Weel function resulted in a smaller cell size, due to premature
entry into mitosis and conversely, an increased Weel expression resulted in an
increased cell size, due to delayed entry into mitosis. These findings linked Weel
activity with both timing of entry into mitosis and regulation of cell size (Russell and
Nurse, 1987). Weel kinases have been reported in plants, such as Z. mays,
A. thaliana, O. sativa and tomatoes, Lycopersicon esculentum (L. esculentum, Le) and
Solanum lycopersicum (S. lycopersicum, Sl) (Sun et al., 1999; Sorrell et al., 2002;
Vandepoele et al., 2002; Gonzalez et al., 2004; Gonzalez et al., 2007; Guo et al.,
2007).
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Figure 6 - A) Schematic diagram of a Weel Kkinase consisting of a C-terminal catalytic
domain/kinase domain containing the active site (HXD) and an N-terminal regulatory domain.
The known serine phosphorylation sites of H. sapiens Weel A (S53, S121/S123 and S642) are
shown. B) The structure of the catalytic domain of H. sapiens WeelA The active site cleft is
located between the N- and C-terminal lobes and provides the binding site for the WeelA
inhibitor PD0407824 (ball and stick representation) (Adapted from Squire et al., 2005). C)
Schematic diagram of A. thaliana WEE1 consisting of a C-terminal catalytic domain/kinase
domain encoded by exons 5-10 (grey boxes) containing the active site (HXD) and an N-terminal
regulatory domain encoded by exons 1 —5 (black boxes). The phosphorylation sites in the
putative 14-3-3 binding motifs (T15, S144, T247, S450 and S485) of AtWEEI are shown including
the AtWEEI recognition site for the NtWEEI antibody (a) (Chapter 6 and 7).

Over-expression of 4. thaliana and Z mays WEEIs in S. pombe inhibited cell
division and caused the cells to enlarge significantly (Sun et al, 1999; Sorrell et al.,
2002), which is consistent with the original findings in S. pombe. AtWEEI expression
is confined to proliferative tissues (Sorrell ez al., 2002) and the AtWEEI protein can
phosphorylate CDKA and CDKD types in vitro (Shimotohno et al., 2006) suggesting
a similar function of the plant WEE] as its homologues in other organisms. However,

WEE] deficiency in A. thaliana does not result in a distinctive mutant phenotype
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when plants are grown under standard conditions, but when the plants are exposed to
HU they show a hypersensitivity response, suggesting that 4¢WEE has a major role
in the DNA damage replication checkpoint when exposed to stress (Boudolf et al.,
2006, De Schutter et al., 2007). Furthermore, AtWEE1 is up-regulated ~7.4 fold upon
genotoxic treatment, further linking this gene with stress responses in plants (Chen et
al., 2003a). In contrast to yeast and 4. thaliana, Weel deficiency in mice, Mus
musculus (M. musculus, Mm), X. laevis and D. melanogaster causes embryo lethality

(Price et al., 2000; Kellogg, 2003; Tominaga et al., 2006).

Some organisms have multiple Weel-related kinases that have similar functions to
those of Weel, e.g. XIWee2, SpMik1 (mitotic inhibitory kinase 1) and the vertebrate
Mytl (membrane-bound tyrosine threonine kinase 1) (Lundgren et al., 1991; Mueller
et al., 1995; Leise and Mueller, 2002). The function of the SpMik1 kinase partially
overlaps the function of SpWeel, however only the loss of Weel function results in a
smaller cell size (Lundgren et al., 1991). Only one equivalent homologue to Weel
and Mik1 has been identified in S. cerevisiae and is named Swel (Saccharomyces
Weel) (Booher et al., 1993). In yeast and X. laevis Weel protein levels are regulated
by ubiquitin-mediated degradation via the 26S- proteasome, whereas in H. sapiens
Weel is regulated both by phosphorylation and degradation (Michael and Newport,
1998; Goes and Martin, 2001; Watanabe et al., 2004; Watanabe et al., 2005).
Furthermore, in M. musculus Weel levels are also controlled by components of the
circadian clock, thereby linking the circadian clock, the cell cycle and cell

proliferation (Matsuo et al,. 2003)
1.2.5.2 The Cdc25 Phosphatase

The positive regulation of the cell cycle is carried out by the dual-specificity
phosphatase Cdc25. The generic Cdc25 protein consists of a variable N-terminal
regulatory domain and a highly conserved C-terminal catalytic domain containing the
CH2A, the active site between amino acids C-430 and R-436 (CXXXXXR) and the
CH2B motifs (Figure 7A and B). The CH2A and CH2B motifs are important for
maintaining the structural conformation of the Cdc25 protein (Fauman ef al., 1998).
The Cdc25 phosphatases have a rhodanese-like topology, although they share only a
limited sequence homology to this protein family (Fauman et al., 1998; Bordo and
Bork, 2002).
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In H. sapiens, there are three Cdc25 genes encoding the proteins CDC25A, B and C,
where the latter one is the closest homologue to SpCdc25 (Kumagai and Dunphy,
1991). During interphase, HsCDC25C is predominantly phosphorylated at S216
(Peng et al., 1997). Conversely, this site is not phosphorylated during mitosis,
suggesting that phosphorylation of S216 negatively regulates CDC25C function.
Several kinases that phosphorylate specific serine residues of CDC25 have been
described including Chkl (Fumari et al., 1997; Peng et al., 1997; Sanchez et al.,
1997) and Cdsl/Chk2 (Matsuoka et al., 1998). In animals, most data indicate that
phosphorylation of Cdc25 results in its sequesteration in the cytoplasm and thereby
keeping it away from the Cdc2/CyclinB complex (Chan et al, 1999). In contrast, this

nuclear exclusion of Cdc25 is unnecessary in S. pombe (Lopez-Girona et al., 2001).

@ r ! G
m | I
Tyrosine phosphatase

domain

Active site
CXXXXXR
motif

CH2A

CH2B

Figure 7 - A) Schematic diagram of a Cdc25 phosphatase consisting of an N-terminal regulatory
domain and a C-terminal catalytic domain containing the CH2A, the active site (CXXXXXR) and
CH2B motifs including known phosphorylation sites of H. sapiens CDC25 (S75, T130, S216 and
S309/S323) (Adapted from Boutros et al., 2006). B) The structure of the catalytic domain of H.
sapiens CDC25A showing the CH2A and CH2B motifs, the active site between amino acids C430
and R436 (CXXXXXR) and finally the N- and C-terminal lobes (Adapted from Fauman et al.,
1998).
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The first green lineage Cdc25 ortholog was discovered in the multicellular alga
Osterococcus tauri (O. tauri, Ot). It encodes a protein, which is able to rescue the
S. pombe cdc25-22 conditional mutant (Khadaroo er al., 2004). Furthermore,
recombinant OtCdc25 was shown to dephosphorylate a CDK1/CyclinB complex in
vivo. Recently, a small Cdc25 phosphatase isoform was discovered in A. thaliana
consisting of only the catalytic domain with a similar fold to the catalytic domain of
HsCDC25A and B. AtCDC25 contains the CXXXXXR phosphatase active site and
the polypeptide shows 25 — 30% identity to the C-terminal domains of yeast and
animal Cdc25 proteins. The 3D structure of AtCDC25 further confirms that the
protein belongs to the CDC2S5 family by having a fold similar to the catalytic domain
of HsCDC25A and HsCDC25B. In contrast to the CDC25 proteins from H. sapiens,
the C-terminal domain of AtCDC25 contains a zinc-binding loop, which is thought to
play a role in protein stabilization. AtCDC25 also has a tyrosine phosphatase activity
towards p-nitrophenyl phosphate (Landrieu et al., 2004) and functions as a mitotic
accelerator in S. pombe by inducing short cell length. However, unlike other cell cycle
genes, expression of this gene was not enhanced in rapidly dividing tissues compared
to non-proliferative tissues of 4. thaliana (Sorrell et al., 2005). Recently, the
AtCDC25 protein was found to exhibit arsenate reductase activity and have sequence
homology to the S. cerevisiae arsenate reductase (ACR2). Moreover, silencing of
AtCDC25 caused a hyper-accumulation of arsenic in A. thaliana shoots (Bleeker et
al., 2006, Dhankher et al., 2006). A functional role of AtCDC25 as a protein tyrosine
phosphatase in vivo has yet to be demonstrated and because AtCDC25 is more closely
related in size and sequence to S. cerevisiae arsenate reductase than to Cdc25s from
other organisms it is still questionable whether AtCDC25 is a true plant Cdc25. In
species, such as higher plants and C. reinhardtii, which have retained fully functional
B-type CDKs, it is speculated that the CDC25 gene might have become redundant and
consequently lost through evolution (Boudolf ez al., 2006). However, that AtCDC25
functions as an arsenate reductase should not exclude it from being a plant CDC25,
since it was recently shown that the H. sapiens CDC25A can be suppressed by
arsenite (Lehmann and McCabe, 2007).

In yeast and animals, the action of checkpoint phosphorylations of Weel and Cdc25
are, at least in part, mediated by the binding of 14-3-3 proteins (Forbes et al., 1998;
Kumagai and Dunphy, 1999; Yang et al., 1999; Wang et al., 2000; Lee et al., 2001;
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Rothblum-Oviatt et al., 2001). These proteins have an important role in cell cycle
checkpoints, where they function by binding and protecting the phosphorylations of
both Weel and Cdc25 and thereby activating or inactivating them, respectively (Lee
etal., 2001).

1.2.6 14-3-3 Proteins

The 14-3-3 protein family was originally identified by Moore and Perez (1967) during
a systematic classification of brain proteins. The name ‘14-3-3’ denotes the elution
fraction (14™) containing these proteins after DEAE-cellulose chromatography and
their migration position after subsequent starch gel electrophoresis (3.3). The 14-3-3
protein family is highly conserved in both plants and animals and they are expressed
in a cell- and tissue-specific manner (Aitken, 2002; Alsterfjord et al., 2004;
Dougherty and Morrison, 2004). Two isoforms are present in yeasts, X. laevis and
Caenorhabditis elegans (C. elegans, Ce), seven isoforms in H. sapiens and up to 15
isoforms in plants (Wang and Shakes, 1996; Rosenquist et al., 2001; Aitken, 2002;
Ferl et al., 2002; Chen et al., 2006) (Table 3). One possible reason for the 14-3-3
isoform diversity could be to assure fundamental 14-3-3 presence in all cell types and
compartments where 14-3-3 function is required.

Table 3 - 14-3-3 isoforms in different organisms (Wang and Shakes, 1996; Rosenquist ef al., 2001;
Aitken, 2002; Ferl ez al., 2002; Chen et al., 2006).

Organism 14-3-3 isoforms

S. cerevisiae Bmhland Bmh2

S. pombe Rad24 and Rad25

X laevis gand §

C. elegans PAR-5 (1 and 2)

H. sapiens B,e,n,v,7,Eand o

Z. mays GF14-6 and 12

0. sativa GFl14a,b,c,d,eand f

N. tabacum A,B,C,D,E,F,G,H,],JandK

A. thaliana Grfl - 13 (3, ©, ¥, 9, v, A, v, K, I, €, 0, L and 7)

More than 200 proteins have been shown to interact with 14-3-3 proteins and the list
is still expanding (Jin et al,. 2004; Meek et al., 2004; Pozuelo Rubio ef al., 2004).

Binding of 14-3-3 proteins can result in various effects largely depending on the
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protein the 14-3-3 protein is bound to. In most cases 14-3-3 binding occurs after
phosphorylation of the binding partner leading to activation or repression of
enzymatic activity or function, prevention of degradation, cytoplasmic
sequestration/nuclear retention or facilitation/prevention of protein modifications

(reviewed in Tzivion et al., 2001; Yaffe, 2002; Hermeking, 2003) (Figure 8A).

Two high affinity phosphorylation-dependent binding motifs are recognized by all
14-3-3 isoforms examined: RSXpSXP (mode I) and RXXXpSXP (mode II), where pS
represents phosphoserine, which in some cases can be replaced by a phosphothreonine
(Yaffe et al.,, 1997; Rittinger et al., 1999). However, phosphorylation-dependent sites,
which diverge significantly from these motifs, have also been described (Aitken,
2002). In addition to the phospho-peptide binding ability of 14-3-3 proteins, they also
bind to un-phosphorylated targets, such as WLDLE and RXSX(S/T)XP (Masters et
al.,, 1999; Wang et al., 1999). Although target binding can occur in the same location
as the phosphorylated targets the vast majority of 14-3-3 targets are bound in a
phosphorylation-dependent manner (Pozuelo Rubio et al., 2004). Additionally, a C-
terminal mode III binding motif (pS/pTXi-2) has a role in re-directing proteins to the

cell surface (Coblitz et al., 2005; Shikano et al., 2005).

A
kinase
14-3-3
B
RSXpSXP
peptides

Coindmg aropve
Figure 8 - A) Schematic diagram of a 14-3-3 protein binding to a phosphorylated target protein.
B) The crystal structure of a 14-3-3 dimer compiexed with mode I (RSXpSXP) target peptides
showing the phospho-peptide binding groove composed of the two 14-3-3 monomers (Adapted
from Ferl, 2004).
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Animal 14-3-3s, and possibly also plant 14-3-3s, can be phosphorylated themselves
and it has been suggested that phosphorylations of 14-3-3s can inhibit their interaction
with the target proteins (Lu et al, 1994; Dubois et al., 1997; Olivari, 2000).
Therefore, these phosphorylations could be a mechanism for isoform-specific
regulation of 14-3-3 proteins since the phosphorylation sites are not conserved
between the different 14-3-3 isoforms (Roberts, 2003). Because of the relatively
simple 14-3-3 binding motif 14-3-3 proteins are in general thought to be ’sticky’ and
in a report by Sehnke ef al. (2002a) it was estimated that if only the two general mode
I and IT 14-3-3 binding motifs were considered, the potential proteins containing these
broadly defined binding motifs would be in excess of 30 — 40% of the A. thaliana
proteome. Obviously, not all of these proteins would be affected by 14-3-3 binding
either because the target protein is in another cellular compartment than the 14-3-3
protein or because many of the binding motifs might be found in interior regions of
the protein and therefore be unavailable for phosphorylation or interaction with

14-3-3 proteins.

Structurally 14-3-3s are highly helical proteins that can form cup-shaped hetero-
and/or homodimers (Figure 8B). Crystal structures and mutational studies of 14-3-3
dimers binding to short peptides or native binding partners revealed that each
monomer contains an amphipatic phospho-peptide binding groove that acts as a ligand
binding domain (Jones et al., 1995; Muslin et al., 1996; Chaudhri et al., 2003). As a
result of the dimerisation of 14-3-3 proteins, each dimer has two binding pockets
allowing it to interact with two motifs simultaneously. These motifs can be found
either on a single target or on separate binding partners (Liu ef al., 1995; Yaffe et al.,
1997; Rittinger et al., 1999; Obsil ef al., 2001, Ferl, 2004). The residues equivalent to
K-50, R-57, R-128 and Y-129 of Hs14-3-3¢ bind phosphorylated residues of the
target protein and are completely conserved in all known 14-3-3 proteins (Yaffe et al.,
1997; Rittinger et al., 1999; Obsil et al., 2001). The N-terminal region of the 14-3-3
isoforms is highly variable and since these residues are important for dimerisation
there could be a limitation on the possible combinations of hetero- and homodimers
that could be formed, which may give a degree of functional specificity to the 14-3-3
proteins (Jones et al., 1995; Chaudhri et al., 2003).

To date many reasons have been proposed for the large 14-3-3 protein families. One

reason could be that a very large amount of the protein is needed and therefore the
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number of genes encoding the proteins is increased. Another reason could be that
specific isoforms are localized to specific sub-cellular compartments or that the
different isoforms are expressed during different developmental stages and/or in
different cell types or tissues. Finally, it could be that each of the 14-3-3 isoforms are

more or less specific for their target proteins.
1.2.6.1 14-3-3 Proteins in Cell Cycle Regulation

The connection between 14-3-3 proteins and cell cycle regulation was first discovered
in S. pombe, where the two 14-3-3 genes, rad24 and rad25, were found to be required
for the G2/M checkpoint and have a function in determining the timing of mitosis
(Ford et al., 1994). As previously mentioned, 14-3-3 proteins can regulate cellular
processes by modulating protein localization. A deletion of rad24 in S. pombe causes
nuclear accumulation of Cdc25 (Zeng and Piwnica-Worms, 1999) and in H. sapiens
and X. laevis binding of 14-3-3 sequesters CDC25 in the cytoplasm preventing
premature activation of the CDK (Graves et al., 2001). Furthermore, for HsCDC25C
to function during mitosis, 14-3-3 binding must be disrupted, exposing a nuclear
localization motif that allows the translocation of CDC25C to the nucleus leading to
activation of the CDK/cyclin complex (Kumagai and Dunphy, 1999; Yang et al.,
1999; Graves et al., 2001). In H. sapiens, the 14-3-30 gene is strongly up-regulated in
cells exposed to ionizing radiation and DNA damaging agents (Hermeking er al.,
1997) and appears to be essential for maintaining the G2/M checkpoint. However, in
contrast to other H. sapiens 14-3-3 isoforms, 14-3-3c does not bind CDC25C. Cells
lacking 14-3-3c are capable of initiating G2/M arrest, but are unable to remain in this
state, leading to cell death (Chan et al., 1999). This particular 14-3-3 protein contains
a second phospho-independent ligand binding site, which is thought to be involved in
selecting specific ligands (Wilker et al., 2005). Binding of 14-3-3 proteins to
HsCDC25A and HsCDC25B inhibits CDC25 activity by blocking the access of
CDK/cyclin complex to its catalytic site (Conklin et al., 1995; Forrest and Gabrielli,
2001; Chen et al., 2003b). In X. laevis, 14-3-3 proteins together with Chk1 have been
shown to function as positive regulators of Weel. During mitosis the interaction
between 14-3-3 and Weel proteins is reduced, leading to a loss in Weel kinase
activity (Lee et al., 2001). Similarly, H. sapiens 14-3-38 acts as a positive regulator
for Weel during the cell cycle by binding to the C-terminal catalytic region of Weel
and thereby increasing the stability of Weel. Furthermore, a Weel S642A mutant was
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found to be less active in phosphorylating CDK and therefore not efficient in inducing
a G2 cell cycle delay (Wang et al., 2000; Rothblum-Oviatt et al., 2001). The
importance of 14-3-3s is also evident by the lethal phenotype derived from the
simultaneous knockout of S. cerevisiae bmhl and bmh2 genes (Gelperin ef al., 1995)
and the similar results that were obtained for the S. pombe rad24/rad25 double
mutant. However, knock-out of the rad25 gene alone resulted only in a mild
sensitivity to DNA damaging agents and a marginal reduction in the duration of

mitotic delay following irradiation (Ford et al., 1994).

If and how 14-3-3 proteins act in the plant cell cycle is yet largely unknown. So far
only a few reports suggest that plant 14-3-3s are involved in cell cycle regulation.
Three 14-3-3 proteins (w, A and k) from A. thaliana were found to interact with
S. pombe Cdc25, but only the 14-3-3w isoform could complement a S. pombe rad24~
mutant (Sorrell ez al., 2003). In addition, other 14-3-3 isoforms (p, v, x and ¢) from
A. thaliana were shown to complement the lethal S. cerevisiae bmh double mutant
(van Heusden et al., 1996; Kuromori and Yamamoto, 2000). Finally, the 4. thaliana
14-3-3w isoform accumulates differentially in the cell nucleus in a cell cycle-

dependent manner suggesting a role in cell division (Cutler et al., 2000).
1.2.6.2 A. thaliana 14-3-3 Proteins

The largest and best characterized 14-3-3 protein family in plants is found in
A. thaliana. As mentioned, it consists of up to 15 isoforms, where 13 are translated
isoforms and the remaining two are considered as pseudo-forms. The first isoforms
discovered from the A. thaliana 14-3-3 protein family, the 14-3-3w, vy, ¥, @ and v
isoforms, were found while studying the regulation of Alcohol dehydrogenase (Adh)
genes in A. thaliana by detecting components of the G-box binding complex (Lu er
al., 1992; Lu et al., 1994). Therefore, the 4. thaliana 14-3-3 proteins are also referred
to as General regulatory factors (Grf) 1 — 13. The 14-3-3 k, A and € isoforms were
identified subsequently by using the x isoform as bait in a yeast two hybrid screen
(Wu et al,, 1997b). The remaining isoforms p, v, o, 1 and © have been identified by
database analyses as having sequence homology to the previously found 14-3-3
proteins (DeLille et al., 2001; Rosenquist et al., 2000; Wu ef al., 1997b).

The A. thaliana 14-3-3 isoforms range in length from 241 — 286 amino acids and

share a conserved core, with the N-terminus and C-terminus being more divergent
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suggesting that the different isoforms may perform different functions.
Phylogenetically, the members of the A. thaliana 14-3-3 protein family break off into
two majar evolutionary branches, the Epsilon and the Non-Epsilon group (Figure 9A).
Characteristic for the Non-Epsilon group is the presence of an EF hand-like divalent
cation-bending motif (Lu ez al., 1994), which was recently shown by Manak and Ferl
(2007) to be important for an enhanced binding of the 14-3-3 proteins to phospho-

peptides.

The Epsilon group breaks into two sub-branches, with 14-3-30 and t on one sub-
branch and 14-3-3p, € and 7 in the second sub-branch. The Non-Epsilon group
comprises three very distinct sub-branches. One sub-branch consists of 14-3-3x and A
the second of 14-3-3\|/, v and u and the third of 14-3-3cp, x and to. The grouping of the
14-3-3 iisoforms into the Epsilon and Non-Epsilon groups is also well supported by
exon-intron structure (Figure 9B). The members of the Non-Epsilon group contain
four exons that are relatively conserved in size, while the members of the Epsilon

group contain five and six exons (Wu et al,, 1997a; DeLille et al., 2001).

A B
Human
Mu (H DGQ-DH 3-
Epsilon(e) G-~ CZHHXj— +*
Pi (n) 2 0M -S Epsion group
j lota (i) K300CH -
lemeeee Omicron (0):— D M
Kappa @y — J—D ~ H
Psi (v)
Non-Epsion

Nu (v) zn X K K
Upsilon () ZZ K — C-C
Omega (w)'

Phi «p) zzD oo —:

group

Chi X ZZZXHD - G

Figure 9- A) A phylogenetic tree of the A. thaliana 14-3-3 family showing the two major
evolutionary branches consisting of the Epsilon group and the Non-Epsilon group 14-3-3
proteins. H. sapiens 14-3-3 is used as an out group. The phylogenetic tree is based on phylogenetic
analyses of sequence data and gene structure (Adapted from DeLille e al, 2001). B) The
structure of the A. thaliana 14-3-3 genes. Grey boxes represent exons and black lines represent

introns (Adapted from http://www.hos.ufl.edu/ferllab/).
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During the last decade the knowledge of the functional roles of the different
A. thaliana 14-3-3 isoforms has increased considerably. They are found to play
important roles in regulating enzyme reactions through functions in signal
transduction and gene expression. One of the earliest defined functions for plant
14-3-3s was the inhibition of nitrate reductase, which is a key enzyme in nitrogen
metabolism (Bachmann et al., 1996, Moorhead et al., 1996). In A. thaliana the 14-3-3
isoforms w, ¢ and v were found to have a lower affinity for nitrate reductase (binding
motif RZKXXpSTP) ir vivo, while the ¢ and y isoforms show very poor affinity
compared to other isoforms (Bachmann et al, 1996). Probably the best studied
function of 4. thaliana 14-3-3s is their involvement in the activation of the plasma
membrane H' ATPase (binding motif PSHYPTV) (Jahn et al., 1997; Rosenquist et al.,
2000). The 14-3-3¢ isoform has highest affinity for the H' ATPase, followed by the
and v isoforms. The y, v, and € isoforms have intermediate binding affinity, whereas
the o isoform has below average binding affinity and the k and A isoforms have poor
binding affinity (Rosenquist er al, 2000). Additionally, Atl4-3-3p and & are
implicated in the regulation of starch accumulation (Sehnke et al., 2001). 14-3-3
proteins also regulate transcription by binding to the general transcription factor
TFIIB and the TATA box-binding protein (TBP), both of which are factors involved
in the recruitment of specific regulatory elements to promoters (Pan ez al., 1999).
Furthermore, a number of external stimuli, such as low temperature (Jarillo et al.
1994), high salt concentrations (Chen e? al. 1994), hypoxia (de Vetten and Ferl 1995),
pathogen attack (Brandt et al. 1992), and the fungal toxin fusicoccin (Roberts and

Bowles, 1999) stimulate /4-3-3 gene expression in plants.

The 14-3-3 protein localization is both isoform-specific and highly dependent upon
interaction with cellular binding partners (Paul et al., 2005). In general A. thaliana
14-3-3s are distributed widely throughout the cell, supporting the argument that they
are involved in multiple protein-protein interactions in a wide range of biological
roles. However, some degree of differential sub-cellular localization among the
specific isoforms is found suggesting an element of specialization among the different
isoforms (Ferl et al., 2002; Sehnke et al., 2002b) (Table 4). The 14-3-3 isoforms are
distributed throughout the cell and all the 14-3-3 isoforms, except for the Epsilon
group 14-3-3u, are localized in the nucleus, plasma membrane/cell wall and in the

cytoplasm (Bihn et al., 1997; Sehnke ef al., 2002b). Interestingly, the Epsilon group
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14-3-3 isoforms ¢ and p are located in leaf starch grains, which could suggest that the

Epsilon group 14-3-3s have functional properties different to those of the Non-Epsilon
14-3-3s (Sehnke et al., 2001).

Table 4 — Overview of the A. thaliana 14-3-3 family displaying the gene and isoform name, locus,

cellular localization and in which tissues and cellular compartments the different 14-3-3 proteins

are expressed (Cutler ef al, 2000; Daugherty ef al, 1996; Ferl et al, 2002; Sehnke et al, 2002b;

Sorrell et al., 2003)
Gene Isoform Locus Localization Expression
Non-Epsilon group
Grfl Chi () At4g09000 Nucleus Stigma, siliques, pollen,
flowers, epidermal cells, roots
Grf2 Omega (0) Atlg78300 Nucleus, cytoplasm Suspension cells, roots,
pollen, flowers, siliques
Grf3 Psi (y) At5g38480 ND Leaves, stems, flowers
Grf4 Phi (¢) Atlg35160 Nuclear and plasma Cell suspension, seedlings,
membrane, cytoplasm roots, shoot apex
Grf5 Upsilon (v) At5g16050 Nuclear and plasma Cytosol, chloroplast stroma,
membrane, cytoplasm roots, pollen
Grf6 Lambda (A) At5g10450 Nucleus, plasma Seedlings, leaves, stems,
membrane, cytoplasm flowers
Grf7 Nu (v) At3g02520 Nuclear and plasma Cytosol, chloroplast stroma,
membrane, cytoplasm shoot apex, flower,
suspension cells
Grf38 Kappa (x) At5g65430 Nucleus, plasma Seeds, seedlings, root, root
membrane/cell wall, hairs, stem, leaves
cytoplasm
Epsilon group
Grf9 Mu (p) At2g42590 Leaf starch grains Cytosol, chloroplast stroma,
seedlings, flowers, stems,
leaves
Grfl10 Epsilon (g) At1g22300 Nuclear and plasma Cytosol, chloroplast stroma,
membrane, cytoplasm, seedlings, roots, leaves
leaf starch grains
Grfll Omicron (o) At1g34760 ND Leaves, roots, flowers
Grfl2 Iota (v) Atlg26480 ND Pollen, flowers, stamen
Grfi3 Pi (n) Atlg78220 ND Siliques, pollen, root, root
hairs
ND: No data
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2 Experimental Aims

The basic machinery that controls cell cycle progression in plants is similar to that of
yeast and mammals, where the G2/M checkpoint acts as a size controller and also
responds to DNA damage by delaying entry into mitosis. However, the general model
for the G2/M transition in higher eukaryotes has still to be confirmed in plants,
although many of the key proteins have already been identified, such as ATM/ATR,
WEE], a putative CDC2S5 and 14-3-3s (Garcia et al., 2000; Ferl ez al., 2002; Sorrell et
al., 2002; Culligan et al., 2004; Landrieu ef al., 2004; Sorrell et al., 2005).

In the work presented in this thesis, I have investigated how the plant G2/M cell cycle
checkpoint functions and how features of the yeast and animal G2/M model apply to

the plant model. The main aims were:

The identification of interaction partners for 4. thaliana WEE1 and CDC25

— Yeast two hybrid (Y2H) library screens were performed using WEE1 and
CDC25 as bait against an 4. thaliana root cDNA library

— Targeted Y2H screens were performed using WEE1 and CDC2S5 as bait
against the eight members of the 4. thaliana Non-Epsilon 14-3-3 protein
family

— Confirmation of one selected protein-protein interaction in vitro using co-
immunoprecipitation and in vivo in N. tabacum BY-2 cells using bi-
molecular fluorescence complementation (BiFC)

— Identification and mutagenesis of a putative 14-3-3 protein binding site in
the AtWEE] protein

The analysis of N. tabacum WEE1 during the cell cycle

— WEEI protein level and kinase activity were monitored in synchronised N.
tabacum BY-2 cells using an antibody produced against N. tabacum
WEEIL.

The analysis of the in vivo function and stress response of 4. thaliana WEE1

— Phenotype, transcript, protein and kinase activity levels of weel T-DNA
insertion lines were analyzed in the presence and absence of the DNA
replication blocking agent, HU.
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3 General Materials and Methods

This chapter comprises the material and methods used in two or more of the
subsequent chapters of this thesis. Materials and methods specific to a subsequent

chapter will be described therein.

3.1 Primers

Primers were all purchased from Sigma-Genosys, UK.

# Application and primer name _ Sequence Bp

Genotyping of wee! T-DNA insertion lines

1 P1 GGATTAAGGAGAGTTAATTCATGTTT 26
2 P2 CCATCTCAAATCTAAAGTCAGATCT 25
3 P3 GATGCCAATTGCGGAGAGAAGGA 23
4a Pda GACCAGGTAGAATTTGAATGATTTC 25
4  P4b GAAATCATTCAAATTCTACCTGGTC 25
5 SALK LB GTTGCCCGTCTCACTGGTGA 20
6 GABI LB ATATTGACCATCATACTCATTGC 23
Transcriptional analysis of wee/ T-DNA insertion lines

7 WEE!1 S’UTR fw GAGAGCGCGCAAATTTTGAA 20
8 WEEI1 E1 fw AGAAGAAGTCTTGGCTAAGAA 21
9 WEE1 El rv TTGCTGATATCTAAGCCGCT 21
10 WEElE2rv ATTGGTGCTGGACATTTCAGT 20
11 WEEI1 E6 fw CTGATGCATAATCACCAAGAT 21
12 AtWEEI1 fw AGCTTGTCAGCTTTGCCT 18
13 AtWEElrv TCAACCTCGAATCCTATCA 19
14 PUV2 TTCCATGCTAATGTATTCAGAG 22
15 PUV4 ATGGTGGTGACGGGTGAC 18
Cloning of pESC plasmids

16  pESC-AtWEEI fw BamHI ATCGGGATCCATGTTCGAGAAGAACGGAA 29
17 pESC-AtWEEI rv Sall GCTAGTCGACACCTCGAATCCTATCAAAC 29
Cloning of BiFC plasmids

18  BiFC-AtWEE] fw Spel ATACTAGTATGTTCGAGAAGAACGGAAG 28
19  BiFC-AtWEEI rv Xhol TACTCGAGACCTCGAATCCTATCAAACA 28
20  BiFC-AtWEEI1 rv Kpnl TAGGTACCACCTCGAATCCTATCAAACA 28
21 BiFC-At14-3-3w fw Spel ATACTAGTATGGCGTCTGGGCGTGAAGA 28
22 BiFC-Atl4-3-30 rv Xhol TACTCGAGCTGCTGTTCCTCGGTCG 27
23  BiFC-Atl4-3-3w0 rv Kpnl TAGGTACCCTGCTGTTCCTCGGTCG 25
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Cloning of Y2H plasmids

24 At14-3-3Psi fw BamHI
25 At14-3-3Psi rv Nhel

26 At14-3-3Nu fw BamHI
27 At14-3-3Nu rv Nhel

28 At14-3-3Upsilon fw BamHI
29 Atl14-3-3Upsilon rv Nhel
30  Atl4-3-3Phi fw BamHI
31 At14-3-3Phi rv Nhel

32  Atl4-3-3Chi fw BamHI
33 At14-3-3Chi rv Nhel
Sequencing

34 Atl4-3-30 seq fw

35 Atl4-3-3o0seqrv

36 AtWEEI1 (P38) seq fw
37 AtWEEI (P60) seq fw
38 AtWEEL! (P61) seq rv
39 AtWEE] (P62) seq rv
40  NtWEEI (F2) seq fw
41 NtWEEI (F3) seq fw
42 NtWEEI1 (R2) seqrv
43 NtWEE1 (RS) seqrv
Verification of Y2H transformants
44 T7 terminator

45 SpCdc25 fw

46 LaminC fw

47 Atl4-3-30 fw

48 Atl14-3-3x fw

49 Atl14-3-3) fw

50 AtWEEL1 fw

51 AtCDC25 fw

52 pAD Gal4 2.1 fw

53 pAD Gal4 2.1 rv
Cloning of pET15B plasmids
54  Atl4-3-30 fw Ndel

55 At14-3-30 rv BamHI
56 NtWEEI! fw Ndel

57  NtWEEI1 rv BamHI

General Materials and Methods

AAGGATCCATGTCGACAAGGGAAGAGAATG
AATTGCTAGCTTACTCGGCACCATCGGGCT
AAGGATCCATGTCGTCTTCTCGGGAAGAG
AATTGCTAGCTCACTGCCCTGTCTCAGCTG
AAGGATCCATGTCCTCTGATTCGTCCCGG
AATTGCTAGCTCACTGCGAAGGTGGTGGTT
AAGGATCCATGGCGGCACCACCAGCAT
AATTGCTAGCTTAGATCTCCTTCTGTTCTTCAG
AAGGATCCATGGCGACACCAGGAGCTTC
AATTGCTAGCCTAGGATTGTTGCTCGTCAGC

ACTTGGCTGAGTTTAAGACT
ACCTGTGATAATCTCCCTTC
TGGTGATTATGCATCAGATAGC
TTGACACAGATGAGGTG
GTAATGCCTTTGCTATC
CACCTCACTTGTGTC
TCAAACTGTAGCAAGAAGAGG
AGGGGTAGCTCATTTAGA
GACCCTCTAATAAGTTCATA
TTATCCCCATCGGCAGCATCAG

AATACGACTCACTATAG
TTAGGTCCCCTTCTCCGATG
TATAGTCGACATGGAAGAGGTGGTCAGCCG
GCATCATATGGCGTCTGGGCGTGAAG
GCGCCATATGGCGACGACCTTAAG
TACGCATATGGCGGCGACATTAGGCAGAG
AGCTTGTCAGCTTTGCCT
GATGGAGAATTCATGGCGATGGCGAGAAGC
AGGGATGTTTAATACCACTAC
GCACAGTTGAAGTGAACTTGC

ATGGAAGCTTCATATGATGGCGTCTGGGCGTG
ATGGATCCTCACTGCTGTTCCTCGGTCG
ATGGAAGCTTCATATGATGAAGAGGAAAACCC
ATGGATCCTTACTTGTTAGCATTTCTTTGACAT
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AtWEE1 mutagenesis

58 AtWEEL! (S483A) fw GTCGGCCTGCTGCTAGAGAATTACTGGAC 29
59 AtWEE]1 (S483A) rv CTAGCAGCAGGCCGACGCTTCGGATC 26
60 AtWEEL! fw EcoRI CATGGAGAATTCATGTTCGAGAAGAACG 28
61 AtWEE]1 rv Sall ACGTTCGACCTCAACCTCGAATCCTATC 28
3.2 Plasmids
# Plasmid name Description/use Origin and reference
1 pBD-Gal4-Cam AtWEEI Y2H bait plasmid used in Lab collection (I. Siciliano)
Y2H library screening and
targeted Yr2st ¢ (Chapter 4 and 5)
2 pBD-Gal4-Cam AtCDC25 Y2H bait plasmid used in Lab collection (A. Thompson)
Y2H library screening and
(argoted f‘gHs & (Chapter 4 and 5)
3 pBD-Gal4-Cam SpCdc25 Y2H bait plasmid used in Sorrell e al. (2003)
targeted Y2Hs (positive
control in Y2H) (Chapter 5)
4 pLaminC Y2H control plasmid used Stratagene, UK.
in targeted Y2Hs (negative
control in Y2H) (Chapter 5)
5 pAD-Gal4-2.1 Atl4-3-30 Y2H target plasmid usedin ~ Sorrell er al. (2003)
targeted Y2H against
AtWEEI and AtCDC25 (Chapter 5)
6 pAD-Gal4-2.1 At14-3-3x Y2H target plasmid used in ~ Sorrell ez al. (2003)
targeted Y2H against
AtWEE! and A(CDC25 (Chapter 5)
7 pAD-Gal4-2.1 At14-3-3) Y2H target plasmid used in ~ Sorrell ez al. (2003)
targeted Y2H against
AtWEEl and AccDC2s ~ (Chapter )
8 pAD-Gal4-2.1 At14-3-3y Y2H target plasmid used in ~ This work
targeted Y2H against
AfWEEl1 and AccDC25 ~ (Chapter 3)
9  pAD-Gal4-2.1 Atl4-3-3y Y2H target plasmid usedin ~ This work
targeted Y2H against
AfWEEl and AccDC25 ~ (Chapter5)
10 pAD-Gal4-2.1 At14-3-3¢ Y2H target plasmid usedin ~ This work
targeted Y2H against
AtWEE! and AtCDC25 (Chapter 5)
11  pAD-Gal4-2.1 Atl14-3-3v Y2H target plasmid usedin ~ This work
targeted Y2H against
AtWEE! and AtICDC25 (Chapter 5)
12 pAD-Gal4-2.1 At14-3-3v Y2H target plasmidusedin ~ This work
targeted Y2H against
AtWEE! and AtCDC25 (Chapter 5)
13 pAD-Gal4-2.1 Used for cloning purposes Lab collection (D. A. Sorrell)
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14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

pDestGADT AtCDKA1

pDestGADT AtCDKB2;1

pDestGADT AtCiPK21

pTA7002 AtWEEI1

pTA7002 NtWEE1

pESC AtWEEI

pESC AtWEE1/At14-3-30

pESC At14-3-30

pSPYNE 35S

pSPYCE 358

pSPYNE 35S bZIP63

pSPYCE 35S bZIP63

pSPYNE 35S Atl14-3-30

pSPYCE 35S Atl14-3-3w

pSPYNE 35S AtWEE1

pSPYCE 35S AtWEE1

General Materials and Methods

Y2H target plasmid used in
targeted Y2H against
AtWEEI

Y2H target plasmid used in
targeted Y2H against
AtWEEI1

Y2H target plasmid used in
targeted Y2H against
AtWEEI1

Used for cloning purposes

Used for cloning purposes

Plasmid for expression of
AtWEE] in yeast

Plasmid for co-expression
of AtWEE1 and Atl4-3-3 ©
in yeast

Plasmid for expression of
Atl4-3-30 in yeast

Plasmid for expression of
N-terminal part of YFP in
plants (negative control)

Plasmid for expression of C-
terminal part of YFP in
plants (negative control)

Plasmid for expression of
bZIP63 fused to N-terminal
part of YFP in plants
(positive control)

Plasmid for expression of
bZIP63 fused to C-terminal
part of YFP in plants
(positive control)

Plasmid for expression of
Atl4-3-3@ fused to N-
terminal part of YFP in
plants (test construct)

Plasmid for expression of
Atl4-3-3w fused to C
terminal part of YFP in
plants (test construct)

Plasmid for expression of
AtWEEI fused to N-
terminal part of YFP in
plants (test construct)

Plasmid for expression of
AtWEE] fused to C-
terminal part of YFP in
plants (test construct)
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Donated by J. Doonan
(Appendix C)

Donated by J. Doonan
(Appendix C)

Donated by J. Doonan
(Appendix C)

Lab collection (1. Siciliano)
(Chapter 5)
Lab collection (I. Siciliano)
(Chapter 6)
This work
(Chapter 5)
This work
(Chapter 5)

Sorrell ez al. (2003)
(Chapter 5)
Walter et al. (2004)
(Chapter 5)

Walter et al. (2004)
(Chapter 5)

Walter et al. (2004)
(Chapter 5)

Walter et al. (2004)
(Chapter 5)

This work
(Chapter 5)

This work
(Chapter 5)

This work
(Chapter 5)

This work
(Chapter 5)
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pET15B

PET15B Atl14-3-30

pET15B NtWEE1

pBD-Gal4-Cam AtWEE1(S483A)

pSPYCE 35S AtWEE1(S483A)

General Materials and Methods

Used for cloning purposes

Plasmid for expression of
Atl4-3-30 fused to His-tag
in bacteria (test construct)

Plasmid for expression of
NtWEE] fused to His-tag in
bacteria (test construct)

Y2H bait plasmid, used in
targeted Y2Hs

Plasmid for expression of
AtWEEI (S483A) fused to

Donated by P. Kille
(Chapter 6)

Lab collection (J. Grenlund/
this work)

(Chapter 6)

Lab collection (J. Grenlund/
this work)

(Chapter 6)
This work
(Chapter 5)
This work
(Chapter 5)

C-terminal part of YFP in
plants (test construct)

3.3 Media and Antibiotics

Organism _Medium

Recipe

E. coli and A. tumefaciens

LB medium

SOC medium

2xYT
NZY broth

S. cerevisiae

YEPD medium

SD medium

SG medium

SGR medium

A. thaliana

MS medium

N. tabacum BY-2 cells
BY2 medium

10 g/L NaCl, 10 g/L bacto-peptone, 5 g/L yeast extract + 10 g/L agar
(PH7)

20 g/L tryptone, S g/L yeast extract, 0.5 g/L NaCl, 100 mL/L 1 M MgCl,,
10 mL/L 2 M glucose (pH 7)

16 g/L tryptone, 10 g/L yeast extract, 5 g/L NaCl (pH 7)

S g/ NaCl, 2 g/ MgS0O,4-7H,0, 5 g/L yeast extract, 10 g/L casein
enzymatic hydrolysate (N-Z amine) (pH 7)

10 g/L Difco yeast extract, 20 g/L Difco bacto peptone, 20 g/L glucose,
0.1 g/L adenine (Sigma), 0.1 g/L uracil (Sigma) + 20 g/L Difco bacto
agar

1.67 g/L Difco Yeast Nitrogen Base (w/o amino acids), 5 g/L. ammonium
sulphate, 20 g/L glucose + 20 g/L Difco bacto agar

1.67 g/L Difco Yeast Nitrogen Base (w/0 amino acids), 5 g/L. ammonium
sulphate, 20 g/L galactose

1.67 g/L Difco Yeast Nitrogen Base (w/o amino acids), S g/ ammonium
sulphate, 20 g/L galactose, 10 g/L raffinose + 20 g/L Difco bacto agar

4.708 g/L. MS basic salts (Duchefa), 30 g/L sucrose, 10 g/L bacto agar
(pH 5.8)

4.3 g/ MS basic salts, 30 g/L sucrose, 10 mL of 1% myo-inositol, 10
mL of 2% KH,PO,4, 1 mL of 0.1% thiamine HCl, 2 mL of 0.01% of 2.4-
D = 8 g/L bacto agar (pH 5.8)
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Organism Antibiotic and applied concentration

E. coli and A. tumefaciens ampicillin (50 pg/mL), kanamycin (50 ug/mL), rifampicin (200 pg/mL),
chloramphenicol (34 pg/mL), tetracycline (12.5 pg/mL) (all from Sigma)

A. thaliana hygromycin (20 ug/mL) (Calbiochem)
N. tabacum BY2 cells hygromycin (80 pg/mL), timentin (250 pg/mL) (Melford Laboratories)

3.4 Gel Electrophoresis

3.4.1 Agarose Gel Electrophosesis

For agarose gel electrophoresis (Sambrook and Russell, 2001) 1% gels were mainly
used. For 1% gels, 0.5 g of agarose (Bioline) was added to 50 mL of 1x TAE buffer
(50x: 242 g/L Tris, 100 mL/L 0.5M NaEDTA pH 8.0, 57.1 mL/L glacial acetic acid)
and boiled. After cooling down to approximately 50°C, 5 uL of 10 mg/mL EtBr was
added and the gel was cast in a tray. The gels were loaded with sample mixed with an
appropriate amount of 10x loading buffer (50 mM Tris-HCI pH. 7.6, 60% glycerol,
bromophenol blue) and run in 1x TAE buffer at 80 — 130 V. Afterwards, the DNA
was detected by illuminating the gel with UV light using a Genius Bioimaging
System (Syngene Ltd). The marker used for agarose gel electrophoresis was 250 —
500 ng 1 Kb DNA ladder (Invitrogen). Quantification of the intensities of the bands
was done using the Gene Tool software package (Syngene Ltd).

3.4.2 SDS-PAGE

For SDS-PAGE (Schagger and von Jagow, 1987) 12% gels were mainly used. The
separation gel was made by mixing 3.3 mL 40% acrylamide/bis-acrylamide (37.5:1)
(Melford Laboratories), 4.4 mL 2.5x separation buffer (1.875 M Tris-HCI, pH 7.5,
0.25% SDS), 3.3 mL dH,O, 100 pL 10% ammonium persulfate (APS), 10 pL
N,N,N’,N’-tetramethyl-ethylenediamine (TEMED) (Sigma) and cast between two
glass plates. The stacking gel was made by mixing 0.56 mL 40% acrylamide/bis-
acrylamide (37.5:1), 0.66 mL 5x stacking buffer (0.3 M Tris-HCI, pH 6.7, 0.5% SDS),
2 mL dH;O, 30 uL 10% APS, 5 uL TEMED and cast on top of the separation gel.
Samples were prepared by mixing with an appropriate amount of 5x loading buffer
(250 mM Tris-HC1 pH. 6.8, 10% SDS, 30% glycerol, 0.5 M DTT, 0.02%
bromophenol blue) and boiled for 5 min. Samples were then loaded on the gel and run
in 1x Laemmli buffer (10x: 10 g/L SDS, 30.3 g/L Tris base, 144.1 g/L glycine) at 100
— 200 V. Afterwards, the proteins were detected by staining the gel with Coomassie
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Brilliant Blue stain (2.5 g Coomassie Brilliant Blue R-250 (Sigma), 450 mL EtOH,
100 mL acetic acid, 450 mL dH,O). The marker used for SDS-PAGE was

PageRuler™ pre-stained protein marker (Fermentas).

3.5 PCR

For PCR (Sambrook and Russell, 2001) either 10 ng of plasmid DNA, 1uL of
genomic DNA or cDNA (RT-PCR) was used as template. For colony PCR either a

bacterial or yeast colony was used as template.

For general PCR, either Tag DNA polymerase (Promega) or in house purified Tagq
polymerase was used. For PCR using the in house purified Taq polymerase the
following was mixed: 2.5 pL 10x PCR buffer (100 mM Tris-HCI pH. 8.8, 200 mM
KC], 15 mM MgCl,), 0.5 pL 10 mM dNTP, 1 pL of each 10 pM primers, 0.125 pL
Taq polymerase. Template and distilled H,O (dH,O) were added to a final volume of
25 pL. For PCR using the Promega Tag DNA polymerase the following was mixed:
2.5 pL 10x PCR buffer (100 mM Tris-HCI pH. 9, 500 mM KCl, 1% Triton®X-100),
1.5 pL 25 mM MgCl,, 0.5 pL 10 mM dNTP, 1 pL of each 10 uM primers, 0.125 pL
Taq polymerase. Template and dH,O were added to a final volume of 25 pL.

For cloning purposes polymerases with 3"'— 5" exonuclease (proofreading) activity
were used. For PCR using Pfu DNA polymerase (Promega) the following was mixed:
5 puL 10x PCR buffer (200 mM Tris-HCI pH 8.8, 100 mM KCI, 100 mM (NH,4),SO,,
20 mM MgSOs, 1.0% Triton® X-100, 1 mg/mL nuclease-free BSA), 1.6 pL 10 mM
dNTP, 2 pL of each 10 uM primers, 0.4 pL Pfu DNA polymerase. Template and
dH,0 were added to a final volume of 50 pL. For PCR using Platinium® Pfix DNA
polymerase (Invitrogen) the following was mixed: 5 uL 10x Pfx amplification buffer,
1.5 uL 10 mM dNTP, 0.75 uL of each 10 uM primers, 0.4 pL Platinium® Pfx DNA
polymerase. Template and dH,O were added to a final volume of 50 pL.

PCR was performed on either a GeneAmp (Applied Biosystems) or a PTC-100™ (MJ
Research Inc.) machine. The standard PCR program was as follows: 1 cycle of initial
denaturation for 3 min at 95°C; 40 cycles of denaturation for 1 min at 95°C; annealing
for 1 min at X°C; extension for Y min at 72°C; 1 cycle of final extension for 5 min at
72°C. Generally the annealing temperature (X) was set to app. 5°C lower than the
calculated melting temperature of the primers and the extension time (Y) depended on

the size of the fragment to be amplified and the polymerase used. The Promega Tagq
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DNA polymerase and the in house purified 7ag polymerase extend app. 1000 base
pairs (bp) per min and the Invitrogen Pfx and Promega Pfu polymerases extend app.
500 bp per min.

3.5.1 Production of Taq polymerase

A single colony of Escherichia coli (E. coli) DHSa transformed with the pTaq vector
(Desai and Pfaffle, 1995) (kindly donated by Dr. P. Kille, Cardiff University) was
inoculated into 10 mL LB with appropriate selection and incubated overnight at 200
rpm, 37°C.

BIOREX®70 resin (Biorad) for purification of the Tag polymerase was prepared by
mixing it with buffer C (20 mM HEPES pH. 7.9, 1 mM EDTA, 0.5 mM PMSF, 0.5%
Tween-20, 0.5% Igepal CA-630) and stirring for 1 — 2 h. The resin was allowed to
settle and pH was recorded. The top liquid was discarded and replaced with fresh
buffer C. This was repeated until the pH of the resin was 7.9 and then the resin was
stirred overnight. The next day the resin was poured into a column (26 mm) until a

bed volume of 17 mL (3.2 cm) was obtained. The column was stored at 4°C.

The overnight culture was harvested by centrifugation for 10 min at 2000 rpm, 4°C in
a Beckman Coulter Avanti® J-E centrifuge fitted with a JA-20 rotor and the pellet was
resuspended in 10 mL of fresh LB medium with appropriate selection. Then 2 x 500
mL LB with appropriate selection were inoculated with 1 mL of the overnight culture
and incubated at 200 rpm, 37°C in a Gallenkamp orbital incubator until an optical
density at 600 nm (ODggo) of 0.2 (app. 4 hours). At an ODggo of 0.2, cultures were
added 0.5 mM isopropyl-1-thio-B-D-galactopyranoside (IPTG) and incubated
overnight at 200 rpm, 37°C. The following day cultures were harvested by
centrifugation for 20 min at 5000 rpm, 4°C in a Beckman Coulter Avanti® J-E
centrifuge fitted with a JLA-10,5 rotor. Each pellet was resuspended in 50 mL cold
Buffer A (50 mM Tris HC1 pH 7.9, 50 mM glucose, ]| mM EDTA) and centrifuged at
5000 rpm, 20 min, 4°C in a Beckman Coulter Avanti® J-E centrifuge fitted with a JA-
14 rotor. The pellets were resuspended in 10 mL Buffer A containing 0.4% lysozyme
and incubated at room temperature for 30 min and then 10 mL Buffer B (10 mM Tris
HCl pH 7.9, 50 mM KCl, 1 mM EDTA, 1 mM PMSF, 0.5% Tween-20, 0.5% Igepal
CA-630) were added to the samples and incubated at 75°C for 20 min. Then the tubes
were incubated on ice for 30 min and 0.15%. polyethylenimine (PEI) pH 7.0 added
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drop-wise. The samples were incubated on ice for 10 min and then centrifuged for 20
min at 7000 rpm, 4°C in a Beckman Coulter Avanti® J-E centrifuge fitted with a JA-
20 rotor. Pellets were resuspended in 10 mL Buffer C (20 mM HEPES pH 7.9, ]| mM
EDTA, 0.5 mM PMSF, 0.5% Tween-20, 0.5% Igepal CA-630) + 25 mM KCl and
centrifuged for 20 min at 8000 rpm, 4°C. Pellets were resuspended in 10 mL Buffer C
+ 0.15 M KCl and centrifuged for 20 min at 8000 rpm, 4°C and then the supernatants
were transferred to fresh tubes and 20 mL Buffer C added.

Before loading the sample onto the prepared column, the column was drained of
buffer C. Then the column was washed by adding 150 mL Buffer C + 50 mM KCI.
The Taq polymerase was eluted from the column by adding 50 mL buffer C + 0.2 M
KCl and collected in 5 mL fractions, which were stored at 4°C. 10 pL of each fraction
were analyzed by SDS-PAGE and the protein containing fractions were pooled. The
fractions were concentrated to 50% using a Centriprep Concentrator (YM10,
Millipore) by centrifugation for 40 min at 3000xg, 4°C, in a Beckman Coulter
Avanti® J-E centrifuge fitted with a JA-20 rotor. The concentrated sample was
dialysed overnight at 4°C in 900 mL Buffer C + 50% glycerol.

The optimal working concentration for the Taq polymerase was determined by PCR
and afterwards the concentrated 7Taq was diluted to the optimal concentration with
buffer C + 50% glycerol and stored at -80°C.

3.6 Purification of DNA

Purification of DNA was either done directly using the QIAquick PCR Purification
Kit (QIAGEN) or by extraction of DNA from an agarose gel using the QIAquick Gel
Extraction Kit (QIAGEN). Purifications were performed according to the QIAquick®
Spin Handbook (QIAGEN 06/02)

3.7 Plasmid Preparations

Small scale plasmid preparation (QIAGEN Plasmid Mini Prep) was performed
according to the QIAprep® Miniprep Handbook (QIAGEN 11/05). Large scale
plasmid preparations (QIAGEN Plasmid Midi Prep and QIAFilter Plasmid Maxi
Prep) were performed according to the QIAGEN® Plasmid Purification handbook
(QIAGEN 07/05).
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3.8 Restriction Digestion

Restriction digests using various restriction enzymes were employed at different
stages of the cloning work. The restriction enzymes were all purchased from Promega
or New England Biolabs. Restriction digests were made by mixing plasmid DNA or
PCR product, restriction enzyme, 1x restriction buffer and dH,O. The amount of
restriction enzyme used ranged from 5 — 10 U. Digests were performed for a
minimum of 2 h and for plasmid DNA the digests were performed overnight. Digests
were performed in appropriate buffers at temperatures recommended by the supplier.
All restriction digests were either purified from an agarose gel using QIAquick Gel
Extraction Kit (QIAGEN) or directly using QIAquick PCR Purification Kit
(QIAGEN).

3.9 Ligation

For each ligation, plasmid DNA and insert DNA were mixed approximately in a
molar ratio of 1:3. The DNA was mixed with 1x ligase buffer (300 mM Tris-HCl pH
7.8, 100 mM MgCl,, 100 mM DTT, 10 mM ATP) and 1 U T4 DNA ligase (Promega)
and sterile dH,O to give a final volume of 10 — 25 pL. As controls, ligation reactions
were performed without addition of insert DNA, in order to check for re-ligation of
the plasmid DNA, and without addition of insert DNA and ligase, in order to check if
the plasmid was completely digested. The ligation reactions were incubated overnight
at 4°C.

3.10 Preparation of Competent Cells

Chemically competent E. coli DH5a cells (F'phi80d lacZA (lacZY A-argF)U169 deoR
recAl endAl hsdR17 (1k-, m k+) phoA supE44 lambda-thi-1 gyrA96 relAl[F" proAB
lacI°ZAM15)) were used for cloning purposes and for recombinant protein expression
E. coli DE3 Rosetta pLysS cells (F'ompT hsdSg(Rg ms) gal dem AMDE3 [lacl
lacUV5-T7 gene I indl sam7 nin5]) pLysSRARE (Cam®)) were used. The competent
cells were prepared (with minor modifications of the protocol) as previously described
(Hanahan 1983) by inoculating 20 mL of SOC medium in a 250 mL flask with a
freshly streaked single colony of E. coli DH5a and incubated overnight at 200 rpm,
37°C in a Gallenkamp orbital incubator. Next day two 500 mL flasks each containing
62.5 mL 2xYT medium were inoculated with 0.625 mL of the overnight culture.
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Cultures were incubated at 200 rpm, 37°C until they reached an ODgoo of 0.5
(approximately 1 — 3 h). The cells were harvested by centrifugation for 10 min at
5000 rpm, 1°C in a Beckman Coulter Avanti® J-E centrifuge fitted with a JA-14 rotor
and each pellet was resuspended in 20.75 mL RF1 (100 mM rubidium chloride, 50
mM manganese chloride, 30 mM potassium acetate, 10 mM calcium chloride, 15%
w/v glycerol pH 5.8) The cells were incubated in ice water for 1 h at 4°C and
harvested by centrifugation for 10 min at 5000 rpm, 1°C. Each pellet was resuspended
in 5 mL RF2 (10 mM MOPS, 10 mM rubidium chloride, 75 mM calcium chloride,
15% wi/v glycerol) and incubated in ice water for 15 min at 4°C. Aliquots of 100 puL
of cells were transferred to pre-chilled microcentrifuge tubes. The cells were frozen in

liquid N> and stored at -80°C.

For plant and plant cell culture transformation, calcium competent Agrobacterium
tumefaciens (A. tumefaciens) LBA4404 and EHA105 were used. The competent cells
were prepared by inoculating 20 mL of LB-medium with appropriate selection with a
freshly streaked single colony of 4. tumefaciens LBA4404 and EHA105 and
incubated overnight at 160 rpm, 30°C in a Gallenkamp orbital incubator. The
overnight culture was used to inoculate 100 mL LB medium with appropriate
selection in a 500 mL flask and the culture was incubated overnight at 160 rpm, 30°C
until it reached an ODggo of 0.6. The culture was incubated on ice for 30 min and then
harvested by centrifugation for 10 min, at 3000 rpm, 4 °C in a Beckman Coulter
Avanti® J-E centrifuge fitted with a JA-20 rotor. The cells were then resuspended in 1
mL ice cold 20 mM CaCl,. Aliquots of 100 uL of cells were added into pre-chilled

microcentrifuge tubes. The cells were frozen in liquid N, and stored at -80°C.
3.11 Transformations

3.11.1 Transformation of E. coli

Competent cells were transformed with plasmid DNA by heat shock transformation.
The cells were thawed on ice and 10 ng of plasmid DNA or 10 — 20 pL ligation
mixture was added and the transformation was incubated on ice for 20 min. Then the
cells were heat shocked for 45 s at 42°C and put on ice for 2 min. Afterwards, 900 puL
of LB medium was added and the cells were incubated for 30 — 45 min at 37°C and
200 rpm in a Gallenkamp orbital incubator. For the plasmid DNA transformations

aliquots of 50 puL were plated onto LB agar with appropriate selection and for the
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ligation mixture transformations the cells were harvested by centrifugation for 30 s at
full speed in an Eppendorf MiniSpin centrifuge, resuspended in 100 ul of LB medium
and plated onto LB agar with appropriate selection. Plates were incubated overnight at

37°C.
3.11.2 Transformation of S. cerevisiae

Transformation of wild type S. cerevisiae YRG2 cells (MATa ura3-52 his3-200 ade2-
101 lys2-801 trp1-901 leu 2-3, 112 gal4-542, gal80-538, LYS2::UASGAL1-TATAgALI-
HIS3 URA3::UASGAL4 17mersx3)- TATAcyci-lacZ, Stratagene) or YPH499 cells (MATa
ura3—52 lys2—801amper ade2—101ochee trp1-463 his3-4200 leu2—-A1, Stratagene) was
performed with minor modifications according to the Stratagene manual (Stratagene
07/06) Transformation was initiated by inoculating 100 mL YEPD medium in a 250
mL flask with a single yeast colony. The culture was incubated in a Gallenkamp
orbital incubator at 160 rpm at 30°C. The ODego of the culture was measured after 2 —
4 hours of incubation and then the culture was diluted, so that after an overnight
incubation the cells would have a cell density of 1 — 5 x 10’ mL™" (ODego 1 — 2). The
next day the cells were harvested by centrifugation in a Beckman Coulter Avanti® J-E
centrifuge fitted with a JA-14 rotor for 1 s at 8000 rpm and the pellet was washed
three times in 20 mL sterile dH,O. The cells were then resuspended in 10 mL of 0.1
M lithium acetate (LiAc), transferred to a 100 mL sterile flask and incubated for 1 h at
160 rpm, 30°C. Competent cells in aliqouts of 150 pL were transferred to
microcentrifuge tubes and 1 pg of plasmid DNA was added to the cells. To serve as a
negative control for the transformations, 5 pL of sterile dH,O was added to a separate
tube of competent cells. To each tube 350 pL of polyethylene glycol (PEG) 3350
(50% in dH,O) was added and the tubes were inverted several times. The
transformation mixtures were then incubated for 1 h at 30°C, heat-shocked for 5 min
at 42°C and then cooled on ice for 2 — 3 min. The transformation mixtures in aliquots
of 200 puL were plated onto SD agar plates containing 100 pL of appropriate
supplement drop-out solution (DO solution) (Table 5) and incubated for 3 — 5 days at
30°C. The colonies obtained from the transformation were picked and patched onto a
fresh SD agar plate with the appropriate DO solution and incubated for 3 — 5 days at
30°C.

The supplement DO solutions contain 4 mg/mL of each of the supplements listed in
Table 5 except those that are omitted (e.g. a tryptophan (trp) DO solution contains all
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supplements listed in Table 5 except for trp, hence a trp DO solution). 100 pL of
appropriate DO solution was spread on top of the agar and allowed to dry before using

the SD agar plate.

Table 5 — DO solutions consist of 4 mg/mL of each of the listed supplements except those that are

omitted.
adenine (ade) l-arginine (arg)
I-histidine (his) l-leucine (leu)
I-lysine (lys) I-methionine (met)
1-threonine (thr) I-tryptophan (trp)
l-phenylalanine (phe) l-isoleucine (ile)
1-tyrosine (tyr) uracil (ura)

l-valine (val)

3.12 Reporter Gene Screening

The S. cerevisiae YRG2 transformants were screened for their ability to activate the
HIS3 reporter gene by re-patching onto SD agar plates containing his DO. To
circumvent basal expression of the yeast HIS3 gene, the bait plasmid transformants
were plated onto SD-agar plates containing his DO and 0 — 50 mM 3-AT (3-amino-
1,2,4-triazole) (Sigma), which is a competitive inhibitor of the yeast HIS3 protein
(Stratagene 07/06). The minimum concentration of 3-AT, which inhibited the growth
of the transformants on SD agar plates containing his DO, was selected for the further

experiments.

The transformants were also assayed for their ability to activate the LacZ reporter
gene (B-galactosidase activity) in a filter lift assay (Stratagene 07/06). Prior to the
filter lift assay the yeast was patched onto SGR agar plates containing the appropriate
DO solution. The plates were incubated for 2 — 3 days at 30°C. To perform the filter
lift a sterile filter paper (Whatman Grade 1) was placed in a Petri dish and completely
wetted in 2 mL of Z-buffer (10.7 g/l Na,HPO4-2H,0, 6.2 g/LL NaH,P042H0, 0.75
g/L KCl, 0.246 g/L. MgSO,-7H,0) containing 5.4 pL/mL B-mercaptoethanol and 33.4
pL/mL X-B-gal (20 mg/mL) (Fischer Scientific). A separate sterile filter paper was
labelled and placed on the surface of the plate containing yeast patches. Air bubbles
were carefully removed and the filter paper was pressed firmly onto the surface of an
agar plate using a replica-plate block covered with a velvet cloth ensuring that the

filter paper was in contact with all colonies on the plate for 1 — 2 min. The filter paper
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was carefully lifted off the plate using sterile forceps. The filter was then placed
colony side up in liquid N, for 5 — 10 s. and placed colony side up in a Petri dish to
thaw. This process was repeated twice with each filter paper. The filter paper was then
placed with the colony side up onto the filter paper wetted in Z-buffer and the air
bubbles between the filter papers were carefully removed. The Petri dish containing
the two pieces of filter paper was sealed with cling film and placed in an incubator at
30°C. The appearance of blue colour was monitored over the first three hours of

incubation and then after an overnight incubation at 30°C.

An additional method for assaying the transformants ability to activate the LacZ
reporter gene was the ortho-nitrophenyl-p-galactoside (ONPG) assay (Clontech
02/07). The assay was performed by inoculating transformed YRG2 cells into 5 mL
SGR medium and cultures were incubated in a Gallenkamp orbital incubator at 160
rpm at 30°C until an ODgg 0.6 — 0.8. Cells were harvested by centrifugation in an
MSE Centaur 2 centrifuge for 10 min at 4000 rpm and the pellet was resuspended in 5
mL of Z-buffer and placed on ice. ODgoo was measured and each sample was added
one drop of 0.1% SDS and two drops of chloroform. Tubes were vortexed for 15 sec
and incubated at 30°C for 15 min and added 160 pL of 4 mg/mL ONPG (Sigma).
Tubes were vortexed well for 10 s and incubated at 30°C for 20 min. After 20 min
samples were removed and added 400 puL of 1 M sodium carbonate. Samples were
spun down and OD4;¢ and ODssg of the supernatant were measured. Miller units were
calculated as follows: U = 1000 x [(OD42) — (1.75 x ODssp)] / [(time) x (volume) x
ODgoo], where time is the incubation time with ONPG (min) and the volume is the
volume of initial culture used (mL) (Miller, 1972).

3.13 RNA Extraction from Plant Tissue and Cell Culture

RNA from either plant tissue or cell culture was extracted by grinding the tissue in a
sterile pre-cooled mortar with liquid N,. Then 2 mL of Tri Reagent (Sigma) were
added and the grinding was resumed to form a homogeneous phase. Equal amounts of
liquid was transferred into two microcentrifuge tubes, vortexed and incubated at room
temperature for 5 min. The samples were centrifuged in a Beckman Coulter Allegra™
21R centrifuge fitted with a F2402H rotor for 10 min at 12000 rpm, 4°C. The clear
supernatant was transferred to fresh microcentrifuge tubes and added 200 pL

chloroform. Tubes were vortexed for 15 s and incubated at room temperature for 5
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min. The samples were centrifuged for 15 min at 12000 rpm, 4°C. The top layer was
transferred to fresh microcentrifuge tubes, 500 puL isopropanol added and then the
extraction was incubated at room temperature for 10 min. Samples were centrifuged
for 10 min at 12000 rpm, 4°C, the supernatant was removed, 1 mL of 75% EtOH was
added to the pellet and vortexed for 15 s. Samples were centrifuged for 10 min at
12000 rpm, 4°C. The supernatant was removed and pellet was air dried for app. 20 —
30 min. The pellet was then resuspended in 50 pL sterile water and the contents of the
two tubes were combined to give a volume of 100 pL total. Aliquots of 10 pL of the
extracted RNA were mixed with 10x loading buffer and analyzed by agarose gel

electrophoresis. The remaining RNA was stored at -80°C.

3.14 DNase Treatment and cDNA Synthesis

For DNase treatment app. 5 pg of RNA was mixed with 1x RQ1 DNase buffer (400
mM Tris-HCl pH 8, 100 mM MgSO,, 10 mM CaCl;) and 1 U RQ1 DNase (Promega)
in a final volume of 20 pL. The samples were incubated at 37°C for 30 min, after
which 2 uL of RQ1 DNase stop solution (20 mM EGTA pH 8.0) was added. The

samples were then incubated at 65°C for 10 min.

For cDNA synthesis app. 1 pg of the DNase treated RNA was mixed with 500 ng of
Oligo(dt),s primer (Promega) in a final volume of 20 pL. The samples were incubated
for 10 min at 70°C and afterwards cooled on ice for 10 min. The samples were added
6 uL 5x M-MLV RT buffer (250 mM Tris-HCI pH 8.3, 375 mM KCl, 15 mM MgCl,,
50 mM DTT), 2 pL 0.1 M DTT and 1 pL 10 mM dNTP mix and incubated at 42°C
for 2 min. Then 200 U of M-MLV Reverse Transcriptase RNase H Minus, Point
Mutant (Promega) was added and the samples were incubated at 42°C for 50 min.
Samples were then incubated at 70°C for 15 min to stop the reaction. The synthesized
cDNA was checked by using 1 — 5 pL as template in PCR (section 3.5) and the

remaining cDNA was stored at -80°C.
3.15 Protein Extraction from Plant Tissue and Cell Culture

Protein extraction from either 4. thaliana seedling material or from N. tabacum BY-2
cell culture was essentially performed as described in Cockcroft et al. (2000).
Material for protein extraction was either harvested from seedling material and frozen

in liquid N, or harvested from cell culture by centrifugation in an MSE Centaur 2
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centrifuge for 5 min at 4000 rpm. After harvesting the supernatant was decanted and
the pellet was frozen in liquid N,. Proteins were extracted by grinding the material in
a pre-cooled mortar with liquid N». Then 1 — 2 mL of ground material was transferred
into a 14 mL culture tube and placed on ice and added 986 pL lysis buffer (50 mM
Tris-HCl pH. 7.5, 75 mM NaCl, 15 mM EGTA, 15 mM MgCl,, 60 mM B-
glycerophosphate), 42 pL 25x PI (one complete protease inhibitors (Roche) dissolved
in 2 mL sterile dH,O and filter sterilized), 21 pL 50x PPI (50 mM NaF, 10 mM
Na;VOs4, 100 mM NaygP,07) and 1.05 pL 1M DTT. Samples were then homogenized
by sonication (exponential tip, 10 pum amplitude) in a Soniprep 150 sonicator (MSE)
for four times 30 s with 30 s on ice between each sonication. After sonication the
samples were transferred to pre-chilled microcentrifuge tubes and centrifuged in a
Beckman Coulter Allegra™ 21R centrifuge fitted with a F2402H rotor for 30 min at
13000 rpm, 4°C. The supernatant was aliquotted into 100 pL aliquots and stored at -
80°C.

3.16 Bradford Assay

The concentration of protein extracts was determined using a Bradford Assay
(Bradford, 1976). The Bradford Reagent (Sigma) was gently mixed in the bottle and
brought to room temperature. BSA protein standards were prepared in an appropriate
lysis buffer ranging from 0.1 — 1.4 mg/mL. To a multi-well plate 5 uL of the protein
standards were added to separate wells alongside 5 pL of each of the samples. To
each well 250 puL of Bradford Reagent were added and mixed gently for app. 30 s.
Samples were incubated at room temperature between S and 45 min and then the
absorbance was measured at 590 nm. The absorbance (Asoo(sample) — Asgo(blank))
was then plotted against the protein concentration of each standard. The protein

concentration of the unknown sample was determined from the standard curve.
3.17 Western Blotting

The samples were loaded in an SDS gel and run as described in section 3.4.2. For
Western blotting (Burnette, 1981) a Hybond-P PVDF membrane (Amersham
Pharmacia Biotech) was pre-wetted in 100% MetOH for 30 s and rinsed in dH,O for 5
min. Then the PVDF membrane, sponges, filter paper and SDS gel were soaked in
blotting buffer (20% MetOH, 0.01% SDS, 14 g/L glycine, 3g/L Tris base) for 10 to 15
min. A sandwich of sponge, filter paper, SDS gel, PVDF membrane, filter paper and
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sponge was prepared and placed in the cassette of a Mini-Trans Blot® Western
Blotting system (Bio-rad). The cassette was placed in the gel tank filled with blotting
buffer and 0.35 mA was applied for 1 h. Afterwards, the transfer the cassette was
disassembled and the PVDF membrane placed in 25 mL blocking solution (20mM
Tris-HCl pH 7.5, 150mM NaCl, 0.05% Tween-20, 5% dry milk powder) and
incubated on a shaking platform for 1 h. The primary antibody (FLAG (1:8000)
(Sigma), c-myc (1:1250) (Sigma), NtWEE!1 (1:1000) (Sigma)) was added to the
membrane in the blocking buffer and incubated on the shaking platform for a further 1
h. Then the PVDF membrane was rinsed twice with wash buffer (20mM Tris-HC1 pH
7.5, 150mM NaCl, 0.05% Tween-20, 1% Triton® X-100), washed once for 15 min
and twice for 5 min. Another 25 mL of blocking buffer including the secondary
antibody (For FLAG and c-myc primary antibodies: a-mouse IgG (1:10000) (Bio-rad)
and for the NtWEE! primary antibody: a-rabbit IgG (1:2500) (Sigma)) was added to
the PVDF membrane and incubated on the shaking platform for 1 h. Then the PVDF
membrane was rinsed twice with wash buffer, washed once for 15 min and twice for 5
min. The membrane was developed using the ECL Western blotting detection
reagents (Amersham Pharmacia Biotech). First the PVDF membrane was placed on
cling film and 0.125 mL/cm® ECL solution (reagentl:reagent2 (50:50)) was added,
then the liquid was removed and the membrane wrapped in cling film and placed in an
X-ray cassette (GRI Molecular Biology). HyperﬁlmTM ECL (Amersham Biosciences)
was placed on top of membrane and exposed for an appropriate amount of time
ranging from 20 s to overnight. The film was developed using a Curix 60 developer
(Agfa).

3.18 Immunoprecipitation and Kinase Assay

Immunoprecipitation and kinase assay were essentially performed as described in
Cockcroft et al. (2000). The CDK substrate for the kinase assays was prepared using a

3suc agarose conjugate (Upstate). 250 pg of protein extract extracted from either

pl
wild type N. tabacum BY2 cells or A. thaliana seedlings were mixed with 15 pL 50%
(v/v) sepharose (Sigma) and incubated with rotation for 1 h at 4°C. Samples were
centrifuged for 2 min at 5000g, 4°C and the supernatant was transferred to a fresh
tube. To the supernatant 5 pL p13SUCI (50% slurry) was added and the sample was
incubated with rotation for 4 h at 4°C. The sample was centrifuged for 2 min at

5000g, 4°C and the pellet was washed twice with 1 mL SUC1 buffer (50 mM Tris-
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HCI pH 7.5, 250 mM NacCl, 0.5 mM EDTA pH 8, 0.1 % Tween 20, 0.5 mM sodium
fluoride) and once with 800 uL kinase buffer (50 mM Tris-HC1 pH 7.5, 100 mM
NaCl, 15 mM EGTA, 1 mM DTT).

WEE]1 protein was immunoprecipitated from protein extract extracted from either N.
tabacum BY2 cells or A. thaliana seedlings. 100 — 250 pg of protein extract was
mixed with 15 pL 50% (v/v) protein A sepharose® 4B Fast Flow (Pharmacia Biotech)
and incubated with rotation for 1 h at 4°C. Samples were centrifuged for 2 min at
5000g, 4°C and the supernatant was transferred to fresh tube. To the supernatant 5 pL
of NtWEE]1 antibody was added and the samples were incubated on ice for 2 h at 4°C.
To each sample 15 uL 50% (v/v) protein A sepharose® 4B Fast Flow was added and
the samples were incubated with rotation for 2 h at 4°C. Samples were centrifuged for
2 min at 5000g, 4°C and the pellet was washed twice with 1 mL SUCI buffer (50 mM
Tris-HCI pH 7.5, 250 mM NacCl, 0.5 mM EDTA pH 8, 0.1 % Tween 20, 0.5 mM
sodium fluoride) and once with 800 pL kinase buffer (50 mM Tris-HCI pH 7.5, 100
mM NaCl, 15 mM EGTA, 1 mM DTT).

For the kinase assay, beads were combined (immunoprecipitated CDK and WEE1
proteins) and resuspended in kinase assay buffer (50 mM Tris HCI pH 7.5, 100 mM
NaCl, 5 mM EGTA, 5 mM MgCl,, 1 mM DTT, 1xPPI (1 mM NaF, 0.2 mM Na;VO,,
2 mM Na4P,07), 25 mM B-glycerophosphate, 0.5 pg/pL histone H1 (Roche), 74 kBq
v-3?P ATP (Amersham Pharmacia)) and reactions were incubated at room temperature
for 30 min. Reactions were stopped by adding 3 puL 5x SDS loading buffer. Samples
were subjected to SDS-PAGE and the gel was subsequently dried for 20 min at 80°C
using a gel dryer model 583 (Bio-rad). Afterwards, the dried gel was placed in an X-
ray cassette together with an intensifying screen. Hyperfilm™ ECL was placed on top
of dried gel and exposed for an appropriate amount of time ranging from 3 to 6 days.

The film was developed using a Curix 60 developer.
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4 Identification of Interaction Partners for

A. thaliana CDC25 and WEE1

4.1 Introduction

All biological processes in a cell depend on protein-protein interactions. The
identification and mapping of these interactions provides valuable insights into the
functionality of proteins. Both in vitro and in vivo techniques have been developed to
detect and study protein—protein interactions starting from the molecular genetic
approach, such as the Y2H technique, to biochemical approaches, such as protein
complex purification using gel filtration/affinity chromatography and co-

immunoprecipitation and fluorescent protein-based methods.

The Y2H technique is a relatively sensitive method for studying protein-protein
interactions in vivo. Traditionally it is one of the preferred methods of finding
interaction partners for a specific protein, because it is a relatively easy and fast
method that allows large scale screening of cDNA libraries (Causier, 2002; Bhat et
al., 2006). For the experimental work in this thesis, the Y2H screens were performed
using the Stratagene HybriZap® 2.1 Two-Hybrid System, a system based on the co-
transformation of a bait plasmid (pBD-Gal4-cam) and a target plasmid (pAD-Gal4-
2.1) into the S. cerevisiae YRG?2 strain. For selection in S. cerevisiae the pAD-Gal4-
2.1 contains the LEU2 gene and the pBD-Gal4-cam contains the TRPI gene.
Interaction between bait and target protein is identified by generating one hybrid of
the yeast Gal4 binding domain (BD) fused to the bait protein (X) and another hybrid
of the Gal4 activation domain (AD) fused to a specific protein or a library of proteins
(Y) (Ma and Ptashne, 1987). The hybrids alone are not capable of initiating specific
transcription of reporter genes in yeast, this only occurs when the bait and target
protein interact specifically with each other (Figure 10A). This system takes
advantage of two reporter genes, which are the E. coli f-galactosidase (LacZ) gene
and the S. cerevisiae HIS3 gene. Binding of the bait protein X to the upstream
activating sequences (UAS) is not sufficient to initiate transcription of the reporter
gene. Since protein Y alone is not localized to the reporter gene UAS this is not

capable of initiating transcription of the reporter gene either. When a specific
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interaction occurs between proteins X and Y both Gal4 BD and Gal4 AD are localized
to the reporter gene UAS and transcriptional activation of the reporter gene occurs

(Figure 10B).

A

DeZ reporter g«ne

LacZ reporter gene

Figure 10 - A) The Gal4 BD hybrid protein binds to the Gal4 UAS that is present upstream of
the LacZ reporter gene. The Gal4 AD hybrid protein binds transcription factors in the nucleus,
but does not localize to the Gal4d UAS. B) If a specific interaction occurs between the two
proteins, the Gal4 AD and Gal4 BD are brought in close proximity and act together with the
bound transcription factors to initiate the transcription of the LacZ reporter gene (Stratagene
07/06).

The Y2H approach has been used widely to analyse interactions between plant
proteins either in the analysis of known protein interactors or to find novel protein
interaction partners. Protein-protein interactions occurring during a number of diverse
processes, such as floral development (Davies et al, 1996), self-incompatibility
mechanisms (Mazzurco et al., 2001), the circadian clock (Jarillo et al, 2001), plant
disease resistance (Ellis et al, 2002) and phytohormone signalling (Ouellet et al,
2001) have been investigated using the Y2H technique. In the work reported in this
chapter the Y2H technique was used as a primary screen for identifying proteins
interacting with 4. thaliana CDC25 and WEE1. The Y2H library screen could reveal
important interaction partners for both proteins, which could provide important
information about the function and involvement of these two proteins in the plant cell
cycle. Of particular interest would be to identify 14-3-3 proteins since they have been
identified in both yeast and animals to interact with both Weel and Cdc25 in a cell
cycle-dependent manner and thereby regulate their cellular localization and/or activity
(Ford et al., 1994; Conklin et al., 1995; Peng et al., 1997; Chan et al., 1999; Rittinger
et al., 1999; Yang et al., 1999; Zeng and Piwnica-Worms, 1999; Wang et al., 2000;
Graves et al., 2001; Lee et al., 2001; Rothblum-Oviatt et al., 2001, Chen et al., 2003b;
Sorrell et al., 2003).

48



Identification of Interaction Partners for Materials and Methods
A. thaliana CDC2S and WIEET

4.2 Materials and Methods

4.2.1 Preparation of Bait and Target Plasmids

The two bait plasmids pBD-Gal4-cam AtWEE!I and pBD-Gal4-cam AtCDC25 were
kindly donated by Dr. I. Siciliano and A. Thompson (previous PhD student and
project student, respectively, in the laboratory of Drs. D. Francis and H. J. Rogers,
Cardiff University). The bait plasmids had been constructed by inserting the coding
sequence of AtWEE] and AtCDC235, respectively, into the pBD-Gal4-cam plasmid by

the use of Sall and EcoRlI restriction sites.

For constructing the target plasmids to use for the Y2H screens, an A. thaliana
seedling root primary cDNA library had previously been constructed in the
HybriZAP-2.1 lambda vector (Stratagene) (Sorrell et al., 2003). The primary library
was amplified and converted by in vivo excision into a GAL4 transcriptional
activation domain pAD-GAL4-2.1 library according to the manufacturer’s protocol
(Stratagene 07/06). E. coli XL1 Blue MRF’ (A(mcrA)183 A(mcrCB-hsdSMR-mrr)173
endA supE44 thi-1 recAl gyrA96 reldl lac [F’ proAB lacI"ZAMI5 Tnl0 (Tetr)]) and
E. coli XLOLR (A(mcrA)183 A(mcrCB-hsdSMR-mrr)173 endAlthi-1 recAl gyrA96
reldl lac [F’ proAB lacl"ZA M15 Tnl0 (Tetr)]Su’, A®) were streaked onto LB agar
plates containing tetracycline and incubated overnight at 37°C. Single colonies of
E. coli XL1 Blue MRF’ and E. coli XLOLR were used to inoculate 10 mL of LB
medium in 50 mL centrifuge tubes, which were incubated overnight in a Gallenkamp
orbital incubator at 150 rpm, 37°C. Cultures were then spun down in an MSE Centaur
2 centrifuge for 10 min at 3500 rpm. Pellets were resuspended in 10 mM MgSO, to an
ODsggo of 1.0. A 250 pL aliquot of E. coli XL1 Blue MRF and E. coli XLOLR were
added to each 50 mL of NZY broth containing 0.2% (w/v) maltose. Cultures were
incubated at 150 rpm at 37°C until they reached an ODggo of 0.3 — 0.4 and then spun
down for 10 min at 3500 rpm. The E. coli XL1 Blue MRF’ culture was resuspended
in 10 mM MgSO, to an ODggo of 5.0 (corresponding to a final cell concentration of
4x10° cells) and the E. coli XLOLR culture was resuspended in 10 mM MgSO, to an
ODggo of 1.0 (corresponding to a final cell concentration of ~8x10% cells). At this
point the E. coli XLOLR cells were stored overnight at 4°C.
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The phagemid library was excised by mixing 5.29 pL A phage (~1x10°® pfu), 230 uL
E. coli XL1 Blue MRF’ (~1x10° cells) and 24.21 pL helper phage (~1x10'° pfu) in a
50 mL centrifuge tube following incubation for 15 min at 100 rpm, 37°C. Then 20 mL
of LB medium was added to the mix and incubation was continued at 100 rpm at
37°C for 2 -3 h. The culture was then incubated for 20 min at 70°C and spun down for
10 min at 3500 rpm in an MSE Centaur 2 centrifuge. The supernatant containing the
excised phagemid was transferred to a fresh 50 mL centrifuge tube and stored at 4°C
until further use. To determine the titre of excised phagemids, 10' — 10° dilutions of
the excised phagemid were prepared. Aliquots of 10 pL of each dilution were mixed
with 200 pL E. coli XLOLR cells (ODggo 1.0) in a microcentrifuge tube and incubated
for 15 min at 37°C. The cells were plated onto LB agar containing ampicillin and
incubated overnight at 37°C. The number of colony forming units (cfu) was counted
and the titre of cells calculated for each dilution. The excised phagemid library was
amplified by inoculating a single colony of E. coli XLOLR in 10 mL of LB medium
in a 50 mL centrifuge tube following incubation overnight at 150 rpm at 37°C. The
culture was spun down for 10 min at 3500 rpm and the pellet was resuspended in 10
mM MgSO, to an ODggo of 1.0 and then 500 pL of cells were added to 100 mL NZY
broth containing 0.2% (w/v) maltose in a 250 mL flask and incubated at 200 rpm at
37°C until an ODggo of 0.3 — 0.4 was reached. Then the cells were spun down for 10
min at 3500 rpm and resuspended in 10 mM MgSO; to an ODggo of 1.0. Excised
phagemid (~2x10°® phagemids) and E. coli XLOLR (~2x10° cells) were mixed in a 50
mL centrifuge tube and incubated for 15 min at 150 rpm, 37°C. The mixture was then
added to 500 mL LB medium containing ampicillin and incubated at 200 rpm at 37°C
until an ODgg of 0.3 — 0.4. Then the cells were spun down in a Beckman Coulter
Avanti® J-E centrifuge fitted with a JLA-10,5 rotor for 10 min at 3500 rpm and the
supernatant was decanted. Pellets were stored at -20°C. The plasmid DNA was
isolated using a QIAFilter Plasmid Maxi Prep (QIAGEN 11/05) according to the

manufacturer’s protocol.
4.2.2 Yeast Transformation and Y2H Library Screening

The AtCDC25 and AtWEEI bait plasmids were transformed into wild type
S. cerevisiae YRG2 cells and assayed for activation of HIS3 and LacZ reporter genes
as described in sections 3.11.2 and 3.12, respectively. Prior to the Y2H library

screening, a transformation efficiency test was performed to indicate the extent, to
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which the transformation had to be scaled up, since a minimum of 1 — 2 x 10°
transformants had to be screened (Van Criekinge and Beyaert, 1999). Re-
transformation of YRG2 cells carrying the 4tCDC25 and AtWEE]I bait plasmids,
respectively, with the Y2H cDNA library was done by a high efficiency
transformation method. A single yeast colony was used to inoculate 10 mL of SD
medium containing 50 puL. of an appropriate DO solution in a 100 mL flask and
incubated overnight in a Gallenkamp orbital incubator at 160 rpm at 30°C. The titre of
the culture was determined and the volume of overnight culture corresponding to 2.5
x 10® cells was calculated. This volume was added to pre-warmed YEPD medium in a
250 mL flask to give a final volume of 50 mL. The culture was incubated at 160 rpm
at 30°C until it reached a cell density of 2 x 107 cells/mL. The cells were harvested by
centrifugation in an MSE Centaur 2 centrifuge for 5 min at 3500 rpm and afterwards
the cells were resuspended in 25 mL of sterile dH,O. The cells were spun down and
the supernatant removed. The cells were then resuspended in 900 pL sterile dH,O,
transferred to a microcentrifuge tube, spun down in an Eppendorf MiniSpin centrifuge
for 1 min at full speed, resuspended in 100 mM LiAc to a final volume of 1 mL and
incubated for 10 min at 30°C. For each transformation, 100 pL of LiAc cell
suspension was transferred into fresh microcentrifuge tubes, spun down for 1 min at
full speed and to the cell pellets the following components were added: 240 pL 50%
PEG, 36 pL 1M LiAc, 50 pL 2 mg/mL salmon sperm ssDNA (Sigma). 1 pg of
plasmid DNA and dH,O were added to the mix to a final volume of 360 pL. The
tubes were vortexed until the cell pellet was fully resuspended. To one tube, sterile
dH>O was added instead of DNA to serve as a negative control for the
transformations. The mixture was incubated for 30 min at 30°C and heat-shocked for
30 min at 42°C. The cells were then spun down for 1 min at full speed and the
transformation mixture removed. The cells were resuspended in 1 mL of sterile dH,O.
The transformation mixtures were diluted 10x and aliquots of 100 pL were plated
onto SD agar plates containing 100 puL of an appropriate DO solution and incubated
for 3 — 5 days at 30°C. Based on the outcome of the transformation efficiency test, the

transformation was scaled up so a minimum of 1x 10° transformants were screened.
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4.3 Results

As described previously, the Y2H technique is a relatively sensitive method for
studying protein-protein interactions in vivo therefore this technique was used in the
identification of interaction partners for AtCDC25 and AtWEE1. The identification of
interaction partners for the two proteins could provide important information about
the regulatory elements of the plant cell cycle and furthermore help to determine the

exact function and involvement of these two proteins in the plant cell cycle.

Initially, bait plasmids containing the coding sequences AtCDC25 and AtWEEI,
respectively, were transformed into YRG2 cells. The transformed yeast cells were
selected on SD agar plates containing trp DO solution and subsequently patched on
SD agar plates containing his DO in order to check their ability to auto-activate the
HIS3 reporter gene. The transformants carrying the A¢*CDC25 bait plasmid did not
grow on SD agar plates containing his DO whereas the transformants carrying the
AtWEEI bait plasmid did, indicating that this bait plasmid was capable of auto-
activating the HIS3 reporter gene. To circumvent auto-activation of the HIS3 reporter
gene, the transformants were grown on SD agar plates containing 40 mM 3-AT,
which was found to inhibit the growth of the transformants on SD agar plates
containing his DO. The transformants were verified for the presence AtWEEI bait
plasmid and the A#?CDC25 bait plasmid by colony PCR using a gene-specific primer
and a primer specific for the bait plasmid (AtWEEI (P44+P50) and A:tCDC25
(P44+P52)).

A transformation efficiency test was performed prior to the Y2H library screening.
YRG?2 cells that were initially transformed with the 4¢CDC25 bait plasmid and the
AtWEE] bait plasmid, respectively, were transformed with 1, 2 or 5 pg of the
A. thaliana seedling root cDNA library, which previously had been prepared by in
vivo excision of a phagemid library (4.2.1). Based on the number of colony forming
units (cfu), the transformation efficiencies and degrees of scale-up were calculated.
For the AtCDC2S5 library screen 1 pug of library DNA was used and the transformation
mixture had to be scaled-up 50x and all the cell culture volumes and resuspension
volumes had to be scaled-up 5x. For the AtWEE] library screen 1 pg of library DNA
was used and the transformation mixture had to be scaled-up 100x and all the cell

culture volumes and resuspension volumes had to be scaled-up 10x. The transformed
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yeast was resuspended in a final volume of 10 mL and 0.5 mL aliquots were plated
onto 20 SD agar plates (140 mm) each containing 500 uL trp-leu-his DO for selection
of transformants (as previously mentioned the target plasmid contains the LEU2 gene
and the bait plasmid contains the TRP! gene) and for assaying activation of the HIS3
reporter gene. Furthermore, 40 mM 3-AT was added in the agar plates for selecting
the yeast initially transformed with the AtWEE! bait plasmid to circumvent auto-
activation of the HIS3 reporter gene. After a week of incubation at 30°C, the SD agar
plates were covered with a background growth of yeast and colonies that appeared
through the background were assumed to be real transformants. These colonies were
picked and patched onto a fresh SD agar plate containing trp-leu-his DO. Colonies
were picked as they emerged over a period of three weeks. After two weeks heavy
contamination was present on the AtCDC25 library screening plates and attempts
were made to remove the contamination by exision of the regions of comtanimated
agar from the plates. This resulted in the recovery of only 81 transformants that were
found to activate the HIS3 reporter gene. However, the AtWEE] library screening
resulted in more than 900 transformants that could activate the HIS3 reporter gene.
Using the filter lift assay, the double transformants were assayed for their ability to
activate the transcription of the LacZ reporter gene, which gives rise to a blue
coloration of the yeast when grown on medium containing X-B-gal. For the AtCDC25
library screening and the AtWEE] library screen 9 and 82 transformants, respectively,
activated transcription of the /acZ reporter gene. These transformants were patched
onto fresh SD agar plates containing trp-leu DO and then used as templates in colony
PCR using primers specific for the target plasmid (P52+P53) for the isolation the
cDNA insert of the target plasmid. The cDNA inserts were then purified using
Montage PCR cleanup products (Millipore) according to the manufacturer’s protocol.
The purified PCR products were sequenced by the sequencing facility at Cardiff
University using primer P52. The sequences that were obtained from the sequencing

were identified using the BLAST program (http://www.ncbi.nim.nih.gov/BLAST/).
4.3.1 AtCDC25 Y2H Library Screening

The results obtained from the AtCDC25 library screening revealed seven different
AtCDC2S interaction partners, of which one was identified three times. Using the Tair
search engine (http://www.arabidopsis.org) the identified proteins were broadly

divided into three functional groups (Table 6)
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Table 6 — Proteins that interact with AtCDC25 in the Y2H library screen. The identified proteins
are divided into groups, AGI numbers of the genes are given in the left column and the name of
the genes encoding the proteins/ name of the proteins are given in the right column together with

the number of hits in brackets.

1) Ribosomes/Protein biosynthesis

At1g04270 40S ribosomal protein S15 (1)
At5g26830 Threonyl-tRNA synthetase (1)
2) Cell division

Atl1g52410 Caldesmon-related protein (1)

3) Stess responses

At2g15970 Putative cold-acclimation protein FL3-5A3 (3)

At3g32980 Peroxidase 32 PRXR3 (1)

Atlg27130 Putative GST (1)

Other

At1g22180 Phosphoglyceride transfer/SEC14 cytosolic factor family protein (1)

The functional groups were: 1) protein biosynthesis, 2) cell division and 3) plant
stress responses. Unexpectedly, 14-3-3 proteins were not found to interact with
AtCDC2S5 in the Y2H library screen suggesting that AtCDC25 does not interact with
14-3-3 proteins.

However, due to the heavy contamination of the AtCDC25 library screening plates, it
is likely that the AtCDC25 library screen gives an incomplete picture of the proteins
that interact with AtCDC25. Hence, many more AtCDC2S interacting proteins,

possibly including 14-3-3s may remain to be discovered.

4.3.2 AtWEE1 Y2H Library Screening

The AtWEEI library screen revealed 60 different AtWEE1 interaction partners, of
which 11 were identified multiple times. Using the Tair search engine
(http://www.arabidopsis.org) 42 of the identified proteins were broadly divided into
six functional groups (Table 7).

54


http://www.arabidopsis.org

Identification of Interaction Partners for Results
A thaliana CDC2S and WEE ]

Table 7 — Proteins that interact with AtWEE]1 in the Y2H library screen. The identified proteins
are divided into functional groups, AGI numbers of the genes are given in the left column and the
name of the genes encoding the proteins/ name of the proteins are given in the right column

together with the number of hits in brackets.

1) Transcription factors/ DNA or RNA binding proteins, histone modifications

At2g18160 bZIP transcription factor GBFS (2)

At1g04960 Simliar to bZIP transcription factor family proteins (2)
At4g00150 Transcription factor SCL6 (3)

Atlg64570 Similar to DNA-binding protein (1)

At2g33610 SWIRM domain containing protein (1)

At5gl13780 GCNS related N-terminal acetyltransferase (1)
At4g14465 DNA binding protein (1)

At5g49400 Zinc knuckle (CCHC-type) family protein (1)
Atlg56070 E2F (1)

2) Plant growth regulation and signal transduction

At1g48480 Receptor kinase gene RLK1 (1)
Atlg08980 IAA biosynthesis (1)
At3g22440 Hydroxyproline-rich glycoprotein family protein (1)

3) Stress responses/ detoxification/ pathogen responses

At2g41300 Strictosidine synthase (3)

At3g56240 Copper chaperone ATX1 (3)

At2g30860 GST AtGSTF9 (2)

At2g30870 GST AtGSTF10 (1)

At1g06040 Zinc finger protein (1)

At2g37040 Phenylalanine ammonia-lyase 1 PAL1 (1)
Atdgl11650 Osmotin OSM34 (1)

At1gl4730 Cytochrome B561 family protein (1)
At2g38730 Similar to Cyclophilin protein (1)
At1gl18970 Germin-like protein (1)

At4gl15610 Integral membrane family protein (1)
At4g23680 Major latex protein (MLP) related (1)
At5g60640 Protein disulfide isomerase-like (PDIL), Thioredoxin family protein (1)

4) Cell division/cell size/ cell wall and cell growth

At1g05850 Chitinase AtCTL1 (2)
At3g09840 CDCA48A (2)
At3g10220 Tubulin folding co-factor B (1)
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At5g62350
At4g24780
AB3g61430
AB3gl11070
At3g16640

Pectin methyl esterase inhibitor family Protein (1)

Pectate lyase family protein (1)
Aquaporin PIP1A (1)
Outer membrane protein OMP85 (1)

Tumour family protein (1)

5) Ribosomes/ protein biosynthesis

Atdg01560
Ar2gd3970
At1g07830
At1g54270

Brix domain protein (3)
La domain protein (2)
Ribosomal protein(1)

translation initiation factor(1)

6) Ubiquitin-mediated degradation

At5g57900 SKP1/SCF (1)

At5g23540 26S proteasome regulatory subunit (1)
At4g39600 F-box family protein(1)

Atl1g06630 F-box family protein(1)

Atlg67340 F-box family protein(1)

Other

Atl1g28580 Lipase (1)

At1g29900 Carbamoylphosphate synthetase (1)
At2g05440 Glycine rich protein (1)

At3g03773 Glycine rich protein (1)

At2g10950 BSD domain containing protein (1)
At2g44100 Rab-specific GDP dissociation inhibitor (1)
At3g02090 Mitochondrial processing peptidase (1)
At3g02470 S-adenosylmethionine decarboxylase (1)
At3g07350 Unknown protein (1)

At3g55410 Mitochondrial protein, (1)

At2g40800 Mitochondrial protein (3)

At3g55440 Cytosolic triose phosphate isomerase (1)
At4g27870 Integral membrane family protein (1)
At4g31350 Predicted protein (1)

At5g03940 Chloroplast Signal Recognition Particle Subunit (1)
At4g22920 Chloroplast protein (1)

At5g35570 Chloroplast protein (1)

At5g43330 Cytosolic malate dehydrogenase (1)

Results
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The functional groups were: 1) transcription, RNA/DNA binding and histone
modifications, 2) plant growth regulation and signal transduction, 3) stress responses,
detoxification and pathogen responses, 4) cell division and cell growth S) protein
biosynthesis and 6) ubiquitin-mediated degradation. Neither in the AtWEE1 Y2H
library screen, 14-3-3 proteins was identified as target proteins, which could suggest

that AtWEE1 does not interact with 14-3-3 proteins.
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4.4 Discussion

Although cell division in plants shares basic mechanisms with all eukaryotes, a more
profound understanding of how the plant cell cycle is regulated is still needed. As in
other eukaryotes, CDKs play a central role in plant cell cycle regulation and CDK
activity is regulated by association with regulatory cyclin subunits. The activity of the
CDK/cyclin complexes is further controlled by a variety of regulatory mechanisms
including transcription, proteolysis, phosphorylation/dephosphorylation, interaction
with regulatory proteins and intracellular trafficking. Weel kinases and Cdc25
phosphatases are important regulators of CDK activity and therefore also the G2/M

transition, but how are the activities of Cdc25 and Weel regulated themselves?

In yeast and animals, Cdc25 and Weel activities are tightly regulated by multiple
mechanisms including sub-cellular localization, phosphorylation status and ubiquitin-
mediated degradation by the 26S proteasome (Michael and Newport, 1998; Goes and
Martin, 2001; Donzelli et al., 2002; Watanabe et al., 2004, Watanabe et al., 2005;
Wang et al., 2007). Phosphorylations of Cdc25 and Weel proteins are responsible for
both positive and negative regulation the catalytic activity of the proteins and in
addition the phosphorylations promote 14-3-3 binding (Dalal et al., 1999; Furnari et
al., 1999; Wang et al., 2000; Lee et al., 2001; Rothblum-Oviatt et al., 2001; Chen et
al., 2003b). In the cell cycle context, the majority of reports of Cdc25 and Weel
interaction partners have been focussed on their interaction with 14-3-3 proteins. In
addition to 14-3-3 proteins several other proteins, such as p42 MAPK and Pinl in
X. laevis (Patra et al., 1999; Walter et al., 2000), Hsp90 in S. cerevisiae (Aligue et al.,
1994) and Nim1/Cdrl proteins in S. pombe (Parker et al., 1993; Wu and Russell,
1993; Kanoh and Russell, 1998), have been identified to bind and inhibit Weel in a
phosphorylation-dependent manner and thereby act as mitotic controls. Similarly, for
Cdc25 several other proteins, such as Pim-1 and Prk in H. sapiens (Ouyang et al.,
1999; Bachmann et al., 2006) and Pinl in X. /aevis (Crenshaw et al., 1998), have been
identified binding to Cdc25 in a phosphorylation-dependent manner and thereby
promoting Cdc25 activity.

To elucidate if similar regulatory mechanisms exist for AtWEE1 and the putative
AtCDC25 protein during the plant cell cycle, two Y2H library screens were
performed using AtCDC25 and AtWEEL, respectively, as baits against an 4. thaliana
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seedling root cDNA library (Sorrell et al., 2002). The seedling root cDNA library was
used, since this tissue is rich in rapidly dividing cells and therefore biologically
relevant for the proteins analyzed. AtWEE! expression is up-regulated in proliferative
tissues, such as seedling and flowers (Sorrell et al., 2002), however the expression of
AtCDC25 is more or less constant in rapidly dividing tissues and non-proliferative

tissues (Sorrell et al., 2005).

4.4.1 AtCDC25 interacts with Proteins involved in Cell Division and

Stress Responses

AtCDC25 differs from the classical Cdc25 proteins identified in animals and yeast,
since it consists of only the C-terminal catalytic domain (Landrieu et al. 2004; Sorrell
et al., 2005). In the classical Cdc25 protein, the N-terminal regulatory domain
undergoes multiple phosphorylations that regulate protein sub-cellular localization,
stability and catalytic activity (Gabrielli ez al., 1997; Dalal et al., 1999). Despite this
difference, AtCDC25 is considered to be a member of the Cdc25 family based on
functional and structural data. Furthermore, it is evident that AtCDC25 induces a
Cdc25-like effect in S. pombe resulting in a smaller mitotic cell size (Sorrell et al.
2005). However, neither the exact cellular function nor the regulatory network
associated with this protein has been determined. The AtCDC25 protein shows
sequence similarity to the S. cerevisiae arsenate reductase and it possess arsenate
reductase activity (Bleeker et al., 2006; Dhankher ef al., 2006). Therefore, it has been
questioned whether AtCDC2S5 is a true ortholog of the classical Cdc25s (Boudolf et
al., 2006; Inze and De Veylder, 2006). However, that AtCDC25 should function as an
arsenate reductase should not exclude it from being a plant CDC25, since it was
recently shown that the H. sapiens CDC25A can be suppressed by arsenite (Lehmann
and McCabe, 2007).

Although 14-3-3 proteins can interact with Cdc25s in several other organisms, 14-3-3
proteins were not identified in the AtCDC25 library screen. Using a motif scanning
software (http://scansite.mit.edu/motifscan_seq.phtml) the protein sequence of
AtCDC25 is found to contain only one putative 14-3-3 binding site located in the
region of S20/S22. Therefore, AtCDC25 may actually interact with 14-3-3 proteins,
but these transformants may have been lost due to the heavy contamination of the

Y2H library screening plates resulting in an incomplete picture of the proteins
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interacting with AtCDC25. Since the AtCDC25 protein only consists of the C-
terminal catalytic domain it is possible that it has to interact with a second protein to
become a complete plant Cdc25. It was possible that this protein could have been
revealed in the Y2H library screen. However, none of the putative CDC25 interactors
found in the Y2H library screening resemble the N-terminal regulatory domain from
the classical Cdc25s. It is assumed that if this second protein exists that it could be
revealed by a more complete Y2H screen. However, a BLAST search of the 400
amino acid N-terminal of S. pombe Cdc25 (including the regulatory domain of the
protein) against the TIGR Plant Transcript Assemblies database
(http://plantta.tigr.org), which includes transcripts from more than 215 plant species
including the three fully sequenced genomes of A. thaliana, O. sativa and poplar,
Populus trichocarpa (P. trichocarpa) (Childs et al., 2007), did not identify any
proteins with homology to this domain, making it questionable whether such a

domain exists in plants.

Despite the contamination of the AtCDC25 Y2H library screening plates, a number of
AtCDC2S5 interacting proteins were identified. In particular, a cold-acclimation
protein similar to the cold-acclimation WCOR413 protein from wheat, Triticum
aestivum (T. aestivum, Ta) was hit three times. However, whether these hits represent
the same clone or different clones is not known due to incomplete sequencing of the
target plasmids. Cold-regulated (COR) genes encode structural proteins protecting
plants during low temperature stress and enzymes involved in the biosynthesis of
different osmo-protectants and membrane lipids. Furthermore, COR genes regulate
gene expression and are involved in signal transduction pathways (Breton ef al.,
2003). No reports have previously been made of Cdc25 proteins involved in
physiological stress responses, such as cold-acclimation, but it is evident that
environmental signals, such as nutrient availability and physiological stresses,
modulate the cell cycle and cell size of S. pombe (Kishimoto and Yamashita 2000).
The findings presented here suggest a role for plant CDC25 in similar physiological
stress responses. Another interesting putative AtCDC25 interacting protein hit once in
the Y2H library screening is the caldesmon-related protein TONSOKU (TSK)
associating protein 1 (TSA1). In synchronized cell cultures, TSA1 and TSK relocalize
to the ends of spindle microtubules that are ahead of separating chromatids during

metaphase and anaphase suggesting a possible involvement of TSK and TSA1 in
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mitosis. A. thaliana tsk mutants are blocked at the G2/M transition suggesting that
TSK is required for proper execution of mitosis (Suzuki et al., 2005b; Suzuki ef al.,
2005a). Again no reports have been made of Cdc25s interacting with caldesmon-
related proteins, but it is evident from several species that Cdc25s indeed are involved
in the regulation of the cell cycle at G2/M (Kumagai and Dunphy, 1991; Furnari et
al., 1997, Peng et al., 1997; Sanchez et al., 1997; Yang et al., 1999; Zeng and
Piwnica-Worms, 1999; Sorrell et al., 2003; Sgarlata and Perez-Martin, 2005; Boutros
et al., 2006).

4.4.2 AtWEELI interacts with Proteins from a Variety of Functional
Groups

The AtWEE1 Y2H library screen revealed 60 different AtWEEI! interacting proteins
of which 11 were identified more than once. Of particular interest was to elucidate if
AtWEEI! shares similar cell cycle regulatory mechanisms as its homologues in other
organisms. The AtWEE] library screen did not reveal any 14-3-3 proteins interacting
with AtWEE! although the AtWEE1 protein sequence was found to contain five
putative 14-3-3 binding sites with T15, S144, T247, S450 and S485 as the possible
phosphorylation sites (http://scansite.mit.edu/motifscan_seq.phtml). It is therefore
likely that AtWEEI! interacts with 14-3-3 proteins, but the reason for not identifying
14-3-3 proteins as AtWEE] interaction partners in this Y2H library screen could be
due to the inexhaustive nature of the Y2H technique.

Of particular interest, proteins involved in the ubiquitin-mediated degradation
pathway were found, such as a SKP1/SCF protein, a 26S proteasome regulatory
subunit and three F-box containing proteins. Although these proteins were only hit
once they are considered to be very likely protein interaction partners for AtWEEI,
since as previously mentioned the ubiquitin-mediated degradation is one way of
regulating Weel protein levels in both yeast and animals (Michael and Newport,
1998; Goes and Martin, 2001; Watanabe et al., 2004; Watanabe et al., 2005). In
H. sapiens Weel is down-regulated by phosphorylation-dependent degradation rather
than direct inhibition by phosphorylation and the protein responsible for the
ubiquination and degradation is a SKP1/Cull/F-box protein (SCF) complex
containing the F-box protein B-transducin repeat-containing protein 1/2 (B-TrCP1/2)

(Watanabe et al., 2004). In S. cerevisiae an F-box protein Met30 is responsible for the

61


http://scansite.mit.edu/motifscan_seq.phtml

Identification of Interaction Partners for Discussion
A thaliana CDC23 and WEEL

substrate recognition in the SCF complex and thereby responsible for the
ubiquitination-dependent degradation of Swel (Kaiser et al., 1998). Likewise in
X. laevis an SCF complex containing the putative F-box protein Trigger of mitotic
entry 1 (Tome-1) is responsible for Weel degradation (Ayad ef al., 2003). Therefore,
ubiquitin-mediated degradation is also considered to be a very likely regulatory

mechamism for plant WEEs.

Another interesting putative WEE1 interaction partner hit twice in the Y2H library
screen is the AtCDC48A protein. Also in this case it is not known whether these hits
represent the same clone or different clones due to incomplete sequencing of the
target plasmids. AtCDC48 is a homologue of the mammalian AAA-ATPase, p97,
which functions in cell division, membrane fusion and in proteasome- and ER-
associated degradation of proteins (Woodman, 2003). In 4. thaliana CDC48A was
originally described as a cell division cycle protein based on functional
complementation studies in S. cerevisiae cdc48 mutants (Feiler et al., 1995). In
S. cerevisiae CDCA4S8 is essential for cell cycle progression and is presumably involved
in spindle pole body duplication or separation and in addition it participates in fusion
of ER membranes (Frohlich et al., 1995; Latterich ef al., 1995). AtCDC48A is highly
expressed in proliferating cells of the vegetative shoot, root, floral inflorescence and
flowers and in rapidly dividing cells. Recently, AtCDC48 was found to interact with
A. thaliana somatic embryogenesis receptor-like kinase 1 (AtSERK1) together with
At14-3-3) (Rienties et al., 2005) showing analogy to the mammalian p97, which can
be phosphorylated by the JAK-2 kinase and dephosphorylated by the phosphatase
PTPH1 in association with a 14-3-3 protein (Zhang et al., 1997; Zhang et al., 1999)
Furthermore, AtCDC48 is involved in a membrane fusion pathway that operates at the
cell division plane to mediate cytokinesis (Rancour et al., 2002) and more recently the
interaction between AtCDC48A and SERK1 was mapped to peripheral ER based
membranes and the plasma membrane (Aker et al., 2006). Based on the previously
mentioned expression pattern, localization and cell cycle function AtCDC48A is
considered to be plausible WEE1 interaction partner, which in concert with WEE1
could be involved in plant cell division. Interestingly, Baldin and Ducommun (1995)
found HsWeel to be localized at the mitotic equator during cell division and by the
end of M phase it was exclusively associated with midbody bridges suggesting a role

in cytokinesis. In addition to the AtCDC48 protein, a tubulin folding co-factor B was
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hit once in the Y2H screen. Interestingly, D. melanogaster Weel binds and
phosphorylates the y-tubulin ring complex (y-TURC) and Weel loss-of-function
mutants show mitotic-spindle defects implying a function in spindle morphogenesis
and positioning (Stumpff et al., 2005). Furthermore, it was proposed that DmWeel in
cooperation with other kinases may coordinate many distinct cell-division events,
such as spindle movements, chromosome segregation and cytokinesis, which further

gives evidence for a possible role of AtWEEI in cytokinesis.

In the Y2H library screen many other putative WEEI interaction partners were
identified among these several transcription factors, plant growth regulators, proteins
involved in regulating/maintaining plant stress responses and proteins involved in cell
growth/cell wall maintenance. The putative WEEI interaction partners summarized in
this section is selected based on multiple hits and their biological relevance/potential
as WEEI interacting proteins. However, it should be emphasized that whether the
multiple hits represent the same clone or different clones is not known due to
incomplete sequencing of the target plasmids. That WEE1 should interact with
transcription factors is plausible during G2 to maintain transcription of key genes and
thus counteract transcriptional shut down at mitosis. The transcription factor
SCARECROW-LIKE 6 (SCL6), was hit three times in the Y2H library screen. SCL6
belongs to the GRAS protein family, which is unique to plants and is involved in
diverse processes from hormone signalling to meristem maintenance and
development. SCL loss-of-function plants are characterized by their aberrant root
growth indicating the significance of SCL proteins in root development (Sabatini et
al., 2003; Bolle, 2004). Also AtWEE1 was implicated in normal root development by
controlling root growth and lateral root initiation in 4. thaliana plants (Siciliano,
2006; Chapter 7). Furthermore, the bZIP transcription factor GBF5 was also identified
as a putative WEEI interaction partner. GBF5 belongs to the S group of the
A. thaliana bZIP protein family, which is the largest, but also the least characterized
bZIP protein group in A. thaliana. There is evidence that gene transcription is up-
regulated by light and that the proteins function in sucrose signalling (Rook et al.,
1998). In Z. mays homologues of the 4. thaliana S group bZIP protein family were
also induced after stress treatment (Kusano et al., 1995), which could be the link
between AtWEE1 and bZIP transcription factors. Finally, a GCNS5-related
acetyltransferase was hit once in the Y2H library screen, which further suggests that
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AtWEET1 has a function in stress responses, since GCN5 proteins are involved in the
regulation on stress response genes upon salt stress in S. pombe (Johnsson et al.,
2006). Furthermore, in S. cerevisiae a direct link between GCNS5 and G2/M cell cycle
arrest has been made, since the combined loss-of-function of the two
acetyltransferases GCN5 and SAS3 resulted in an extensive, global loss of H3
acetylation leading to G2/M arrest (Howe et al., 2001).

GSTs were also identified multiple times as putative AtWEE] interaction partners,
which could link WEE1 with regulation of stress responses in 4. thaliana. AtGST9
was hit twice and AtGST10 once. Expression of plant GSTs is induced upon various
stresses such as infection, wounding, heavy metals, cold, drought, plant hormones and
senescence (Marrs, 1996; Moons, 2005). In a previous study by Wagner et al. (2002)
AtGST9 and AtGST10 were shown to be among the highest constitutively expressed
GSTs. However, their expression was not significantly induced upon exposure to
diverse stress treatments, such as hormones, H>O, or pathogens, suggesting that the
respective proteins have house-keeping roles. Further relating WEE1 with regulation
of plant stress responses a copper chaperone was hit three times in the Y2H screen.
The A. thaliana Copper CHaperone (AtCCH) gene was originally identified by its
ability to complement S. cerevisiae anti-oxidant 1 (atx]) mutants and is normally
expressed in root, leaves and inflorescences. Furthermore, 4¢CCH expression is up-
regulated during leaf senescence suggesting a role for this protein in copper binding
and/or transport during senescence (Himelblau ef al., 1998). In plants, nutrients are
recycled and transported from the senescent tissue to other parts of the plant, where
the nutrients can contribute to growth, which could be the basis for a putative
interaction site for AtCCH and AtWEE].

Finally, a chitinase-like protein, AtCTL1, was hit twice in the Y2H screen. Chitinase-
like proteins have long been proposed to play roles in normal plant growth and
development. Mutations in the A¢CTLI gene resulted in a number of conspicuous
phenotypes, such as aberrant shapes of cells with incomplete cell walls, reduced
length and increased width of hypocotyls and roots and an increased number and
length of root hairs (Zhong et al., 2002) suggesting that this gene is necessary for
proper root development. Apparently AtWEE1 deficient plants do not display a mutant
phenotype unless a stress response is triggered upon stress treatment (De Schutter et

al., 2007). However, over-expression of AtWEE] results in similar phenotypes as the
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AtCTL1 mutants, such as a reduced root length and an increased number and length of
root hairs (Siciliano, 2006; De Schutter et al., 2007) suggesting that these proteins

may act together to ensure proper root development.

The Y2H technique is a valuable and relatively fast primary screen for identifying
protein interaction partners even if the proteins only interact transiently or weakly
(Van Criekinge and Beyaert, 1999) and clearly the outcome of the Y2H library
screens presented in this thesis result in the formation of many new hypotheses about
the localization, regulation and function of AtCDC25 and AtWEE1. However, it is
important to bear in mind that the Y2H technique also has potential draw-backs.
14-3-3 proteins were not identified in either of the Y2H library screens, however the
actual possibility of 14-3-3 proteins interacting with AtCDC25 and AtWEE1 cannot
be excluded. Y2H library screens are not always exhaustive and maybe a larger
number of clones have to be screened in order to screen the library until saturation
(Van Criekinge and Beyaert, 1999). More potential draw-backs of the technique could
be that the detection of the interaction depends on its compartmentalization within the
cell and the interaction of a protein with more than one protein is not always
detectable. By assaying protein interactions in a heterologous system, another possible
draw-back could be that some interactions depend on post-translational modifications
that do not, or inappropriately, occur in yeast (Golemis ef al., 1999; Van Criekinge
and Beyaert, 1999; Causier and Davies, 2002; Bhat et al., 2006). Because of these
potential draw-backs it is desirable to confirm the Y2H interactions by the use of
additional in vitro or in vivo methods, such as co-immunoprecipitation and

fluorophore-based methods.
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4.5 Summary

To obtain a better understanding of how the plant cell cycle is regulated the Y2H
technique was used for identifying protein interaction partners for AtCDC25 and
AtWEEL. The AtCDC2S5 interacting proteins are involved in protein biosynthesis, cell
division and plant stress responses and the AtWEE]1 interacting proteins are involved
in transcription, RNA/DNA binding and histone modifications, plant growth
regulation, signal transduction, stress responses, detoxification, pathogen responses,
cell division, cell growth, protein biosynthesis and ubiquitin-mediated degradation.
The identification of interaction partners leads to many new hypotheses about the

localization, regulation and function of AtCDC25 and AtWEE1
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5 A. thaliana WEE1 and 14-3-3@® interact in
N. tabacum BY-2 Cells

5.1 Introduction

In both yeast and animals, 14-3-3 proteins have an important role in cell cycle
checkpoints. 14-3-3 proteins bind and protect the phosphorylations of both Weel and
Cdc25 and thereby maintain their activation or inactivation, respectively (Forbes et
al., 1998; Lee et al., 1999; Zeng and Piwnica-Worms, 1999; Graves et al., 2001;
Rothblum-Oviatt et al., 2001). 14-3-3 proteins bind via high affinity phosphorylation-
dependent binding motifs that are recognized by all 14-3-3 isoforms: RSXpSXP
(mode I) and RXXXpSXP (mode II), where pS represents phosphoserine, although in
some cases it can be replaced by a phosphothreonine (Yaffe et al., 1997; Rittinger et
al., 1999). Recently, a C-terminal pS/pTX,., (mode III) binding motif was shown to
have a role in re-directing proteins to the cell surface (Coblitz et al., 2005; Shikano e?
al., 2005).

From S. pombe, X. laevis and H. sapiens it is evident that 14-3-3 binding regulates
cellular processes by modulating protein localization. The binding of 14-3-3 proteins
to Cdc25 results in its sequesteration to cytoplasm, which prevents premature
activation of the CDK (Zeng and Piwnica-Worms, 1999; Muslin and Xing, 2000;
Graves et al., 2001). Moreover, 14-3-3 proteins also regulate enzyme activity directly
as shown in H. sapiens where binding of 14-3-3 proteins inhibits CDC25A and
CDC25B activity by blocking its catalytic site and thereby preventing it from
activating the CDK/cyclin complex (Conklin ef al., 1995; Forrest and Gabrielli, 2001;
Chen et al., 2003b). In X. laevis 14-3-3 proteins together with Chk1 have been shown
to function as positive regulators of Weel and during mitosis the interaction between
14-3-3 and Weel proteins is reduced leading to a decrease in Weel kinase activity
(Lee et al., 2001). Similarly, H. sapiens Weel is also positively regulated by 14-3-3
proteins resulting in an increased Weel stability. Weel mutants lacking the ability to
bind 14-3-3 proteins are less active in phosphorylating CDK and are therefore not
efficient in inducing a G2 cell cycle delay (Wang ef al., 2000; Rothblum-Oviatt et al.,
2001).

67



A thaliana WEE] and 14-3-3 inferact in Introduction
N tabacum BY-2 Cells

If and how 14-3-3 proteins act in the plant cell cycle is as yet largely unknown. So far
only a few reports have suggested that plant 14-3-3s are involved in cell cycle
regulation. The A. thaliana 14-3-3 gene family is the largest and best characterized
consisting of 15 isoforms, where 13 are translated isoforms and the remaining two are
considered as pseudo-forms. In 4. thaliana three 14-3-3 proteins (o, A and x) interact
with S. pombe Cdc25, however only the 14-3-3w isoform complements a S. pombe
rad24 mutant and has elevated expression in tissues with rapidly dividing cells
(Sorrell et al., 2003). Also other 14-3-3 isoforms (p, v, x and ¢) from A. thaliana
complement the lethal S. cerevisiae bmh double mutant (van Heusden et al., 1996;
Kuromori and Yamamoto, 2000). Finally, the A. thaliana 14-3-3® isoform
accumulates differentially in the cell nucleus in a cell cycle-dependent manner

suggesting a role in cell division (Cutler et al., 2000).

In the work reported in this chapter, the Y2H technique was used to discover if
members of the Non-Epsilon 14-3-3 protein family interact with the two A. thaliana
cell cycle proteins AtCDC25 and AtWEEL. The specificity of the interaction between
AtWEE]l and Atl4-3-3@ was further confirmed in vitro in yeast by co-
immunoprecipiation and in vivo in N. tabacum BY-2 cells by BiFC. Finally, 14-3-3
binding sites were identified in AtWEE1 and based on similar binding sites in
mammals a putative 14-3-3® binding site could be proposed. To investigate if the
AtWEE1/At14-3-3w interaction could be abolished, an AtWEE1 (S485A) mutant was
constructed and analyzed by Y2H and BiFC.
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5.2 Materials and Methods

5.2.1 Yeast Transformation and Reporter Gene Screening

For the Y2H screen, the target plasmids containing the coding sequences of
Atl14-3-30, Atl14-3-3\ and At14-3-3k, respectively, had previously been constructed
by Dr. D. A. Sorrell (previous postdoctoral researcher in the laborstory of Drs. J. R.
Dickinson, D. Francis and H. J. Rogers, Cardiff University) (Sorrell et al., 2003) The
remaining target plasmids containing the coding sequences of At14-3-3y, Atl4-3-3¢,
Atl14-3-3v, At14-3-3v and Atl4-3-3y, respectively, were constructed as follows: the
coding sequences of Atl4-3-3y, Atl4-3-3¢, At14-3-3v, Atl4-3-3v and Atl4-3-3y
were amplified from cDNA with primers P32+P33 (pAD-Gal4-2.1 At14-3-3y),
P30+P31 (pAD-Gal4-2.1 At14-3-3¢), P26+P27 (pAD-Gal4-2.1 Ati4-3-3v), P28+P29
(pAD-Gal4 2.1 At14-3-3v) and P24+P25 (pAD-Gal4-2.1 Ar14-3-3y), respectively.
The PCRs were performed using Pfu polymerase. All the forward cloning primers
were designed to incorporate a Nhel restriction site to the 5’ end and the reverse
cloning primers were designed to incorporate a BamHI restriction site to the 3’ end of
the coding sequences. The PCR products were digested with Nhel/BamHI and ligated
into empty pAD-Gal4-2.1 vectors, which had been prepared by digestion with
Nhel/BamHI. This resulted in an in-frame N-terminal fusion of the coding sequences
to the Gal4 activation domain in the pAD-Gal4-2.1 vector. The insertions were

verified by sequencing using primers P52+P53.

Co-transformation of wild type YRG2 cells with the Az/4-3-3 target plasmids and the
AtCDC25 and AtWEE] bait plasmids, respectively, and the reporter gene screening

were performed as described in sections 3.11.2 and 3.12, respectively.

5.2.2 Protein Expression and Purification in S. cerevisiae and Co-
immunoprecipitation

For the co-immunoprecipitation analysis two plasmids had to be constructed, one

containing the coding sequence of AtWEE! and one containing the coding sequences

of both AtWEE] and At14-3-3w. The coding sequence of AtWEE] was PCR amplified

from plasmid DNA (pTA7002 AtWEEI) with primers P16+P17 using Pfx polymerase.

The primers were designed to incorporate a BamHI restriction site to the 5’ end and a

Sall restriction site to the 3’ end of the coding sequences. The PCR product was
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digested with BamHI/Sall and ligated into an empty pESC vector and a pESC
At14-3-3w vector (Sorrell et al., 2003), which had been prepared by digestion with
BamHV/Sall. This resulted in an in-frame C-terminal fusion of the coding sequence of
AtWEE] to the c-myc epitope in MCS2 of the pESC vector. The insertion of AtWEE1
into the pESC vectors was verified by sequencing using primers P36 — P39. The
constructed plasmids were then transformed into S. cerevisiae YPH499 as described
in section 3.11.2 and the transformants were selected on agar plates containing trp DO
solution, since the pESC vector contains the TRPI gene as selectable marker in
S. cerevisiae. Additionally, the transformants were verified for the presence of the
pESC AtWEE1 and pESC AtWEE1/At14-3-3w plasmids by colony PCR using two
gene specific primers (P16+P17).

Prior to protein expression, the transformed yeast cells were grown for two days at
30°C on SGR agar plates containing trp DO solution. A 2 cm? patch of yeast was used
to inoculate 10 mI. SG medium containing trp DO solution in a 50 mL flask. The
culture was incubated overnight in a Gallenkamp orbital incubator at 160 rpm at 30°C.
The overnight culture was used to inoculate fresh SG medium containing trp DO
solution (app. 1.5 mL overnight culture/100 mL fresh SG medium). The culture was
incubated at 160 rpm for 16 h at 30°C (to a cell density of 5x10° cells/mL ~ ODggo
0.5). Cells were harvested by centrifugation in a Beckman Coulter Avanti® J-E
centrifuge fitted with a JA-14 rotor for 5 min at 4000 rpm, 4°C and the pellet was
resuspended in 1 mL of lysis buffer (50 mM HEPES pH 7.5, 100 mM NacCl, 10%
glycerol, 60 mM B-glycerophosphate, 1 mM Na3;VO,, 0.5 mM PMSF, 1x complete
protease inhibitors (Roche)). Cells were transferred to 15 mL culture tubes and glass
beads were added to just under the liquid surface. Tubes were vortexed in intervals of
30 s vortex and then 30 s ice app. 10 — 15 times. The liquid was then transferred to
pre-chilled microcentrifuge tubes and centrifuged in a Beckman Coulter Allegra™
21R centrifuge fitted with a F2402H rotor for 30 min at 14000 rpm, 4°C. The
concentrations of the protein extracts were determined using a Bradford assay as
described in section 3.16, aliquoted into pre-chilled microcentrifuge tubes, frozen in

liquid N and stored at -80°C.

For co-immunoprecipitations, 40 puL of Flag® resin (Sigma) were aliquoted into
microcentrifuge tubes and centrifuged in an Eppendorf MiniSpin centrifuge for 30 sec

at 3000 rpm, 4°C, The supernatant was removed and the resin was washed twice with
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500 uL TBS buffer (50mM Tris-HCI pH. 7.5, 150mM NacCl). Then 0.5 — 1 mg protein
extract was added and the volume was made up to 1 mL with lysis buffer. Samples
were incubated with rotation overnight at 4°C. The supernatant was removed and the
resin was washed three times with 1 mL TBS buffer. Bound proteins were eluted from
resin by adding 50 pL 0.1 M glycine pH. 3.5 and subsequently incubated at room
temperature for 5 min. The samples were flicked gently three times during the
incubation period. Samples were then centrifuged for 30 s at 3000 rpm, 4°C and the
supernatant was transferred to fresh microcentrifuge tubes containing 10 pL 0.5 M
Tris-HCI pH. 7.4 and 1.5 M NaCl. Samples were either used immediately or stored at
-20°C for a maximum of a week. For Western blotting 20 ul. of each co-
immunoprecipitated sample were used. Western blotting was performed as described

in section 3.17.

5.2.3 Transformation of competent 4. tumefaciens, transformation

and maintenance of N. tabacum BY-2 Cells

Transgenic N. tabacum BY-2 cell cultures were made by A. tumefaciens-mediated
transformation. Initially, calcium competent A. fumefaciens LBA4404 were prepared
as described in section 3.10. The competent 4. tumefaciens LBA4404 cells were
transformed with appropriate plasmids by heat-shock transformation as follows:
competent LBA4404 cells were thawed on ice and 1 pg of plasmid DNA was added.
The mixture was frozen in liquid N; for 10 s before being heat-shocked for 5 min at
37°C. To the cells 1 mL of LB medium was added and the cells were incubated for 4
h at 30°C and 160 rpm in a Gallenkamp orbital incubator. Afterwards, the cells were
centrifuged for 30 s at full speed in an Eppendorf MiniSpin centrifuge and
resuspended in 100 pl of LB medium. Aliquots of 80 and 20 pL of the transformations
were plated onto LB agar with appropriate selection. Plates were incubated for 3 — 4
days at 30°C.

A three day old sub-culture of N. tabacum BY-2 cells was used for the
transformations. To 14 mL of culture 20 uM acetosyringon (Sigma) was added. Then
7 mL of acetosyringon-treated cells were co-cultivated with 100 uL. of an overnight
culture of 4. tumefaciens LBA4404 (transformed with appropriate constructs) in 9 cm
Petri dishes containing BY-2 agar without selection. Plates were wrapped in Nesco

film and incubated in the dark for 2 days at 27°C. Cultures were washed three times

71



A thaliana WEFEL und 14-3-30 interact in Materials and Methods
N tabacum BY -2 Cells

with 50 mL liquid BY-2 medium by centrifugation in an MSE Centaur 2 centrifuge
for 5 min at 3000 rpm. After the final wash cells were resuspended in 10 mL BY-2
medium. Then 2.5 mL aliquots were plated onto BY-2 agar containing timentin for
selection against the 4. tumefaciens LBA4404 and hygromycin for selection of the
transformed N. tabacum BY-2 cells. Plates were sealed with micropore tape and
incubated at 27°C in the dark in a Gallenkamp orbital incubator. Hygromycin resistant
calli were isolated after 3 — 4 weeks. Each individual callus was considered as an
independent clone and was grown for a further two weeks on fresh BY-2 agar plates
containing timentin and hygromycin. App. 2 mm® of each callus were then transferred
to 8 mL BY-2 medium containing timentin and hygromycin and incubated in a
Gallenkamp orbital incubator at 130 rpm at 27°C in the dark until cultures reached
stationary phase (1-3 weeks). The transgenic N. tabacum BY-2 cultures were
subsequently genotyped by PCR and checked for transcription of the transgene by
RT-PCR as described in section 3.5.

Both wild-type and transgenic BY-2 cultures were sub-cultured on a weekly basis.
Cultures were kept both in small- and large-scale cultures. The large-scale cultures
were sub-cultured by transferring 3.5 mL of culture to 95 mL BY-2 medium
containing hygromycin in a 300 mL flask. The small-scale cultures were sub-cultured
by transferring 240 pL of culture to 8 mL of BY-2 medium containing hygromycin in
a 25 mL flask. All cultures were incubated in the dark in a Gallenkamp orbital
incubator at 130 rpm at 27°C.

5.2.4 BiFC

The vectors used for BiFC were kindly donated by Dr. J. Kudla, Miinster University,
Germany. As the negative control the pSPYNE 35S empty vector and the pSPYCE
35S empty vector were used and as a positive control the pSPYNE 35S 4¢bZIP63 and
the pSPYCE 35S A#bZIP63 were used (Walter et al., 2004). In addition, the following
plasmids had to be constructed: pSPYNE 35S and pSPYCE 35S containing the coding
sequence of AtWEEI and pSPYNE 35S and pSPYCE 35S containing the coding
sequence of Atl4-3-3w. The coding sequences of AtWEEI and At14-3-3w were
amplified from plasmid DNA (pTA7002 AtWEE! and pESC At14-3-3w, respectively)
with primers P18+P20 (pSPYNE 35S AtWEEI), P18+P19 (pSPYCE 35S AtWEEI),
P21+P23 (pSPYNE 35S At14-3-3w) and P21+P22 (pSPYCE 35S At14-3-3w). The
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PCRs were performed using Pfx polymerase. The pSPYNE 35S primers were
designed to incorporate a Spel restriction site to the 5° end and a KpnlI restriction site
to the 3’ end of the coding sequences. The pSPYCE 35S primers were designed to
incorporate a Spel restriction site to the 5’ end and an Xhol restriction site to the 3’
end of the coding sequences. The PCR products were digested with either Spel/Kpnl
or Spel/Xhol and ligated into empty pSPYNE 35S and pSPYCE 35S vectors, which
had been prepared by digestion with Spel/Kpnl and Spel/Xhol, respectively, resulting
in an in-frame C-terminal fusion of the coding sequence of AtWEE and At14-3-3w to
the 5’ part of YFP in the pSPYNE 35S vector and in-frame C-terminal fusion of the
coding sequence of AtWEE! and At14-3-3w to the 3’ part of YFP in the pSPYCE 35S
vector. The insertions of AtWEEI and At/4-3-3w into the respective vectors were
confirmed by sequencing using primers P36-P39 for AtWEE1 and P34+P35 for Atl4-
3-3w.

The plasmids were transformed into A. tumefaciens EHA109 cells and the cells
carrying the pSPYNE 35S plasmids were used for generating stable N. tabacum BY-2
trénsformants as described in section 5.2.3. In general the BiFC technique was
performed by transient transformation of the stable N. tabacum BY-2 pSPYNE 35S
cell lines with the 4. tumefaciens EHA105 cells carrying the pSPYCE 35S plasmids.
The technique was initiated by inoculating 10 mL of LB medium with a single colony
of freshly streaked A. tumefaciens EHA105 containing appropriate plasmids. Cultures
were incubated overnight in a Gallenkamp orbital incubator at 160 rpm at 30°C. Three
day old sub-cultures of the stable N. tabacum BY-2 pSPYNE 35S cell lines were used
for the transient transformations (prior to the transient transformation the stable N.
tabacum BY-2 cell lines were sub-cultured without hygromycin at least twice). To 7
mL of the stable N. tabacum BY-2 pSPYNE 35S cell culture 200 pM acetosyringon
was added. The acetosyringon-treated cells were then co-cultivated with 200 pL of the
overnight A. tumefaciens EHA105 carrying the pSPYCE 35S constructs in Petri
dishes containing BY-2 agar without selection. Plates were wrapped in Nesco film
and incubated in the dark for 72 h at 27°C. Yellow fluorescence was assessed using a
fluorescence microscope (Olympus BH2) equipped with a 530 nm filter. Images were

colour adjusted using Adobe Photoshop® software.
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5.2.5 Site-directed Mutagenesis

Site-directed mutagenesis was used in order to make an AtWEE1 (S485A) mutant.
This was done by one base pair substitution, which was introduced in the AtWEE1
sequence by PCR using a modified QuickChange® Site-Directed Mutagenesis
protocol (Stratagene, 2007). The primers used in the PCR were designed based on the
following criteria: both primers must contain the desired mutation and have at least
eight non-overlapping bases in the 3’ end of the primer. The primers should be
between 25 and 45 bases in length with a melting temperature >78°C (The melting
temperature was calculated as follows: 81.5 + 0.41(%GC) — 675/N — %mismatch,
where N is the primer length in bases and values for %GC and %mismatch are in
whole numbers), the primers should have a minimum GC content of 40% and should
terminate in one or more C or G bases (Zheng et al., 2004; Stratagene 2007). For the
mutagenesis PCR, PfuTurbo® DNA polymerase (Stratagene) was used and the PCR
reaction was set up by mixing 5 uL 10x cloned Pfu PCR buffer (200 mM Tris-HCI1 pH
8.8, 100 mM KCI, 100 mM (NH4);SOqs, 20 mM MgSOs, 1.0% Triton® X-100, 1
mg/mL nuclease-free BSA), 1.5 uL 10 mM dNTP, 1.25 pL of each 10 uM primer
(P58+P59), 1 uL PfuTurbo® DNA polymerase (2.5 U/uL). Template (20 ng) and
dH,O were added to a final volume of 50 pL. The PCR program was as follows: 1
cycle of initial denaturation for 30 s at 95°C; 16 cycles of denaturation for 30 s at
95°C; annealing for 1 min at 55°C; extension for 20 min at 68°C; 1 cycle of final
extension for 1 h at 68°C. Afterwards, the PCR reactions were digested with 10 U
Dpnl, which specifically digests the methylated template DNA, but not the newly
synthesized DNA, for 1 h at 37°C and subsequently EtOH precipitated. The EtOH
precipitation was done by adding 1/10 volume of 3 M KAc pH 4.8 and 2.5 volumes of
99% EtOH to the sample and subsequently exposing the sample to liquid N; for 10 s.
Then the sample was centrifuged for 10 min at 14000 rpm and the supernatant
discarded. The pellet was washed with 70% EtOH by centrifugation for 5 min at
14000 rpm. The pellet was then air dried and resuspended in 10 pL. 10 mM Tris-HC1
pH 7.5. The precipitated DNA was then transformed into E. coli DH5a cells as
described in section 3.11.1. The S485A mutation was verified by sequencing of the
original mutagenised plasmid and subsequently the AtWEE1 (S4854) coding sequence
was amplified using the original cloning primers (60+61) and re-cloned into an empty

pBD-Gal4-cam vector by the use of Sa/l/EcoRI restriction sites. In order to test the
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AtWEE1(S485A) mutant in vivo by BiFC, the coding sequence of AtWEE1 (S4854)
was also inserted in the empty pSPYCE 35S vector as described in section 5.2.4. The
insertion of AtWEEI(S4854) into the respective plasmids was confirmed by

sequencing using primers P36 — P39.

75



A, thalianag WEED and 14-3-3@ interact in Results
N tahacum BY -2 Cells

5.3 Results

Although 14-3-3 proteins interact with both Weel and Cdc25 in several organisms it
is not known whether 14-3-3 proteins interact with either WEE1s or CDC25s in
plants. When AtWEE1 and AtCDC2S5 were used as baits in a Y2H screen against an
A. thaliana root cDNA library, none of the 4. thaliana 14-3-3 proteins were identified
as interaction partners for either protein (Chapter 4) indicating that the mechanism of
regulating WEE1 and CDC25 in plants might be different compared to the yeast and
animal systems. However, three of the 4. thaliana Non-Epsilon group 14-3-3 proteins
(o, x and A) had previously been shown to interact with SpCdc25 (Sorrell et al., 2003)
suggesting that these 14-3-3 proteins might have a role in regulating the cell cycle.
Based on this it is very likely that the 14-3-3 proteins are interaction partners for both
AtWEE1 and AtCDC25, even though they were not identified in the Y2H library
screening. Therefore, the entire group of Non-Epsilon 14-3-3s (x, ®, y, @, v, A, v and
k) were used as target proteins for AtWEE1 and AtCDC2S in a targeted Y2H

screening.

5.3.1 AtWEELI interacts with the A. thaliana Non-Epsilon 14-3-3s,
whereas AtCDC25 does not

For the targeted Y2H screen, a positive control (SpCdc25 as bait against Atl14-3-3w)
and a negative control (LaminC as bait against At14-3-3w) were used as previously
described in Sorrell et al. (2003). The bait plasmids containing the coding sequences
of LaminC (encoding a 163 amino acid fragment of LaminC) and SpCdc25,
respectively, were transformed into YRG2 cells. Transformed yeast cells were
selected on SD agar plates containing trp DO solution. Furthermore, the transformants
were verified for the presence of the LaminC bait plasmid and the SpCdc25 bait
plasmid by colony PCR using a gene-specific primer and a primer specific for the bait
plasmid (LaminC (P44+P46) and SpCdc25 (P44+P45)). By plating the transformation
mixes onto SD agar plates containing his DO solution, the bait plasmids were checked
for their ability to auto-activate the HIS3 reporter gene. The transformants carrying
the LaminC bait plasmid did not grow on SD agar plates containing his DO solution,
whereas the transformants carrying the SpCdc25 bait plasmid did, indicating that the
SpCdc25 bait plasmid was capable of auto-activating the HIS3 reporter gene as
previously reported by Sorrell et al. (2003). The auto-activation of the HIS3 reporter
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gene was circumvented by the addition of 10 mM 3-AT in the growth medium. After
the initial transformations of the LaminC and SpCdc25 bait plasmids into YRG?2 cells,
these transformants were co-transformed with the 4¢/4-3-3w target plasmid and used

as controls in the further Y2H screening.

The transformants carrying the 41CDC25 or AtWEE] bait plasmids, respectively,
were co-transformed with the target plasmids containing the coding sequences for the
Non-Epsilon 14-3-3y, 14-3-3w, 14-3-3y, 14-3-3¢, 14-3-3v, 14-3-3A, 14-3-3v and
14-3-3k, respectively. The double transformed yeast cells were selected on SD agar
plates containing trp-leu DO solution. Furthermore, the transformants were verified
for the presence of the correct bait and target plasmids by colony PCR (LaminC
(P44+P46), SpCdc25 (P44+P45), AtWEEl (P44+P50), AtCDC25 (P44+P52),
At14-3-3) (P44+P49), Atl14-3-3k (P44+P48), 14-3-3w (P44+P47), 14-3-3y (P44+P32),
14-3-3y (P44+P24), 14-3-3¢p (P44+P30), 14-3-3v (P44+P28), and [4-3-3v
(P44+P26)).

The transformant carrying the LaminC bait plasmid co-transformed with the 74-3-3w
target plasmid did not grow on SD agar plates containing his DO solution implying
that LaminC does not interact with 14-3-3w. However, the transformant carrying the
SpCdc25 bait plasmid co-transformed with the /4-3-3w target plasmid did grow on
SD agar plates containing his DO solution and 10 mM 3-AT implying that SpCdc25
interacts with 14-3-3w. The transformants carrying the A¢tWEE] bait plasmid co-
transformed with the 14-3-3y, 14-3-3w, 14-3-3y, 14-3-3¢, 14-3-3v, 14-3-3A, 14-3-3v
and 14-3-3x target plasmids, respectively, did grow on SD agar plates containing his
DO solution and 40 mM 3-AT implying that AtWEE1 interacts with all the Non-
Epsilon 14-3-3 proteins. However, none of the transformants carrying the AtCDC25
bait plasmid co-transformed with the 14-3-3y, 14-3-30, 14-3-3y, 14-3-3¢, 14-3-3v,
14-3-3A, 14-3-3v and 14-3-3x, respectively, grew on SD agar plates containing his DO
solution, suggesting that AtCDC25 does not interact with the Non-Epsilon 14-3-3s.

Additionally, the transformants were tested for transcriptional activation of the lacZ
reporter gene using filter lift assays (Figure 11). The negative control transformant
carrying the LaminC bait plasmid co-transformed with the /4-3-3w target plasmid did
not give rise to blue coloration. This, together with the inability to grow on SD agar

plates containing his DO solution confirmed that LaminC is not interacting with
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14-3-3co. Furthermore, YRG2 cells transformed with the AtWEEI! bait plasmid alone
was included in the filter lift assay to verify that the A¢WEEI bait plasmid is not
capable of auto-activating the LacZ reporter gene itself when grown under these

conditions.

14-3-3s

AtWEEI
A1CDC25

SpCdc25

Figure 11 - Filter lift assay, in which the double transformants were assayed for their ability to
drive the transcription of the LacZ reporter gene. First panel: AtWEEl/Non-Epsilon 14-3-3s;
second panel: AtCDC25/Non-Epsilon 14-3-3s; third panel: SpCdc25/Atl4-3-3to (positive control);
fourth panel: LaminC/Atl4-3-3w and AtWEEI only (negative controls).

The transformant carrying the SpCdc25 bait plasmid co-transformed with the
Atl4-3-3co target plasmid gave rise to a blue coloration (Figure 11). This confirms
that SpCdc25 interacts with 14-3-3co, which is consistent with previous findings by
Sorrell et al. (2003). Furthermore, the transformants carrying the A¢«CDC25 bait
plasmid co-transformed with the 14-3-3x, 14-3-3co, 14-3-3\|/, 14-3-3cp, 14-3-3u,
14-3-3X, 14-3-3v and 14-3-3k target plasmids, respectively, did not give rise to a blue
colour further suggesting that AtCDC25 does not interact with the Non-Epsilon 14-3-
3s. In contrast, blue coloration of the transformants carrying the A¢tWEEI bait plasmid
co-transformed with 14-3-3x, 14-3-3co, 14-3-3\|/, 14-3-3cp, 14-3-3u, 14-3-3X, 14-3-3v
and 14-3-3x target plasmids occurred, respectively. The intensity of the blue
colouration of the different transformants varied (Figure 11). However, this does not
necessarily mean that the two proteins assayed in one transformant interact more
strongly than two proteins assayed in another transformant, since a filter lift assay is a
qualitative rather than quantitative assay. Activation of both the LacZ and HIS3
reporter genes strongly indicates that AtWEEIl interacts with all the Non-Epsilon
14-3-3 proteins.
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5.3.2 1In vitro and in vivo Confirmation of the Interaction between

AtWEEI] and Atl4-3-3co

Based on the findings of cell cycle regulating interactions between Weel proteins and
14-3-3 proteins in several organisms (Wang et al., 2000; Lee ef al.,, 2001; Rothblum-
Oviatt et al.,, 2001), it would be interesting to discover if 14-3-3 proteins exert a
similar function in 4. thaliana. Findings by Sorrell et al. (2003) and Cutler ef al
(2000) have shown that Atl4-3-3co has a cell cycle function and that this particular
isoform is sublocalized in the cell in a cell cycle-dependent manner. Therefore, the
interaction between AtWEEI and the Atl4-3-3co isoform is very probable, although it

needs to be confirmed using alternative in vitro and/or in vivo methods.
5.3.2.1 AtWEEI co-immunoprecipitates with Atl4-3-3co in vitro

One way of confirming protein-protein interactions found in Y2Hs is to co-
immunoprecipitate the two proteins in vitro. The Stratagene pESC yeast epitope
tagging vector system, which is designed for expression and functional analysis of
eukaryotic genes in S. cerevisiae, was used for the confirmation of the AtWEEL/
Atl4-3-3co interaction. The vector contains the GALI and GALI0 yeast promoters in
opposing orientation making it possible to introduce one or two cloned genes into a
yeast strain under the control of repressible promoters. When two genes are co-
expressed, protein-protein interactions can be confirmed by co-immunoprecipitations.
The vector contains sequences encoding epitope peptides, c-myc or FLAG®, which
can be specifically recognized by commercial monoclonal antibodies (Stratagene
12/05). The FLAG® epitope is located in multiple cloning site 1 (MCS1) and the c-

myc epitope is located in MCS2 (Figure 12).

TADHI FLAG Pgalio Pgali c-myc TcCycCl
MCS1 MCS2

Figure 12 - Schematic diagram of the features of the pESC vector (not to scale). The GALI and
GAL10 yeast promoters in opposing orientation and the two multiple cloning sites (MCS1 and
MCS2), which contain the sequences for the FLAG® and the c-myc epitope tags, respectively.
MCS1 is flanked by the ADHI1 terminator and the MSC2 is flanked by the CYCI terminator
(Stratagene 12/05).
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Proteins were produced in S. cerevisiae and used for the co-immunoprecipitation
analysis (5.2.2). For Western blotting, 20 pL of FLAG® resin eluate was subjected to
SDS-PAGE and duplicate Western blots were probed with FLAG and c-myc
antibodies (Figure 13A). A band of 56 kDa corresponding to the size of At(WEEI was
detected in the AtWEEIl c-myc/Atl4-3-3co FLAG eluate and in the AtWEEI c-
myc+Atl4-3-3co FLAG ecluate with the c-myc antibody, indicating that AtWEEI
binds to Atl4-3-3(o. In the AtWEEl c-myc/Atl4-3-3co FLAG extract, the two
recombinant proteins were produced simultaneously in S. cerevisiae, whereas in the
AtWEEI c-myc+Atl4-3-3co FLAG the two proteins were produced separately and
mixed together prior to the co-immunoprecipitation. The 56 kDa band corresponding
to the size of AtWEEl was not present in the control co-immunoprecipitations
(AtWEEl c-myc only or Atl4-3-3co FLAG only). However, a band of 29 kDa
corresponding to the size of Atl4-3-3co was detected in all co-immunoprecipitation

eluates except in the AtWEEI c-myc only control.

B
<*V
c-myc 56 kDa WEEI 56 kDa
FLAG 29 kDa FLAG 29 kDa

Figure 13 - Co-immunoprecipitation analysis of AtWEEI] and Atl4-3-3co A) FLAG and c-myc
antibody-probed Western blots of FLAG immunoprecipitated proteins extracted from yeast
transformants carrying: Atl4-3-3(0 FLAG only, AtWEEIl c-myc only, AtWEEl c-myc/14-3-3
FLAG and AtWEEI c-myc+14-3-3 FLAG. In the AtWEEI c-myc/Atl4-3-3co FLAG extract the
two proteins were produced simultaneously in the same S. cerevisiae cell, whereas in the AtWEEI
c-myc+Atl4-3-3co FLAG the two proteins were produced separately and mixed together prior to
the co-immunoprecipitation. B) FLAG and c-myc antibody-probed Western blots of FLAG
immunoprecipitated proteins extracted from yeast transformants carrying: Atl4-3-3co FLAG

only and Atl4-3-3co FLAG mixed with 1 mg of an A. thaliana protein extract.

To investigate if Atl4-3-3co could also bind to native AtWEEIL 1mg of a total protein
extract from A. thaliana was mixed together with the protein extract from the
Atl4-3-3co expressing S. cerevisiae transformant and added to the FLAG® resin
(Figure 13B). An antibody raised against plant WEE1 was used to probe the Western
blot and a band of app. 56 kDa corresponding to the size of AtWEEI was detected in
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the Atl4-3-3co FLAG extract mixed with the A. thaliana protein extract, indicating
that Atl4-3-3co not only binds to AtWEEI produced in S. cerevisiae, but also binds to
native AtWEEI from A. thaliana. Furthermore, a band of 29 kDa corresponding to the

size of Atl4-3-3co was detected in all eluates confirming the presence of Atl4-3-3co.
S.3.2.2 AtWEEI interacts with Atl4-3-3to in vivo in N. tabacum BY-2 Cells

In addition to the in vitro confirmation of the AtWEEI/Atl4-3-3co interaction, the
interaction was also confirmed in vivo in N. tabacum BY-2 cells using BiFC. The
BiFC technique takes advantage of splitting the yellow fluorescent protein (YFP) in
two and fusing one part to one protein (X) and the other to a second protein (Y). If the
two proteins interact the two parts of YFP will be brought in close proximity and give

rise to a yellow fluorescent BiFC complex (Figure 14A).

A YFP YFP BiFC complex

(aa 1-155) (aa 156-239) -
| I

>
B
pSPYNE 35S
358 c-myc
¥ -fr.
MCS
A 358 HA  YFP (aa 156-239) Tnos
| 3 NCAT n H1
MCS -

Figure 14 - A) Schematic diagram of the BiFC technique. The yellow fluorescent protein (YFP) is
split in two and one part is fused to a protein (X) and the other part is fused to a protein (Y). If
the two proteins interact the two parts of YFP will be brought in close proximity and give rise to
a yellow fluorescent BiFC complex (Hu et al, 2002). B) Schematic diagram of the features of the
BiFC vectors, pSPYNE 35S and pSPYCE 35S (not drawn to scale). The vectors have in common
the 35S promoter, MCS and the NOS terminator. In addition, the pSPYNE 35S contains a c-myc
tag and the N-terminal part of YFP (aa 1-155). The pSPYCE 35S contains a HA tag and the C-
terminal part of YFP (aa 156-239) (Adapted from Walter et al., 2004).
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The BiFC system used was previously developed by Walter et al. (2004). It consists
of two vectors, pSPYNE 35S and pSPYCE 35S. In common the two vectors have a
35S promoter, MCS and a NOS terminator. In addition, the pSPYNE 35S contains a
c-myc tag and the N-terminal part of YFP (aa 1- 155). The pSPYCE 35S contains an
HA tag and the C-terminal part of YFP (aa 156 - 239) (Figure 14B).

Stable N. tabacum BY-2 cell lines carrying pSPYNE 35S empty vector, pSPYNE 35S
AtbZIP63, pSPYNE 35S AtWEEI and pSPYNE 35S Atl4-3-3co, respectively, were
generated and subsequently genotyped by PCR (data not shown). The transcription of
the transgene was checked by RT-PCR using gene-specific primers. The phenotypes
of the cell lines that showed presence and transcription of the transgene were assessed
by light microscopy using an Olympus BH2 microscope (Figure 15). In addition to
performing RT-PCR to verify the transcription of the transgene, PCR was also
performed directly on the RNA extracted from the transgenic BY-2 cell lines to rule

out genomic DNA contamination of the cDNA.

Wild type pSPYNE 35S pSPYNE 35S
empty vector AtbZIP63
oTr rf
25 pm
pSPYNE 358
At14-3-3to

Figure 15 - Light microscope images of the cell phenotypes of wild type and transgenic TV
tabacum BY-2 cell lines including RT-PCR data on ¢cDNA from the transgenic lines verifying the
transcripton of the transgene and PCR data on RNA for ruling out genomic DNA contamination
of the ¢cDNA. The transgenic cells carrying the pSPYNE 35S empty vector, pSPYNE 35S
AtbZIP63, pSPYNE 35S Atl4-3-3co shares the same cell phenotype as wild type cells, whereas the
transgenic cells carrying pSPYNE 35S AtWEEI has a small cell phenotype as previously
described (Siciliano, 2006).
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For analysis of the AtWEEI/At14-3-3co interaction only the N. tabacum BY-2 cell
line carrying pSPYNE 35S A#l4-3-3co was used, since the cell line carrying the
pPSPYNE 35S AtWEEI showed a small cell phenotype compared to wild type and the
other transgenic N. tabacum BY-2 cell lines. This phenotype is thought to be caused
by the constitutive over-expression of AtWEEl by the 35S promoter and has

previously been described by Siciliano (2006).

The BiFC analyses were performed as described in section 5.2.4 by A. tumefaciens-
mediated transient transformation of the stable N. tabacum BY-2 pSPYNE 35S cell
cultures. As a negative control for all the BiFC experiments the pSPYNE 35S and
pSPYCE 35S empty vectors were used and as the positive control pSPYNE 35S
AtbZIP63 and pSPYCE 35S AtbZIP63 were used. The bZIP63 proteins form nuclear
localized homodimers by transiently transforming both constructs into Nicotiana
benthamiana (N. benthamiana, Nb) leaves and A. thaliana cell culture-derived
protoplasts (Walter ez al,, 2004). However, in the BiFC system presented here the
negative control consisting of the two empty vectors could not be used due to auto-
fluorescence. Therefore, the N. tabacum BY-2 cell culture carrying pSPYNE 35S
AtbZIP63 mixed with A. tumefaciens EHA105 transformed with pSPYCE 35S

AtWEEI! were used instead, since no fluorescence could be observed (Figure 1611).

brightfield YFP merge

Figure 16-1) BiFC analysis of the AtbZIP63/AtbZIP63 homodimerization (positive control) by
transient A. fumefaciens-mediated transformation of the pSPYNE 35S ArbZIP63 BY-2 cell line
with pSPYCE 35S A#bZIP63. Yellow fluorescence could be detected only in the nucleus (N). II)
BiFC analysis of AtbZIP63/AtWEEIl (negative control) by transient A. fu/we/ac/e/is-mediated
transformation of the pSPYNE 35S AtbZIP63 BY-2 cell line with pSPYCE 35S AtWEEI No

yellow fluorescence could be detected.
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For the positive control, fluorescence was observed exclusively in the nucleus (Figure
161). This is consistent with the findings of Walter ez al. (2004) and implies that the
BiFC system is also functional in the transgenic N. tabacum BY-2 cell system with a
transformation efficiency of 1:200 cells. The N. tabacum BY-2 cell culture carrying
PSPYNE 35S At14-3-3co was mixed with A. tumefaciens EHA10S transformed with
pPSPYCE 35S AtWEEI! and after 72 h yellow fluorescence could be observed in the
nucleus, cytoplasm, cell wall and at the cell plate (Figure 17I-III). These observations
suggest a dynamic interaction between AtWEEl and Atl4-3-3co, which might be
influenced by the cell cycle phase.

brightfield YFP merge
I
I
CP,
n

Figure 17 - BiFC analysis of the AtWEEI/Atl4-3-3co interaction by transient A. tumefaciens-
mediated transformation of the pSPYNE 35S Atl4-3-3to BY-2 cell line with pSPYCE 35S
AtWEEL Yellow fluorescence could be detected in the nucleus (N) (I, II and III), cell wall (CW)
(IT and III) and at the cell plate (CP) (III).

14-3-3 proteins are known to form both hetero and homodimers with each monomer
forming a phospho-peptide binding groove (Obsil ez al., 2001, Aitken, 2002; Ferl,
2004). The specific composition of 14-3-3 dimers within a given cell is thought to be
important for the ability of 14-3-3 protein family to act as modulators or adapters that
facilitate the interaction of distinct components of signalling pathways. Therefore, it

was investigated if and where Atl4-3-3ca homodimerizes in vivo.
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brightfield merge

Figure 18 - BiFC analysis of the Atl4-3-3co/Atl4-3-3co homodimerization by transient A.
tumefaciens-mt&iatedi transformation of the pSPYNE 35S Atl4-3-3to BY-2 cell line with pSPYCE
35S Atl4-3-3co. After 72 h yellow fluorescence could be detected in the nucleus (N) (I, II and III)
and in the cell plate (CP) and cell wall (CW) (I and II).

The pSPYNE 35S Atl4-3-3co BY-2 cell line was transiently transformed with the
pSPYCE 35S Atl4-3-3co plasmid and yellow fluorescence was observed in the
nucleus of the BY-2 cells (Figure 18I-III). Furthermore, fluorescence could be
detected at the cell plate and in the cell wall coinciding with the sub-cellular

localization pattern of the AtWEEI/At14-3-3cd interaction.

5.3.3 Identification of a putative AtWEEI/Atl4-3-3co Interaction
Site

Using a motif scanning software (http://scansite.mit.edu/motifscan_seq.phtml) five

putative 14-3-3 binding motifs were identified in the protein sequence of AtWEEI

(Table 8). The binding sites identified by the motif scanning software are mode I

(RSXpSXP) 14-3-3 binding sites only. Residues T15, S144, T247, S450 and S485 are

the predicted phosphorylation sites within these binding motifs.
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Table 8 - The five putative 14-3-3 binding sites identified in the AtWEEI protein sequence using
a motif scanning software (http:/scansite.mit.edu/motifscan_seq.phtml) and the predicted

phosphorylation sites.

Sequence of putative 14-3-3 binding site  Phosphorylation site

TLLAKRKpTQGTIKTR T15

SKRCRQEpSFTGNHSN SI44
DGLSRYLpTDFHEIRO T247
LTESRNQpSLNIKEGK S450
RDPKRRPpSARELLDH S485

The putative 14-3-3 binding site located at S485 in the C-terminal of AtWEEI
displays high similarity to the 14-3-3 binding sites located at S549/S558/S559 found
in X. laevis, M. musculus and H. sapiens, respectively (Figure 19). Furthermore, a C-
terminal 14-3-3 binding site located at S642 in H. sapiens Weel is important for
Weel protein localization, activity and stability (Wang et al., 2000; Rothblum-Oviatt
at al., 2001). Therefore, the 14-3-3 binding site located at S485 in the C-terminal of
AtWEEI was predicted to be the most likely binding site for Atl4-3-3co.

4

AtWEEI RDPKRRPSARELLDH
KrtWeel PDPERRPSAMELVKH
HsWeelA PDPERRPSAMALVKH

X1W eel -AKNTR-5LSFTCGG

# o

Figure 19 - Alignment of the 14-3-3 binding motifs located at S485 in A. thaliana, S558 in M.
musculus, S559 in H. sapiens and S549 in X. laevis. Alignment was made in Workbench
(http://www.workbench.sdsc.edu) using the Clustal W alignment tool showing conserved residues
(blue and *), conserved strong group residues (green and :), black residues are residues with no
consensus. Arrow indicate the predicted phosphorylation sites within these binding motifs

To investigate if the AtWEEI/Atl4-3-3co interaction could be abolished, an AtWEEI
(S485A) mutant was constructed by site-directed mutagenesis. Specific primers were
designed to introduce a base pair change resulting in the S485A mutation and the
mutagenesis was performed as described in section 5.2.5. In order to test if the
AtWEEI (S485A) is incapable of interacting with Atl4-3-3co in vivo, the following
plasmids were constructed: a pBD-Gal4-cam AtWEEI(S485A4) to use in a Y2H screen
and a pSPYNE 35S AtWEEI(S485A4) to use in a BiFC analysis.

The pBD-Gal4-cam AtWEEI (§4854) plasmid was co-transformed with pAD Gal4

2.1 Atl4-3-3co into wild type S. cerevisiae YRG2 cells and selected on SD agar plates
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containing trp-leu DO solution. Furthermore, the transformants were verified for the
presence of the bait and target plasmids by colony PCR using primers AtWEEI
(P44+P50) and 14-3-3w (P44+P47). The transformants were subsequently checked
for activation of the HIS3 and LacZ reporter genes. As controls in these experiments
the transformants carrying the AtWEEI and AtWEE1(S485A4) bait plasmids and the
AtWEE1/At14-3-3w double transformant were used. Initially, the AtWEEI(S4854)
bait plasmid was tested for its ability to auto-activate the HIS3 reporter gene. The
transformants did not grow on SD agar containing his DO solution and therefore did
not auto-activate the HIS3 reporter gene. As previously found, the AtWEEI/
At14-3-3w double transformant was capable of growing on SD agar plates containing
his DO solution and 40 mM 3-AT. However, growth could not be observed when the
WEEI1 (S485A)/At14-3-3w transformant was grown on SD agar plates containing his
DO solution suggesting that the S485A mutation of AtWEE1 abolishes At14-3-3w
binding. Additionally, the transformants were tested for transcriptional activation of
the LacZ reporter gene using a filter lift assay and a quantitative liquid ONPG assay
(Figure 20A and B). The transformant carrying the AtWEE1 and AtWEE1(S4854) bait
plasmids only were not capable of activating the LacZ reporter gene, since f-
galactosidase activity could not be detected either in the filter lift assay or in the
ONPG assay. The AtWEE1/At14-3-3w double transformant was capable of activating
the LacZ reporter gene resulting in blue colouration of the yeast in the filter lift assay,
as previously shown, and #-galactosidase activity was detected in the ONPG assay.
For the AtWEE1(S485A4)/At14-3-3w double transformant, f-galactosidase activity
could not be detected either in the filter lift assay or in the ONPG assay. This together
with its inability to activate the HIS3 reporter gene suggests that the S485A mutation
of AtWEEI is sufficient for abolishing At14-3-3w binding.
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Figure 20 - LacZ reporter gene screening A) Filter lift assay, from left AtWEEIl only,
AtWEEV/Atl4-3-3<0, AtWEEI (S485A) only and AtWEE] (S485A)/Atl4-3-3<0. B) Quantitative
ONPG assay, from left AtWEEI only, AtWEEI/At14-3-30>, AtWEEI (S485A) only and AtWEEI
(S485A)/Atl 4-3-3to.

In the Y2H system the AtWEEI/At14-3-3co interaction was abolished by a S485A
mutation in the 14-3-3 binding site of AtWEEI indicating that the presence of S485 is
vital for Atl4-3-30> binding.

To test if the interaction was also abolished in vivo A. tumefaciens transformed with
PSPYCE 35S AtWEEI (§4854) was mixed with the N. tabacum BY-2 cell culture
carrying pSPYNE 35S Arl4-3-3co. Unexpectedly, fluorescence was observed after 72
h (Figure 211 - III) indicating that S485A mutation of WEE1 is not sufficient to
abolish 14-3-3 binding in vivo. Fluorescence was detected in the nucleus, but not in
the cell wall or cell plate, which could suggest that the AtWEE]l (S485A) mutation

affects the binding of Atl4-3-3co resulting in a nuclear localization of AtWEEL



A. thaliana WEE1 and 14-3-3co interact in Results

N. tabacum BY-2 Cells

brightfield YFP merge

1_lH flH >V

50 m

50Mm

Figure 21 — BiFC analysis of the AtWEEl (S485A)/Atl4-3-3© interaction by transient A.
tumefaciens-mzdxatzil transformation of the pSPYNE 35S Atl4-3-3© BY-2 cell line with pSPYCE
35S AtWEEI(S485A). After 72 h yellow fluorescence could be detected in the nucleus (N) (I, II

and III).
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5.4 Discussion

In all eukaryotes the progression from G2 into M phase is a major transition point of
the cell cycle. The two key proteins regulating this progression are the Weel kinase
and the Cdc25 phosphatase. Weel kinases have been identified in a wide range of
plants such as Z. mays, A. thaliana, O. sativa, L. esculentum and S. lycopersicum (Sun
et al., 1999; Sorrell e al., 2002; Vandepoele et al., 2002; Gonzalez et al., 2004;
Gonzalez et al., 2007; Guo et al., 2007). However, a homologue to the Cdc25 has not
been fully identified in higher plants. A putative CDC25 homologue has been
identified in 4. thaliana, which possesses in vitro phosphatase activity. However, the
protein consists of only the catalytic C-terminal domain compared to its yeast and
mammalian homologues, which consist of both a C-terminal catalytic domain and an
N-terminal regulatory domain (Landrieu et al., 2004; Sorrell et al., 2005). During cell
cycle progression in both animals and yeast, the activity and localization of both
Cdc25 and Weel are greatly affected by the binding of 14-3-3 proteins (Dalal et al.,
1999; Kumagai and Dunphy, 1999; Zeng and Piwnica-Worms, 1999; Wang et al.,
2000; Lee et al., 2001; Rothblum-Oviatt ez al., 2001; Chen et al., 2003b).

A direct involvement of 14-3-3 proteins in regulating WEE1 and CDC25 localization
and activity in the plant cell cycle have not previously been reported and only a few
reports suggest that plant 14-3-3s are involved in cell cycle regulation (Cutler et al.,
2000; Kuromori and Yamamoto, 2000; Sorrell ef al., 2003). Y2H library screens were
made using AtCDC25 and AtWEEI as bait in an A. thaliana seedling root cDNA
library (Chapter 4) to discover protein interaction partners for these two proteins that
could help to determine the exact functions for these two proteins and help to draw
parallels between the plant cell cycle and cell cycles in other eukaryotes.
Unexpectedly, 14-3-3 proteins were not identified as interaction partners for either
AtWEE]I or the putative AtCDC25 suggesting that these proteins do not interact with
14-3-3 proteins. This would indeed distinguish the 4. thaliana CDC25 and WEE1
from other eukaryotic homologues. However, an analysis of the protein sequences of
AtCDC25 and AtWEEL1 revealed that putative 14-3-3 binding sites were present in
both sequences. The AtCDC25 and AtWEE1 sequences contained one and five
putative 14-3-3 binding sites, respectively. Based on the previous findings by Sorrell
et al. (2003), who showed using Y2H that A. thaliana Non-Epsilon group 14-3-3w, A
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and « interact with SpCdc25, the Non-Epsilon 14-3-3s from A. thaliana were
investigated as putative interaction partners for AtCDC25 and AtWEEI.

In the Y2H screen, AtCDC25 was found not to interact with any of the Non-Epsilon
14-3-3 proteins since the double transformants were incapable of activating the
transcription of either the HIS3 or the LacZ reporter gene. In the last decade, several
reports have shown that 14-3-3 protein binding to S. pombe, H. sapiens and X. laevis
Cdc25 proteins is an important regulatory feature of the cell cycle. When Cdc25 is
bound by 14-3-3 proteins it is sequestered to the cytoplasm and the 14-3-3 binding
retains Cdc25 in the cytoplasm and thereby keeps Cdc25 away from its substrate
(Zeng and Piwnica-Worms, 1999; Graves et al., 2001; Uchida et al., 2004). This
clearly implies that binding of 14-3-3 proteins to Cdc25 is crucial for proper execution
and regulation of the cell cycle, which might question the cell cycle function of the
putative A. thaliana CDC25. However, the lack of the N-terminal regulatory domain
of AtCDC25 could be the reason for the protein not interacting with 14-3-3 proteins.
The binding of 14-3-3 proteins to H. sapiens CDC25B and S. pombe Cdc25 occurs at
specific 14-3-3 binding sites located in the N-terminal regulatory domain (Zeng and
Piwnica-Worms, 1999; Uchida et al., 2004; Boutros ef al., 2006; Uchida ez al., 2006).
As previously mentioned, it is possible that the missing N-terminal regulatory domain
may be found as a separate protein that has to interact with the C-terminal part of
AtCDC?2S5 in order for AtCDC25 to act as fully functional plant CDC25. Because of
the putative AtCDC25 and the inability to identify full-length CDC25 homologues in
higher plants, it has been speculated that in higher plants the CDC25 gene might have
become redundant and consequently lost through evolution (Boudolf et al., 2006).
Interestingly, Budolf et al. (2006) reports a striking number of functional parallels
between the A. thaliana CDKBI;1 and the D. melanogaster CDC25 suggesting that
the acquisition of B-type CDKs and the possible disappearance of CDC25 in plants
might be associated. This would indeed make plants distinct from other eukaryotic
species and suggest that plants would have a different method of counteracting the

WEEI kinase activity in the regulation of the plant cell cycle.

In the Y2H screen, AtWEE1 was found to interact with all the Non-Epsilon 14-3-3
isoforms, which is not surprising, since the members of the 4. thaliana Non-Epsilon
14-3-3 protein family display high sequence conservation of 70 — 90% both at the
nucleotide and protein level (Wu et al.,, 1997a, Appendix A). In H. sapiens and
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X. laevis 14-3-3 proteins function as positive regulators of Weel by protecting the
activating phosphorylation and thereby stabilizing the activity of Weel (Wang e al.,
2000; Lee et al., 2001; Rothblum-Oviatt et al., 2001). This suggests that binding of
14-3-3 proteins to Weel is important not only for maintaining the G2 arrest of the
cells, but also for driving the cells more efficiently into mitosis. Of the Non-Epsilon
14-3-3 isoforms interacting with AtWEE1, 14-3-3w is of particular interest, since this
isoform was previously shown to have cell cycle function because of its ability to
rescue an S. pombe rad24” mutant (Sorrell et al., 2003) and furthermore this isoform
was shown to shuttle between the cytoplasm and nucleus in a cell cycle-dependent

manner (Cutler et al., 2000).

The specificity of the interaction between AtWEE1 and At14-3-3w was confirmed in
vitro by co-immunoprecipitation of recombinant proteins produced in S. cerevisiae. In
addition, recombinant Atl14-3-3® bound to AtWEE1 from a total protein extract from
A. thaliana seedlings further adding evidence of the specificity of the interaction. The
interaction was also confirmed ir vivo using the BiFC technique in N. tabacum BY-2
cell cultures. So far the BiFC technique has proven to be very valuable for analyzing
protein-protein interactions in a wide-range of plant tissues and cell types in onion,
Allium cepa (A. cepa, Ac), O. sativa, A. thaliana and N. tabacum (Bracha-Drori et al.,
2004; Walter et al., 2004; Diaz et al., 2005; Stolpe et al., 2005; Xie et al., 2006). So
far the technique has been implemented in whole plant leaves by leaf infiltration
techniques or in plant cell-derived protoplasts by transient transformation, which
makes the BiFC system implemented in this work, the first report of a functional
BiFC system in plant cell culture. Besides confirming specific protein-protein
interactions in vivo in the native environment of the proteins, this technique also
reveals valuable information concering the sub-cellular localization of the specific
protein interaction in actively dividing cells. The BiFC technique was successfully
implemented in transgenic N. fabacum BY-2 cell lines by A. tumefaciens-mediated
transient transformation. Besides confirming the AtWEE1/At14-3-3w interaction, the
localization of the interaction was mapped to the nucleus, cell wall and at the cell
plate indicating a dynamic interaction between AtWEE1 and At14-3-3w, which may
very well be influenced by the cell cycle phase.

Findings in X. laevis suggest that the role of 14-3-3 binding is to keep Weel evenly

distributed in the nucleus (Lee et al., 2001). However in H. sapiens, Weel is localized
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both in the nucleus and in the cytoplasm upon 14-3-3 binding (Rothblum-Oviatt et al.,
2001) consistent with the localization of the AtWEEI1/At14-3-3w interaction
presented here. It is likely that the interaction between AtWEEI and Atl14-3-3w is
weak or transient and thus only occurring at specific times during the cell cycle e.g.
during cell cycle regulation or in response to stress. The BiFC technique makes it
possible to monitor transient or weak interactions due to the irreversibility of the
formed BiFC complexes (Hu et al., 2002; Walter et al., 2004; Bhat et al., 2006).
Previously, At14-3-3m was shown to shuttle between cytoplasm and nucleus in a cell
cycle-dependent manner. The Atl14-3-3w protein accumulates in the nucleus just after
completion of nuclear division and relocalizes to the cytoplasm shortly before
completion of cytokinesis (Cutler et al., 2000). Furthermore, in the work presented
here Atl4-3-3w was found to homodimerize primarily in the nucleus, which could
imply that in the N. tabacum BY-2 cells At14-3-3® monomers bind to AtWEE1 and
when 14-3-3@ is not required for binding to AtWEEI1 it homodimerises in the
nucleus. In A. thaliana it is very likely that At14-3-3w, in addition to the formation of
homodimers, will form heterodimers with other 14-3-3 isoforms possibly altering
both function and specificity of At14-3-3w, since the dimerisation of 14-3-3 proteins
results in two binding pockets in the dimer allowing it to interact with two motifs
simultaneously (Liu et al., 1995; Yaffe et al., 1997; Rittinger et al., 1999; Obsil et al.,
2001, Ferl, 2004). The interaction between proteins is greatly influenced by
time/space constraints and it is possible that two proteins, although able to interact,
are never in close proximity to each other within the cell. The two proteins could be
expressed in different cell types or even if they are expressed in the same cell they
could be located in different sub-cellular compartments (Van Criekinge and Beyaert,
1999). To date no reports have been made of the sub-cellular localization or eventual
shuttling of AtWEE1 between cytoplasm and nucleus in a cell cycle-dependent
manner. However, it is evident from H. sapiens that the sub-cellular localization of
Weel is regulated during the cell cycle. Weel is located in the nucleus during
interphase and is relocalized to the cytoplasm when the cell undergoes mitosis (Baldin

and Ducommun, 1995).

The 14-3-3 protein interaction site of Weel in both H. sapiens and X. laevis has been
mapped to the well conserved C-terminal catalytic domain and mutations of the

phosphorylation site within these 14-3-3 binding motifs abolished 14-3-3 protein
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binding and also affected Weel activity and stability (Wang et al., 2000; Lee et al.,
2001; Rothblum-Oviatt et al., 2001). In order to map the site of interaction between
AtWEE1 and Atl4-3-3w, the protein sequence of AtWEE1 was screened for the
presence of 14-3-3 binding sites. Five mode I 14-3-3 protein binding sites were
identified, of which one at S485 showed high similarity to the above mentioned
14-3-3 binding sites reported for both H. sapiens and X. laevis Weels. Therefore, this
was predicted to be the most likely binding site for At14-3-3w. A Y2H screen showed
that the AtWEEI1(S485A) mutant was not longer capable of interacting with
Atl4-3-3w suggesting that the 14-3-3 protein binding site located at S485 is the
binding site for At14-3-3w and that the S485 residue is vital for 14-3-3 binding. To
investigate if the binding of At14-3-3w to AtWEE1 was abolished or if the At14-3-3®
binding affinity was primarily decreased, a quantitative ONPG assay was performed,
which further indicated that the interaction between AtWEE1L and Atl14-3-30 was
abolished by the S485A mutation. However, when the AtWEE1(S485A) mutant was
tested by BiFC in vivo in the N. tabacum BY-2 cells the situation proved to be
different. Yellow fluorescence was observed for the AtWEE1(S485A)/At14-3-3w
transformant, which indeed was unexpected, since the interaction was found to be
abolished in the Y2H screen. This finding strongly emphasizes the significance and
necessity of confirming protein-protein interactions identified in Y2H screens in their
native environment. However, in the case of the AtWEE1(S485A)/At14-3-3w,
transformant fluorescence was detected in the nucleus and not in the cell wall or cell
plate, which could suggest that the AtWEE1 (S485A) mutation affects the binding of
Atl4-3-3® resulting in a nuclear localization of AtWEE]L. It has not been previously
reported in other organisms if 14-3-3 protein binding affects the sub-cellular
localization of Weel. However, it is evident from S. pombe, H. sapiens and X. laevis
that 14-3-3 binding causes cytoplasmic localization of Cdc25 (Dalal et al., 1999; Zeng
and Piwnica-Worms, 1999; Kumagai and Dunphy, 1999; Yang et al., 1999; Boutros
et al., 2006; Uchida et al., 2006).

An explanation for why the interaction is abolished in the Y2H system and not in the
BiFC system could be that the protein expression in the BiFC system is driven by the
strong constitutive 35S promoter resulting in high levels of the expressed proteins
within the transformed cells (Bracha-Drori et al., 2004; Walter et al., 2004; Ohad et
al., 2007). This could potentially result in two proteins that do not actually physical
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interact coming into close proximity, causing the restoration of the YFP (BiFC
complex) and hence YFP fluorescence. However, no reports have been made of this
occurrence in other systems and hence this is unlikely to be the explanation for the
observed fluorescence indicating interaction between AtWEE1(S485A) and
Atl14-3-3w in vivo. This is further supported by the AtbZIP63 and AtWEE! protein
pair (used as negative control in all BiFC experiments), which does not cause
fluorescence although the two proteins are expressed under identical conditions as the
AtWEE1(S485A) and Atl4-3-3w protein pair. A more plausible explanation for the
abolition of the AtWEE1(S485A)/At14-3-3w interaction in the Y2H system is that the
binding affinity is reduced, but not in fact abolished. A similar finding was made in
S. pombe, where mutations of all the putative phosphorylation sites within the three
14-3-3 binding motifs of Cdc25 was found to reduce, but not eliminate 14-3-3 binding
and the triple mutant was only partially impaired in its ability to arrest cell cycle
progression in response to a DNA replication block (Zeng and Piwnica-Worms,
1999). Expression of the proteins in the Y2H system is driven by a truncated 410 bp
version of the S. cerevisiae ADH1 promoter and expression from this promoter leads
to low or in some cases very low levels of fusion protein expression (Santangelo and
Tornow, 1990; Ruohonen et al., 1991; Legrain et al., 1994). A low level of protein
expression in the Y2H system together with a decreased binding affinity of At14-3-3®
to the AtWEE1(S485S) mutant protein compared to the wild type WEEI1 could be a
likely reason for not detecting activation of neither the HIS3 nor the LacZ reporter
gene. In the BiFC system both proteins are being over-expressed by the 35S promoter
and it might complicate the detection/quantification of proteins with decreased
binding affinity. In the N. tabacum BY-2 cell cultures, which better reflect the native
environment of the proteins analyzed, there could be additional proteins/factors
present, which might influence or maybe even promote an interaction between

AtWEE1(S485A) and At14-3-3w.

At this time there is no clear and straight forward answer to why the S485A mutation
of AtWEEI1 is sufficient for abolishing the interaction between AtWEE1 and
Atl4-3-3w in the Y2H system and not in the BiFC system. From the findings
presented in this thesis, it is evident that the S485A mutation of WEE1 does not
abolish 14-3-3w binding in vivo. However, the findings suggest that the S485A

mutation of AtWEEI1 affects the sub-cellular localization of the interaction, which
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possibly could be a consequence of a decreased Atl4-3-3w binding to
AtWEE1(S485A).
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5.5 Summary

In plants, the 4. thaliana 14-3-3 protein family is the largest and best characterized. It
consists of 13 translated proteins divided into the Epsilon and Non-Epsilon subgroups.
In several eukaryotic species 14-3-3 proteins are important key regulators of both
Cdc25 and Weel proteins. Three of the Non-Epsilon 14-3-3 isoforms interact with
S. pombe Cdc25 and therefore the entire group of Non-Epsilon 14-3-3s was
investigated as possible interaction partners for AtWEE1 and AtCDC25 in a targeted
Y2H screening. AtCDC25 did not interact with the Non-Epsilon group 14-3-3s,
whereas AtWEE1 did interact with all members. The specific interaction between the
At14-3-3w isoform and AtWEE!1 was confirmed in vivo by co-immunoprecipitation
and in vivo by BiFC. A putative 14-3-3 binding site was identified in AtWEE1 and a
S485A mutant of AtWEE! was constructed. When this mutant was used in a Y2H
screen against At14-3-3, the interaction was abolished indicating that S485 is vital
for the binding of 14-3-3w to AtWEE1. However, in vivo the S485A mutation was not
sufficient to abolish the interaction between AtWEE1 and Atl4-3-3w, which reflects

the need to confirm protein-protein interactions in their native environment.
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6 WEE1 Protein Level and Kinase Activity in
synchronized N. tabacum BY-2 Cells

6.1 Introduction

The timing of cell exit from G2 and entry into mitosis is dependent on
phosphorylation and dephosphorylation of threonine 14 and tyrosine 15 of the ATP-
binding cleft of the CDKs. In animals, the negative regulation is exerted by the Weel,
Mik1 and Mytl kinases, which catalyze the inhibitory phorphorylations of CDKs. In
both animals and yeast these inhibitory phosphorylations are removed by positive
regulators of the cell cycle, namely the Cdc25 dual-specificity phosphatases.
However, entry into mitosis appears to be determined by a balance between the
activities of Cdc25 and Weel (Kumagai and Dunphy, 1991; Lee et al., 2001).

Originally, Weel was identified from S. pombe by its ability to phosphorylate the M-
phase promoting factor (MPF) on tyrosine 15 and thereby causing mitotic delay
(Nigg, 1995). Mytl, which is a membrane-associated Weel homologue found in
X. laevis and H. sapiens, preferentially phosphorylates threonine 14 and, to a lesser
extent, tyrosine 15 (Mueller e al., 1995; Liu et al., 1997). The Weel/Mik]1-type
kinases have been identified in a number of eukaryotes, such as S. cerevisiae,
H. sapiens, D. melanogaster, X. laevis, and M. musculus (Parker and Piwnica-Worms,
1992; Booher et al., 1993; Honda at al., 1995; McGowan and Russell, 1995; Mueller
et al., 1995). To date no Mytl or Mikl kinases have been identified in plants, in
contrast to the Weel kinase, which has been identified in a variety of plants, such as
Z. mays, A. thaliana, O. sativa, L. esculentum and S. lycopersicum (Sun et al., 1999;
Sorrell et al., 2002; Vandepoele et al., 2002; Gonzalez et al., 2004; Gonzalez et al.,
2007; Guo et al., 2007). The Weel/Mik1 kinases range in size from the 68 kDa Weel
from X. laevis (Mueller et al., 1995) to the 107 kDa Swel in S. cerevisiae (Booher et
al., 1993). Plant WEEls are however smaller in size ranging from 44 — 58 kDa.
Consistent with Weels from other eukaryotes (Mueller ef al., 1995; Aligue et al.,
1997), the highest degree of sequence variation in the plant WEE1s occurs in the N-
terminal domain, whereas the C-terminal domain, which includes the kinase domain,

is more conserved (Appendix A). Recently, the first two functional analyses of plant
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WEEIls were published. In 4. thaliana WEE1 was shown not to be rate-limiting for
cell cycle progression or endoreduplication under normal growth conditions.
However, upon DNA damage and replication blockage, AtWEE1 was found to be a
critical target for ATM/ATR signalling (De Schutter et al., 2007). In addition,
findings by Gonzalez et al. (2007) show that S. /ycopersicum WEEI participates in
cell size control and in the onset of endoreduplication in tomato fruit development.
All in all this might suggest that plant WEE1 kinases have multiple functional roles

within the cell.

During the last decade much effort has been put into the discovery of how the Weel
kinase activity is regulated in yeast and animals. It has become evident that the Weel
kinase activity is regulated in multiple ways by protein abundance, phosphorylation
status and protein degradation. In S. pombe the Weel transcript level is stable during
the cell cycle, however the abundance of Weel protein undergoes moderate
oscillation (Aligue et al., 1997), which suggests either translational regulation or
regulation by proteolytic degradation of the Weel protein. The S. cerevisiae Swel and
X. laevis Weel proteins are regulated by ubiquitin-mediated degradation, whereas in
H. sapiens Weel is regulated both by phosphorylation and degradation (Kaiser et al.,
1998; Michael and Newport, 1998; Goes and Martin, 2001; Watanabe et al., 2004;
Watanabe et al., 2005). That Weel activity is also regulated by phosphorylation status
is evident from S. pombe where phosphorylation of Weel by the protein kinase Chk1
positively regulates Weel activity (O’Connell ef al., 1997) and conversely Weel
phosphorylation by Nim1 inhibits Weel kinase activity in vitro (Parker et al., 1993;
Wu and Russell, 1993). X. laevis and H. sapiens 14-3-3 proteins are also known to
regulate Weel activity by binding and stabilizing active Weel (Wang et al., 2000;
Lee et al., 2001; Rothblum-Oviatt ef al., 2001). Finally in X. laevis and yeast, Weel
undergoes extensive hyperphosphorylation during mitosis resulting in a decrease in

kinase activity (Harvey and Kellogg, 2003; Mueller et al., 1995; Tang et al., 1993).

To obtain a better knowledge of the behaviour of the plant WEE1 during the cell
cycle, a newly synthesized antibody raised against an NtWEE1 peptide was used for
monitoring WEEI protein levels in a synchronized wild type N. tabacum BY-2 cell
culture. Furthermore, WEE1 kinase inhibition assay was established and used to
investigate if NtWEE1 has an inhibitory effect on CDK activity irn vitro. Furthermore,

protein levels and kinase activity were monitored in a transgenic N. fabacum BY-2
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cell line carrying pTA7002 AtWEEI, in which A. thaliana WEEI can be expressed

under a dexamethasone-inducible promoter (Siciliano, 2006).
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6.2 Materials and Methods

6.2.1 Recombinant Protein Expression and Purification

The pET15B vector system was used for the production of recombinant NtWEE1 and
Atl4-3-3w proteins. Initially, two vector constructs were made containing the coding
sequence of NtWEEI and Atl4-3-3w, respectively. The coding sequence of NtWEEI
was PCR amplified from plasmid DNA (pTA7002 NtWEEI) with primers P56+P57
using Pfu polymerase and similarly the coding sequence of At/4-3-3w was PCR
amplified from plasmid DNA (pAD-Gal4-2.1 At/4-3-3w) with primers P54+P55.
Primers were designed to incorporate an Ndel restriction site to the 5° end and a
BamHI restriction site to the 3’ end of the coding sequences. The PCR products were
digested with Ndel/BamHI and ligated into an empty pET15B vector, which had been
prepared by digestion with Ndel/BamHI. This resulted in an in-frame N-terminal
fusion of the coding sequence of NM*WEEI and Atl4-3-3w, respectively, to an HIS¢
tag. The insertions of N¢*WEEI and At14-3-3w into the pET15B vectors were verified
by sequencing using primers P40-P43 (NtWEE1I) and primers P34+P35 (4t14-3-3w).
The constructed plasmids were then transformed into E. coli DE3 Rosetta pLysS cells.
The empty pET15B vector and the E. coli DE3 Rosetta pLysS cells were kindly
provided by Dr. P. Kille, Cardiff University. Transformants were verified for the
presence of pET15B NtWEE1 and pET15B At14-3-3w plasmids by colony PCR using
gene-specific primers (V(WEE (P56+P57) and At14-3-3w (P54+P55)).

Initially, two or three transformants from each transformation were screened for
protein expression by picking single colonies and inoculating 5 mL LB medium with
appropriate selection. Cultures were incubated overnight in a Gallenkamp orbital
incubator at 200 rpm, 37°C. The overnight cultures were used for inoculating 5 mL of
fresh LB medium to an ODgg of 0.05 — 0.1 (app. 1:20 dilution of overnight culture).
Cultures were then incubated at 37°C, 200 rpm until reaching an ODggo of 0.4
(app. 2 — 3 hours). To fresh centrifuge tubes, 2.5 mL of each culture was transferred
and stored on ice. In the remaining cultures, protein expression was induced by adding
IPTG to a final concentration of 0.5 mM and cultures were incubated for an additional
3 hours. Then all cultures were harvested by centrifugation in an MSE Centaur 2
centrifuge for 10 min at 4000 rpm. The pellets were resuspended in 50 — 100 pL 2x
SDS loading buffer. The protein induction was checked by SDS-PAGE and Western
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blotting as described in section 3.17. The transformant showing the highest
recombinant protein expression were selected for the further protein expression and

purification experiments.

For the recombinant protein production and purification experiment, a single freshly
streaked colony was used for inoculation of 10 mL LB medium with appropriate
selection. Cultures were incubated overnight in a Gallenkamp orbital incubator at 200
rpm, 37°C. The overnight cultures were used to inoculate 100 mL of fresh LB
medium to an ODggp of 0.05 — 0.1 (app. 1:20 dilution of overnight culture). Cultures
were then incubated at 37°C, 200 rpm until an ODggo of 0.4 (app. 2 — 3 hours). Protein
expression was induced by adding IPTG to a final concentration of 0.5 mM and
cultures were incubated overnight at 22°C. The next day the cells were harvested by
centrifugation in a Beckman Coulter Avanti® J-E centrifuge fitted with a JA-14 rotor
for 15 min at 6000 rpm, 4°C. The supernatant was discarded and the pellet was
resuspended in 2 mL lysis buffer (50 mM NaH,;PO,, 300 mM NaCl, 10 mM imidazole
pH 8.0). Lysozyme was added to the cells to a final concentration of 1 mg/mL and the
cells were incubated on ice for 1 h. Samples were then sonicated (exponential tip, 10
um amplitude) in a Soniprep 150 sonicator (MSE) for three times 30 s with 30 s on
ice between each sonication. After sonication the samples were transferred to pre-
chilled microcentrifuge tubes and centrifuged in a Beckman Coulter Allegra™ 21R
centrifuge fitted with a F2402H rotor for 30 min at 13000 rpm, 4°C. The supernatant
was transferred to a fresh microcentrifuge tube and the recombinant proteins were
purified according to the Novagen His-Bind® Kit manual (Novagen, 2006). His beads
were prepared by washing three times with 4 volumes binding buffer (0.5 M NaCl, 5
mM imidazole, 20 mM Tris-HCI pH 7.9). One volume is equivalent to the settled bed
volume of the beads, e.g. 100 pL His beads equals 50 uL settled bed volume. After
the final wash the beads were resuspended in 2 volumes of binding buffer and
combined with 1 mL of the lysed cell extract. The cell extract and beads were mixed
by inversion and then incubated for 30 min at 4°C with rotation. The samples were
then spun down in an Eppendorf MiniSpin centrifuge for 3 min at 2000 rpm, 4°C. The
supernatant was removed and the beads were washed three times with a total of 20 —
30 volumes wash buffer (0.25 M NaCl, 30 mM imidazole, 10 mM Tris-HCI pH 7.9).
After the final wash the beads were resuspended in 1 volume elution buffer (0.25 M
NaCl, 0.5 M imidazole, 10 mM Tris-HCI pH 7.9) and incubated for 20 min at 4°C

102



WEE! Protein Level and Kinase Activity Materials and Methods
in synchronized V. tabacum BY-2 Cells

with rotation. The samples were then spun down for 3 min at 2000 rpm, 4°C and the
supernatant was transferred to fresh microcentrifuge tubes. The purity of the
recombinant proteins was analyzed by SDS-PAGE. The remaining protein samples

were aliquoted, frozen in liquid N and stored at -80°C.
6.2.2 Synchronization of N. tabacum BY-2 Cell Culture

Wild type and transgenic N. tabacum BY-2 cultures were synchronized using
aphidicolin (Sigma), a reversible inhibitor of DNA polymerase o (Nagata et al.,
1992). By the addition of aphidocolin, any cell that is replicating its nuclear DNA will
be arrested and all other cells will be unable to enter S phase. On the 7th day
following sub-culture 20 mL of N. tabacum BY-2 cell cultures were transferred to 95
ml of fresh BY-2 liquid medium and added aphidicolin in dimethyl sulphoxide
(DMSO) to a final concentration of 5 pg/L. Cell cultures were incubated in the dark in
a Gallenkamp orbital incubator at 130 rpm, 27°C. After 24 h incubation, the cells
were released from the aphidicolin block by washing with 1 L fresh BY-2 liquid
medium. The cells were decanted into a funnel with a fused-in sintered glass filter
(Baird and Tatlock No. 1) to which 1000 ml of fresh medium was added in 100 ml
aliquots. The flow rate of the washing medium was regulated by a Hoffman clamp
attached to silicon tubing connected to the bottom of the funnel. The washing
procedure was of exactly 15 min duration in order to achieve a high rate of mitotic
synchrony. The cells were then resuspended in 95 ml of fresh BY-2 liquid medium

and incubated as previously described.

6.2.3 Dexamethasone-induction of AtWEE]1 expression in N. tabacum

BY-2 Cells

For induction of AtWEEI expression in the transgenic N. tabacum BY-2 cell cultures
carrying pTA7002 AtWEE1, 30 puM dexamethasone (Sigma) was added to the cells
and incubated as previously described. At hourly intervals (for 9 — 12 hours
depending on the experiment) 20 pL of the cell culture was mixed with 1 uL. Hoechst
stain in 2% Triton X-100 and the mitotic index (the sum of prophase, anaphase,
metaphase, and telophase mitotic figures as a percentage of all cells) was scored on a
minimum of 300 cells. Additionally, aliquots of 5 mL of the cell culture were

removed and harvested by centrifugation in an MSE Centaur 2 centrifuge for 5 min at
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3000 rpm. The cell pellets were frozen in liquid N, ground to a fine powder using a
pre-cooled pestle and mortar and stored at -80°C. Total protein was extracted from the

ground tissue as described in section 3.15.
6.2.4 CDK and WEE1 Immunoprecipitations and Kinase Assay

Immunoprecipitations of CDK and WEEI1 from N. fabacum BY-2 cell culture protein

extracts and kinase assays were performed as described in section 3.18.
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6.3 Results

To gain a better knowledge of the behavior of the WEE1 protein in a synchronized
N. tabacum BY-2 cell culture, the N. tabacum WEE1 protein level and kinase activity
were monitored. The work presented in this chapter is based on the application of a
newly synthesized NtWEEIl antibody (Sigma), which was raised against the
DADAADGDNKDFILC peptide located in the N-terminal regulatory domain of
N. tabacum WEE1 (Appendix D).

6.3.1 The NtWEEI Antibody recognizes both native N. tabacum and
A. thaliana WEE1 Proteins

The specificity of the NtWEEI antibody was tested by immunodetection of WEE1
proteins in protein extracts obtained from a wild type N. tabacum BY-2 cell culture
and from wild type A. thaliana seedlings and cell culture by Western blotting (Figure
22). A band of 56 kDa corresponding to the size of NtWEEl was detected in the
N. tabacum BY-2 cell culture protein extract. Additionally, bands of similar sizes
were detected in both A. thaliana seedling and cell culture protein extract showing
that the NtWEEI antibody cross-reacts with the AtWEEI protein and can therefore be
used for detecting native AtWEEI as well as native NtWEEI protein.

Western Blot

Figure 22 - Immunodetection of WEE1 in protein extracts from wild type N. tabacum BY-2 cell
culture and wild type A thaliana seedling material and cell culture by Western blotting using the

NtWEEI antibody.
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6.3.2 Recombinant N. tabacum WEEI1 inhibits CDK Activity in vitro

Previously, it was shown that Z. mays and S. lycopersicum WEE1 proteins control
CDK activity in vitro by their ability to inhibit substrate phosphorylation of the CDKs
(Sun et al.,, 1999; Gonzalez et al., 2007). Therefore, the CDK inhibitory activity of
NtWEEI was investigated using a WEE1 Kkinase inhibition assay. The basic principle
of the assay is to test if the addition of NtWEEI to a mixture of purified CDK and
histone HI substrate can inhibit the ability of CDKs to phosphorylate histone HI in
vitro (Figure 23). The total CDK activity in this assay is interpreted as the inverse of
WEE1 activity as previously demonstrated for H. sapiens Weel by McGowan and
Russell, 1995.

Figure 23 - The principle of the ‘WEE1 kinase inhibition assay’. The addition of WEE1 protein
to a mixture of purified CDKs and a histone HI substrate can inhibit the CDK phosphorylation
of histone HI in vitro.

For the assay, recombinant NtWEEIl proteins were produced in E. coli. Protein
expression was induced with IPTG for 3 h at 37°C and the induction was confirmed
by SDS-PAGE analysis (Figure 24). In addition, the recombinant proteins were
subjected to Western blotting using the NtWEEIl antibody. As a control for the
protein expression, recombinant Atl4-3-3co proteins were expressed in an identical

experiment to that of NtWEEL

IPTG-induced protein expression was observed for both NtWEEl (56 kDa) and
Atl4-3-3co (29 kDa) and when subjecting these samples to Western blotting using the
NtWEEI antibody, a band of 56 kDa corresponding to the size of the NtWEEI protein
was only observed in the NtWEEI +IPTG. Furthermore, the NtWEEI] antibody did
not cross react with the At14-3-3© protein implying a specific detection of the
NtWEEI protein by the antibody.
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56 kDa

29 kDa

Coomassie stain Western blot

Figure 24 - Recombinant NtWEEI and Atl4-3-3io proteins produced in E. coli. IPTG-induced
protein expression was confirmed by SDS-PAGE analysis and immunodetection of the
recombinant NtWEEI protein was performed by Western blotting using the NtWEEI antibody.
For the analysis of the CDK inhibitory activity of the recombinant NtWEEI, the
recombinant proteins were affinity purified on His-beads. After several unsuccessful
attempts to purify the recombinant NtWEEI protein, it was observed that the protein
produced formed inclusion bodies (data not shown). To circumvent this, the IPTG
induction was performed overnight at 22°C. Although the optimized conditions were
applied, the yield of purified NtWEEI] protein remained at a very low level (Figure
25).

A114-3-3W (+IPTG) ~ NtWEEI (+IPTG)

56 kDa

29 kDa

Coomassie stain

Figure 25 - Affinity purification of recombinant NtWEEI and Atl4-3-30a proteins. Aliquots of
proteins were sampled before loading proteins onto the beads (load), after binding proteins onto
the beads (bind), after the first wash of the beads (wash) and from the elution of proteins from

the beads (elute). Samples were analyzed by SDS-PAGE.
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As a control, Atl4-3-3co proteins were produced and purified identically to the
NtWEE] proteins. However, no problems were encountered in producing and
purifying Atl4-3-3co (Figure 25); strongly suggesting that the WEE1 proteins are
more difficult to express and purify. Whether this is due to the size of NtWEEI,

physical properties or protein stability is currently unknown.

Despite the low yield of the purified NtWEEI protein, it was tested for CDK
inhibitory activity. CDKs were purified from wild type N. tabacum BY-2 cell culture
protein extracts using pl3sucl beads and mixed with recombinant NtWEEI in a
kinase assay buffer. The activity of the purified CDKs alone was quantified and
normalized to 100%. Addition of recombinant NtWEE] resulted in a 5-fold decrease
in CDK activity (Figure 26). This shows that the recombinant NtWEEI protein
produced in E. coli possesses Kinase activity and similarly to other WEE1 Kkinases,

NtWEEI can negatively regulate CDK activity in vitro.

o CDK+
recombinant NtWEEI

Histone H1

Figure 26 - The WEE1 kinase inhibition assay. Mean (+SE) CDK activity based on a replicate
experiment (n=2). Recombinant HIS6-NtWEEI fusion protein produced in E. coli and purified by
affinity purification was added to a kinase assay reaction containing CDKs purified from wild
type N. tabacum BY-2 cell culture protein extracts using pl3sucl beads and histone HI substrate.
A representative autoradiograph is shown below histogram. The incorporation of 32P was

assayed by quantification of the bands on the autoradiograph.

From this experiment it is evident that the WEE1 Kkinase inhibition assay is fully
functional and it was therefore applied in the investigation of how the native NtWEEI
protein level and kinase activity correlates in a synchronized wild type N. tabacum

BY-2 cell culture.
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6.3.3 Wild type WEE1l Protein Level and Kinase Activity in
synchronized N. tabacum BY-2 Cells

For the first four hours after releasing the wild type N. tabacum BY-2 cells from the
aphidicolin block mitotic cells were not observed. However, from the fifth hour until
the ninth hour the mitotic index increased and peaked at 37% followed by a decrease

in mitotic index (Figure 27A).

Proteins were extracted from all the samples and the WEEI1 protein levels were
analyzed in every second sample (hours 1, 3, 5, 7, 9 and 11) by Western blotting using
the NtWEE1 antibody (Figure 27B). Consistent with the mitotic index, the WEEI
protein levels increased just after the release from the aphidicolin block where none or
a low percentage of the cells were mitotic (hours 1, 3 and 5). However, as the mitotic
index increased, meaning that increasingly more cells enter mitosis, the WEE1 protein
level decreased (hours 7, 9 and 11) consistent with the idea that WEE1 is no longer

required when the cells enter mitosis.

The timing and levels of the WEE1 protein relate well with the progression of the
cells into mitosis. It is important to know that the protein is present, but even more
important to know the activity of the protein that is being produced. The WEEI kinase
inhibition assay was used to investigate if the WEE1 protein levels and kinase activity
relates native NtWEE1 protein was immunoprecipitated from selected samples (hours
1, 4, 6, 8 and 10) and mixed with CDKs purified from wild type N. tabacum BY-2
cell culture protein extracts using pl13°U“! beads and histone H1 as substrate in a
kinase assay buffer. The WEEI kinase activity was expressed as the reciprocal of
CDK activity and indeed the WEEI1 protein activity related with the protein level
(Figure 27B and C). The WEEI kinase activity was maximal in early S phase (hour 1)
and decreased by 46% as the cells progressed into G2 (hour 4). As the mitotic index
increased (hours 6, 8 and 10) the WEE1 kinase activity further decreased by 45%

reaching a minimum.
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Figure 27 - WEEI1 protein level and Kkinase activity in a synchronized wild type N. tabacum BY-2
cell culture A) Mitotic index profile calculated as the sum of prophase, anaphase, metaphase, and
telophase mitotic figures as a percentage of minimum 300 cells. The corresponding cell cycle
phases are shown above the mitotic index graph. B) Immunodetection of NtWEEI] protein
extracted from synchrony samples and subjected to Western blotting using the NtWEEl
antibody. Histogram displays mean (= SE) WEE1 expression levels (n=2). A representative
Western blot and a Coomassie stain loading control are shown below the histogram. C) WEEI1
kinase inhibition assay. Histogram displays the mean (+tSE) WEE1 Kkinase activity levels (n=2).
The incorporation of 32P was assayed by quantification of the bands on the autoradiograph and
WEEI]1 kinase activity was expressed as the reciprocal of CDK activity (1/CDK activity (% max) x

103). A representative autoradiograph is shown below histogram.
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6.3.4 Induction of AtWEEI expression in N. tabacum BY-2 Cells
perturbs Cell Cycle Progression

Findings by Sorrell et al. (2002) and Siciliano (2006) have shown that over-
expression of AtWEEI in both S. pombe and A. thaliana cause a large mitotic cell
phenotype. However surprisingly, the over-expression of AtWEE!1 in N. fabacum
BY-2 cells results in a small cell phenotype (Siciliano, 2006) conflicting with the
previous findings in S. pombe and A. thaliana. For the AtWEEI over-expression
studies in N. tabacum BY-2 cells a dexamethasone inducible system was used
(Aoyama and Chua, 1997; Appendix D). The dexamethasone (+DEX) treatment not
only resulted in a small cell phenotype of the N. tabacum BY-2 cells, but also the
duration of G2 was significantly shortened, resulting in a premature entry of the cells
into mitosis. Additionally, the transcriptional pattern of the endogeneous NtWEEI1
was perturbed so that its transcription peaked over six hours instead of four hours
(hours 1 — 4 in -DEX and hours 1 — 6 in +DEX). Finally, the induction of AtWEEI
over-expression resulted in a premature peak of NtCDKB activity in early S phase,
whereas in wild type and -DEX, NtCDKB activity was low in S phase and peaked in
early/mid G2. (Siciliano, 2006; Appendix D).

In support of the phenotypic and transcriptional analysis of the dexamethasone-
inducible over-expression of AtWEEI in N. tabacum BY-2 cells, the extent to which
this over-expression of AtWEEI affects the total WEE1 protein level and kinase
activity during a synchronized cell cycle was investigated in the N. tabacum BY-2 cell
culture carrying pTA7002 AtWEEI +DEX treatment. Initially, the induction of
AtWEE1 was tested by immunodetection of total WEE1 protein in protein extracts
obtained from non-synchroneous N. tabacum BY-2 cell culture carrying pTA7002
AtWEE] +DEX treatment (Figure 28). Upon DEX addition, a 4-fold increase in the
total WEE]1 protein level was detected proving that the DEX treatment indeed induces
AtWEE] over-expression and furthermore demonstrating the ability of the NtWEEI
antibody to detect both NtWEE1 and AtWEE! proteins.
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WEEL1

Loading control

Figure 28 - Immunodetection of total WEE1 in protein extracts from N. tabacum BY-2 cell
culture carrying pTA7002 AtWEEIl +DEX treatment by Western blotting using the NtWEEI
antibody. Equal loadings were confirmed by Coomassie staining.

For the synchronization experiments, duplicate transgenic N. tabacum BY-2 cultures
carrying pTA7002 AtWEEI were synchronized by a 24 h aphidicolin treatment. After
releasing the cells from the aphidicolin block, 30 pM DEX was added to one culture
for induction of AtWEEI expression. Aliquots from each culture were sampled every
hour and the mitotic index was scored on a minimum of 300 cells (Figure 29A). The
mitotic index profile of -DEX resembled the one of wild type except for a slightly
earlier increase in the peak in the mitotic index. From the fourth hour until the eigth
hour the mitotic index increased and peaked at 32%. In +DEX the mitotic peak
occurred prematurely at the fifth hour consistent with a shortened G2 confirming the

previous findings by Siciliano (2006).

Proteins were extracted from all the samples and the WEE1 protein levels were
analyzed in every second sample (hours 1, 3, 5, 7, 9 and 11 for -DEX and hours 1, 3,
5, 7 and 9 for +DEX) by Western blotting using the NtWEEI antibody (Figure 29B).
In -DEX, the WEE1 protein levels increased just after the release from the
aphidicolin block and remained high while the mitotic index increased (hours 1, 3 and
5). However, as the majority of the cells entered mitosis, the WEE1 protein level
decreased (hours 7, 9 and 11). Compared to wild type (Figure 27B) the decrease in
WEE 1 protein was more subtle in -DEX, which could be due to the transgenic nature
of the culture. However, a similar trend as the one in wild type was observed for

-DEX showing that the WEE1 protein level is minimal when the cells enter mitosis.
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Figure 29 - WEE1 protein level and kinase activity in a synchronized transgenic N. tabacum BY-
2 cell culture carrying pTA7002 AtWEEI Left: -DEX. Right: +DEX. A) Mitotic index profile
was calculated as the sum of prophase, anaphase, metaphase, and telophase mitotic figures as a
percentage of minimum 300 cells. The corresponding cell cycle phases are shown above the
mitotic index graph. B) Immunodetection of NtWEEI protein (Total WEE1 (NtWEEI+AtWEEI)
for +DEX). Proteins were extracted from synchrony samples and subjected to Western blotting
using the NtWEEI antibody. Histogram displays mean (£ SE) WEE1 expression levels (n=3). A
representative Western blot and a Coomassie stain loading control are shown below the
histogram. C) WEE1 Kinase inhibition assay. Histogram displays the mean (=SE) WEE1 Kkinase
activity levels (n=2). The incorporation of 32P was assayed by quantification of the bands on the
autoradiograph and WEE1 Kkinase activity was expressed as the reciprocal of CDK activity

(1/CDK activity (% max) x 103). A representative autoradiograph is shown below histogram.
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In +DEX WEEI] protein levels were increased by app. 20% (hours 3 and 5) compared
to —DEX (hours 3, 5 and 7) and furthermore WEEI protein was present at a high level
until the fifth hour when the mitotic index peaked at 22%. Overall this suggests that
the induction of AtWEEI increases the total WEEI protein level in the transgenic
N. tabacum BY-2 cell cultures and that this protein is still detectable when the cells
enter mitosis. However, that an increased level of total WEE1 protein is detectable in
+DEX when the cells enter mitosis does not necessarily imply that the protein is

active.

The WEE] kinase inhibition assay was used to investigate if the WEE1 protein levels
and kinase activities correlate. Total WEE1 protein NtWEE1+AtWEE1 for +DEX)
was immunoprecipitated from selected synchrony samples (hours 1, 5, 8 and 10 for
-DEX and hours 1, 4, 5 and 8 for +DEX) and mixed with CDKs purified from wild
type N. tabacum BY-2 cell culture protein extracts using p135U“! beads and histone
H1 as substrate in a kinase assay buffer (Figure 29C). The sampling times were
chosen to coincide with early S phase and G2/M in both +DEX. In -DEX the WEE1
kinase activity was maximal in early S phase (hour 1) and decreased by 31% (hour 5)
before the cells entered mitosis indicating an active WEE1 protein. When the mitotic
index peaks, the WEE]1 activity decreased by further 27% reaching a minimum (hours
8 and 10) consistent with the observed decrease in WEE1 protein level. In +DEX the
WEEI kinase activity was maximal in early S phase (hour 1) and decreased by 29% in
G2 (hour 4) and further by 28% (hour 5) when the mitotic index peaked indicating
that when compared to both wild type and —-DEX, the WEEI protein in +DEX
appeared both to be present and active for a longer period in the cell cycle. However,
also in +DEX the cells entry into mitosis is accompanied by a decrease in both WEE1

protein and kinase activity levels.
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6.4 Discussion

Only limited knowledge exists of how plant cells are effectively driven into mitosis.
Guided by studies of model systems, notably S. pombe, X. laevis and H. sapiens, it is
evident that the timing of mitosis in yeast and animals depends on the inhibitory
phospho-regulation of CDKs by Weel and the mechanism driving cells efficiently
into mitosis is an organized interplay between cell size control, gene transcription,
protein levels and last, but not least, protein activity (McGowan and Russell, 1995;
Aligue et al., 1997; Michael and Newport, 1998; Goes and Martin, 2001; Watanabe et
al., 2004; Watanabe et al., 2005).

In the work presented here, a newly synthesized NtWEE1 antibody was used for the
first time to provide new information about plant WEEI protein levels and activity
during the cell cycle using N. tabacum BY-2 cells as a model system. Siciliano (2006)
showed that in a synchronized wild type N. tabacum BY-2 cell culture NtWEEI
transcript increases during S phase and peaks in late S phase and here the NtWEEI
protein level was found to follow the same trend by increasing during S phase and
peaking in late S/early G2 phase. The NtWEEI1 protein level decreases as the cells
progress into mitosis, which suggests that NtWEE1 protein might be degraded during
this phase of the cell cycle. In both animals and yeast Weel protein levels are
regulated by ubiquitin-mediated degradation (Michael and Newport, 1998; Goes and
Martin, 2001; Watanabe ef al., 2004; Watanabe et al., 2005). Furthermore, the protein
expression pattern of NtWEE! corresponds to findings in S. pombe where the Weel
protein is present throughout the cell cycle, but undergoes moderate oscillation with
the Weel protein level peaking in the phases corresponding to S and G2 (Aligue et
al., 1997).

The activity of the NtWEE1 protein was assessed by its ability to inhibit CDK
phosphorylation of histone H1 in a newly established WEE1 kinase inhibition assay.
Initially, the assay was applied to show that recombinant NtWEE1 produced in E. coli
has CDK inhibitory activity as previously shown for Z. mays and S. lycopersicum
WEEls (Sun et al., 1999; Gonzalez et al., 2007). Using the NtWEE1 antibody
NtWEE1 was immunoprecipitated from protein extracts obtained from samples of a
synchronized wild type N. tabacum BY-2 cell culture and mixed with purified CDKs

and histone H1 substrate in a kinase assay buffer. Correlating with the observed
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changes in WEEI protein levels, NtWEEI activity decreases markedly as the cells
enter the G2 phase, which is also consistent with the published data from H. sapiens
showing that active WEEI1 protein is not required when cells progress into mitosis
(McGowan and Russell, 1995). Hence both NtWEE1 protein levels and kinase

activity are sensitive markers of the onset of mitosis in N. tabacum BY-2 cells.

As previously mentioned, the Weel protein was originally isolated as a negative
regulator of cell division in S. pombe by having a well-defined role in delaying entry
into mitosis until the cell reaches a critical cell size (Fantes and Nurse, 1977).
A similar role in mitotic delay and cell size control has also been proposed for the
S. cerevisiae Swel (Jorgensen et al., 2002; Harvey and Kellogg, 2003). In general,
loss of Weel function leads to a premature entry of cells into mitosis resulting in a
small cell size. Whereas over-expression of Weel has the opposite effect leading to a
large cell phenotype due to a delay of mitotic entry (Russell and Nurse, 1987; Sun et
al., 1999; Walter et al., 2000, Sorrell et al., 2002; Harvey and Kellogg, 2003). These
findings link Weel activity with both timing of entry into mitosis and cell size
regulation. Sorrell et al. (2002) and Siciliano (2006) showed that over-expression of
AtWEEI in both S. pombe and A. thaliana causes large cell phenotypes. Similarly,
over-expression of SIWEE! in N. tabacum BY-2 cells results in a large cell phenotype
as a consequence of a lengthening of the G2 phase (Gonzalez et al., 2004). However,
surprisingly the over-expression of AtWEEI in N. tabacum BY-2 cells results in a
small cell phenotype as a consequence of a shortened G2 phase releasing the cells
prematurely into mitosis (Siciliano, 2006). The small mitotic cell phenotype indeed
resembles the phenotypes of Weel loss-of-function mutants described in both yeast
and animals (Walter et al., 2000; Harvey and Kellogg, 2003). More recently, it was
also reported in S. lycopersicum, where anti-sense SIWEE] plants display a reduced
mitotic cell size, which is caused by a shortening of G2 and a coincident premature
entry into mitosis. This finding was further supported by an increase in CDK kinase
activity caused by the impairment of SIWEE] kinase activity (Gonzalez et al., 2007).
Additionally, the small mitotic cell phenotype also resembles the phenotype of Cdc25
phosphatase gain-of-function mutants, which was shown by Orchard et al. (2005) by
the over-expression of S. pombe Cdc25 in N. tabacum BY-2 cells. The over-
expression of AtWEE! did not only result in a shortening of G2 and a premature entry

of the cells into mitosis, but also in a perturbation in the transcription pattern of the
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endogeneous NtWEE]. Its transcriptional peak was extended from four to six hours
resulting in the presence of the endogeneous NtWEE| transcript in M phase (Siciliano,
2006; Appendix D). The transcription of AtWEEI was found to increase during S
phase and decrease during M phase as previously shown for the S. lycopersicum
WEE1 when over-expressed in N. tabacum BY-2 cells (Gonzalez et al., 2004).
Another consequence of the induction of AtWEE] over-expression was a premature
peak of NtCDKB activity in early S phase compared to wild type and the ~DEX
control, where the NtCDKB activity peaks in early/mid G2 (Joubes et al., 2000,
Sorrell et al., 2001; Siciliano, 2006; Appendix D). Overall this could indicate that the
perturbation/shift in the transcription of the endogeneous NtWEE! triggers the
premature peak of NtCDKB activity, which is no longer inhibited by NtWEE! and
therefore forces the cells prematurely into mitosis. That CDKB is implicated in
promoting mitotic cell division coincides with findings by Boudolf et al. (2004)
showing that plants expressing a dominant negative CDKBI undergo enhanced

endoreduplication and that CDKBI1 activity is necessary for inhibiting the endocycle.

Based on the previous findings, the reduced mitotic cell phenotype was suggested to
be due to a transcriptional effect of the AtWEE1 over-expression. If both NtWEE1 and
AtWEE! transcripts are being translated into active protein, it would result in an
elevated level of active WEE1 protein. In the work presented in this thesis it was
indeed confirmed that the over-expression of AtWEEI increases the pool of total
WEEI! protein in the cells (Figure 28). In the synchronized N. tabacum BY-2 cells
+DEX the total WEEI protein level was increased by app. 20% in both S and G2.
Moreover, the elevated WEE1 protein level could still be detected at the G2/M border.
The WEEI kinase activity was also found to be increased by app. 37% in +DEX (hour
1) compared to ~DEX (hour 1) (Figure 29C) suggesting that the WEE1 kinase activity
in +DEX originates from both AtWEE1 and NtWEEL1. At this time it is not possible to
distinguish between the AtWEE1 and NtWEE! kinase activities using this WEE1
kinase assay. The fluctuation in total WEE1 protein level in -DEX resembled the one
of wild type, which showed that as the number of mitotic cells increases, both WEE1
protein and kinase activity decreases consistent with minimal WEE1 kinase activity
during mitosis. Since the NtWEE1 protein level peaks when the kinase activity is at
its minimum (hour 7) (Figure 29B and C) it might indicate an inactivation of WEE1

protein before its degradation. The mechanism that causes the inactivation of
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NtWEEI] protein is not currently known, but it is plausible that the mechanism could
either be inhibitory phosphorylations/deactivating dephosphorylations or binding of
inhibitor proteins (Parker et al., 1993; Tang et al., 1993; McGowan and Russell, 1995;
O’Connell et al., 1997; Harvey and Kellogg, 2003). If the elevated WEE1 protein
level in +DEX exceeds a specific threshold level within the cell it could be possible
that the protein is targeted for degradation. Depending on the rate of degradation of
the WEE1 protein this could very well be the force that drives the cells prematurely
into mitosis strongly suggesting that in plants as well as other eukaryotes WEEI

protein level and activity controls G2/M and the cells entry into mitosis.
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6.5 Summary

To gain a better knowledge of the behavior of the plant WEE1 during the cell cycle,
NtWEEI1 protein level and kinase activity was monitored in a synchronized wild type
N. tabacum BY-2 cell culture. This showed that as the number of mitotic cells
increases, the WEE1 protein decreases and so does the activity of the WEE1 protein
consistent with the idea that WEE1 kinase activity is no longer required when cells
enter mitosis. In addition, WEE1 protein level and kinase activity was also monitored
in a transgenic N. fabacum BY-2 cell line over-expressing AtWEEI. The over-
expression of AtWEEI caused a number of effects, such as a premature entry of the
cells into mitosis, an increase in total WEE] protein level and finally a presence of
active WEEI protein at the G2/M transition point. These findings clearly show that
WEEI] protein and kinase activity are regulated in a cell cycle-dependent manner and

indeed are sensitive indicators of the G2/M transition.
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"] Perturbation of AtWEEI alters the Stress

Response of A. thaliana Plants

7.1 Introduction

The Weel protein was originally isolated as a negative regulator of cell division in
S. pombe. Loss of Weel function resulted in a smaller cell size, due to premature
entry into mitosis and conversely, an increased Weel expression resulted in an
enlarged cell size, due to delayed entry into mitosis (Fantes and Nurse, 1977; Russell
and Nurse, 1987). These findings linked Weel activity with both timing of entry into
mitosis and regulation of cell size. Weel kinases have been widely reported in plants
(Sun et al., 1999; Sorrell et al., 2002; Vandepoele et al., 2002; Gonzalez et al., 2004;
Gonzalez et al., 2007; Guo et al., 2007). Consistent with the original findings in
S. pombe, over-expression of both A. thaliana and Z. mays WEEls in S. pombe causes
a significant increase in mitotic cell size (Sun et al., 1999; Sorrell et al., 2002).
AtWEE]! expression is confined to proliferative tissues of A. thaliana (Sorrell et al.,
2002) and the AtWEEI protein can phosphorylate CDKs (Shimotohno e? al., 2006)
suggesting a similar function of the plant WEEI to its homologues in other organisms.
Weel deficiency in yeast, X. laevis, D. melanogaster and M. musculus causes a
premature entry into mitosis leading to embryo lethality in the latter organism (Price
et al., 2000; Walter et al., 2000; Kellogg, 2003; Tominaga et al., 2006). Some
organisms encode multiple Weel-related kinases that have similar functions to those
of Weel e.g. XIWee2, SpMikl and the vertebrate Mytl (Lundgren et al., 1991;
Mueller et al., 1995; Leise and Mueller, 2002). The function of the SpMik1 kinase
partially overlaps the function of SpWeel, however only loss of Weel function results
in a smaller cell size (Lundgren et al., 1991; Kellogg, 2003). |

In contrast to yeast and animals, the DNA damage response in plants is only
beginning to be understood. In A4. thaliana most work on DNA damage response has
been done by analysis of loss-of-function mutants. Recently, the first insights into the
role of DNA replication and damage checkpoints in plants were revealed by the
characterization of the 4. thaliana knock-out mutants in genes encoding the ATM and

ATR kinases (Garcia et al., 2003; Culligan et al., 2004). ATM deficient plants are
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primarily hypersensitive to DNA-damaging agents, such as y-irradiation, but rather
insensitive to replication blocking agents, such as HU or aphidicolin (Garcia et al.,
2003). In contrast, ATR mutants are hypersensitive to replication blocking agents but
only mildly sensitive toward y-irradiation (Culligan et al., 2004). These findings
strongly indicate that the ATM/ATR genes have a central role in the response to both
stress-induced and developmentally programmed DNA damage and that the DNA
checkpoint signalling pathways are well-conserved in higher eukaryotes. In A.
thaliana, the WEEI kinase was recently shown to be a downstream target for the
ATR/ATM signaling cascade. Moreover, analysis of A. thaliana weel deficient
mutants showed that in contrast to the small cell phenotype and embryo lethality
reported for weel deficiency in other organisms, WEE] deficient plants were viable
and have no distinctive phenotype when grown under standard conditions (Inze and
De Veylder, 2006; De Schutter et al., 2007). However, exposing the AtWEEI
deficient plants to HU triggers a hypersensitivity response, as previously reported for
both Weel deficient yeast and D. melanogaster (Murakami and Nurse, 1999; Price et
al., 2000; Asano et al., 2005). HU treatment of AtWEE] deficient plants results in a
reduced primary root length phenotype, which is consistent with the phenotypes of
AtWEE1 over-expressing A. thaliana plants (Siciliano, 2006) indicating that AtWEEI
could have a role as negative cell cycle regulator capable of delaying mitotic entry of
cells. Although, a putative 4. thaliana CDC2S5 was only recently identified, studies of
positive regulation of the plant cell cycle have been performed by over-expressing
S. pombe Cdc25 in A. thaliana and N. tabacum plants, which resulted in an increase in
lateral root formation (McKibbin ez al., 1998; N. Spadafora unpublished results).
Recently, it was shown that the over-expression of the putative AtCDC25 in
A. thaliana plants did not result in an obvious phenotype similar to that of plants over-
expressing SpCdc25 (N. Spadafora, unpublished results) suggesting that AtCDC25
might not be a target of the DNA damaging signalling cascade.

To obtain a better knowledge of the role of AtWEE! during plant development, three
independent weel T-DNA insertion lines were phenotypically and biochemically
characterized both when grown under standard conditions and when exposed to the

DNA replication blocking agent, HU.
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7.2 Materials and Methods

7.2.1 A. thaliana Seed Stocks

Name Description Origin

Col-0 Wild type Lab collection
weel-1 (SALK_147968) ">  T-DNA insertion line NASC, UK
weel-3 (GABI_006C10) ' T-DNA insertion line NASC, UK

weel-5 (GABI 270E05) 2 T-DNA insertion line NASC, UK

! Lines were fully characterized in the work presented in this thesis
2 Lines were previously characterized and published by De Schutter et al. 2007 (weel-I and weel-5
lines characterized in this thesis correspond to the weel-2 (partially characterized) and weel-/ (fully

characterized) lines, respectively, reported in De Schutter et al. (2007))

7.2.2 Sterilization and Growth of A. thaliana Seeds

Wild type and transgenic 4. thaliana seeds (ecotype Columbia 0) were sterilized by
adding 1 mL of bleach solution (sodium hypochlorite 5.65% — 6% (Fisher Scientific)
and dH,0 (1:10)) to each tube containing seeds. The tubes were inverted thoroughly
and allowed to settle for 5 min. Then the majority of the bleach solution was pipetted
off and 1 mL of EtOH mix (EtOH, dH,O and bleach (7:2:1)) was added to each tube.
The tubes were inverted and flicked thoroughly and allowed to settle for S min. The
seeds were then washed three times in 1 mL of dH,O. Then the seeds were spread
onto a sterile filter paper (Whatman Grade 1) and transferred using sterile forceps to a
Petri dish containing MS agar (4.708 g/L MS basic salts (Duchefa), 30 g/L sucrose, 10
g/L agar). For selection of transgenic plants, seeds were germinated on MS agar plates
containing 20 pg/mL hygromycin. To induce germination, the seeds were stratified by
placing the plates at 4°C for 24 — 48 h. Plates were then transferred to a Sanyo growth
cabinet, where seeds were germinated and seedlings grown at 22°C with 16 h light
and 8 h dark per day.

7.2.3 A. thaliana Root Phenotype Analysis and Feulgen Staining

Root phenotype analysis was performed on 10 day old wild type and transgenic
A. thaliana seedlings. Initially, the primary root length was measured and afterwards
the seedlings were fixed directly on the MS agar plate by adding 8 mL fixative

(EtOH: glacial acetic acid (3:1)). Plates were left at room temperature for 30 min and
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then the fixative was decanted. Plates were wrapped in cling film and stored for 24 h
at 4°C. After 24 h seedlings were stained with Feulgen reagent (BDH Chemicals
Ltd.). Seedlings were washed for 5 min by adding 8 mL of dH,0 directly on the agar
plate and afterwards the dH,O was decanted and 8 mL of 5 M HCI was added to the
agar plate. Seedlings were incubated for 25 min at room temperature and subsequently
washed twice with 8 mL ice-cold dH,0 for 5 min. After the wash, 8 mL of Feulgen
stain was poured onto the plate and the seedlings were incubated for 2 h at room
temperature. Roots were analyzed by light microscopy using an Olympus BH2
microscope equipped with a 10x objective and the number of lateral roots and lateral
root primordia were scored. If seedlings could not be analyzed on the same day, the

agar plates were stored at 4°C until analysis.
7.2.4 DNA Extraction and Genotyping of A. thaliana

Genomic DNA was extracted from single leaves as described in Edwards et al. (1991)
by grinding the tissue for 10 s in a microcentrifuge tube using a pestle, then 400 uL of
Edwards extraction buffer (200 mM Tris-HCI pH 7.5, 250 mM NaCl, 25 mM EDTA,
0.5% SDS) was added and the sample was vortexed for 5 s followed by centrifugation
in an Eppendorf MiniSpin centrifuge for 1 min at full speed. 300 puL of the
supernatant was transferred to a fresh tube and added 300 pL room temperature
isopropanol. The sample was inverted, incubated at room temperature for 2 min and
centrifuged for 5 min at full speed in an Eppendorf MiniSpin centrifuge. The
supernatant was decanted and the pellet was air dried for 30 min. The pellet was
resuspended in 80 puL TE buffer (10 mM Tris-HCl pH 7.6, 1 mM EDTA). The
genomic DNA was checked by using 1 — 5 pL as template in a PCR. The remaining
DNA was stored at -20°C. Genotyping of 4. thaliana seedlings was performed by
PCR as described in section 3.5.

7.2.5 RNA Extraction, cDNA Synthesis and Semi-quantitative PCR

Total RNA was extracted from 4. thaliana seedlings and cDNA was synthesized as
described in sections 3.13 and 3.14, respectively. Transcript levels were analyzed
using semi-quantitative RT-PCR. Initially, the optimum number of cycles (where the
PCR product increases linearly with the number of cycles) was determined for both
18S rRNA (for normalization of cDNA content) and WEET1 (target gene). PCRs were

performed as described in section 3.5 using cDNA as template and primers P14+P15
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(18S rRNA) and primers P8+P9 (AtWEEI). A sample from each PCR was removed
every second cycle between cycles 16 and 40. Samples were analyzed by agarose gel
electrophoresis and the intensities of the bands were quantified and plotted against the
number of cycles. The number of cycles corresponding to the linear part of the plot
was determined for each gene. For the 18S rRNA and AtWEFE[ PCR amplifications 22
and 40 cycles, respectively, were necessary. PCRs were performed using this number
of cycles and the samples were analyzed by agarose gel electrophoresis. For each
sample the intensity of the band obtained from the AtWEEI PCR was normalized
against the intensity of the 18S rRNA PCR.

7.2.6 Protein Extraction and Western Blotting

Total protein was extracted from A. thaliana seedlings and analyzed by Western

blotting as described in sections 3.15 and 3.17, respectively.
7.2.7 CDK and WEE1 Immunoprecipitations and Kinase Assay

Immunoprecipitations of CDK and WEE1 from 4. thaliana seedling protein extracts

and kinase assays were performed as described in section 3.18.
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7.3 Results

7.3.1 Identification and Analysis of weel T-DNA Lines

Several collections of A. thaliana plant lines with large segments of DNA randomly
inserted in the genome have been generated (Krysan et al., 1996; Krysan et al., 1999),

and today more than 300,000 such lines can be obtained from stock centres.

Three A. thaliana T-DNA insertion lines potentially carrying insertions in the WEE!
gene were identified using the Salk Institute Genomic Analysis Laboratory (SIGnAL)
T-DNA Express search engine (http://signal.salk.edu/cgi-bin/tdnaexpress). These lines
were designated weel-1, weel-3 and weel-5. The weel-1 line originates from the
SALK collection of T-DNA insertion lines (Alonso et al., 2003). This insertion allele
is predicted to carry the T-DNA insertion in the second exon. The weel-3 and weel-5
lines originate from the GABI-Kat collection of T-DNA insertion lines (Rosso et al.,
2003). These insertion alleles are predicted to carry the T-DNA insertion in the 5’-
UTR and in seventh intron, respectively (Figure 30A). Initially, seeds from all lines
were grown on MS agar plates and after two weeks leaf material was harvested and
seedlings were genotyped (Figure 30B). Genotyping was done by PCR using primers
specific for the wild type allele (weel-1 (P1+P4a), weel-3 (P1+P2) and weel-5
(P4b+P3)) and a PCR using a primer specific for the insertion allele and a gene-
specific primer (weel-1 (P1+P5), weel-3 (P6+P2), weel-5 (P4b+P6)). PCR products
of the expected sizes were obtained for all lines confirming the positions of the
T-DNA insertions. For all lines, seedlings were obtained that were homozygous for
the insertion, which subsequently were checked for the presence of transcript (Figure
30C). For this purpose RNA was extracted and cDNA synthesised from seven day old
homozygous seedlings. In order to analyze transcription both upstream and
downstream of the insertion the following regions were amplified: PCR1 (P7+P9),
PCR2 (P8+P10), PCR3 (P11+P13) and PCR4 (P12+P13) (Figure 30A).
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Figure 30 - Genotyping of weel T-DNA lines. A) Schematic diagram of the WEE1 gene (to scale)
with USS/promoter (light grey), 5’-UTR (forward tilted stripes), exons (black (encoding the N-
terminal regulatory domain) and grey (encoding the C-terminal catalytic domain)), introns
(black lines) and 3’-UTR (backward tilted stripes). The relative positions of the three weel
insertions are shown as well as the orientation of the left border of the T-DNA (P5 and P6).
Primers used for genotyping (numbered arrows) and the PCRs performed in the transcriptional
analysis of the weel T-DNA lines (PCR1 (P7+P8), PCR2 (P8+P10), PCR3 (P11+P13) and PCR4
(P12+P13)) are shown. B) Genotyping PCRs of the three weel alleles made on gDNA. C)
Transcriptional analysis of weel T-DNA lines. B) Transcriptional analysis of the three weel

alleles made on both gDNA and ¢cDNA. Crosses (X) denotes PCRs that could not be performed.
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WEE]I transcripts could be detected in all lines (Figure 30C). For weel-1, transcript
was detected both upstream (PCR1) and downstream (PCR3 and 4) of the T-DNA
insertion, suggesting that transcription is activated both from the native AtWEE]
promoter and from inside the T-DNA. For weel-3, transcript was detected
downstream (PCR2, 3 and 4) of the T-DNA insertion, suggesting that that a full-
length WEEI is present. For weel-5, transcript was detected both upstream (PCRI1
and 2) and downstream (PCR4) of the T-DNA insertion, which again suggests that
transcription is activated both from the native AtWEE1 promoter and from inside the
T-DNA.

7.3.2 Perturbation of WEEI does not have a Major Effect on the

Seedling Phenotype when grown under Standard Conditions

The phenotypic appearance of the three weel T-DNA lines were examined and
compared to wild type seedlings, when grown under standard conditions (Figure
31A). Wild type seedlings and seedlings from the weel-1, weel-3 and weel-5 line
were grown vertically on MS agar plates and after 10 days of incubation the root
lengths of the transgenic seedlings were measured and then the seedlings were
Feulgen stained and the number of lateral roots and lateral root primordia was counted

(Figure 31B and C).

From the primary root phenotypic analysis it is evident that when grown under normal
conditions no obvious mutant phenotypes were observed for weel-3 and weel-5
however a mild phenotype was observed for the weel-I line where the primary root
length was significantly decreased by 15% (P<0.05). However although the primary
root length of weel-3 and weel-5 was not significantly different (P>0.05) to that of
wild type, they had a highly significant increase in the total number of lateral roots
and lateral root primordia per mm primary root length of 45% (P<0.001) and 56%
(P<0.001), respectively, when compared to wild type. This resulted in a higher ratio
of total number of lateral roots and lateral root primordia per mm primary root in
weel-3 and weel-5 of 0.32 and 0.35, respectively, compared to wild type, where the
ratio was 0.17, thus indicating a faster lateral root initiation in wee/-3 and weel-5.
weel-1 was found to have a strongly significant decrease in the total number of lateral
roots and lateral root primordia of 45% (P<0.01) compared to wild type, which

thereby resulted in a decreased ratio of total number of lateral roots and lateral root
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primordia per mm primary root of 0.11 suggesting a slower lateral root initiation

compared to that of wild type.
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|mm) (n) (P)
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Figure 31 - Root phenotype of weel-1, weel-3 and weel-5 compared to wild type. A) Wild type,
weel-1, weel-3 and weel-5 seedlings grown on MS agar plates. Bar represent S mm. B) The sum
of the mean (+SE) number of lateral roots and lateral root primordia as a function of the mean
(£SE) root length for wild type, weel-1, weel-3 and weel-5 seedlings grown on MS agar plates. C)
Mean (+SE) primary root length and mean (+SE) number of lateral roots and lateral root

primordia, number of replicates and Student’s t-test data.
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For the analysis of the WEEI transcript levels in wild type and weel-1, weel-3 and
weel-5, seeds were germinated on MS agar, grown for 7 days and harvested for RNA
extraction. Semi-quantitative RT-PCR was performed on cDNA synthesized from the
extracted RNA using primers P8+P9, which amplify the first exon ofAtWEEI (Figure
32). Transcript levels in the three weel T-DNA lines showed that weel-3 and weel-5
transcript is significantly down-regulated by 35% (P<0.05) and 25% (P<0.05),
respectively, compared to wild type. In the case of weel-1, AtWEEI transcript level

was not found to be significantly different to that of wild type (P>0.05).

£ 100
m  wild type
D weel-1(+)
n weel-3(--)
weel-5(V-)
in 20

Figure 32 - Mean (+SE) WEEI transcript levels of wild type and the weel-1, weel-3 and weel-5
T-DNA insertion lines. WEEI transcript levels were determined by semi-quantitative RT-PCR
using primers P8+P9 and normalized using 18S rRNA (P14+P15). Transcript levels were
obtained from triplicate experiments and quantified as a percentage of maximum (n=3). The
significance of the decrease in transcript levels of weel-1, weel-3 and weel-5 compared to wild
type transcript levels was assessed by Student’s t-test (NS not significant, * P<0.05)

AtWEEI] protein levels were detected by Western blotting using an antibody raised
against a peptide in the N-terminal regulatory domain of NtWEEI protein (amino
acids 89 - 101 encoded in the first exon of the NtWEE! gene, which corresponds to
amino acids 74 - 85 encoded in the first exon of AtWEEI gene), which was found to
cross-react with the AtWEEl protein as shown in 6.3.1. As expected from the
transcript levels, the weel protein levels were highly significantly down-regulated in
weel-3 and weel-5 by 70% (P<0.01) and 60% (P<0.01), respectively, when compared
to wild type (Figure 33). For weel-1 a 30% (P<0.01) decrease in protein level was
observed, which was also a significant down-regulation compared to wild type
AtWEEI protein levels suggesting that although transcript is produced in comparable

levels to wild type, the T-DNA insertion in the second exon of WEEI could result in
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an inefficient translation of the protein or in a reduced stability of the produced

protein.
A
A wild type
o weol-1 (V-)
| weel-3 (+4)
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B

WEE1 ~ 56 kDa

loading control

Figure 33 - WEE1 protein levels of wild type and the weel-1, weel-3 and weel-5 T-DNA insertion
lines. A) Mean (+SE) WEE1 protein levels were determined by Western blotting of samples
obtained from triplicate experiments and the intensity of the bands were quantified as a
percentage of maximum (n=3). The significance of the decrease in protein levels of weel-1, weel-3
and weel-5 compared to wild type protein levels was assessed by Student’s t-test (** P<0.01). B)

Representative Western blot and the corresponding Coomassie stain loading control.

7.3.3 Perturbation of WEEI causes Plants to exhibit an Increased

Hypersensitivity Response upon HU Treatment

In D. melanogaster, yeast and A. thaliana Weel deficient mutants are extremely
sensitive towards HU presumably reflecting a requirement for Weel activity for a
fully functional DNA replication checkpoint (Murakami and Nurse, 1999; Price et al.,
2000; Asano et al., 2005). HU arrests cells during S-phase by inhibition of
ribonucleotide reductase (RNR) and thereby directly blocks DN A replication (Eklund
etal., 2001).
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Figure 34 - Root phenotype of weel-1, weel-3 and weel-5 compared to wild type. A) Wild type,
weel-1, weel-3 and weel-5 seedlings grown on MS agar plates with (+HU) and without 1 mM HU
(-HU). Bar represent S mm. B) The sum of the mean (=SE) number of lateral roots and lateral
root primordia as a function of the mean (£SE) root length (xtHU). The inserted graph represents
a close-up of the weel-1 and weel-5 +HU. C) Mean (+SE) primary root length and mean (+SE)
number of lateral roots and lateral root primordia, number of replicates and Student’s t-test

data.
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To investigate the HU sensitivity of weel-1, weel-3 and weel-5 compared to wild
type, seeds were germinated and grown vertically on MS agar plates in the presence
or in the absence of 1 mM HU. After 10 days the phenotypical appearance of the
plants was assessed (Figure 34A). Additionally, the primary root lengths of the
transgenic seedlings were measured, the seedlings were Feulgen stained and the

number of lateral roots and lateral root primordia was counted (Figure 34B and C).

Upon HU treatment weel-1 and weel-5 lines were found to exhibit an extreme
hypersensitive response resulting in a highly significant decrease in primary root
length of 80% (P<0.001) and 89% (P<0.001), respectively, when compared to the
respective untreated controls. Also the number of total number of lateral roots and
lateral root primordia per mm primary root length was significantly decreased by 86%
(P<0.001) and 95% (P<0.001). Despite the extreme hypersensitivity response towards
HU of the weel-1 line the ratio of the number of lateral roots and lateral root
primordia per mm primary root length of 0.09 still resembled the wild type ratio of
0.10 (Table 9). In response to the HU treatment the primary root length and the total
number of lateral root and lateral root primordia of wild type were also found to be
highly significantly decreased by 16% (P<0.001) and 51% (P<0.001), respectively. In
the case of weel-3 the primary root length and the total number of lateral roots and
lateral root primordia were also highly significantly decreased by 40% (P<0.001) and
57% (P<0.001), respectively. Furthermore, the ratios of total number of lateral roots
and lateral root primordia per mm primary root of weel-3 and weel-5 of 0.22 and
0.17, respectively, were still increased with app. 50% compared to wild type, which
was also found for the seedlings not treated with HU. It is therefore evident that HU
treatment affects the root morphogenesis in both wild type and weel T-DNA lines by
decreasing the lateral root production.

Table 9 — Ratio of total number of lateral roots and lateral root primordia per mm primary root

length in wild type, weel-1, weel-3 and weel-5

Ratio of total number of lateral roots +
lateral root primordia / mm primary root length

-HU +HU
wild type 0.17 0.10
weel-1 0.1 0.09
weel-3 0.32 022 :
weel-5 0.35 0.17
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For the analysis of the WEEI transcriptional response to HU, wild type and weel-1,
weel-3 and weel-5 seeds were germinated on MS agar, grown for 6 days and
subsequently transferred onto MS agar supplemented with 1 mM HU. Seedlings were
exposed to the HU for 24 hours and harvested for RNA extraction. Semi-quantitative
RT-PCR was performed on cDNA synthesized from the extracted RNA using primers
P8+P9, which amplify the first exon of AtWEEI (Figure 35).

m w*] type

wM type +HU
o weel-1(V-)
O weel-1 (-4) HU
n weel-3 ()
~ weel-3 (+-) HU
wee -5 (-/-)

> U

weel-5

I[Uzo
£ 0

Figure 35 - Mean (=SE) WEEI transcript levels of wild type and the weel-1, weel-3 and weel-5
T-DNA insertion lines after 24 hours treatment with 1 mM HU (+HU) compared to the non-
treated controls (-HU) (Figure 32). WEEI transcript levels were determined by semi-quantitative
RT-PCR using primers P8+P9 and normalized using 18S rRNA. Transcript levels were obtained
from triplicate experiments and quantified as a percentage of maximum (n=3). The significance
of the increase in transcript levels of weel-1, weel-3 and weel-5 compared to wild type transcript

levels was assessed by Student’s t-test (NS not significant, * P<0.05)

In wild type seedlings the WEEI transcript levels were not significantly up-regulated
(P>0.05) after 24 hours of treatment with 1 mM HU. However, in the case of weel-1
and weel-3 the WEEI transcripts were found to be significantly up-regulated by 15%
(P<0.05) and 20% (P<0.05), respectively. Although a 20% increase in WEEI]
transcript level was observed for weel-5 this increase was not statistically significant
(P>0.05). However, it is evident that the standard error bars of weel-5 tHU AtWEEI
transcript levels do not overlap (Figure 35), so it is likely that the 20% increase may
be significant. The increase was found to be not significant in the Student’s t-test
because of the number of replications of the experiments. The AtWEEI! transcript
analysis was based on an average of triplicate experiments, which is the minimum

number of replications needed for a Student’s t-test.
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Total protein was extracted from the harvested seedling material and AtWEEI protein
levels were detected by Western blotting using an NtWEEI antibody as previously
described in 7.3.2 (Figure 36A and B). Based on the somewhat up-regulated transcript
levels upon HU treatment, it could be expected that the protein levels of the HU
treated seedlings would be up-regulated as well. However, upon HU treatment wild
type and weel-1 WEE1 protein levels were found to be significantly decreased by
44% (P<0.01) and 30% (P<0.05), respectively.

A
m  wild type

£§ wild type +HU

o weel-1 ()

o weel-1 (V) +HU
n weel3 (1)

A weet-3(-/-)+HU
g weef-5 (1)

gg weel-5 (19 +HU

WEE1 ~ 56 kDa

loading control

Figure 36 - Mean (+SE) WEEI protein levels of wild type and the weel-1, weel-3 and weel-5 T-
DNA insertion lines after 24 hours treatment with 1 mM HU (+HU) compared to the non-treated
controls (-HU) (Figure 33). A) WEE1 protein levels were determined by Western blotting of
samples obtained from triplicate experiments and the intensity of the bands were quantified as a
percentage of maximum (n=3). The significance of the decrease in protein levels of weel-1, weel-3
and weel-5 compared to wild type protein levels was assessed by Student’s t-test (NS not
significant, * P<0.05, ** P<0.01). B) Representative Western blots and the corresponding

Coomassie stain loading controls.

Although the WEE1 protein levels were decreased by 18% (P>0.05) and 60%

(P>0.05) in weel-3 and weel-5, respectively, upon HU treatment, these decreases
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were found not to be statistically significant compared to the untreated controls. In the
case of weel-5, it is evident that the standard error bars of AtWEEI protein levels
+HU do not overlap (Figure 36A), so in this case it is likely that the 60% decrease
may be significant. Again the decrease was probably found to be not significant in the
Student’s t-test because of the number of replications of the experiments. The
AtWEE!] protein level determination was based on an average of triplicate
experiments. From the analysis of the AtWEEI transcript and protein levels it is
evident that HU treatment to some extent up-regulates A¢tWEEI transcript, however
the overall decrease in AtWEE 1 protein levels suggests that HU treatment causes the
transcript produced to be inefficiently translated and/or the protein produced to have a
reduced stability. Although WEE1 protein is present it does not necessarily mean that
the protein is active. Therefore, the WEE1 kinase activity was assayed by its ability to
inhibit CDK activity. For the assay WEE1 protein was immunoprecipitated from total
protein extracts extracted from wild type seedlings and seedlings from the weel-1,
weel-3 and weel-5 T-DNA insertion lines, respectively, grown in the presence (+HU)

or in the absence (-HU) of 1 mM HU.

- m Wttype
wild type +HU
o weef-f (1)
g weel-1 (9 +HU
. a weel-3(t)
weel-3 (+-) +HU
a Weel5(4)
weef-5 (Wi§-+HU

Figure 37 - Mean (£SE) WEEI kinase activity levels of wild type and the weel-1, weel-3 and
weel-5 T-DNA insertion lines after 24 hours treatment with 1 mM HU (+HU) compared to non-
treated controls (-HU). WEE1 protein was immunoprecipitated from total protein extracts from
wild type seedlings and seedlings from the weel-1, weel-3 and weel-5 T-DNA insertion lines,
respectively, and mixed with CDKs purified from wild type A. thaliana seedling protein extracts
using pl3sucl beads and histone HI as substrate in a kinase assay buffer. Samples obtained from
duplicate experiments (n=2) and the intensity of the bands were quantified and WEE1 Kkinase
activity was expressed as the reciprocal of CDK activity (1/CDK activity x 103). The significance
of the changes in WEE1 Kkinase activity of weel-1, weel-3 and weel-5 tHU was assessed by

Student’s t-test (NS not significant, * P<0.05)
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The immunoprecipitated WEE]1 protein was mixed with CDKs purified from wild
type A. thaliana seedling protein extracts using p13°Y“! beads and histone H1 as
substrate in a kinase assay buffer (Figure 37). From the WEEI kinase activity
measurements it is evident that the WEE1 kinase activity in wild type seedlings
increased significantly by 30% (P<0.05) compared to the un-treated control. In
contrast the kinase activity of weel-1, weel-3 and weel-5 was not significantly
increased (P>0.05 in all cases) upon HU treatment suggesting that the WEE! protein
produced in these lines is not activated by HU treatment and that these lines might not
be capable of inducing a checkpoint. It is notable that the basal WEE1 kinase activity
of weel-1 (—HU) is increased by 14% compared to the basal WEE1 kinase activity of
wild type (-HU), however this increase was found not to be significant (P>0.05).
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7.4 Discussion

To study the role of AtWEEI during plant development three A. thaliana T-DNA
insertion lines potentially carrying insertions in the WEE gene were analyzed. The
insertion alleles were predicted to carry the T-DNA insertion in the second exon
(weel-1), in the 5’-UTR (weel-3) and in the seventh intron (weel-5). The T-DNA
insertions were confirmed by PCR and genotyping revealed that seedlings
homozygous for the insertion allele could be obtained from all three lines potentially
resulting in WEE] deficient mutants. In yeast, Weel loss-of-function causes cells to
enter mitosis before sufficient growth has occurred resulting in daughter cells that are
smaller than normal (Kellogg 2003) and more crucially in M musculus Weel
deficiency causes embryo lethality (Tominaga et al., 2006). Concurrent and
independently of the work presented in this thesis, two of these lines (weel-I and
weel-5) were characterized and published by De Schutter ez al. (2007). The findings
showed that these two lines were deficient in WEE1 transcript and for the weel T-
DNA line corresponding to weel-5, the truncated version of the AtWEEI protein was
over-expressed in S. pombe, which resulted in an inability of the cells to induce cell
cycle arrest, thus demonstrating that a complete WEE1 kinase domain is necessary for
WEET1 function. Interestingly, the At#WEFE1 deficient plants were reported to be viable
and have no distinctive phenotype when grown under standard conditions (De
Schutter et al., 2007). To investigate whether the homozygous weel T-DNA lines
analyzed in the work were also WEE! deficient mutants, the lines were analyzed for
the presence of WEE]I transcript both upstream and downstream of the insertion sites
(Figure 38). Surprisingly, WEEI transcript was detected in all lines however full-
length WEEI transcript was only detected in wild type and wee/-3. The presence of
transcript in the weel-1 and weel-5 lines counteracts the findings by De Schutter ez
al. (2007). However, in that report the characterized wee! T-DNA lines were not
analyzed for the presence of either transcript upstream and downstream of the
insertion. The absence of WEE! transcript was based exclusively on RT-PCR using
primers that anneal to the coding sequence of WEE! flanking the T-DNA insertion

site.

It is assumed that the transcription of weel-3 originates from the T-DNA insertion

located in the 5’-UTR, which most likely separates the native AtWEE1 promoter and
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the AtWEEI gene. Therefore, this line might show an altered WEE! expression, since

the gene is no longer transcribed from its original promoter.

102 +1 -*1458 -»2720
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1-1 (4-
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Figure 38 - Models of wild type and the weel T-DNA lines weel-1, weel-3 and weel-5 showing
the 5°UTR, the N-terminal regulatory domain and the C-terminal catalytic domain including the
T-DNA insertion sites (black triangles), the recognition site for the NtWEEI antibody (solid black
lines), the segment (exon 1) amplified in semi-quantitative RT-PCR (solid grey lines) and the
parts of AtWEEI transcript that have been confirmed by RT-PCR (dashed lines). Solid black
bars represent the presumed WEE1 protein present in the weel-1, weel-3 and weel-5 lines and
the grey graduated bars represent WEE1 protein, which presence is unknown.

In the case of weel-5, in which the insertion is located in the seventh exon, the
activation of transcription is likely to originate from the native promoter possibly
resulting in a truncated transcript and protein. It is likely that the function of
trunctated protein is different to the function of the wild type AtWEE 1 protein. The
transcript detected downstream of the insertion is probably initiated within the
T-DNA, which could result in the production of a protein corresponding to the
C-terminal part of the WEE1 protein. However, since the transcript is not produced
from the native AtWEEI promoter it cannot be assumed that the transcriptional

regulation resembles that of wild type AtWEEI gene. Furthermore, the peptide
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produced from this transcript could potentially posses catalytic function. However,
due to the absence of the regulatory domain, it is unlikely that this peptide functions
as a normal AtWEEL! protein. In the case of the weel-1 line, the native promoter is
most likely responsible for the transcription of the WEE!I gene up to the T-DNA
insertion in the second exon and the transcription could likely be continued into the T-
DNA. The exact size of the transcript is currently not known, but could be resolved by
Northern blotting using a probe that recognizes the first exon of the AtWEEI gene.
Protein is possibly being produced from this transcript but again, the size and activity
of this protein are unknown. Similar to weel-5, an additional transcript was detected
downstream of the T-DNA insertion in wee/-/ likely initiated within the T-DNA. The
protein produced from this additional transcript contains the entire catalytic domain
therefore it is possible that this protein functions as a normal AtWEE1 protein. In
general, activation of transcription from within the T-DNA is not considered as an
infrequent event and was previously reported for A. thaliana lines carrying T-DNA
insertions in NADPH: Protochlorophyllide oxidoreductase C (porC) and in Resistance
to fusarium oxysporum 1(rfo), respectively (Masuda et al., 2003; Diener and Ausubel,
2005). It is evident that the T-DNA insertions in the WEEI gene do not result in
WEE]! deficient mutants, but rather in independent plant lines carrying a perturbed
version of the WEE] gene.

According to De Schutter et al. (2007), the weel T-DNA lines have no distinctive
phenotype when grown under standard conditions. However, it is evident from the
analyses performed in this work that the weel-I line has a significantly reduced
primary root length of 15% (P<0.05) compared to wild type. This could be an effect
of the transcription driven from the T-DNA insertion in the second exon, since it is
evident from S. pombe that truncation of the N-terminal domain of Weel interferes
with the timing of mitosis (Aligue er al., 1997). Moreover, phosphorylation of the
N-terminal domain of SpWeel dramatically reduces Weel activity suggesting that the
N-terminal domain is necessary for negative regulation of Weel (Tang et al., 1993).
Interestingly, the short primary root phenotype is also found in plants constitutively
over-expressing AtWEEI, which were found to have an average decrease in primary
root length of 20% (P<0.001) when compared to wild type (data not shown). In the
AtWEE] over-expressing plants, the delayed primary root growth could possibly be

the consequence of the elevated levels AtWEE1 causing the cells to arrest in G2 by
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inactivating the CDK/cyclin complex. Similar findings were previously reported in
plants over-expressing the A. thaliana SUC1/CKS1 homologue, AtCKS1, where
reduction in the primary root growth was found to be caused by prolonged cell cycle
duration (De Veylder at al., 2001a). In the weel/-1 line the ratio of total number of
lateral roots and lateral root primordia per mm primary root was found to be 0.10,
which is a significant decrease of app. 50% (P<0.01) compared to wild type. Also in
the plants constitutively over-expressing AtWEE] this ratio is found to significantly
decrease by app. 60% (P<0.001) compared to wild type (data not shown).
Interestingly, Himanen et al. (2002) suggested a role for the A. thaliana CDK
inhibitor KRP2 in root branching, since over-expression of this gene reduced the
number of lateral roots by 60%. On a similar basis, this could link AtWEEI with
lateral root initiation and root branching. Although the primary root phenotype of the
weel-3 and weel-5 lines is not significantly different (P>0.05) to that of wild type a
closer examination showed that the ratio of total number of lateral roots and lateral
root primordia per mm primary root length was 0.32 and 0.34, respectively. This is a
highly significant increase of app. 50% (P<0.001) compared to wild type, suggesting
that the root branching pattern in these lines is similar to what would be expected for
plants free of WEEI suppression, such as CDC25 over-expressing plants. Previous
studies of positive regulation of the plant cell cycle have shown that the over-
expression of S. pombe Cdc25 in both A. thaliana and N. tabacum plants increases the
lateral root production (McKibbin et al., 1998; N. Spadafora unpublished results),

which is indeed observed for weel-3 and weel-5.

Semi-quantitative RT-PCR analysis was performed using primers that amplify the
first exon of AtWEE1 (Figure 38). The analysis indicated that the weel-I line
produces WEE] transcript at a comparable level to wild type, however the WEE]
transcript level in weel-3 and weel-5 was found to be significantly down-regulated by
35% and 25%, respectively (P<0.05). In the case of weel-1 it should be emphasized
that although the transcript is produced from the native AtWEEI promoter, AtWEE] is
only transcribed up to the T-DNA insertion thereafter most likely transcription
continues into the T-DNA. Furthermore, the analysis suggests that the transcriptional
activation from the T-DNA insertion in the 5’-UTR of the weel-3 line either down-
regulates the transcription of AtWEEI or reduces the stability of the produced
AtWEEI transcript. In the case of weel-3, the T-DNA insertion in the seventh intron,
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resulting in a truncated transcript, could reduce the stability of the transcript. The
phenotype of the weel-I line resembles the one of a WEEI over-expressing line
suggesting a possible up-regulation of the WEE] transcript produced downstream of
the T-DNA insertion relative to WEEI transcript in wild type plants. To investigate if
this was causing the WEE1 over-expressing phenotype of the weel-1 line, semi-
quantitative RT-PCR was performed using primers (P11+P13) which amplify the
sequence encoding the catalytic domain of AtWEE1l (PCR3) (Figure 38).
Surprisingly, weel-1 was found to produce this transcript at a comparable level to
wild type (data not shown) suggesting that another reason has to be sought for the
weel-1 phenotype.

The AtWEEI1 protein levels of wild type, weel-1, weel-3 and weel-5 lines were
determined by Western blotting using an NtWEE1 antibody that recognizes amino
acids 74 — 85 of AtWEEI protein encoded by nucleotides 222 — 255 in the first exon
of the AtWEE! gene (Figure 38). Consistent with the down-regulated transcript levels,
weel-3 and weel-5 were also found to have significantly down-regulated protein
levels of 70% (P<0.01) and 60% (P<0.01), respectively, when compared to the wild
type WEEI protein level. Although the WEEI transcript level of weel-1 was
comparable to that of wild type, the protein level was found to be significantly down-
regulated by 30% (P<0.01) suggesting a reduced stability of the produced protein.
However, it could have been expected that the T-DNA insertion in the second exon of
AtWEEI would have a stabilizing effect on the WEE1 protein, since an analysis of
H. sapiens Weel showed that the N-terminal domain contains a degradation signal
that regulates the normal turn-over and thereby the stability of the protein (Wang et
al., 2000).

Although the weel T-DNA lines were found to both transcribe and translate WEE], it
does not necessarily imply that the protein is functional. WEE1 proteins were
immunoprecipitated from proteins extracted from seven day old seedlings. The kinase
activity of the immunoprecipitated WEE1 proteins was assessed by their ability to
inhibit the ability of CDK to phosphorylate histone H1 in vitro. Surprisingly, the
weel-1, weel-3 and weel-5 lines were found to have similar basal levels of WEE1
kinase activity as that of wild type although the weel/ T-DNA lines showed strongly
significant reductions in AtWEEI protein levels compared to wild type. A reason for

this observation could be that the basal level of AtWEE1 activity is actually a
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minimum activity level that is present under standard growth conditions. This is
consistent with De Schutter et al. (2007), who showed that both wild type and a wee!
T-DNA line (the weel-5 line in this thesis) grown under standard conditions was not
capable of mediating tyrosine phosphorylation of CDKs, which is regarded as a
measure for WEE1 kinase activity (Parker and Piwnica-Worms, 1992).

Previous reports have shown that wee/ mutants in yeast, D. melanogaster and now
also in A. thaliana exhibit an extreme sensitivity towards HU presumably reflecting a
requirement for Weel activity for a fully functional DNA replication checkpoint
(Murakami and Nurse, 1999; Price et al., 2000; Asano et al., 2005). Therefore, the
DNA damage response in weel-1, weel-3 and weel-5 was assessed by a 24 h
exposure of seedlings to 1 mM HU. Consistent with De Schutter et al. (2007), the
weel-1, weel-3 and weel-5 lines exhibited an extreme sensitivity towards HU
resulting in a highly significant decrease in primary root length of 80% (P<0.001),
40% (P<0.001) and 89% (P<0.001), respectively, when compared to untreated
controls. The weel T-DNA lines were found to be more responsive towards HU
treatment than wild type, in which the primary root length decreased by only 15%
(P<0.001). The extreme hypersensitivity response of the weel-1 and weel-5 line
suggests that the T-DNA insertions located in the second exon and in the seventh
intron, respectively, have a more prominent effect on the stress response of the plants
compared to the weel-3 line, where the insertion is in the 5°’-UTR, which presumably
only perturbs the WEE expression and does not result in truncation or perturbation of
transcript or protein. Also the ratio of total number of lateral roots and lateral root
primordia per mm primary root found to be significantly decreased by 18%
(P<0.001), 31% (P<0.001) and 51% (P<0.001) in weel-1, weel-3, weel-5,
respectively, compared with a 41% (P<0.001) decrease in the ratio for wild type. This
clearly implies that HU treatment affects root development in both wild type and the
weel T-DNA lines by decreasing the lateral root production and thereby minimizing

the roots exposure to HU.

De Schutter et al. (2007) showed that in wild type 4. thaliana cell cultures AtWEE] is
transcriptionally activated upon HU treatment in an ATM/ATR-dependent manner
thereby making AtWEE! a downstream target gene of the ATM/ATR signalling
cascade. However, in the work presented in this thesis, wild type AtWEEI was not

found to be significantly up-regulated upon HU treatment. This could probably be due
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to the concentration of HU used in the experiment, since it is possible HU activates
AtWEE] transcription in a dose-dependent manner. The fact that the RT-PCR was
performed on cDNA synthesized from RNA extracts obtained from whole A. thaliana
seedlings could also be a reason for not observing increased AtWEE] transcript levels,
since De Schutter et al. (2007) showed that AtWEE1 expression upon HU treatment
was confined to the root apical meristem, which only constitutes a small fraction of a
whole seedling. However, the transcript levels of the weel-1, weel-3 and weel-5 lines
were increased by 15% — 20%, respectively, when compared to untreated controls.
This suggests that the perturbation of AtWEE! greatly influences the plants response
towards HU and because an increase in AtWEEI transcript level was observed in
weel-1, it could be speculated that the HU treatment influences regulatory elements of
the native AtWEE promoter, since it is evident that only the first exon of the AtWEE1
gene was analyzed in the semi-quantitative RT-PCR analysis. However, although the
transcript was found to be up-regulated, surprisingly this did not result in a
corresponding up-regulation of protein levels. In the weel-1, weel-3 and weel-5
lines, the AtWEE]1 protein levels were reduced by 30%, 18% and 60%, respectively,
suggesting that proteins with reduced stability are produced from these transcripts.
Also in wild type, the AtWEE1 protein level was significantly decreased by 44%
(P<0.01) upon HU treatment despite the fact that the transcript level was not affected
upon HU treatment. In the case of the weel T-DNA lines it could be speculated that
the WEEI transcripts result in the production of unstable transcripts, inefficient
translation of transcripts or that the proteins produced are less stable and more easily
degraded. In yeast, X. laevis and H. sapiens protein degradation is one of the main
ways of regulating Weel protein levels within the cells (Michael and Newport, 1998;
Sia et al., 1998; Goes and Martin, 2001; Watanabe et al., 2004, Watanabe et al.,
2005). For both wild type and the weel T-DNA insertion lines to maintain the
response towards HU it is necessary to increase the transcription of WEE]! in order to
compensate for the rapid turn-over of WEEI protein. The WEE1 kinase activity of
wild type and the weel T-DNA lines was assayed upon HU treatment and consistent
with the findings by De Schutter et al. (2007) the WEE1 kinase activity of wild type
was found to significantly increase by 30% (P<0.05), indicating that WEE1 kinase
activity rather than WEE1 protein level is a determinant for checkpoint control.

However, upon HU treatment enhanced WEE!1 activities were not observed for the
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weel T-DNA lines suggesting that the WEE1 proteins produced in these lines are not
activated by HU treatment. As a consequence, these lines might not be capable of
activating G2 arrest leading to the dramatic reduction in primary root length and

decreases the lateral root production.
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7.5 Summary

To obtain a better knowledge of the role of AtWEE! during normal plant development
three independent wee! T-DNA lines carrying perturbed versions of the weel gene
were analyzed. Generally, under normal growth conditions the weel T-DNA lines do
not have an obvious mutant phenotype, but by closer examination it is evident that the
root development is affected. Exposure of the weel T-DNA lines to HU triggers a
hypersensitivity response resulting in a reduced primary root phenotype and a
decrease in lateral root production. A clear pattern combining phenotype, transcript,
protein and kinase activity levels in the three wee/ T-DNA lines could not be easily
made. However, it is evident that the position of the T-DNA actually greatly affects

all of these parameters.
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8 General Discussion and Perspectives

The basis of the work presented in this thesis was to investigate the function of a plant
cell cycle checkpoint and attempt to link known features of the yeast and mammalian
G2/M model to the plant model. Of particular interest was to obtain a better
knowledge of the mechanisms that regulate AtCDC25 and AtWEEI] activities by
identifying interaction partners for the two proteins (Chapter 4 and 5). In addition
greater insights into the role of WEEI in cell cycle regulation and plant development
were obtained by an investigation of the biochemistry of N. tabacum WEE1 during
the cell cycle of synchronized N. tabacum BY-2 cells and by a phenotypic and
biochemical characterization of three independent 4. thaliana plant lines carrying
T-DNA insertions in the WEE1 gene (Chapter 6 and 7).

In the following sections the main findings from the different chapters of this thesis

are summarized and discussed including perspectives for future work.
8.1 Regulation of A. thaliana CDC25 and WEE1

In yeast and animals, Cdc25 and Weel activities are tightly regulated by multiple
mechanisms including sub-cellular localization, phosphorylation status and protein
degradation. In S. cerevisiae Swel activity is regulated at the protein level by
ubiquitin-mediated degradation (Sia ef al., 1998) whereas in S. pombe Weel is mainly
down-regulated by phosphorylation (Parker er al., 1993; Tang et al., 1993; Wu and
Russell, 1993; Kanoh and Russell, 1998). In X. laevis, Cdc25 and Weel protein levels
are regulated by degradation only, whereas H. sapiens Cdc25 and Weel are regulated
by both phosphorylation and degradation (Michael and Newport, 1998; Goes and
Martin, 2001; Donzelli ef al., 2002; Watanabe et al., 2004, Watanabe et al., 2005;
Wang et al., 2007).

Interaction between proteins is of great importance in order for these regulatory
mechanisms to occur. In some cases one mechanism may lead to another as in
H. sapiens where phosphorylation of Weel leads to ubiquitin-mediated degradation of
the protein (Watanabe et al., 2004). It is evident from both animals and yeast that
phosphorylations of Cdc25s and Weels also form protein binding sites for 14-3-3
proteins, which stabilizes the activity and/or alters the sub-cellular localization of the

proteins (Dalal ez al., 1999; Furnari et al., 1999; Chen et al., 2003b). To investigate if
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similar regulatory mechanisms exist for A. thaliana WEE1 and CDC25 protein during
the plant cell cycle, two Y2H library screens were performed using AtCDC25 and
AtWEE]I, respectively, as baits against an 4. thaliana seedling root cDNA library.

The AtCDC25 library screening resulted in the discovery of only seven interaction
partners, due to heavy contamination of the screening plates. In summary, the proteins
identified in the AtCDC25 Y2H screen could be divided into three functional groups:
1) protein biosynthesis, 2) cell division and 3) plant stress responses. In relation to
plant stress responses, a cold-acclimation protein similar to the 7. aestivum cold-
acclimation WCOR413 was hit three times. It is not evident from other organisms that
Cdc25 proteins are involved in physiological stress responses, such as cold-
acclimation, however environmental signals, such as nutrient availability and
physiological stresses, modulate the cell cycle and cell size of S. pombe (Kishimoto
and Yamashita 2000). In relation to cell division the caldesmon-related protein, TSK-
associating protein 1, TSA1, was hit once. 4. thaliana tsk mutants are blocked at the
G2/M transition suggesting that TSK is required for proper execution of the cell cycle
(Suzuki et al., 2005b; Suzuki et al., 2005a). This complements the proposed function
of AtCDC25 as a mitosis promoting factor involved in the G2/M checkpoint.
However, at this point it is still questionable if AtCDC25 is a true CDC25 in higher
plants, since its role as a functional protein tyrosine phosphatase remains to be
demonstrated in vivo (Landrieu et al., 2004). Furthermore, AtCDC2S5 is structurally
different compared to the classical Cdc25 proteins identified in animals and yeast
since it consists of only the C-terminal catalytic domain (Landrieu et al. 2004; Sorrell
et al., 2005). The classical Cdc25 proteins are phosphorylated in the N-terminal
regulatory domain and these phosphorylations are crucial for the regulation of Cdc25
sub-cellular localization, stability and catalytic activity (Gabrielli ez al., 1997; Dalal et
al., 1999). It is possible that AtCDC2S5 has to interact with a second protein to become
a complete plant Cdc25 and that this protein could have been revealed in the Y2H
library screen. However, none of the putative CDC25 interaction partners identified in
the library screen resemble the N-terminal regulatory domain from the classical
Cdc25s. It is assumed that if a second protein exists it might be revealed by a more
exhaustive Y2H screen. Alternatively, it could be revealed by introducing an affinity-
tagged version of the putative AtCDC25 into A. thaliana plants or cell culture and
thereby use the affinity-tag to co-immunoprecipitate AtCDC25 together with its in
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vivo interaction partners. The proteins interacting with AtCDC25 could then be
identified by mass spectrometry.

The AtWEE1 Y2H library screen revealed 60 different AtWEEI interacting proteins
of which 42 of the proteins could be divided into six functional groups:
1) transcription, RNA/DNA binding and histone modifications, 2) plant growth
regulation and signal transduction, 3) stress responses, detoxification and pathogen
responses, 4) cell division and cell growth 5) protein biosynthesis and 6) protein
degradation. Of the 42 proteins, 10 proteins were identified more than once. Of
particular interest was to elucidate if AtWEEI1 shares similar cell cycle regulatory
mechanisms as its homologues in other organisms. Therefore, the main groups of
AtWEE! interaction partners relevant to putative regulatory and functional pathways

were mapped (Figure 39) and summarized in the following text:

In H. sapiens Weel is predominantly located in the nucleus in interphase (Baldin and
Ducommun, 1995), during which it potentially could interact with DNA binding
proteins (DBPs) and transcription factors (TFs). To date, it is not evident from other
eukaryotic species if and how Weel could have a role in transcriptional regulation.
However, it is a plausible assumption that Weel proteins could interact directly with
both DBPs and TFs to maintain transcription of key genes during the cell cycle. In
late S/G2, it is evident from H. sapiens that Weel relocalizes to the cytoplasm
(Katayama et al., 2005), which could also be the case for AtWEE]. In the cytoplasm
WEEI! could interact with proteins involved in stress responses and DNA damage. If
AtWEEI] relocates to the cytoplasm, its activity can also be regulated by plant growth
regulators (PGRs). Since proteins involved in protein biosynthesis were identified as
AtWEEI interaction partners it suggests that AtWEE1 influences protein biosynthesis
and possibly affects the levels of specific proteins in the cell. The underlying
mechanism for this hypothesis is not known. However, previous findings by Suda et
al. (2000) showed that in response to protein synthesis inhibition, S. pombe cells have
a mechanism to induce G2 delay by positively regulating Weel.
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Stress and DNA damage

Protein synthesis

Figure 39 - Putative regulatory and functional pathways for AtWEEI] during the cell cycle. In S
phase AtWEEI is possibly predominantly located in the nucleus, where it could interact with
DNA binding proteins (DBPs) and transcription factors (TFs) to maintain transcription of key
genes. In late S/G2 AtWEEI possibly relocates to the cytoplasm, where its activity could be
affected by stress, DNA damage and plant growth regulators (PGRs). At this stage AtWEEI
could also interact with proteins involved in protein biosynthesis and thereby affect the levels of
specific proteins the cell. In M phase, when WEETI is not longer needed, it is possible that WEE1
is targeted for degradation by its interaction with a SCF protein complex. A role for AtWEEI in
mitotic spindle morphogenesis and cytokinesis could also be suggested by its interaction with a

tubulin folding co-factor and AtCDC48.

As previously mentioned, protein degradation is an important regulatory mechanism
of Weel proteins in both yeast and animals (Michael and Newport, 1998; Sia et al.,
1998; Watanabe et al., 2004; Watanabe et al., 2005). Interestingly, proteins involved
in ubiquitin-mediated degradation, such as SKP1, a 26S proteasome subunit and
several F-box proteins, were also identified as AtWEEI interacting proteins implying

that AtWEEI activity is also regulated by protein degradation.

149



General Discussion and Perspectives

A role of AtWEE1 in cytokinesis can also be proposed from the identified AtWEE1
interaction partners. The AtCDC48A protein operates at the cell division plane as a
mediator of cytokinesis (Rancour et al., 2002) and was identified three times as an
AtWEEI interaction partner. Both D. melanogaster and H. sapiens Weels have been
shown to be involved in cytokinesis (Baldin and Ducommun, 1995; Stumpff et al.,
2005). Moreover, in D. melanogaster Weel binds and phosphorylates the tubulin ring
comples, y-TURC, and Weel loss-of-function mutants show mitotic-spindle defects
implying a function in spindle morphogenesis and positioning (Stumpff et al., 2005).
In the early reports from Baldin and Ducommun (1995) HsWeel was shown to be
restricted to the mitotic equator during cell division and by the end of M phase it was
exclusively associated with midbody bridges. All in all this highly suggests that the
relocalization of Weel and subsequent association with sub-cellular structures may
play key regulatory roles at different stages of the cell cycle, which indeed could
apply for AtWEE1 during its interaction with AtCDC48A and the tubulin folding co-

factor.

" For these interactions to occur AtWEEI has to be located in, or relocated to the same,
sub-cellular compartment as its interacting protein. To date no reports have been made
of the sub-cellular localization of AtWEE1 during the cell cycle, which could provide
useful information about AtWEE] in relation to the previously described putative
interaction partners. The sub-cellular localization of AtWEE1 could be investigated in
plant cells by WEE1 fused to a fluorescent protein or by immunolocalization.
Immunolocalization studies investigating Weel sub-cellular localization have
previously been performed in both S. pombe and H. sapiens using Weel antibodies.
These studies elegantly showed that both Weel proteins are predominantly localized
in the nucleus during mitosis (Baldin and Ducommun, 1995; Wu et al., 1996; Aligue
etal., 1997).

Although the outcome of the Y2H library screens presented in this thesis result in the
formation of many new hypotheses about the localization, regulation and function of
AtCDC25 and AtWEEI, it is important to bear in mind that the Y2H technique is
solely based on transcriptional activation of reporter genes in the nucleus of
S. cerevisiae and that proteins assayed in a heterologous system not necessarily have
the correct post-translational modifications and/or sub-cellular localization (Golemis

et al., 1999; Van Criekinge and Beyaert, 1999; Causier and Davies, 2002; Bhat ef al.,
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2006). It is therefore necessary to confirm the interactions by the use of additional in

vivo techniques, such as co-immunoprecipitation or fluorophore-based methods.
8.2 Involvement of 14-3-3 Proteins in the Plant Cell Cycle

During cell cycle progression in both animals and yeast, the activity and localization
of both Cdc25 and Weel are greatly affected by the binding of 14-3-3 proteins (Dalal
et al., 1999; Kumagai and Dunphy, 1999; Zeng and Piwnica-Worms, 1999; Wang et
al., 2000; Lee et al., 2001; Rothblum-Oviatt et al., 2001; Uchida et al., 2004).
Although 14-3-3 proteins were not identified in either of the Y2H library screens, the
possibility of 14-3-3 proteins interacting with AtCDC25 and AtWEEI1 could not be
excluded. Y2H library screens are not exhaustive and it is possible that a larger
number of clones would have had to be screened in order to screen the library until
saturation (Van Criekinge and Beyaert, 1999). Therefore, targeted Y2H screens were
performed against the members of the A. thaliana Non-Epsilon 14-3-3 protein group
against AtCDC25 and AtWEE] baits, respectively, which established the first link
between 14-3-3 proteins, AtCDC25 and AtWEEI in the plant cell cycle. Previously
only a few reports have suggested that plant 14-3-3s were involved in cell cycle
regulation based on their sub-cellular localization or ability to complement yeast
14-3-3 mutants (van Heusden et al., 1996; Cutler et al, 2000; Kuromori and
Yamamoto, 2000; Sorrell et al., 2002; Paul et al., 2005).

Surprisingly, none of the Non-Epsilon 14-3-3 proteins interacted with AtCDC25. As
previously mentioned, a plausible explanation for this observation could be the
absence of the N-terminal regulatory domain of AtCDC25. In H. sapiens all three
CDC25 isoforms are phosphorylated in vivo in the N-terminal domain and those
phosphorylations are critical for CDC25 localization and for both positive and
negative regulation of CDC25 catalytic activity by protein degradation and 14-3-3
protein binding (Baldin et al., 1997; Gabrielli et al., 1997; Donzelli et al., 2002;
Bulavin et al., 2003; Boutros et al., 2006). The fact that AtCDC25 does not interact
with any of the Non-Epsilon 14-3-3 proteins analyzed contradicts the proposed
‘sticky’ nature of the 14-3-3 proteins, however it also further questions cell cycle
function of the putative plant CDC25, since studies in both yeast and animals have
made it evident that 14-3-3 binding to Cdc25 is crucial for proper execution and

regulation of the cell cycle (Zeng and Piwnica-Worms, 1999; Graves et al., 2001;
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Uchida et al., 2004). Because of the inability to identify full-length CDC25
homologues in higher plants, it has been speculated that in higher plants the CDC25
gene has been lost through evolution (Boudolf et al., 2006). However, this would
make plants distinct from other eukaryotic species and another method of
counteracting the WEE1 kinase activity in the regulation of the plant cell cycle would

have to be sought.

In contrast to AtCDC25, AtWEEI] interacted with all members of Non-Epsilon 14-3-3
protein group, which is maybe not so surprising, since the members of the Non-
Epsilon 14-3-3 protein group display high sequence conservation of 70 — 90% both at
the nucleotide and protein level (Wu et al., 1997a, Appendix A). Additionally, based
on the rather similar expression and localization patterns of the different isoforms
(section 1.2.6.2, Table 4) it is not unlikely that they exert similar functions within the
cell. Because of the multiple A. thaliana 14-3-3 isoforms it is possible that WEE1
interacts with both 14-3-3 hetero- and homodimers, which could influence the activity
and/or sub-cellular localization of WEEI1 differently. To date analyses of A. thaliana
14-3-3 proteins have concerned the expression pattern and sub-cellular localization of
the individual 14-3-3 proteins (Bihn ez al., 1997; Cutler et al., 2000; DeLille et al.,
2001; Paul ez al., 2005). The hetero- and homodimerisation patterns of the 4. thaliana
14-3-3 isoforms have not been investigated although this could be of interest in
relation to their binding to AtWEEL. The interaction between the different 14-3-3
monomers and their sub-cellular localization could be mapped using the BiFC
technique as shown in the work presented in this thesis where 14-3-3® proteins were

found to homodimerize in the nucleus, cell plate and cell wall.

The specificity of interaction between AtWEE1 and Atl4-3-3@ was successfully
confirmed in vitro by co-immunoprecipitation of proteins produced in S. cerevisiae
and it was also shown that the Atl4-3-3w protein produced in S. cerevisiae was
capable of binding to AtWEE]1 from an A. thaliana total protein extract. However,
due to the issue of confirming protein interactions in an environment different from
the native environment of the proteins, it was desired to confirm the interaction in vivo
in a plant system (Bhat ez al., 2006; Ohad et al., 2007). The BiFC technique was
selected for in vivo confirmation of the interaction between AtWEE1 and At14-3-3w.
The BiFC analyses presented in this thesis were performed in N. tabacum BY-2 cells

making this the first report of the implementation of the technique in plant cell
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cultures. The interaction was successfully confirmed in the N. tabacum BY-2 cells
and the interaction could be mapped to the nucleus, cytoplasm, cell wall and at the
cell plate indicating a dynamic interaction between AtWEE] and At14-3-3®, which
may well be influenced by the cell cycle phase. Again information about the sub-
cellular localization of AtWEE1 would be useful, since it is evident that binding of

14-3-3 proteins can alter the sub-cellular localization of the target protein.

After the identification of a protein-protein interaction, the next challenging step is to
determine the biological function of the interaction. Since this is the first report
proving an interaction between WEE1 and 14-3-3 proteins in plants, a putative
function of this interaction has to be derived from studies of interactions between
14-3-3s and both Cdc25 and Weel primarily in the X. laevis and H. sapiens model
systems. That 14-3-3 protein binding should affect the sub-cellular localization of
Weel has not been reported, whereas it is evident from S. pombe, H. sapiens and
X. laevis that 14-3-3 binding causes cytoplasmic localization of Cdc25 (Dalal et al.,
1999; Zeng and Piwnica-Worms, 1999; Kumagai and Dunphy, 1999; Yang et al.,
1999; Boutros et al., 2006; Uchida et al., 2006). Cdc25 mutants incapable of binding
14-3-3 proteins were found to be retained in the nucleus suggesting that 14-3-3
protein binding is necessary for sequestering Cdc25 into the cytoplasm and thereby
keeping it away from its substrate (Zeng and Piwnica-Worms, 1999; Graves et al.,
2001; Uchida et al., 2004). In X. laevis it is suggested that the role of 14-3-3 binding
is to keep Weel evenly distributed in the nucleus (Lee et al., 2001), whereas in
H. sapiens Weel localization upon 14-3-3 binding is mapped to both nucleus and
cytoplasm (Rothblum-Oviatt et al., 2001), which is consistent with the localization of
the AtWEE1/At14-3-3® interaction reported in this thesis. Weel mutants incapable of
binding 14-3-3 proteins have been found to have a poor ability to induce a cell cycle
delay as a result of a decreased kinase activity (Wang et al., 2000; Lee et al., 2001;
Rothblum-Oviatt er al., 2001). It was attempted to construct an AtWEE1 mutant
incapable of binding to At14-3-3w by mutating S485 in a putative 14-3-3 binding site
of AtWEEL. In the Y2H system, the AtWEE1(S485A) mutant was incapable of
interacting with Atl4-3-3®, however in the BiFC system the interaction was still
present. For the AtWEE1(S485A)/At14-3-3® transformant, fluorescence was detected
in the nucleus and not in the cell wall or cell plate, which suggest that the AtWEE1
(S485A) mutation affects the binding of At14-3-3w resulting in a nuclear localization
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of AtWEEL. It is therefore likely that the AtWEE1/Atl14-3-3® interaction is not
eliminated in the Y2H system, but merely reduced. In S. pombe the mutation of the
phosphorylation sites of three putative 14-3-3 protein binding sites of Cdc25 resulted
in a reduction, but not an elimination of 14-3-3 binding ability. Additionally, the triple
mutant was partially impaired in its ability to arrest cell cycle progression in response
to HU treatment (Zeng and Piwnica-Worms, 1999). It is a possibility that the sub-
cellular localization of the AtWEE1(S485A)/At14-3-3® interaction is altered as a
consequence of a decreased Atl4-3-3w binding to AtWEE1(S485A). Moreover, it
cannot be excluded that the AtWEE1(S485A) mutant will have an altered stress
response towards DNA damaging agents and/or DNA replication blocking agents as
previously described for the SpCdc25 triple mutant.

The work presented in this thesis encourages further analysis of the specific
consequences of the AtWEE1/At14-3-3w interaction investigating if and how 14-3-3
binding affects the biochemical properties of WEE1 with regards to protein half life,
activity and stability and furthermore if and how the 14-3-3 binding affects the sub-
cellular localization of WEEL. If the AtWEE1(S485A) mutant has a reduced
Atl4-3-3® binding ability the necessity for Atl4-3-3w in the cell cycle checkpoint
could be investigated by assessing the ability of AtWEE1(S485A) to induce a cell
cycle checkpoint.

8.3 In vivo Function of WEE]1 in the Plant Cell Cycle

As well as identifying the mechanisms that regulate WEE]1 activity it is also of great
importance to identify the function of WEE1 and consequences of WEEI activity in
plants. Recently, functional analyses of a range of plant WEE1s have provided solid
evidence for the involvement of WEE1 in cell size control and in plant root
development (Sun e al., 1999; Sorrell et al., 2002; Gonzalez et al., 2004; De Schutter
et al., 2007; Gonzalez et al., 2007).

The work presented in this thesis is the first report of WEE1 protein levels and kinase
activity during the plant cell cycle. The activity of the WEE] kinase is assayed by its
inhibitory effect on CDK activity using WEE1 protein immunoprecipitated from
whole A. thaliana plant protein extracts or from N. tabacum BY-2 cell cultures. This
type of kinase assay was originally established by McGowan and Russell (1995) for
analyzing the CDK inhibitory ability of H. sapiens Weel. The WEEI kinase assay
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was initially performed using recombinant NtWEE1, which was found to inhibit CDK
activity as previously shown for Z. mays and S. lycopersicum WEEls (Sun et al.,
1999; Gonzalez et al., 2007). In synchronized wild type N. tabacum BY-2 cells the
NtWEE1 protein level increases during S phase and peaks in late S/early G2 phase.
As the cell progress into mitosis the NtWEE1 protein level decreases, which suggests
that NtWEEI1 protein might be degraded during this phase of the cell cycle. In both
animals and yeast Weel protein levels are regulated by ubiquitin-mediated
degradation (Michael and Newport, 1998; Goes and Martin, 2001; Watanabe et al.,
2004; Watanabe et al., 2005). The activity of NtWEE1 decreases markedly as the
cells enter the G2 phase, consistent with the observed changes in WEE1 protein levels
and the published data from H. sapiens showing that active WEE1 protein is not
required when cells progress into mitosis (McGowan and Russell, 1995). Hence both
NtWEEI protein levels and kinase activity are sensitive markers of the onset of

mitosis in N. tabacum BY-2 cells.

As mentioned, the Weel/Mik1-type kinases are the main kinases responsible for the
phosphorylation of tyrosine 15 of CDKs and have been identified in both yeast and
animals (Parker and Piwnica-Worms, 1992; Booher et al., 1993; Honda at al., 1995;
McGowan and Russell, 1995; Mueller ez al., 1995). However, the Mytl kinase has
only been identified in X. laevis and H. sapiens and preferentially phosphorylates
threonine 14 and, to a lesser extent, tyrosine 15 (Mueller et al., 1995; Liu et al., 1997).
To date only Weel kinases have been identified in plants (Sun et al., 1999; Sorrell et
al., 2002; Vandepoele et al., 2002; Gonzalez et al., 2004; Gonzalez et al., 2007; Gou
et al., 2007) and therefore it is considered as the main kinase phosphorylating tyrosine
15 of plant CDKs. Of course, it cannot be excluded that other currently unknown
kinases phosphorylate plant CDKs however it is known that in 4. thaliana WEEI
interacts with and phosphorylates CDKA (Shimothono ef al., 2006; De Schutter et al.,
2007). A specific depletion of WEE1 gene product in vivo by e.g. RNAi would enable

the investigation of whether other kinases act in concert with WEE1.

Over-expression of AtWEE] in S. pombe and A. thaliana delays cell cycle progression
resulting in a large mitotic cell phenotype (Sorrell et al., 2002; Siciliano, 2006),
However, the exact opposite effect was obtained when AtWEEI was over-expressed
in N. tabacum BY-2 cells, where it resulted in a small mitotic cell phenotype as a

consequence of a shortened duration of G2 phase. The small mitotic cell phenotype
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indeed resembles the phenotypes of Weel loss-of-function mutants described in yeast,
animals and plants (Walter et al., 2000; Harvey and Kellogg, 2003, Gonzalez et al.,
2007). Over-expression of SIWEE1 in N. tabacum BY-2 cells results in an increased
cell size phenotype as a consequence of a lengthening of G2 as expected for WEE1
over-expressing cells (Gonzalez et al., 2007). A possible explanation for the different
phenotypes of the WEEI over-expressing cells could be that N. tabacum WEEL is
phylogenetically closer related to S. lycopersicum WEE1 than A. thaliana WEE1
(Appendix D). Interestingly, over-expression of N. tabacum WEEI in N. tabacum BY -
2 cells also results in a lengthening of G2, but the cells show no significant difference

in mitotic cell size (Appendix D).

In addition to the small mitotic cell size phenotype, the over-expression of AtWEEI
was found to perturb the transcriptional pattern of the endogeneous NtWEEI resulting
in the presence of NtWEEI transcript during mitosis, which together with the
introduction of AtWEE] transcripts could be the reason for the small mitotic cell
phenotype. If both NtWEE1 and AtWEE! transcripts are being translated into active
protein, it would result in an elevated level of active WEE1 protein. It is possible that
if the elevated WEEI1 protein level exceeds a specific threshold level within the cell
the translated protein would be targeted for degradation. Depending on the rate of
degradation of the WEE1 protein this could very well be the force that drives the cells
prematurely into mitosis. Therefore, the WEE1 protein levels and kinase activity in
the presence and absence of AtWEEI over-expression were monitored in
synchronized N. tabacum BY-2 cells. The induction of AtWEEI over-expression
caused the WEE1 protein level to increase by 20% in S/G2 and the WEE1 kinase
activity increased correspondingly indicating that the measured WEEI kinase activity
originated from both AtWEE1 and NtWEE1. Furthermore, upon induction of AtWEE1
expression WEE1 protein and kinase activity were present until the G2/M transition.
The overall findings indicate that both WEE1 protein levels and kinase activity are
cell cycle-regulated strongly suggesting that in plants, as well as other eukaryotes,
WEEI! protein level and activity controls G2/M and the cells entry into mitosis
(McGowan and Russell, 1995; Aligue ef al., 1997; Michael and Newport, 1998; Goes
and Martin, 2001; Watanabe et al., 2004, Watanabe et al., 2005).

The AtWEE] over-expression resulted in a premature peak of NtCDKB activity in

early S phase, whereas in wild type and in the absence of AtWEEI over-expression
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NtCDKB activity peaks in G2/M (Mironov et al., 1999; Sorrell et al., 2001).
NtCDKA activity remained constant both in the presence and absence of AtWEEI
over-expression consistent with the NtCDKA activity levels in wild type N. tabacum
cells (Sorrell et al., 2001; Siciliano, 2006; Appendix D). This indicates that AtWEE1
over-expression might perturb the mechanism that normally ensures that CDKB
remains inactive until S/G2. It is evident that AtWEEI over-expression causes both
WEEI] protein and kinase activity to be increased in late S and G2 phase and that the
WEE1 protein is a mixture of AtWEE1 and NtWEEI proteins. Therefore, the
premature NtCDKB activity could potentially be caused by AtWEE1 competing with
NtWEEL1 for the NtCDKB substrate or be caused by a perturbation of regulatory
proteins that normally negatively regulate CDKs at G1/S. Such regulatory proteins
could be the KRP proteins, which were previously shown to interact with CYCDs,
CDKA and CDKB proteins (Wang et al., 1998; Lui et al., 2000; De Veylder et al.,
2001b; Jasinski et al., 2002; Verkest et al., 2005; Nakai et al., 2006). Putative proteins
involved in the regulation of NtCDKB activity could be discovered by the
identification of NtCDKB interaction partners and by subsequent biochemical

analysis of potential kinases that could phosphorylate NtCDKB.

In addition to the studies of plant WEEI1 in cell size regulation, studies of AtWEE1
function in planta shows that over-expression of AtWEEI influences plant root
development by decreasing primary root growth and lateral root initiation (Siciliano,
2006). A possible explanation for these findings could be that over-expression of
WEE]1 increases CDK inactivation thereby resulting in a mitotic delay. Plants over-
expressing the 4. thaliana SUC1/CKS1 homologue, AtCKS1, were found to have a
similar phenotype and the reduction in the primary root growth caused by prolonged
cell cycle duration (De Veylder ar al., 2001a). In contrast the over-expression of
AtCYCA, which would promote CDK activation, in 4. thaliana plants was found to
result in longer primary roots as a consequence of an accelerated cell cycle (Doerner

et al., 1996).

The work presented in this thesis includes phenotypical and biochemical analyses of
three independent A. thaliana plant lines carrying T-DNA insertions in the WEE]
gene. This work was performed concurrent with recent work published by De Schutter
et al. (2007). Two of the three weel T-DNA lines (weel-1 and weel-5) presented in
this thesis were also characterized by De Schutter et al. (2007) and contradicting the
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findings presented in this thesis both lines were found to be deficient in WEE]
transcript and not to have mutant phenotypes when grown under standard conditions.
However, De Schutter et al. (2007) only investigated the presence of the full-length
WEE] transcript in the weel T-DNA lines analyzed. As described in Chapter 7, the
weel-1 line showed high phenotypic similarity to AtWEE over-expressing lines by
having a reduced primary root length and a reduced total number of lateral roots and
lateral root primordia, suggesting that the T-DNA insertion in the second exon of
WEEI might have an over-all up-regulating effect on WEE!. This is supported by
findings in S. pombe showing that phosphorylation of the N-terminal domain Weel
dramatically reduces Weel activity suggesting that the N-terminal domain is necessary
for negative regulation of Weel. Furthermore, truncation of the N-terminal domain of
SpWeel interferes with the timing of mitosis (Tang et al., 1993; Aligue et al., 1997).
In contrast the weel-3 and weel-5 lines have normal primary root length with a 50%
increase in total number of lateral roots and lateral root primordia and in addition the
transcript and protein are significantly down-regulated compared to wild type,
suggesting that these T-DNA insertions may have a down-regulating effect on WEE].
The phenotype is indeed similar to the one of S. pombe Cdc25 over-expressed in
A. thaliana and N. tabacum plants, which also resulted in an increase of the lateral

root production (McKibbin et al., 1998; N. Spadafora unpublished results).

As previously reported for both yeast and D. melanogaster Weel loss-of-function
mutants (Murakami and Nurse, 1999; Price et al., 2000; Asano et al., 2005), all three
T-DNA lines analyzed showed a hypersensitivity response towards HU suggesting
that cells were not capable of inducing G2 arrest. It is evident that WEEI must be
perturbed by the T-DNA insertions, since the weel T-DNA lines generally show a
more extreme hypersensitivity response compared to wild type. As a consequence of
the HU treatment the plants had a reduced primary root length and production of
lateral roots, which could reflect a way of minimizing the area of root exposed to HU.
Another consequence of the HU treatment is an up-regulation of WEE1 transcript in
the weel-3 and weel-5 lines. However, the protein levels were found to be down-
regulated suggesting that the WEE! transcript might result in the production of
unstable transcript, inefficient translation of transcript or that the protein produced is
less stable and more easily degraded. Protein degradation is one of the main

mechanisms of down-regulating Weel protein levels in yeast, X. laevis and H. sapiens
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(Michael and Newport, 1998; Sia et al., 1998; Goes and Martin, 2001; Watanabe et
al., 2004; Watanabe et al., 2005). Although wild type WEE was not transcriptionally
regulated upon HU treatment the protein level was still found to be down-regulated.
Consistent with De Schutter et al. 2007 the WEEI kinase activity of wild type was
found to increase by 30%, which suggests that WEEI kinase activity, rather than
WEEI1 protein level, is a determinant for checkpoint control. However, upon HU
treatment enhanced WEEI activities were not observed for the weel T-DNA lines
suggesting that the WEE1 protein produced in these lines is not activated by HU
treatment.

Based on the phenotypic and biochemical analysis of the three independent weel
T-DNA lines it proved to be difficult to form a clear pattern of phenotype, transcript,
protein and kinase activity levels in the three weel T-DNA lines (Chapter7; Appendix
B). However, it is evident that the position of the T-DNA insertion in the WEE gene
greatly affects all of these parameters. The weel T-DNA lines characterized in the
work presented in this thesis functions merely as a tool in the investigation of the
function of AtWEE]I in the plant cell cycle. Moreover the different properties of the
individual weel T-DNA insertion lines reflect the necessity of analyzing more than
one T-DNA insertion line for a desired gene. Furthermore, each T-DNA line contains
an average of one to two T-DNA insertions (http://signal.salk.edu/tdna FAQs.html),
which could also strongly influence the observed phenotypes. Finally, T-DNA
insertion lines often do not provide a genuine knock-out of gene function and
therefore other methods, such as RNAI or artificial microRNA technology have to be
used. An advantage of these technologies compared to T-DNA insertions lines would
be that the expression of the small interference RNAs can be driven by specific
promoters in order to target the knock-out/knock-down to specific organs/tissues of
the plant (Schwab et al., 2006) and furthermore different degrees of knock-down can
be obtained for the analyzed gene.

8.4 Regulation of the Plant Cell Cycle

The basis of the work presented in this thesis was to investigate the function of a plant
cell cycle checkpoint and investigate how the known features of the yeast and animal

G2/M model apply to the plant model (Figure 40).
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Figure 40 - Reviewed model of the plant G2/M transition. Faded areas and grey dashed arrows
indicate putative not experimentally confirmed pathways. Black dashed arrows indicate putative
experimentally confirmed pathways. Black arrows indicate experimentally confirmed pathways
(Adapted from Menges et al., 2005; Inze and De Veylder, 2006; De Schutter et al., 2007). The
ATM and ATR Kkinases are activated by various DNA stresses (y-irradiation, zeocin, HU and
aphidicholin) and induce the expression of WEEI. Putative mechanisms regulating WEE1 could
be ubiquitin-mediated degradation and phosphorylation. The signalling cascade that operates
between ATM/ATR and WEE1 is currently unknown, but a putative plant Chkl protein,
CiPK21, has been proposed and shown to interact with WEE1. 14-3-3 proteins bind to the active
WEEI1, which then negatively phosphorylates the CDK/cyclin complex leading to arrest of the
cells in G2/M. It is still unknown if the putative CDC25 phosphatase is the WEE1 counteracting
mechanism, since its functional role has not been demonstrated in vivo and it does not interact
with the Non-Epsilon 14-3-3 protein group. Also it is currently unknown if other proteins, such as

members of the KRP protein family, could compensate WEEI function.

In plants, it is currently known that upon DN A stress, WEE1 expression is rapidly and
strongly induced in an ATM/ATR-dependent manner resulting in the inactivation of
CDKSs and subsequent arrest of the cells in G2 (De Schutter et al.,, 2007). However,
the signalling cascade that operates between ATM/ATR and WEE1 has not been
described. A putative Chkl/2 has not been identified in plants. However, recently
light has been shed on the A. thaliana CiPK21 protein as a potential protein kinase
regulating the signalling cascade downstream ATM/ATR. AtCiPK21 was found to
interact with AtWEEI in a Y2H screen (Appendix C). Putative WEE1 regulatory
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mechanisms can be proposed, such as ubiquitin-mediated degradation and
phosphorylation. Phosphorylation could be the main AtWEE1 regulatory mechanism
since it is necessary for 14-3-3 binding to AtWEE1 and it could possibly target
AtWEE] for degradation. 14-3-3 protein binding could probably alter the sub-cellular
localization of AtWEE1 and thereby make it more accessible to its substrates. When
the DNA is repaired and the cells are ready to enter mitosis the CDK/cyclin complex
has to be reactivated. The mechanism counteracting the WEE1 kinase activity is
currently unknown. It is still questionable if AtCDC25 is a true plant CDC25 because
of the absence of an N-terminal regulatory domain (Landrieu et al., 2004; Sorrell et
al., 2005). It does not interact with the A. thaliana Non-Epsilon 14-3-3 protein group,
although 14-3-3 proteins have been found to be important Cdc25 regulators in other
species (Baldin et al., 1997; Bulavin et al., 2003; Boutros et al., 2006). From the work
presented in this thesis, it is also evident that a perturbation of the A. thaliana WEE1
gene causes the cells to progress prematurely into mitosis in the presence of HU. This
results in an arrest of primary root growth suggesting a loss of WEE! function.
However, unlike yeast and animal Weel loss-of-function mutants (Price et al., 2000;
Kellogg, 2003; Tominaga et al., 2006), loss of WEE1 function in A. thaliana is not
lethal and the plants only show a slight mutant phenotype when grown under standard
conditions, which could suggest a mechanism compensating WEE! function. This
mechanism could be performed by members of the KRP protein family, which were
recently shown to interact with plant-specific CDKBs and inhibit their kinase activity
(Nakai et al., 2006). The role of plant WEEls in cell size regulation is also evident
from the analysis of AtWEE over-expression in N. tabacum BY-2 cells, where WEE1
protein level and kinase activity indeed are regulated in a cell cycle-dependent manner

and act as sensitive indicators of the G2/M transition.
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Appendix A

Appendix A

Alignments
A. thaliana 14-3-3 proteins

Protein sequences of the A. thaliana 14-3-3 proteins were obtained from the NCBI database
(http://www.ncbi.nlm.nih.gov). Non-Epsilon 14-3-3 proteins: Atl4-3-3 omega [AAA96253], Atl4-3-3
lambda [AAD51781], Atl4-3-3 kappa [AAD51783], Atl4-3-3 chi [AAA96254], Atl4-3-3 phi
[AAB62224], Atl4-3-3 psi [AAA96252), Atl4-3-3 upsilon [AAB62225], Atl4-3-3 nu [AAD51783].
Epsilon 14-3-3 proteins: Atl4-3-3 omicron [AAG47840], Atl4-3-3 epsilon [AADS51785], Atl4-3-3 mu
[AAD51784], Atl4-3-3 iota [AAK11271], Atl4-3-3 pi [AA0384381. The alignment was made in
Workbench (http://www.workbench.sdsc.edu) using the Clustal W alignment tool with conserved
residues (blue and * ), conserved strong group residues (green and :). Black residues are residues with

no consensus.

Atl4-3-3omega
Atl4-3-3lambda
Atl4-3-3kappa
Atl4-3-3chi
Atl4-3-3phi
Atl4-3-3psi
Atl4-3-3upsilon
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At14 -3-3omicron
Atl4-3-3epsilon
Atl4-3-3mu

————————— MENERAKQVYLAKLNEQAERYDEMVEAMKKVAA

MASGREEFVYMAKLAEQAERYEEMVEFMEKVSA-AVDGDELTVEERNLLSVAYK 53
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MATTLSRDQYVYMAKLAEQAERYEEMVQFMEQLVSGATPAGELTVEERNLLSGAYK 56
-MATPGASSARDEFVYMAKLAEQAERYEEMVEFMEKVAK-AVDKDELTVEERNLLSVAYK 58
MAAPPASSSAREEFVYLAKLAEQAERYEEMVEFMEKVAE-AVDKDELTVEERNLLSVAYK 59
——— MS TREENVYMAKLAEQAERYEEMVEFMEKVAK-TVDVEELSVEERNLLSVAYK 52
——— MSSDSSREENVYLAKLAEQAERYEEMVE FMEKVAK-TVETEELTVEERNLLSVAYK 55

MS--SSREENVYLAKLAEQAERYEEMVEFMEKVAK-TVDTDELTVEERNLLSVAYK 53
LDVELTIEERNLLSVGYK 51
————— MENEREKQVYLAKLSEQTERYDEMVEAMKKVAQ——— LDVELTVEERNLVSVGYK 51
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Atl4-3-3i0ota-MSSSGSDKERETFVYMAKLSEQAERYDEMVETMKKVAR----——-——-———-—-— VNSELTVEERNLLSVGYK 56
Atl4-3-3pi 0 === MENEREKLIYLAKLGCQAGRYDDVMKSMRKVCE ——— LDIELSEEERDLLTTGYK 51
* * kK k. %%
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Atl4-3-3omicron
Atl4-3-3epsilon
Atl4-3-3mu
Atl4-3-3iota
Atl4-3-3pi
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NVIGARRASWRIISSIEQKEESRGNDDHVTAIREYRSKIETELSGICDGILKLLDSRLIP 113
NVIGSLRAAWRIVSSIEQKEESRKNDEHVSLVKDYRSKVESELSSVCSGILKLLDSHLIP 116
NVIGSLRAAWRIVSSLEQKEESRKNEEHVSLVKDYRSKVETELSSICSGILRLLDSHLIP 116
NVIGARRASWRIISSIEQKEESRGNDDHVSLIRDYRSKIETELSDICDGILKLLDTILVP 118
NVIGARRASWRIISSIEQKEESRGNDDHVTTIRDYRSKIESELSKICDGILKLLDTRLVP 119
NVIGARRASWRIISSIEQKEESKGNEDHVAIIKDYRGEIESELSKICDGILNVLEAHLIP 112
NVIGARRASWRIISSIEQKEDSRGNSDHVSIIKDYRGKIETELSKICDGILNLLEAHLIP 115
NVIGARRASWRIISSIEQKEESRGNDDHVSIIKDYRGKIETELSKICDGILNLLDSHLVP 113
NVIGARRASWRILSSIEQKEESKGNEQNAKRIKDYRTKVEEELSKICYDILAVIDKHLVP 111
NVIGARRASWRILSSIEQKEESKGNDENVKRLKNYRKRVEDELAKVCNDILSVIDKHLIP 111
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>

AAAS-GDSKVFYLKMKGDYHRYLAEFKTGQERKDAAEHTLAAYKSAQDIANAELAPTHPI 172
SAGA-SESKVFYLKMKGDYHRYMAEFKSGDERKTAAEDTMLAYKAAQDIAAADMAPTHPI 175
SATA-RESKVFYLKMKGDYHRYLAEFKSGDERKTAAEDAMIAYKAAQDVAVADLAPTHPI 175
AAAS-GDSKVFYLKMKGDYHRYLAEFKSGQERKDAAEHTLTAYKAAQDIANSELAPTHPI 177
ASAN-GDSKVFYLKMKGDYHRYLAE FKTGQERKDAAEHTLTAYKAAQDIANAELAPTHPI 178
SAS P-AESKVFYLKMKGDYHRYLAEFKAGAERKEAAESTLVAYKSASDIATAELAPTHPI 173
AASL-AESKVFYLKMKGDYHRYLAEFKTGAERKEAAESTLVAYKSAQDIALADLAPTHPI 174
TASL-AESKVFYLKMKGDYHRYLAEFKTGAERKEAAESTLVAYKSAQDIALADLAPTHPI 172
FATS-GESTVFYYKMKGDYFRYLAEFKSGADREEAADLSLKAYEAATSSASTELSTTHPI 170
SSNA-VESTVFFYKMKGDYYRYLAEFSSGAERKEAADQSLEAYKAAVAAAENGLAPTHPV 170
SASE-GESTVFFNKMKGDYYRYLAEFKSGNERKEAADQSLKAYEIATTAAEAKLPPTHPI 172
HATS-GEATVFYYKMKGDYYRYLAEFKTEQERKEAAEQSLKGYEAATQAASTELPSTHPI 175
STTTNVESIVLFNRVKGDYFRYMAEFGSDAERKENADNSLDAYKVAMEMAENSLVPTNMV 170
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Plant WEE1 proteins

Protein sequences of the plant WEE1l proteins were obtained from the NCBI database
(http://www.ncbi.nlm.nih.gov). AtWEE 1 [NP_171796], SIWEEIl [CAJ56085], ZmWEEl [AAD529831,
OsWEEI [XP 464040]. The full-length NtWEEI sequence was obtained from Dr. H. J. Rogers, Cardiff
University. The alignment was made in Workbench (http://www.workbench.sdsc.edu) using the
ClustalW alignment tool with conserved residues (blue and *), conserved strong group residues (green
and :). Black residues are residues with no consensus.

AtWEE 1 MFEKN-GRTLLAKRKTQGTIKTRASKKIRKMEGTLERHSLLQFGQLSKISF 50
NtWEE1l MKRKTLNRTSTPRRNNKSNTKRMNKGSLFTVGFSKVSLPPLPNQQQLQSSF 51
S1WEE1l MERKTPNRTRRKQRSNQKSKKRMNKGSLSRHFTVGIAKPPLPNQQQLHSSL 51
ZMWEEL = = =  —mmmmmmmm e e e e e 0
OsWEE1l MLRTKTPRPRGGKSRRATAAAGKEREREREREREGRSPSGELSLQLEHVSLFSFLADAPR 60
AtWEE 1 ENRPSSNVASSAFQGLLDSD SSELRNQLGS ADSDANCG EKDFILSQDFF 99
NtWEEl STLPLSN--PSRFQKLLDSEVLPPAQSNFPSILPS NTDADAADGDNKDFILSQDFF 105
SiWEEl SNVTLPN--PSRFQKLLDSDDLPPAQSQFSSVLPLNLDADDDADVADVAEKDFILSQDFF 109
ZmMWEE1L = = =  ————mmm e 0
OsWEE1l EGAAAARTPFTPFEELLEGSCDPDPTPPPPLPPLQPQATPMDADEWEEKDSGILSQDFF 120
AtWEE1l CTPDYITPDNQNLMSGLDISKD-HSPCPRSPVKLNTVKSKRCRQESFTGNHSNSTWSSKH 158
NtWEEl CTPDYLTPDAPAICNGLDGNKDDCMPCPKSPEKLQTVARKRQRLAVKSATSLSSDFPGQQ 165
SiWEEl CTPDYLTPDAPAICNGLDGDKDDYTPC PKSPEKLLSVSRKRPRLA--SVRPFSSDLSGQQ 167
ZmWEE1 CTPDYITPEMPQVANEFDDDDKENIPCPKSPEKSANPRSKRYRTDCSPKAREVTDFSFDH 60
OSWEE1l CE£Q¥;EEBAPQ§?SGF%§N#KENInggi%FKiVC—RSK§¥K§DCSPKGLGSN%IFDS%S178
AtWEE1l RVDEQENDDIDTDEVMGDKLQANQTERTG-YVSQAAVALRCRAMPPPCLKNPYVLNQSET 217
NtWEEl QLADIPEDAFGSDETKSEKITESEKGHS--YVSQSAIALRYRVMPPPCIRNPYLRDASEI 223
SiWEEl QPVDIPTDTFGTDEMKSEKISESEKGPS--YVSQSAIALRYRVMPPPCIRNPYLGDASEI 225
ZmWEELl QITPVLFDSLTRDDSEEEQPKQPALEKRGGYVSQSAVALRCRVMPPPCVKNPYLNTDPCI 120
OsSWEE1l WIAPVQFEGLD--DSEEEQLKESSSHKRGSYVSQSAVALRCRVMPPPCIRNPYLNTDHQI 178
. . .. T T X
AtWEE1l ATDPFGHQRSKCASFLPVSTSGDGLSRYLTDFHEIRQIGAGHFSRVFKVLKRMDGCLYAV 277
NtWEEl DVDPFGNRRSKCAGFNPVIFGNDGLSRYRSDFHEIEQIGTGNFSRVFKVLKRIDGCMYAV 283
SiWEEl DADPFGNRRSKYPGFNPAISGNDGLSRYRTDFHEIEQIGSGNFSRVFKVFKRIDGCMYAV 275
ZmWEEL1 DAAVYGGRQCNSAVFSPSIGG-NGLSRYRTD FHEIEKIGYGNFSWFKVLNRIDGCLYAV 179
OsSWEEL DDNVFGGRQCKSSGFSPSVDG-DGLSRYRTDFHEIEQIGRGNFSWFKVLKRIDGCLYAV 295
L * % L kwwRE e w Rk [ %k ok ko ok ok %k %k k%%

AtWEEl KHSTRKLYLDSERRKAMMEVQALAALGFHENIVGYYSSWFENEQLYIQLELCDHSLSALP 337
NtWEELl KHSTKQLHQDTDRRKALMEVQALAALGPHENWGYYSSWFENEHLYIQMELCDHSLSN-- 341
SiWEEl KHSTKQLHQDTDRRQALMEVQALAALGPHENWGYYSSWFENEHLYIQMELCDHSLSN- - 333
ZmWEE1 KRSIKQLHNDMERRQAVKEVQAMAALGSHENIVRYFTSWFENEQLYIQMELCDRCLS 236
OsWEE1l KRSIRQLHNDRERRQAVKEVQALAALGCHENIVGYFTSWFENKQLFIQMELCDRCLS 352
AtWEE1l KKSSLKVSEREILVIMHQIAKALHFVHEKGIAHLDVKPDNIYIKNGVCKLGDFGCATRLD 397
NtWEEl KKYSKLSSEVAVLEAMYQVAKALQYIHQRGVAHLDVKPDNIYVKSGVYKLGDFGCATLLD 401
SiWEEl KKYCKLFSEVEVLEAMYQVANALQFIHQRGVAHLDVKPDNIYVKNGVYKLGDFGCATLLD 393
ZmWEE1 MNRNQPVKRGEALELLYQICKGLDFMHERGIAHLDVKPDNIYVRNGIYKLGDFGCATLVN 296
OsSWEELl MDRNQPLKCGEALELLYQICKGLDFIHERGIAHLDVKPDNIYVRNGVYKLGDFGCATLID 412
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AtWEE1l KSLPVEEGDARYMPQEILNEDYEHLDKVDIFSLGVTVYELIKGSPLTESRNQSLNIKEGK 457
NtWEEl KSQPIEEGDARYMPQEILNENYDHLDKVDVFSLGAAIYELIRGSPLPESGPHFLNLREGK 461
SiWEEl KSQPIEEGDARYMPQEILNENYDHLDKVDIFSLGAAIYELIRGSSLPESGPHFLNLREGK 453
ZmWEELl RSLAIEDGDSRYMPPEMLNDKYEHLDKVDIFSLGAAVYELIRGTPLPESGSHFTSIREGK 356
OsSWEE1l RSLAIEDGDSRYMPPEMLNDKYEHLDKVDIFSLGAAIYELIRGTQLPDSGPQFTSLREGK 472
* Lk E ok E kR [k E .k K EEEKE R EEE ok kEE K % * . Lk ow
AtWEEl LPLLPGHSLQLQQLLKTMMDRDPKRRPSARELLDHPMFDRIRG 500
NtWEE1l LPLLPGHSLQFQNLLKVMMDPDPTRRPSAKDLVDNPIFERCQRNANK- 508
SiWEEl LPLLPGHSLQFONLLKAMMDPDPTRRPSAKGWDNPIFERWQRNSNK- 500
ZmWEEL1 IALLPGCPMQFQSLIKSMMDPDPVRRPSAKEILRHPSFDKLHKASSK- 403
OsSWEELl IALLPGCPMQFQSLIKSMMDPDPVRRPSAKEVLRHPIFDKLHKAPAKK 520
A He L e e :
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Appendix B
Data from the weel T-DNA Insertion Lines

Raw data — primary root length £tHU

wild type weel-1 weel-3 weel-5
—-HU +HU -HU +HU -HU +HU —-HU +HU
40 30 15 5 35 20 35 5
30 30 20 5 20 20 25 5
25 30 30 4 35 25 30 6
30 25 25 5 40 20 35 5
45 35 40 4 40 20 25 2
35 30 35 6 35 20 45 5
35 25 20 5 35 20 35 3
30 30 35 6 30 20 40 7
45 40 20 5 35 20 40 4
40 30 35 8 45 25 40 4
30 30 30 8 25 20 40 3
35 25 40 5 30 20 45 5
30 25 30 5 40 20 40 5
35 30 30 5 35 25 40 3
45 30 30 5 35 20 40 3
30 30 30 5 45 20 45 5
35 30 30 5 30 25 45 3
35 20 35 5 30 15 45 3
40 30 35 5 40 20 40 4
30 30 35 5 30 20 35 4

Raw data — total number of lateral roots and lateral root primordia +tHU

wild type weel-1 weel-3 weel-5
-HU +HU -HU +HU -HU +HU -HU +HU
9 3 2 0 11 4 7 1
10 3 2 0 7 0 14 1
6 1 2 1 9 0 13 0
4 3 0 1 15 0 7 1
7 2 1 1 9 5 7 2
9 3 0 0 6 3 9 0
7 2 0 0 13 6 8 0
5 2 1 0 6 3 20 1
8 0 4 0 11 9 19 0
10 0 4 0 14 2 11 0
3 4 5 0 12 8 15 0
4 2 7 0 13 5 17 0
4 2 7 1 12 4 16 0
3 4 5 0 10 7 18 1
4 3 4 0 12 4 14 1
8 6 4 0 17 7 19 2
4 2 2 0 16 7 15 1
4 5 6 1 7 6 12 1
7 5 3 2 11 8 13 1
3 6 5 2 7 5 14 1
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Mean (+SE) measurements of primary root length, lateral roots and lateral root primordia and
the calculated ratio of lateral root and lateral root primordia per mm primary root length

L Ratio (lateral roots + lateral
. ateral roots + lateral root ) . .
Primary root length (mm) . . root primordia/ mm primary
primordia
root length)
—HU +HU -HU +HU —-HU +HU
. 35.00 29.25 5.95 2.90
wildtype | .7 3 (*0.9) (*0.5) (+0.4) 0.17 0.10
30.00 5.30 3.20 045
weel-1 *1.5) *0.2) (0.5) 0.2) 0.1 0.09
34.50 20.75 10.90 4.65
weel-3 (* 1.4) (£0.5) *0.7) (£ 0.6) 0.32 0.22
38.30 4.20 13.40 0.70
weel-5 (£1.5) (*0.3) *1.0) (0.2) 0.35 0.17
T-tests for primary root length (-HU) (P)
| wild type weel-1 weel-3 weel-5
wild type 0.0229 0.7606 0.0695
weel-1 0.0298 5.5989E-05
weel-3 0.0369
weel-5
T-tests for primary root length (xtHU) (P)
| wild type +HU  weel-1 +HU weel-3 +HU weel-5 +HU
wild type —HU 0.0001
weel-1 -HU 1.5109E-12
weel-3 —HU 6.9508E-09
weel-5 -HU 1.1111E-15
T-tests for lateral root + lateral root primordia (-HU) (P)
| wild type weel-1 weel-3 weel-5
wild type 0.0058 3.9352E-06 6.9038E-06
weel-1 1.2645E-09 8.5243E-11
weel-3 0.0004
weel-5
T-tests for lateral root + lateral root primordia (+HU) (P)
| wild type tHU  weel-1 +HU weel-3 +HU weel-5 +HU
wild type —~HU 0.0007
weel-1 —-HU 3.1245E-05
weel-3 —HU 1.5431E-05
weel-5 -HU 4.2271E-11
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Mean (+SE) AtWEE] transcript levels, AtWEE]1 protein levels and kinase activity

Transcript Protein Kinase activity
-HU +HU -HU +HU -HU +HU
wild type 100.00 104.51 100 55.60 10.94 15.53
(£ 6.6) = 1.5) =0.0) (x4.3) (£0.3) (=0.9)
weel-1 98.39 114.59 72.06 50.38 12.68 13.03
=3.2) *4.0) (x2.6) *2.7) (=0.3) (£0.3)
weel-3 64.38 80.61 28.65 2343 11.52 11.93
(£2.8) = 6.0) =3.8) 8.7) (=0.1) =0.1)
weel-5 76.23 98.48 41.51 16.56 11.63 12.02
(£4.3) 7.1 =5.8) =3.9) (£04) =0.3)

T-tests for WEEI transcript level (-HU) (P)

] wild type weel-1 weel-3 weel-5
wild type 0.8513 0.0160 0.0264
weel-1 0.0065 0.0236
weel-3 0.0129

weel-5

T-tests for WEE! transcript level (xtHU) (P)
| wild type +HU  weel-1 +HU  weel-3 +HU  weel-5 +HU

wild type —HU 0.5820

weel-1 —HU 0.0113

weel-3 —-HU 0.0516

weel-5 -HU 0.0828

T-tests for WEEI protein level (-HU) (P)

| wild type weel-1 weel-3 weel-5
wild type 0.0075 0.0027 0.0101
weel-1 0.0112 0.0642
weel-3 0.1294

weel-5

T-tests for WEEI protein level (tHU) (P)
| wild type +tHU  weel-1 +HU weel-3 +HU weel-5 +HU

wild type —~-HU 0.0099

weel-1 -HU 0.0187

weel-3 -HU 0.4336

weel-5 —-HU 0.1199
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T-tests for WEEI kinase level (-HU) (P)

Appendix B

wild type weel-1 weel-3 weel-5
wild type 0.0792 0.2952 0.3440
weel-1 0.2048 0.0577
weel-3 0.8743
weel-5
T-tests for WEEI kinase level (xHU) (P)

wild type +HU  weel-/ +HU weel-3 +HU weel-5 +HU
wild type -HU 0.0125
weel-1 —-HU 0.0903
weel-3 -HU 0.2952
weel-5 —-HU 0.6145
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Appendix C

A. thaliana WEEI]1 interacts with CDKA1, CDKB2;1
and CiPK21, a putative A. thaliana CHK1 Protein, in
a Y2H Screen

Introduction

The DNA damage checkpoint in both yeast and animals is defined as a signal
transduction pathway that delays entry into mitosis in the presence of damaged DNA
to preserve genomic integrity (Hartwell and Weinert, 1989). In yeast and animals
DNA damage is sensed by the RAD and ATM/ATR proteins, respectively (Elledge,
1996; Weinert, 1998; Abraham, 2000), resulting in down-stream phosphorylation and
activation of the Chk1/2 kinases. The Chk kinases are conserved in yeast and animals
(Walworth et al. 1993; al-Khodairy et al. 1994; Fogarty et al., 1997; Sanchez et al.,
1997; Kumagai et al., 1998; Zachos et al., 2003) and are responsible for the in vivo
activation of Weel proteins and deactivation of Cdc25 proteins (Peng et al., 1997;
Wang et al., 2000; Forrest and Gabrielli, 2001; Rothblum-Oviatt et al., 2001; Chen ez
al., 2003b).

The signalling pathway between ATM/ATR and WEE1 has not yet been described in
plants. However, recently was suggested that a member of the CiPK family could act
as the protein kinases regulating the signalling cascade down-stream ATM/ATR. The
CiPK protein family in 4. thaliana consists of 25 members, of which several have
been shown to be involved in Ca®* signalling (Hrabak et al., 2003; Kolukisaoglu et al.,
2004). CiPK proteins consist of a conserved kinase domain and a plant-specific NAF
domain, which mediates the interaction with the CBL calcium sensor proteins and,
interestingly, the plant CIPK proteins possess a third domain, a protein phosphatase
interaction (PPI) motif, which is similar to the S. pombe and H. sapiens Chkl kinase
(Ohta et al., 2003). In a recent report by Rossignol et al. (2007) it was shown that the
A. thaliana Protection of telomeres 1A (POT1A) protein, which is a regulator of
telomeric length, interacts with AtCiPK21.

To elucidate a potential role for AtCiPK21 in the plant cell cycle, it was investigated
if AtCiPK21 interacts with AtWEE1 in a Y2H screen. In addition to CiPK21, it was
also investigated if AtWEEI] interacts with CDKA1 and AtCDKB2;1.
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Materials and Methods

Yeast Transformation and Reporter Gene Screening

For the Y2H screen the target plasmids containing the coding sequences of A7CiPK21,
AtCDKAIl and AtCDKB2;l, respectively, were kindly donated by Dr. J. Doonan, John
Innes Centre, UK. Co-transformation of wild type YRG2 cells with the A¢tWEEI bait
plasmid and the target plasmids and the reporter gene screening were performed as

described in sections 3.11.2 and 3.12, respectively.

Results

Wild type 8. cerevisiae YRG2 cells were co-transformed with the AtWEEI bait
plasmid and the target plasmids containing the coding sequences for AtCiPK21,
AtCDKAIl and AtCDKB2;l, respectively. The double transformants were selected on
SD agar plates containing trp-leu DO solution and 40 mM 3-AT and tested for

transcriptional activation of the HIS3 and LacZ reporter genes (Figure CIA and B).

A B
1x 10x 100x
A!'WEE1/AtCiPK21

AtWEEI/AtCDKAL

AtWEEV/AtCDKB2;1
AtWEEI/At14-3-3u)

(Positive control)

AtWEEI only

(negative control)

Figure C1 - Transcriptional activation of Y2H reporter genes YRG2 cells co-transformed with
AtWEEI! bait plasmid and AtCiPK21, AtCDKAl, AtCDKB2;l and Atl4-3-3co (positive control)
target plasmids, respectively, and YRG2 cells transformed with AtWEEI[ only (negative control).
A) Activation of the HIS3 reporter gene assayed by adding a Ix, 10x and 100x dilution of the
transformants onto SD agar containing his DO and 40 mM 3-AT. B) Activation of the LacZ

reporter gene assayed by filter lifts of the transformants.

The transformant carrying the AtWEEI! bait plasmid and the 4#/4-3~3co target plasmid
(Chapter 5) was used as a positive control for the Y2H and was found to activate both
the HIS3 and LacZ reporter genes. YRG2 cells transformed with the AtWEEI bait
plasmid alone was included in the Y2H to verify that the A¢tWEEI bait plasmid is
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incapable of auto-activating the HIS3 or the LacZ reporter gene itself when grown

under these conditions.

The transformants carrying the AtWEE! bait plasmid co-transformed with the
AtCiPK21, AtCDKAI and AtCDKB2; 1 target plasmids, respectively, did grow on SD
agar plates containing his DO solution and 40 mM 3-AT implying that AtWEEI
interacts with all of the above mentioned proteins. Furthermore, the double
transformants were all found to give rise to a blue colouration in the filter lift assay
further implying that the proteins interact resulting in a transcriptional activation of

the LacZ reporter gene.

Discussion

The signalling cascade between ATM/ATR and WEEI has not yet been described in
plants, whereas in recent years the knowledge of the proteins involved in the
signalling cascade down-stream of WEE! has increased (Menges et al., 2005;
Shimotohno et al., 2006; De Schutter et al., 2007). Using the Y2H technique it was
investigated if AtCDKA1 and AtCDKB2;1 interacts with AtWEE1. In agreement with
De Schutter et al. (2007) AtCDKA1 was found to interact with AtWEE1. Furthermore,
it was recently shown that AtWEE! directly phosphorylates CDKAL1 ir vitro in a
tyrosine 15-dependent manner (Shimotohno et al., 2006). AtCDKB2;1 was also found
to interact with AtWEEI, although it was previously found that AtWEE1 does not
interact with AtCDKB1;1 (De Schutter et al., 2007). A reason for this could be that
the two B-type CDK have different functions in the cell cycle, which is also suggested
from the expression patterns of AtCDKBI and AtCDKB2 genes. In A. thaliana the
expression of CDKBI peaks in S phase, whereas the expression of CDKB2 peaks in
G2/M (Menges et al., 2005). So far, no reports have suggested a link between WEE1
with CDKB1 in S phase. Furthermore, the interaction between AtWEE1] and
AtCDKB2;1 highlights the importance of assaying all members of a given protein
family, here AtCDKB, rather than simply extending findings for one protein to the

entire family.

Recently, CiPK proteins have become interesting in relation to the plant cell cycle.
They contain a PPI motif similar to the S. pombe and H. sapiens Chk1 kinases (Ohta

et al., 2003) and since no Chk1 proteins have so far been identified in plants, it was
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suggested that CiPK proteins could be the link between ATM/ATR and WEEL.
AtCiPK21 was found to interact with AtWEE]1 in a Y2H screen indicating a function
of this protein in the plant cell cycle. However, it is necessary to confirm the
interaction by additional in vitro and in vivo methods, such as co-immunoprecipitation
and fluorophore-based methods, such as FRET and BiFC. If the interaction can be
confirmed, it is further necessary to investigate, by the use of in vitro kinase assays, if
CiPK21 phosphorylates and hence activates WEEL. In the case that CiPK21 proves to
be the protein linking ATM/ATR and WEEI] signalling cascade, it would be
interesting to investigate if CiPK21 is a target for 14-3-3 protein binding. In both S.
pombe and H. sapiens 14-3-3 proteins bind to active Chkl in a phosphorylation-
dependent manner and thereby stabilize Chkl activity and ensure its nuclear
localization in the case of DNA damage (Chen et al., 1999; Capasso et al., 2002;
Jiang et al., 2003).
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Appendix D

CDKB and WEEI1 kinase regulate mitotic timing in
BY-2 cells

Paper submitted to The Plant Journal on the 14™ of November 2007

The author of this thesis has contributed to the paper with the following experimental
work:

— Transcript levels of AtWEE1 and NtWEE ]

— Testing of the NtWEE! antibody including recombinant protein
production (Chapter 7)

— Protein levels and kinase activity of WEE1 (Chapter 7)
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Summary
Expressing the Arabldopsis cell cycle gene, Arath;WEE1, either In

Schizosaccharomyces pombe or Arabidopsis thaliana induced
eslongated cells fuelling the idea that expressing this gene in BY-2 cells
would induce large cell sizes. We found the exact opposite. Either
constitutive or dexamethasone (DEX)-inducible expression of
Arath; WEE1 induced small mitotic cell areas of 2300 - 2,500 uym? in five
independent transgenic lines compared with 2800 — 3,200 pm? in
controls. When expression of Arath,WEE! was induced, G2 was
shortened to 0.5 h with a compensatory increase in G1 duration. The
expression profile of the endogenous Nicta; WEE1 was perturbed only
qualitatively; this cannot be attributed to an iIncrease in WEE1
expression per se because when Nicta; WEE1 was induced, there was a
2 hour delay in the peak of synchronous mitoses and no reduction in
mitotic cell area. In the inducible line = DEX, WEE1 protein and kinase
levels were sensitive markers of the G2/M transition and induction of
Arath; WEE1 did not affect a high level of WEE1 kinase in early S-phase.
in the normal cell cycle, WEE1 kinase activity was inversely related to
CDKB but not CDKA activity; Arath, WEE1 expression induced maximal
Nicta; CDKB activity in early S-phase. Our data indicate that the timing of
CDKB but not CDKA activity is either acutely sensitive or central to a
cell size control mechanism. Moreover the data also support the
hypothesis that WEE1 kinase is a negative regulator of CDKB activity
during a normal cell cycle in BY-2 cells.

WCa4 2
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38  Nicotiana tabacum, WEE1
39

40 Word counts

Abstract 242
Introduction 633
Results 2318
Discussion 1153
Methods 1349
Legends 1189
Sub- TOTAL 6885
References 1105
TOTAL 8064

41

42 figures interpolated as appropriate

SUBMITTED MANUSCRIPT

-D5-



43

45

47
48

49

51
52
53
54
55

57

58

59

61

62

63

65

67

The Plant Journal

Introduction

The cell cycle is conserved in all eukaryotes where the key transitions, G1/S
and G2/M are regulated by cyclin-dependent kinases (CDKs). These
complaxes comprise the CDK and cyclin as the catalytic and activating sub
units, respectively (Krek and Nigg, 1991). In animals, there are several
different CDKs each one functioning, at different stages of the cell cycle
(Gould and Nurse, 1988). In plants, over 120 cyclins and over 30 CDK-related
genes are classified into A through to F (DeWitte and Murray, 2003); the
CDKB family is unique to plants. In Arabidopsis, CDKA;1 activity peaks at
G1/S and G2M whilst COKB2;1 peaks at G2/M (Joubes et al., 2000). In
tobacco BY-2 cells, CDKA activity is relatively constant from S-phase to
mitosis whilstB-type activity peaks in mid G2 (Somrellet al., 2001).

In fission yeast (Schizosaccaharomyces pombe), a single CDK
encoded by cdc2 associates with different cell cycle-specific cydins to
regulate both G1/S and G2/M (Nurse and Bisset, 1981; Gould and Nurse,
1989; Nurse, 1890). Cdc2 is phosphoragulated in G2, negatively by Spwee1
kinase and positively by Spcdc2s phosphatase (Nurse, 1990). A partial WEE?1
homologue was cloned in maize and inhibits CDK activity in vitro (Sun et al.,
1999) whilst a full length WEE1 expressed only in meristematic regions was
cloned in Arabidopsis (Somrell et al., 2002). Arath:WEE1 participates in the
DNA damage checkpoint, and insertion lines of WEE1 are hypersensitive to
DNA damaging agents (De Schutter et a/., 2007). However its role in a normal
call cycle remains to be fully characterised especially since the insertion lines
grow and develop nomally. This is in contrast to wee” mice that die early

during embryo development (Tominaga et al, 2006).
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Expression of both Arath, WEE1 and ZmWEET in fission yeast resulted
in a long cell phenotype mirroring the effect of SpWee1°* (Russell and Nurse
1987; Sun et al., 1999; Somell et al, 2002), suggesting a possible role for
plant WEE1 in cell size regulation. WEE1 transcripts were high during
endoreduplication both in the endosperm of Zea mays (Sun et al., 1999) and
in tomato fruit (Gonzalez et al, 2004) suggesting a role for WEE1 in this
process. In tomato, a reduction in WEE1 levels using antisense, resuited in
smalier fruit with reduced caell size, a lower ploidy leve! and a reduction in the
levels of Y15 phosphorylated CDKA accompanied by a reduction in CDKA
activity (Gonzalez et a/., 2007). They concluded that in wild type fruit, WEE1
negatively regulates CDKA activity to control cell size acting through a
regulation of cell expansion and, or endoreduplication. However in these
systems, neither WEE1 protein nor WEE1 kinase activity from plant protein
extracts were measured and linked to cell cycle phase. The most
comprehensive study of WEE kinase activity during the cell cycle was for
Hela cells where WEE1 kinase activity was detected during interphase but
not in mitosis (McGowan and Russell, 1995). In these assays, native WEE1
was pulled down using human WEE1 antibody and then used in histone H1
kinase assays (McGowan and Russell, 1995).

Given the known cell cycle effect of ArathWEE1 expression in S.
pombe, we aimed to examine its effects on cell size in planta and to resoive
how WEE 1, at the protein and kinase levels, might be regulating the plant cell
cycle. We raised an antibody against tobacco WEE1 and used a similar
approach to that of McGowan and Russell (1995) to provide, for the first time,

measurements of WEE1 protein and WEE1 kinase activity during a plant cell
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cycle. Expression of Arath; WEE1 in tobacco cells resulted in an unexpected
reduction in cell size and perturbation of the cell cycle. We investigated these
effects at the levels of WEE1 transcript, protein, and kinase activity to offer a
mode! about how WEE1 regulates entry into mitosis in a normal and a
perturbed cell cycle.
Resuits
Arath; WEE1® in Arabidopsis results in an increase in epidermal cell
length in root apical meristems

Given ArathWEE1's induction of an elongated fission yeast phenotype,
we tested whether the same effect would be induced in Arabidopsis. Indeed,
there was a significant increase in epidermal cell length in root meristems in
Arath; WEE 1°* plants from 3.96 + 0.61 in WT, to 5.50 1 0.83 um (n=50; P <
0.001). However, this is a limited approach becausamitotic cells could not be
distinguished from interphase cells. To study Arath; WEE1's effects on mitotic
cell size and the cell cycle, we expressed it in the tobacco BY-2 cell line which
is free from developmental constraints and might obviate gene silencing. BY-2
cells were transformed with Arath;WEE1 regulated either by a constitutive
attenuated 35S promoter (Orchard et al. 2005) or a dexamethasone (DEX)
inducible promoter (Ayoama and Chua, 1997). All cell lines were synchronised
at the G1/S boundary with aphidicolin, and DEX was added to the inducible
lines immediately following release from the aphidicolin block.
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Arath;WEE1 expression in BY-2 cells induces a reduction in mitotic cell

size

Constitutive  expression  of
Arath WEE1 was detected in three
independent lines (Fig. 1A) and in
two inducible lines within 15 min of
addition of DEX (referred to here on
as +DEX) (line 1 Fig. IB).
Expression of Arath;WEE1 was not
detected in the absence of DEX
(referred to here on as -DEX) in any
of the i-WEEI lines tested (data not

shown) indicating that the promoter's

inducibility was under tight control.

When Arath; WEE1 was

expressed constitutively in three

independent transformed lines (c-
WEEI! lines 2, 6 and 10). significant
reductions in mitotic cell size were
detected compared with the
comparable Empty Vector-c-10 (Fig.
1C). Arath; WEE1 expression +DEX
i-WEEI1-6

in line i-WEEI-1, and

induced significant reductions in

mitotic cell area and compared with

B

]

v

deAy n ns ns m ns ns ns

iline 6 ns i .. ns ns

cWEEtlineU  * .. Ins ns
EV-c-10 * - ns

i-WEEM-DEX R

I-WEEI-1+DEX ns
I-WEEI-6+DEX -

EV-i-l

Figur* 1 Constitutive or induced expression
ol Arath. WEEi in BY-2 cells results in a small mitotic cell size

(A) RT-PCR expression ol Arath.WEEi in three
constitutively expressing BY-2 lines 2,10 and 12

(B)Arath. WEEi expression in line 1induced by
Dexameihasone (DEX). first detected after 15 min of DEX

(C) Mean mitotic cell area (pm2 +SE) in wild type (WT).
constitutively (c) expressing WEEL lines 2. 6 and 10. empty
vector (EV), inducible (i) lines 1 and 6 £DEX and
correspondng empty vector line EV-i-1 (n=300)

Below is a matrix that comperes all treatments by t-tests
Shaded boxes mark the stnctly valid statistical comparisons
*P <05. "P <001."'<0 001, ns not significant There were
no significant differences in rntotic cell size within treatments
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both i-WEEI-1-DEX (P <0.02) and. the inducible empty vector. EV-i-1 (P <

0.001). Thus, the induction of small cellsfollowing Arath. WEEI expression

was the exact converse of our predictions.

G2 shortens in synchronised BY-2 cells when Arath; WEE 1 is expressed

Figure 2. Constitutive or inducible Arath.WEEi
expressing BY-2 cells have a short G2

Mitotic indices following synchronisation with and
removal ol aphidicolin in

(A) constitutive (c) - Arath: WEEI line 10 ( — )and
its corresponding Empty Vector (EV-c-10) (¢ solid
lines) * mark cell cycle durations lor constitutively
expressing Arath:WEEI and EV Ime 10. respectively:
representative data Irom replicate experiments:

(B) in the inducible (i)- Arath; WEEI line 1 *DEX
(grey dashed lines) or -DEX (black lines) at time 0.
arrows mark the cell cyde times representative data
from replicate experiments

BY2 cells blocked m late Gl and S-phase by
aphidicolin and then released show an initial rise in
the cun/e when cells trapped at the end ol S-phase
dunng the aphidicolin block, are the first to traverse
G2 and enter mitosis following removal ol the block.
The first peak is when the bulk of synchronised cells
enter mitosis; this pomt in time minus S-phase is an
alternative measure of G2. Either way. G2 is less
than 1 hour mthe +DEX treatment, and 4 h -DEX

Above and below cell cycle plots for the inducible
lines, are mean histone H4 expression profiles from
semi quantitative RT-PCR as percentages of
maximum expression + DEX. used to calculate S-
phase (45 h +DEX. 55 h -DEX) SEM was <3 V
throughout (n«3) M-phase duration was calculated
from the average mitotic index tor each treatment (M)
using formulae of Nachtwey and Cameron (1968)
which account for exponential growth: dM» C/In2 x In
<Mtl1). Gl is calculated by difference. All phase
durations are in hours rounded up or down to the
nearest 0.5 h

hArath;WEEI S-phase 2 M Gl C
+DEX 45 05t 7 13

DEX 58 401 15 12

(A) ¢ Arath:WEEI

0 c-Anth. WEE!
line 10
EV¢-10

(B) i-Arath;WEEI (0EX)

T iX/iftttEfr .DEX
o \-AmUt W tt] -0CX

-DEX
Time (h) following tie removal of aphidicolin
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To examine whether small mitotic cell size impacted on the cell cycle,
mitotic indices were charted following synchronisation with aphidicolin (Fig. 2).
In these curves, the highest mitotic index value is when the bulk of
synchronised (G1/S) cells enter mitosis as confirmed by microdensitometry
(Orchard et al, 2005). For both constitutive (Fig. 2A), and inducible
Arath;WEE1 lines +DEX (Fig. 2B), the mitotic index curve rose sooner (1-2h)
and peaked earlier (4-5 h) than empty vector and Arath; WEE1 -DEX (Fig. 2
A and B). Call cycle phase lengths for the EV control and non-induced line
were comparable to previous data (e.g. Orchard et al., 2005). These curves
are consistent with a shortened G2 when Arath,WEE1 was expressed, and
the effect cannot be ascribed to the treatment with aphidicolin since all lines

+DEX were synchronised in the same way.

Semi-quantitative RT-PCR was used to generate histone H4 profiles
used to measure S-phase duration in inducible line 1 :DEX. S-phase was 4
to 5h +DEX and 5 to 6 h -DEX (Fig. 2B); we assigned S-phases of 4.5 and
5.5 h for the inducible line +DEX and -DEX, respectively. The interval
between peaks (indicated by arrows in Fig. 2) spans a cell cycle time of 13
and 12 h in the +DEX and -DEX treatments, respectively. Hence following
Arath; WEE1 expression, there was an 8-fold shortening of G2 compensated
by a 4.7-fold lengthening of G1 (Fig. 2).
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inter-specific differences at the amino acid level between the regulatory
domain in Arath;WEE1 and Nicta; WEE1

100: NictaWEE1

[A] Lyces;WEE
8 L GlymawEE

100 Arath WEE1

E: Orysa,WEE1
100 ZeamaWEE1

Cyame,WEE1
Ostia, WEE1
0.1
Figure 3. Phylogenetic tree showing rel hip b the six available higher plant

and two aigal WEE 1 sequences.

The tree was constructed using the Neighbour-joining algorithm, boot strap values are indicated
above branches. Nicta WEE1, Nicofisna fabacum; ZeamaWEE1, Zea meys (AADS2083):
ArsthWEE1, Arabidopsis thak (CAD28879), Glyma:WEE1, Glycine max (AAS 13373),
OrysaWEE1, Oryumw(xP 464040) Lyces;WEE 1, Lycopersicon esculentum (AM180839);
Cy ‘WEE1, Cy ; (CMTS00C): OsttaWEE1, Ostrsococcys taun
(AY675101)

The induction of Arath, WEET leads to a small instead of a predicted
large cell size phenotype. We next asked whether there were any significant
differences between the Arabidopis and tobacco WEE1 genes. The 508
amino acid ORF of Nicta,WEE1 was cloned using degenerate primers
followed by 3’ and 5' RACE and compared to other available WEE1 amino
acid sequences from tomato, maize, soybean, Arabidopsis and rice, and two
alga, Cyanidioschyzon mercolae and Ostreococcys tauri (Fig. 3).

Overall, the Nicta; WEE1 amino acid sequence was most closely related to the
tomato sequence (95%) and most distant from the algal ones, (87 and 64%
respectively). In humans, Xenopus and fission yeast catalytic activity of WEE1
is located in the C-terminal domain while the N-terminal domain has a
regulatory function (Lee et al, 2001;: McGowan and Russell, 1995; Rothblum-
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178  Oviatt et al, 2001). A comparison of the putative protein kinase domain of
179  Nicta;WEE1 (amino acids 283 -508) to the equivalent region of Arath, WEE1
180 revealed 70% similarity whereas the N-terminal regions (amino acids 1-282)
181  were considaerably less similar (49%, Fig. 4). Likewise, comparisons between
182 animal WEE? genes (e.9. Xenopus and human) reveal a higher similarity
183  within the catalytic domain (60%) compared to the N- terminal regulatory
184  domain (56%).

185
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G2 lengthens when tobacco WEEI is
over-expressed in BY-2 cells.

In the Arath.WEEi +DEX G2
shortened and cells divided at a reduced cell

Given differences in the amino acid

size.
sequence  between Arath.WEEi and
Nicta:WEEI we tested whether over-

expression of Nicta;WEEI had the same
effect as expressing Arath.WEEi. BY-2 cells
were transformed with Nicta,WEEI under
the DEX-inducible promoter, and mitotic
indices and mitotic cell sizes were measured
following synchronisation.

Expression levels of Nicta;WEEI
were elevated +DEX in two independent
lines: 6 and line 7 (Fig 5A): line 6. exhibitng
higher levels, was used subsequently

The mitotic index peaked at 10 h
+DEXcompared with 8 h-DEX (Fig. 5B)

suggesting a 2 h lengthening of G2.
However, there wasno significantdifference
inmitotic cell Size t+DEX (Fig.6B.). Not at

any stage was there evidence of a small

nxskweei oy sem.-quantitat.ve rt

Appendix D

L6 ; L7

100

80
E 60
40
20

° 0'301; O 30"
Dexamethasone concentration (pM)

B)

Nicta; WEEI DEX
mca 2779 1 148
pm»

Ntcta. WEE! ¢ DEX
mca 2718 * 166pm’

Time (h) following release
from aphidicolin
Figure 5. Nicta. WEEI over egression does
not induce a small mitotic size phenotype Put
G2len9thens
(A). Mean levels of

per,
1DEX (pM) as a percentage ot max in two

(£SE) expression

transgenic lines: (16 and L7). n «3

B). Mitotic indices in the Nicta; WEEI

induc,t1 ! x ( pM) followin,
synchro®nilgtliao6n \Nl:‘:l’(!) apl(l)i?licoﬁig. )O](E)XO wa%
added at time 0. and 500 cells were scored
per sampling time Mean (+SE). mitotic cell
areas (mca) are added (n=48)

mitotic cell size as a result of Nicta,WEE Tover expression.
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212 Expression of Arath WEEi results in a premature increase in
213 Micta;CDKBI activity
214 For premature cell division there ought to be early increases in CDK

215  activity driving cells into early mitoses. This hypothesis was tested by

216  measuring kinase activity of both

CDKA
217 Nicta;CDKA:1 (referred to here, as
218 CDKA) and Nicta:CDKB;l (referred
219 to here as CDKB) in the inducible (A) CDKA n«DEX
DEX
220  Arath.WEEI line 1 = DEX.
221 Both CDKA and CDKB
222  activities in the -DEX (Fig. 6) were
10 11 12
223 highly comparable to published
(B) CDKB

224 CDKA and B activity during the cell
225 cycle of BY-2 wild type cells (Sorrell
226 et al, 2001). At 1 h CDKA activity
227  +DEX was highest (Fig. 6A. early S-
12 345 6 7 8§ 9 10 1112
228 phase) but thereafter dropped. Only Time (h) following the removal of aphidicolin

229 at 4 h was there a significant

230  difference between treatments (1.4-

CDKB
231 fold) favouring CDKA +DEX (late S- Figure 0. Nicta.COKBt kinase activity is
premature when Arath; WEEI is expressed in BY-
X 2 cells
232 phase. Fig. 6A). Hence. +DEX CDKA Mean histone H1 kinase activities (+SE) of (A) CDKA

tDEX and (8) CDKB i DEX. Immunoprecipitates in
triplicate experiments were quantified as a percentage
of maximum Protein extracts tor these assays were
sampled from the same experiment used tor generate

233 activity ~was  relatively constant

234 although both dropped in G1. mitotic index curves m Fig. 2 and phase durations are
carried over Between-treatment differences were
assessed usmg the Students t test: *P <0.05. " P=

235 At 1 h (early S-phase). CDKB 0 02-0.05 Where error bars are absent, variation about

the mean was <5%. (n=3). Above and below are gel
236  activity was significantly higher images from one of the three replicates.
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(1.92-fold) in +DEX compared with -DEX (Fig. 6B). Thereafter. CDKB +DEX
fell to. and then levelled out at approximately 60% of max. until sample time
11 (late G1) when it decreased to 40% of max. Conversely. CDKB -DEX was
low during early S-phase but peaked between 5-7 h (late S to mid G2). where
it was significantly higher than the corresponding values in the +DEX
treatment (1.63 - 1.96-fold. Fig. 6B).

Thus the major difference in CDK activity was in the CDKB which
peaked prematurely in the +DEX compared to the -DEX. Note, however that
in both +DEX and -DEX. CDKB peaked 4 h before mitosis (Fig. 6B).

Arath; WEEI expression does not affect the level of Nicta; WEE]
expression but it perturbs the Nicta; WEEI expression profile during the
cell cycle
Premature entry into mitosis at a reduced cell

size could be regulated at the transcriptional.

protein or activity levels (or all three). Our initial 100
hypothesis was that transcription of the
Nicotiana tabacum WEE1 was inhibited or -

suppressed when Arath;\NEE\ was expressed

resulting in overall reduced levels of WEET. If
Figure T. Mean (£SE) expression

so. a putativs negative regulation ol CDKs

PCR in three day old cultures in

normally imposed by Nicta.WEEI would be by 2 ceitsin which ArathtWEEI
(#DEX) was induced tor 12 h

removed. To test this hypothesis, we measuredTOmparaoicage. n* 3 A ok

Nicta:WEEI expression in exponentially growing cells of inducible line 1
+DEX compared to WT using semi-quantitative RT-PCR and Mcfa:WEEI -

specific PCR primers. The overlap of standard error bars between treatments
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indicates a null effect of Arath;WEEI transcripts on the level of Nicta:WEEI

transcripts (Fig. 7). Hence.

transcriptional silencing of

Nicta:WEEI is a very unlikely
mechanism by which Arath;WEEI
expression was exerting its effects
in BY-2 cells.

Next we tested whether the

timing of Nicta. WEEI transcription

affected when Arath:WEE1

was
was expressed during a
synchronised cell cycle. Semi -
quantitative RT-PCR charted the

pattern of Nicta:WEEtra nscription
* DEX, using Nicta: WEE/specific
primers. This method has been
validated in our lab. for obtaining
patterns of gene expression from a

variety of systems (Wagstaff et al.

2002: 2005: Parfitt et al.. 2005:
Orchard et al. 2005). Also, the
Arath:WEEI expression was

measured through the cell cycle
using Arath: WEE1 specific primers.

Samples were taken from the same

100"

Jso

(A) WT

®)
Nicta. WEEI DEX

13 14

L )
Nicta: WEE1 .OEX

Ol @
LTS

6 7 89 101112

o1

Arath; WE£t .OEX

012 34S 6769101112
1 s MH G ~
Figure 8. Expression of Arath; WEEI
disrupts Nicta: WEE 1 expression
profile during synchronised cell cycles.
(A)WT (representative data and mitotic
sidex). and mean expression level
(#SE)  <%max). (8) Nicta. WEEI -
DEX;(C) Nicta:WEE1 *DEX: (D)
Arath; WEE I induced in 8Y-2 cells
Excluding 4 (A),n >>3 and <6 Line
plots of mitotic index in (B) and (C),
are from Fig. 2.
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experiments / lines used for both histone H4 analysis and mitotic index scores
allowing us to relate transcriptional patterns to cell cycle phases. In the WT,
the expression profile of Nicta;WEE1 peaked at 4 h which equates with S/G2
(Fig. 8a) and is highly comparable with published data (Gonzalez ¢t al. 2004).
Minus DEX, Nicta,WEE1 transcripts peaked at 3 h, which for these cells, is
mid-to-late S -phase (Fig. 88). Remarkably, when Arath;WEE1 was induced,
the pattem of Nicta;WEE bxpression was perturbed so that peak expression
shifted from 3 to 6 h (Fig. 8B compared with 8C) occurring now just after the
mitotic peak. There were highly significant differences in Nicta;,WEE1
transcription +DEX in the 3 and 6 h samples (P < 0.001), at 3 h favouring
Nicta, WEE1-DEX, and at 6 h favouring Nicta;WEE +DEX. Thus, rather than
transcriptional inhibition of Nicta,WEE1 by Arath;WEE1 the data are
consistent with a perturbation of Nicta, WEES expression profile when
Arath; WEE1 was expressed.

Induction of Arath;WEET resulted in a transcriptional peak at 3 h (late
S-phase, Fig. 8D), in agreement with other studies of the transcriptional
pattemn driven by the 35S promoter during the cell cycle (Nagata et al., 1987).
Note that the transcriptional peak for Arath, WEET in the +DEX treatment (Fig.
8D) occurred at approximately the same time as the Nicta;WEEpeak -DEX
(Fig. 8B). Since induction of Arath;WEE1 resulted in a small cell size
phenotype we conclude that the mechanism for this perturbation is at least in
part due to a disruption of the normal pattern of native WEE1 transcription.
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Expression of Arath;WEEI in BY2 cells increases the overall amount of

WEE 1 protein.

One explanation for the aberrant results in
the transformed cell line is that although
transcripts of Arath;WEEI are produced,
they are not translated. To test this
hypothesis we raised an antibody to a
peptide from the regulatory domain of the
Nicta,WEEl protein sequence (Fig 4).
Although the antibody was raised to
Nicta.WEEI it does detect a single band of
the correct MW for both Arabidopsis and
tobacco WEE1 proteins on a Western blot
(Fig 9A). The specificity of the antibody was
further tested by expressing recombinant
NictaWEEl in E. coli (Fig 9B) WEEI
protein levels in a 3-day old culture of the

induced Arath;WEEI cell line were

Figure 9 WEEI1 antibody raised to NictaW EE1 also detects
Arath. WEEi on a Western blot ol Arabidopsis and tobacco
proteins (A) and idenUies a specific band when Mcta; WEE 1
e expressed in £ coi following induction of the recombinant
protein with IPTQ (B) In vrfro-expressed Atl4-3-3omega
protein is the negative control There is a clear increase in
the levels of WEEI shown by Western blotting following
induction with DEX m cultures expressing Arath. WEEiQ
under the DEX inducible promoter (C)

Means (+SE) ol total WEEI protein (% max) -OEX and
4OEX (E-F) Line plots ol mitotic mdrees are indicated on the
same yaxis Above (D) and below (G) are mean (a S.E )
WEEt kinase activities as the reciprocal of the CDK activity
on histone Hl following the addition of pulled down WEE1
(where error bars are absent variation about the mean was
<1%) The G2/M transition is extrapolated from the peak of
the mitotic index m both cases, n* 2

r Coomassle

56kda f # ' B  stained g"
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compared to levels prior to induction (Fig 8C), and there is a clear increase in
Wee1 protein (approximately four fold) in the induced culture. Thus,
expression of the Arath; WEET gene does contribute to increased levels of
WEE 1 protein.

WEE1 protein and kinase levels are sensitive indicators of the GZ/M
transition

The changes in transcriptional timing of the endogenous WEE1 gene
coupled with an overall increase in levels of WEE1 protein suggested that the
unexpected phenotype of the Arath, WEE1 BY2 line was because of a subtie
reguiation of WEE1 levels through the cell cycle. Hence we measured WEE1
protein and kinase activity during the synchronised cell cycles + DEX.

Plus or minus DEX, WEE 1 protein peaked just before or was coincident
with the peak of the mitotic index (Fig. 9 E-F). Hence, the peak of WEE1
protein is a sensitive marker of the onset of mitosis in this cell line. On closer
inspection, note that the protein peak ~DEX is broad, persisting for 4 h (Fig.
9E) whereas it lasts only for about 2 h +DEX (Fig. 8 F). The most notable
differences to the ~DEX treatment were increases of 20% in WEE1 protein
levels at 3h and 5h, and an anticipated degradation of the WEE1 protein.

One explanation for precocious mitosis following induction of
ArathWEE1 might be that this triggers an instability in the WEE 1 protein pool
resulting in its premature destruction. This would be consistent with a small
cell size and shortened G2. Moreover, since this protein peak precedes the
major peak of Nicta;WEE1 mRNA in the induced cell line (Fig. 8C), we
conclude that the protein peak is mainly due to expression of theArath ; WEE1

in this treatment. However presence of WEE1 protein does not necessarily
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equate to WEE1 activity since most cell cycle proteins are post-transiationally
regulated. We therefore assayed WEE1 kinase activity by measuring CDK
activity in psuc'®- precipitated CDK, challenged with antibody-precipitated
WEE1. We calculated mean WEE1 kinase activity as the reciprocal of CDK
activity following the protocol of McGowan and Russell (1995). Sampling
times were chosen to coincide with early S-phase and G2M +DEX.

Minus DEX, WEE1 kinase activity was maximal in early S-phase (1 h)
falling by about a half at 5 h (S/G2) and was minimal at 8 h (G2M) and 10 h
(M) (Fig. 9D). Thus in the absence of transgene expression there is a logical
and temporal order to a fall in WEE1 protein level, a fall in WEE1 kinase
activity, an increase in CDKB activity and the entry of cells into mitosis. Note
however that the fall in kinase activity precedes the fall in WEE1 protsin levels
suggesting an inactivation of the enzyme prior to its degradation.

Plus DEX, WEE1 kinase activity decreased as the cell cycle
progressed from early S-phase (1 h) to iate G2 (4 h), to G2/M (5 h) through to
G1 (8 h) (Fig. 9G). Hence again entry into mitosis was accompanied by a fall
in both WEE 1 protein and WEE 1 kinase levels.
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CDK and WEEI
activity

We report the unusual
occurrence of a small cell
size phenotype resulting from
the induction of Arath:WEEI
in tobacco BY-2 celb. In so

doing we provide compelling

evidence that WEEI is a
plant cell cycle regulatory
gene. Furthermore WEEI
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Figure 10 Profile ot CDK A. CDKB and WEE 1 kinase activity
during the cell cycle together with Nicta:WEEi mRNA and
protein levels in the Aralh; WEEI inducible cell line « DEX. Note
that In the - DEX treatment, onset ot mitosis was an hour
earlier in the WEE1 kinase and protein experiment compared

k ﬂs@opg)%%s 121?6383{85%3 eté' gscelfvlﬁlegs‘ b%e’tv?egrllld ix§l)érm1 gnlt
sampling times used to coincide with G2/M in each treatment
(see Fig. e

cells traverse a synchronised cell cycle in a remarkably similar fashion to

human WEEI and human CDKIl (McGowan and Russell. 1995: see Fig. 10).

In the -DEX treatment, the CDKA and CDKB profiles are also remarkably

similar to those reported in wild type (Sorrell et al.. 2001). In other words, we

confirm a cell cycle dependent regulation of CDKB in G2 whilst CDKA activity

is relatively constant for the whole of G2 although highest in early S-phase

and G2/M (Fig. 10). Nevertheless, our data show that CDKA is active during

21
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oell cycle progression from G2 to mitosis in agreement with earlier findings in
BY-2 wild type cells (Sorrell ot al., 2001; Porceddu et a/, 2001 ).

The WEE1 kinase profile in + DEX mimorsthat for -DEX (Fig. 10).
Hence, WEE1 kinase activity is lower at mitosis compared with early S-phase
and WEE1 protein drops at mitosis consistent with human WEE1 kinase
activity during the cell cycle (Russell and McGowan, 1996; Watanabe et
al.1995). One hour following the addition of DEX there is an ectopic peak in
CDKB activity (Fig. 6; Fig. 10). The key difference between treatments at this
time is a substantial level of Arath, WEE1T mRNA (Fig. 5D) together with a
substantial level of Nicta; WEEMmMRNA at 1 h (Fig. 8 B, and Fig. 10). The
additional presence of Arath; WEE1 transcript and Arath; WEE1 kinase activity
(see Fig. 9 A-C) coincides with the unusually high CDKB activity at this time.
Note that transcription of tobacco CDKB normally begins in G1, is high during
S-phase and maximal in G2 whilst COKB activity peaks in G2 (Fig. 10; Somell
et al., 2001). These transcriptional and transiational patterns fit well with our
recorded CDKB activity —-DEX treatment. Hence, when DEX is added, rapid
ArathWEE1 expression could perturb the system that normally ensures
CDKB activity does not begin untl S/G2. The machanism of this CDKB
release in early S-phase must be complex perhaps invoiving Arath;WEE1
kinase competing with Nicta;WEE1 for the CDKB substrate and perhaps
involving perturbation of a network of regulatory proteins that normally
negatively regulates CDKB at this time. Proteins known to be both negative
regulators of the G1/S transition and expressed strongly at this time include:
Rb, KRP 6 and 7 (Menges et al., 2005). Rb is a suppressor of the S-phase
E2F transcription factors and KRPs negatively regulate CDK activity in G1

SUBMITTED MANUSCRIPT n

-D24-

Appendix D

Page 22 of 42



Page 23 of 42

419
420
421
422
423
424
425
426
427
428
429
430
431
432

433

The Plant Journal

(reviewed by Francis, 2007) including CDKB (Nakai et al, 2006). Full
knowedge of the proteins involved in such complexes clearly requires a
proteomic analysis.

In Arabidopsis, WEE1 kinase can phosphorylate CDKA:1 at tyr15, in vitro
(Shimotohno et al., 2001), and most recently, it binds COKB in a 2-hybrid
assay (our lab, unpublished data) and can aiso phosphorylate CDKB types
(Umeda pers comm.) suggesting a phoshoregulatory role of WEE1 kinase in
the cell cycle. However, our data are at odds with the finding that Arabidopsis
WEE1 KOs develop without an obvious phenotype making WEE1 redundant
in a normal cell cycle (de Schutter et al., 2007). Clearly, the differences may
be because we are comparing cell cycle results from cultured tobacco cells
with Arabidopsis seedlings. However, we have observed subtie phenotypic
effects in Arabidopsis WEE1 T-DNA insertion lines (Lentz et al., unpublished
data) suggesting much more needs to be understood about the G2M

transition.
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Cellsize

Time (h)

Figure 11A Premature cell division In F
Arath:WEEl ¢DEX. but constant cell growth
rates + DEX.

White and grey rectangles represent mitotic cell
size (plotted to scale from Fig. 1) with an equal
partition at the beginning of the next cell cycle, in
\-Arath; WEE 1 ( DEX) and \-Arath; WEEI (+DEX)
. respectively The dotted Ime extrapolates to the
birth ot two new -DEX cells ol the previous cell
cycle The sloping lines connecting newly born
and mitotic cells, span one cell cycle (plotted to
scale data from Fig2). Cell cycle phases (from

riffteffff

01234567 8910
Time (h)

Figure 11B Over
expression of NtdaWEEI
slows cell growth rate

Cell growth rates m 8Y-2
cells in a NictaiWEEt
DEX inducible line -DEX
(white boxes and solid
line, or +DEX (grey box.
dotted ime) based on the
timing ol mitosis and
measurements of mitotic
cell size (data from Fig. 9)

Fig. 2) are given as horizontal bars, black on
white. r-Arath; WEEI (+ DEX) white on grey. /-
Arath:WEEI (+ DEX).

Typically, Arath:WEEI°* both in Arabidopsis and in fission yeast induces an
over-expressing WEE1 phenotype of long cell length (Sorrell et al, 2002).
Either constitutive or inducible expression of Arath:WEEI in tobacco resulted
in a small cell size but cell cycle length remained remarkably constant
compared with wild type and empty vector. Notably, tomato plants expressing
WEEI in anti-sense orientation also exhibited a short G2 and a reduced cell
size (Gonzalez et al, 2007) which is consistent with a role for WEEI in

determining cell size at division.

Figure 11 depicts models of cell growth rate based on cell size and

mitotic cycle times + DEX treatment. The white rectangles connected by
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vertical lines portray mitotic cells that generate two identical daughters
(rectangies are drawn to scale from mean mitotic cell areas, first shown in
Fig.1 and Fig. 5). The sloping straight lines connecting daughters and new
mothers span one cell cycle (cell cycle durations for Fig. 11A from Fig. 2
curves and the duration of S+G2 in Fig. 11B from Fig. 5 as the interval
between 2ero and the peak of the mitotic index). In the i-Arath,WEE? + DEX
treatment (grey rectangles, Fig. 11A) these parameters predict a smaller
mitotic cell size, a resetting of mitotic cell size but a null effact on cell growth
rate (Fig. 11A) in the Nicta;WEE1° line, the data are more consistent with a
slower growth rate of these cells from S-phase to G2/M (Fig. 10B). in fission
yeast, a size control operates where large cells at birth required less growth to
achieve critical size (Fantes, 1977; Fantes and Nurse. 1977). Our model
predicts a “sizer” mechanism that operates independently of cell growth rates
rather like fission yeast (Fantes and Nurse, 1977).

Interestingly, the lengthening of G2 when Nicta; WEET1was over
expressed matches a similar lag when tomato Solly;WEE1 was expressed
constitutively in BY-2 cells (Gonzalez et al., 2007). They reported an increase
in cell size but this was for both mitotic and interphase cells non-sycnhronised
cultures but the error bars overlapped in their data. In our view, their celil size
data are more consistent with a null effect of Solly: WEE1 on cell size in BY-2
cells. interestingly, tomato WEE1 is more closely related to tobacco WEE1
than Arabidopsis WEE1 (see Fig. 3)

In conclusion, we present data consistent with a role for WEE1 in the
normal plant cell cycle in tobacco BY2 cells. We also discoversd an inverse
relationship between WEE1 and CDKB activities strongly suggesting that in
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the normal BY-2 cell cycle, CDKB kinase is negatively regulated by WEE1
kinase. Furthermore a major feature of the Arath;WEE1-induced response, is
an anticipation in the activity of CDKB that precedes the onset of mitosis
approximately 4 hours later. This suggests that the timing of CDKB activity is
a key reguiator of entry into mitosis in plant cells. The unusual induction of a
small mitotic cell size observed only when Arath; WEE 1 was expressed in BY-
2 cells provides evidence that perturbations in WEE1 affect both cell cycle
progression and cell size. A better understanding of its role in protein
complexes in G2 and G2M will help to uniock the sensitive mechanisms that
regulate the timing of mitosis in relation to cell size and other cellular factors.

Experimental procedures

Cloning Nicta; WEE1

Degenerate primers were designed on a comparison of the maize ZmWEET
(accession number: AAD52083) and ArathWEE1 (accession number:
CAD28679) sequences: WEE1F TCKTGGTTYGARAAYGARCA and WEE1R
AGAGAAGATRTCNACYTTRTC and used to amplify a 339 bp fragment of
Nicta; WEE1 from Nicotiana tabacum var. Samsung genomic DNA,
thermocycle conditions: 35 cycles of 95 °C (1 min), 60 °C (1 min), 72 °C
(imin). The PCR product was cloned in pGEM T-Easy (Promega,
Southampton, UK) and sequenced. The whole open reading frame was
obtained with one cycle of 3' RACE and two cycles of 5° RACE (using the BD
SMART™ RACE cDNA amplification Kit, Clontech).These sequences were
deposited in the EMBL data bank with accession nos.: AJ866274, AJ866275,

AJ866276, AJB66277. The entire ORF was amplified using PCR primers:
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Ntweei1Xhol: CGAGATGAAGAGGAAAACCCTAGGCCT and Ntweet
Spe1B:GCACACTAGTTTACTTGTTAGCATTTC, from BY-2 cDNA and cloned
into pTA7002 by digestion with Xho1/Spe1. The ORF was fully sequenced
(EMBL data base accession no.AM408785). Clustal W within DNAstar
(Lasergene), BIOEDIT version 7.0.1 (Hall 1999) and MEGA software version
3.1 (Kumar et al. 2004) were used to compare the tobacco ORF to other

WEE1 sequences.

Constructs and transformation into BY-2 cells and Arabidopsis

The ArathWEE1 open reading frame was PCR amplified using primers
P35SX (5-AGGCCCCGACTCGAGATGTTCGAGAAGAACGG-3') and P36SS
(5S'GCACACTAGTCGACTCAACCTCGAATCCTAT-3') and cloned into the Bin
Hyg TX vector (Gatz et al., 1992) using Sma |/Sal | restriction sites. The same
PCR product was also cloned into the inducible vector pTA7002 (Aoyama and
Chua, 1997) using Xho I/Spe |. Individual clones were sequenced and a clone
for each construct in which the amino acid sequence was intact was chosen
for further work. Stable transformation of BY-2 cells was achieved using a
modified version of the method described by An (1985) with the addition of 20
uM Acetosyringon (Sigma-Aldrich) during co-cultivation of the Agrobactenum
(LBA4404) with the BY-2 cells. Transformants were selected on solidified BY2
medium (0.8% agar) suppiemented with 250 pg/ml Timentin and 80 pg/mi
hygromycin. Calli were cultured in 50 mi BY-2 medium, 260 pg/ml Timentin
and 80 ug/mi hygromycin untii stationary phase (1 — 3 weeks). Cells were
sub-cultured at least four times before being used in synchrony expariments.
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The same Bin Hyg TX construct was transformed into Arabidopsis using
Agrobacterium (GV3101 Vir G™) mediated flioral dip method (Bent and
Clough, 1998). Two independent lines expressing Arath; WEE1 (checked by
RT-PCR, data not shown), were selected for the cell length measurements.
Epidermal root meristem cells were visualised by Feulgen staining (Francis ef
al., 1995), and images captured digitally from an Olympus BH2 microscope.
Cell lengths were determined from images using Sigmascan software.
Semij-quantitative RT-PCR

Total RNA was extracted from BY-2 cells using TRI reagent (Sigma Aldrich,
Gillingham, UK) and residual genomic DNA removed by DNase treatment
(Ambion, Austin, Tex., USA). RNA (5 ug) was reacted with Superscript Ii
reverse transcriptase (GIBCO, Paisley, UK). To measure Arath WEE1
exprassion, primers were designed which do not amplify the endogenous
tobacco WEE1 gene (Nicta,; WEE1): Arath WEE1F:
AGCTTGTCAGCTTTGCCT and Arath WEE1R:
GTGCATCTCCTTCTTCTACT. Thermocycle conditions were: 35 cycles of 95
°C (1 min), 55 °C (1 min), 72 °C (1 min). Two sets of specific primers for
Nicta; WEE1:  (NictaWEE1F:  5-CCAAATGGAGCTCTGTGACC and
Nicta WEE1R: 5-CTCTTCGATCGGCTGGCTCTTA; NWWEE1F3: 5'-
AGGGGTAGCTCATTTAGA and NtWEE1TOTR: 5'-
TGGCAAAAGTAGCACCATCA) were used to analyse expression of the
endogenous tobacco WEE1 gene, Nicta WEEY (Tm = 60 °C and 55 °C
respectively). The first set was used for the quantification of Nicta;WEE1
expression in synchronised cells while the second set were used to quantify
expression in exponential phase cultures. For detection of Nicta; WEET
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transgene expression only, a primer was designed to bind to the vector
sequence: (35STRS 5-ACGCTGAAGCTAGTCGACTC) and used in
conjunction with N(WEE15R 5'-TTATCCCCATCGGCAGCATCAG.

Histone H4 primers (H4F: 5-GGCACAGGAAGGTTCTGAGGGATAACA and
H4R: 5'-TAACCGCCGAAACCGTAGAGAGTCC) were used to verify cell cycle
stage, and primers to 18S rARNA: PUV2 5'-TTCCATGCTTAATGTATTCAGA
and PUV4, 5-"ATGGTGGTGACGGGTGAC were used as a control (Orchard
et al., 2005) (Tm = 60°C). Thermocycie conditions were as above.
For all semi quantitative RT-PCRs, cycle number was reduced and optimised
so that product amount was proportional to input amount of total RNA. This
was verified with a dilution series of cONA in each PCR experiment. Three
replicate PCRs were performed for each primer set and products quantified
from ethidium bromide stained agarose gels using GeneGenius (Syngene,
Cambridge, UK).

Cesll cycle and cell size measurements
Cuitures were synchronised using aphidicolin as described previously (Francis
et al, 1995). After release from aphidicolin, 100 pl samples were taken at
hourly intervals for 24 h and mixed immediately with 5§ ul of Hoechst stain
(Bisbenzimide, Sigma, 100 ng/ml in 2% (v/v) Triton X-100). The mitotic index
was derived from scoring at least 300 cells per slide in a random transect
visualised using a fluorescence microscope (Olympus BH2, UV, A = 420 nm).
Digital images were analysed using Sigmascan®. Mitotic cell area was
measured for approximately 300 cells per sample from both exponential
phase and throughout synchronised cell cycles.
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Histone kinase assays

Proteins were extracted from 5 ml of synchronised cultures and assayed
(Cockeroft et al. 2000). Immunoprecipitations were carried out using antisera
raised to Nicta;CDKA;1 and Nicta;CDKB1 as described in Sorrell et a/. (2001).
H1 protein kinase assays were as described in Cockcroft et al. (2000) using
2 of antiserum. Incorporation was assayed by quantitation of
autoradiographs using GeneGenius (Syngene, Cambridge, UK).

WEE1 protein and kinase assays

Using the Arath; WEE1- inducible line 1, following synchronisation with
aphidicolin (see above), 5 ml of cells were sampled at times coinciding with
early S-phase, G2/M and mitosis (+ DEX) and assayed essentially as
described in Cockcroft et al. (2000); new mitotic index plots were made for this
experiment. For Western blotting, NtWEE1 antibody was used at 1:1000
dilution. For the WEE 1 kinase assays, 5 pL of Nicta;WEE1 antibody was used
for immunoprecipitating WEE 1 from protein extracts in samples obtained from
the synchronies. The immunoprecipitate was mixed with CDKs purified from
protein extracts from wild type BY2 cells using p135C! beads (Upstate, New
York) in a kinase assay buffer. As with the CDKA and CDKB assays,
incorporation of 2P was assayed by quantitation of autoradiographs using
GeneGenius (Syngene, Cambridge, UK).

Expression and purification of recombinant proteins

The Nicta; WEE1 and Arath;14-3-3w ORFs were PCR amplified using
WEEIFW (8- ATGGAAGCTTCATATGATGAAGAGGAAAAC CC-3),
WEE1TRV (5'- ATGGATCCTTACTTGTTAGCATTTCTTTGACAT-3"), 14wFW
(5'- ATGGAAGCTTCATATGATGGCGTCTGGGCGTG-3') and 714wRV(5'-
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ATGGATCCTCACTGCTGTTCCTCGGTCG-3" cloned into the pET 15B vector
(Novagen) using Ndel/BamHi resulting in an in-frame N-terminal fusion of
Nicta;WEE1 and Arath;14-3-3w ORFs, respectively, to the HiSe-tag of the
pET158B vackor. Correct insaertions of the ORFs were confirmed by sequencing
plasmids wansformed into E. colii DE3 Rosetta pLysS cells (Invitrogen).
Overnight cures were diluted 1:20 into LB medium containing 50 ug/mL
ampicilin and grown to ODeo of 0.4 at 37°C. Adding isopropyl-1-thio-B-D-
galactopyranoside (IPTG) to a final concentration of 0.5 mM IPTG induced
protein expression. Cultures were incubated overnight at 22°C. Harvested
cells were resuspemded in 2 mL lysis buffer (50 mM NaH.PO,, 300 mM NaCl,
10 mM imiciazole plH 8.0). The Hise-tagged recombinant proteins were purified
usingNovagen His -Bind® Kit manual (Novagen). Cells were adjusted to 1
mg/mL lysozyme and incubated on ice for 1 h, lysed by sonication (3 x 30 s
bursts) and the salwble protein fraction recovered by centrifugation at 4°C for
30 min at 150000k His-beads (100 ul) were added to the supematant and
incubated for 30 min at 4°C with rotation followed by centrifugation at 4°C (3
min at 3000g). The beads were washed (x 3) with 1 mL wash buffer (0.25 M
NaCl, 30 mM Imidiazole, 10 mM Tris-HCI pH 7.9) and after the final wash
resuspended in 50 uL elution buffer (0.25 M NaCl, 0.5 M imidazole, 10 mM
Tris-HC! pH 7.9) and incubated for 20 min at 4°C with rotation followed by
centrifugation at4-C for 3 min at 3000g. Recombinant proteins were analyzed
by SDS-PAGE and Wastemn blotting.

Dexamethasone inauctive conditions

Induction of transgenes was achieved by addition of DEX (Sigma, UK) to a
final concentration of between 1 uM and 30 uM. Induction of Arath, WEE1 was
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achieved using 1 yM DEX, while for the Nicta WEE 1 lines 30 uM were used.

DEX was added immediately following release from the aphidicolin block for

synchronised cells, and three days after subculture for assays on

exponentially growing cultures.
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Figure Legends
Figure 1. Constitutive or induced expression of Arath;WEE? in BY-2 cells

results in a small mitotic cell size. (B) Arath,WEE1 expression in line 1
induced by Dexamethasone (DEX), first detected after 18 min of DEX

(C) Mean mitotic cell area (um2 2SE) in wild type (WT), constitutively (c)
expressing WEE1 lines: 2, 6 and 10, empty vector (EV), inducible (i) lines 1
and 6 :DEX and corresponding empty vector line EV-i-1 (n=300) . Below is a
matrix that compares all treatments by t-tests. Shaded boxes mark the strictly
valid statistical comparisons. *p <05, “*P <0.01, ***<0.001, ns not significant.
There were no significant differences in mitotic cell size within treatments
Figure 2. Constitutive or inducible Arath; WEE1 expressing BY-2 cells have a
short G2.

Mitotic indices following synchronisation with and removal of aphidicolin (A) :
constitutive (c) - Arath; WEET line 10 ( -----) and its comresponding Empty
Vector (EV-c-10) (¢ solid lines). &% mark cell cycle durations for
constitutively expressing Arath WEE1 and EV line 10, respectively;
representative data from replicate experiments. (B) in the inducible (i)- Arath;
WEET line 1 +DEX (grey dashed lines) or -DEX (black lines) at time 0. arrows
mark the cell cycle times; representative data from replicate experiments.

BY2 cells blocked in late G1 and S-phase by aphidicolin and then released
show an initial rise in the curve when celis trapped at the end of S-phase
during the aphidicolin block, are the first to traverse G2 and enter mitosis
following removal of the block. The first peak is when the bulk of
synchronised cells enter mitosis; this point in time minus S-phase is an

alternative measure of G2. Either way, G2 is less than 1 hour in the +DEX
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treatment, and 4 h -DEX. Above and below cell cycle plots for the inducible
lines, are mean histone H4 expression profiles from semi quantitative RT-
PCR as percentages of maximum expression + DEX, used to calculate S-
phase (4.5 h +DEX, 5.5 h —-DEX). SEM was <3 %. throughout (n=3). M-phase
duration was calculated from the average mitotic index for each treatment (M)
using formulae of Nachtwey and Cameron (1968) which account for
exponential growth: dM= C/In2 x In (M+1). G1 is calculated by difference. All

phase durations are in hours rounded up or down to the nearest 0.5 h

Arsth;WEE1 Sphase G2 M G C
+ DEX iT o085 1T 7 13

- DEX 55 40 s 15 12

Figure 3. Phylogenatic tree showing relationship between the six available

higher plant and two algal WEE1 sequences.

The tree was constructed using the Neighbour-joining algorithm, boot strap
values are indicated above branches. Nicta;WEE1, Nicotiana tabacum ,
ZeamaWEE1, Zea mays (AAD52983); Arath,WEE1, Arabidopsis thaliana
(CAD28679), Glyma;WEE1, Glycine max (AAS 13373), Orysa;,WEE1, Orysa
sativa (XP_464040); Lyces;WEE1, Lycopersicon esculentum (AM180939);
Cyame;WEE1, Cyanidioschyzon merolae; (CMT590C); Ostta;WEE1,

Ostreococcys tauri (AY675101)
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Figure 4. Alignment of Nicta;WEE1 and Arath;WEE1 predicted amino acid
sequences showing conserved (black) and similar (grey) residues. Roman
numerals indicate kinase sub domains in catalytic domain. Inverted closed
triangles, ‘EGD’ Motif conserved in most WEE1 sequences. The line above
the Nicta;WEE1 sequence Indicates the peptide used to raise an antibody.
Figure 5. Nicta;WEE1 over expression does not induce a small mitotic size
phenotype but G2 lengthens.

(A). Mean (+SE) expression levels of Nicta;WEE! by semi-quantitative RT
PCR, sDEX (uM) as a percentage of max. in two transgenic lines: (L6 and
L7). n=3.

Figure 6. Nicta;CDKB1 kinase activity is premature when Arath;WEE? is
expressed in BY-2 cells

(B). Mitotic indices in the Nicta;WEET1 inducible line 6 + 30 uM DEX ( uM)
following synchronisation with aphidicolin. DEX was added at time 0, and 500
cells were scored per sampling time. Mean (+SE), mitotic cell areas (mca) are
added. (n= 48) Mean histone H1 kinase activities (+SE) of (A) CDKA tDEX
and (B) COKB 1+ DEX. Immunoprecipitates in triplicate experiments were
quantified as a percentage of maximum. Protein extracts for these assays
were sampled from the same experiment used for generate mitotic index
curves in Fig. 2 and phase durations are carried over. Between-treatment
differences were assessed using the Student's t test: * P < 0.05, ** P= 0.02-
0.05 Where error bars are absent, variation about the mean was <5%. (n=3).

Above and below are gel images from one of the three replicates.
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Figure 7. Mean expression (+SE) of Nicta;WEET (percentage of max) by
semi-quantitative RT-PCR in three day old cultures in BY-2 cells in which
Arath; WEE1 (+DEX) was induced for 12 h compared with wild type of
comparable age. n = 3

Figre 8. Expression of Arath; WEE disrupts Nicta; WEE1 expression

profile during synchronised cell cycles.

(A) WT (representative data and mitotic index), and mean expression level
(¢SE) (%max) of (B) Nicta; WEE1 -DEX(C) Nicta; WEE1 +DEX; (D)
Arath; WEE1 induced in BY-2 cells. Excluding 4 (A), n = > 3 and < 6. Plots of
mitotic index in (B) and (C ), are from Fig. 2.

Figure 9. WEE1 antibody raised to Nicta;WEE1 also detects Arath WEE1 on
a Westemn blot of Arabidopsis and tobacco proteins (A) and identifies a
specific band when Nicta,WEE' is expressed in E.coli, following induction of
the recombinant protein with IPTG (B). In vitro-expressed At14-3-3omega
protein is the negative control. There is a clear increase in the levels of WEE1
shown by Westem biotting following induction with DEX in cultures expressing
ArathWEE 1 under the DEX-inducible promoter (C).

Means (+SE) of total WEE1 protain (% max) -DEX and +DEX (E-F). Line plots
of mitotic indices are indicated on the same y-axis. Above (D) and below (G)
are mean (+ S.E.) Mean (+SE) WEE1 kinase activities as the reciprocal of the
CDK activity on histone H1 following the addition of pulled down WEE1

(where error bars are absent, variation about the mean was <1%) The G2M
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transition is extrapolated from the peak of the mitotic index in both cases. n =
2

Figure 10. Profile of CDK A, CDKB and WEE1 kinase activity during the cell
cycle together with Nicta,WEE1 mRNA and protein levels in the Arath, WEE?
inducible celi line + DEX. Note that in the —-DEX treatment, onset of mitosis
was an hour earlier in the WEE1 kinase and protein experiment compared
with the CDK measurements (see Figs. 3, 5 and 8). WEE1 kinase profiles are
projectad activities between intermittent sampling times used to coincide with
G2/M in each treatment (ses Fig. 8).

Figure 11A. Premature cell division in i-Arath; WEE1 +DEX, but constant call
growth rates = DEX.

White and grey rectangles represent mitotic cell size (plotted to scale from
Fig. 1) with an equal partition at the beginning of the next cell cycle, in i-
Arath;WEE1 (-DEX) and i-Arath; WEE1 (+DEX) , respectively. The dotted line
extrapolates to the birth of two new -DEX cells of the previous cell cycle.
The sloping lines connecting newly born and mitotic cells, span one cell cycle
(plotted to scale data from Fig.2). Cell cycle phases (from Fig. 2) are given
as horizontal bars, black on white, i-Arath; WEE1 (- DEX) white on grey, i-
Arath;WEE1 (+ DEX). Figure 11B Over expression of NictaWEE1 slows cell
growth rate. Cell growth rates in BY-2 cells in a Nicta;WEE1 DEX-inducible
line -DEX (white boxes and solid line, or +DEX (grey box, dotted line) based
on the timing of mitosis and measurements of mitotic cell size. (data from Fig.

9)

SUBMITTED MANUSCRIPT .

-D44-

Appendix D

Page 42 of 42




