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SUMMARY

The thesis work started with the test of specific antibodies used for MsRBR1/OsRBR1 and
phospho-MsRBR1/OsRBRs detection. With these antibodies, cell-cycle dependent RBR and
phospho- RBR proteins variation in alfalfa and rice cultured cells were checked. Total amount of
MsRBR1/OsRBR1 barely changed throughout the cell cycle, while phosphorylated forms of
MsRBR1/OsRBR1 proteins showed clear cell cycle dependent changes.

In my study, I found that the OsPP2A B” regulatory subunit associates with OsRBR1 but not
with OsRBR2. The B pocket of OsRBRL1 is essential and sufficient for the interaction between
OsPP2A B”. As for B”, none of the truncated version can associate with OsRBR1; the C-terminal of
B” is essential but not sufficient for the interacting between these two proteins. Three putative CDK
phosphorylation sites of the OsPP2A B” regulatory subunit were verified through LC-MS/MS
analysis and the set up of a series of site-directed mutagenesis. The B” regulatory subunit interact
with PSTAIRE-motif containing kinases directly and phosphorylate by them, the conclusion comes
from the results of co-immunoprecipitation.

Elimination of phosphorylation sites in B” did not affect the binding to the PP2A catalytic
subunit but did weaken the binding to OsSRBR1; the effect was more significant in in vivo yeast two-
hybrid system. The phosphorylation elimination of B” regulatory subunit down-regulated the activity
of B” containing PP2A heterotrimeric holoenzyme. In contrast, phosphorylation mimicking of B”
regulatory subunit up-regulated the activity of B” containing PP2A heterotrimeric holoenzyme.
Neither eliminated nor mimicked the phosphorylation of B” regulatory subuint changed the binding
strength to PP2A catalytic subunit. The phosphorylation of B subunit just stimulated the activity of
the PP2A complex.

It can be postulated that the free Ca** ions has the role in regulate the activity of B” subunit
since it contains two EF-hand domain. The postulation was verified by the experiments which
indicated that the presence of Ca?* increased the activity of the PP2A holoenzyme and conversely,
the absence of Ca** (with the chelator, EGTA) inhibited the phosphatase activity of PP2A complex.
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1. INTRODUCTION

1.1. pRB and RB-family members, p107 and p130 in mammals

The retinoblastoma protein (pRB), a 928 amino acid nucleophosphoprotein, is the product of
the retinoblastoma (RB) gene, the first cloned and the best known tumor-suppressor gene (Friends et
al., 1986). Since its discovery, pRB has been a focal point of cancer research. Up till now, the pRB
has been implicated in many cellular processes, such as regulation of the cell cycle, DNA-damage
responses, DNA repair, DNA replication, protection against apoptosis and differentiation; all of
which could contribute to its function as a tumor suppressor (Burkhart and Sage, 2008). The RB gene
is closely related to two other genes in humans: p107 and p130 (Ewen et al., 1991; Baldi et al., 1996).
These three proteins form the RB family.

The three RB-family proteins are all composed of three regions: the amino-terminal region,
the pocket region and the carboxy-terminal region. Homologues of the three human RB-family
proteins have also been found in mice, Drosophila, chicken and other organisms. The pocket region
consists of an A and B domain separated by a spacer (Fig. 1). The presence of the spacer region
allows the assembly of the two subdomains into a pocket-like structure. For this reason, the three
members of the RB family are known as pocket proteins (Hannon et al., 1993; Mayol et al., 1993).
The pocket region is important for the binding of other proteins. The exons of the RB gene encoding
domain A, domain B and the spacer region between domains A and B are similar in all members of
the RB-family. It is interesting that highly conserved amino-acid residues can be found in the same
positions between p107 and p130. This feature is not shared by pRB/p105, which seems to suggest
that the p107 and p130 genes are in evolutionary terms closer to each other than to p105 (Ichimura et
al., 2000). An additionally proof for this closer relationship is provided by the higher similarity of the
spacer regions between p130 and p107 compared to pRB (Mayol et al., 1993).

10
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Figure 1. Functional domains and phosphorylation sites of RB-family proteins.

The pocket region of RB-family proteins consists of two conserved functional domains identified as A and
B pockets. This figure also shows the identified phosphorylation sites and respective kinases/phosphatases
for pocket proteins. (Kolupaeva V, and Janssens V. 2013)

1.1.1. Similarities between the pocket proteins

The gene structure of all the three pocket proteins is similar to other housekeeping genes, and

three proteins also share high similarities in the primary amino acid sequences of the pocket region
(Claudio et al., 2002). Due to the similarities, p107 and p130 show the same ability as pRB to bind to
viral oncoproteins, such as the human papillomavirus (HPV16) E7 gene product, SV40 large T
antigen and the adenovirus E1A gene product. These viral proteins posses a LXCXE motif and
interact with the B domain of the pocket proteins (Mayol et al., 1993; Ewen et al., 1991; Hannon et

al., 1993). Significantly, the regions of these oncoproteins interacting with the pocket proteins were

found to overlap with the regions needed for oncogenic transformation (Classon and Dyson, 2001).

In addition to their structural and primary amino acid sequence similarities, pRB, p107 and

p130 share quite similar biological properties. For instance, when overexpressed, pRB, p107 and
p130 have been found to arrest cells in the G1 phase of the cell cycle (Goodrich et al., 1991; Zhu et
al., 1993; Claudio et al., 1994).

11
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whereas the effects of p107 and p130 expression on the cell cycle are seen only in a limited number
of cell types (Classon and Dyson, 2001). Concomitant ablation of all the three RB-related genes in
embryonic stem cell causes a deregulated G1/S transition, abolition of G1 arrest and the absence of
senescence in cell cultures. As a consequence, the differentiation capacity of the stem cells is strongly
impaired (Dannenberg et al., 2000; Galderisi et al., 2006). These data confirm the essential role of the
pocket protein family in cell cycle control, G1/S transition and in tumorigenesis. The p107 and p130
proteins, like pRB, contain multiple sites for phosphorylation by cyclin-dependent serine/threonine
kinases (CDKSs), including a large cluster of sites in the extreme C-terminus of the proteins (Ewen et
al., 1991; Hannon et al., 1993; Li et al., 1993) and their phosphorylation patterns are cell cycle-
dependent (Mihara et al., 1989; Shirodkar et al., 1992; Baldi et al., 1995) (summarized in Fig. 1).

1.1.2. Differences between the pocket proteins

The expression patterns of the three pocket protein encoding genes during the cell cycle are
different (Fig. 2). The levels of pRB are quite constant during the cell cycle and in quiescent cells
(Grana et al., 1998). p130 is highly expressed in quiescent and differentiated cells; its level is rapidly
down-regulated when quiescent cells enter the cell cycle via stimulation. In contrast, the p107 level is
generally quite low in differentiated cells and its level rises when quiescent cells re-enter the cell
cycle (Classon and Dyson, 2001). The three pocket proteins are excellent substrates for CDKs under
in vitro conditions and in the cell the pRB, p107 and p130 proteins are phosphorylated in a cell-
cycle-dependent manner. The pattern of pRB phosphorylation will be described in details below. The
pattern of pl07 phosphorylation closely resembles that of pRB: pl07 is in a non- or
underphosphorylated state in quiescent cells, when cells progress towards the S phase, it becomes
phosphorylated. The phosphorylation initiation coincides exactly with the activation of cyclin D-
dependent kinase (Beijersbergen et al., 1995; Xiao et al., 1996). In contrast, p130 phosphorylation in
quiescent cells is not due to CDK-activity. As Mayol et al. (1996) reported, amino acids of p130 that
are phosphorylated in quiescent cells have been mapped to a short loop in the B-domain of the pocket

and are unique to p130. On the other hand, the phosphorylation of p130 that occurs during cell cycle

12



progression appears to be initiated also by cyclin D-associated kinases (Mayol et al., 1996; Classon
and Dyson, 2001).

R—T B
‘®

Figure 2. Expression patterns of three pocket proteins.
Relative changes in the protein levels of each pocket protein throughout the cell cycle. (Grana et al., 1998)

The pocket proteins are best known for their roles in restraining the G1/S transition through
the regulation of E2F transcription factors (Cobrinik, 2005). Members of the pocket protein family
show a clear difference in their ability to interact with various E2F transcription factors. pRB can
bind in vivo to activator-type E2Fs (E2F1, 2, 3a) as well as to E2F3b, which functions mainly as a
repressor. In contrast, p107 and p130 preferentially bind to repressor-type E2Fs (E2F-4 and E2F-5)
(Nevins, 1998; Classon and Dyson, 2001). Consequently, the pocket proteins not only inhibit E2F
mediated transactivation but also work together with another set of E2Fs to repress transcription and
inhibit G1-S progression. In general terms, pRB regulates E2Fs that are strong activators while p107
and p130 interact with E2Fs that are primarily considered to be co-repressors. Up till now, the basis
for this specificity has not been resolved (Dimova and Dyson, 2005; Cobrinik, 2005).

1.2. Plant retinoblastoma-related proteins (RBRS)

Since the discovery of the first maize RB-related homologue (Grafi et al., 1996), plant cDNAs
encoding RB-related proteins (RBRs) have been reported in several species, including Zea mays,
Nicotiana tabacum, Chenopodium rubrum, Arabidopsis thaliana, Populus tremula *Populus

tremuloides, Cocos nucifera, Oryza sativa and Pisum sativum (Shimizu-Sato et al., 2008). The
13



conservation of amino acids between animal and plant RB-related proteins suggests that the proteins
have similar biochemical properties. There are several common points between mammalian RB
family members and plant RB-related proteins. First, the RBRs are composed of an amino-terminal
region, a pocket region consisting of an A and B domain and a C-terminal domain; second, RBRs
contain several potential CDK phosphorylation sites; third, plant RBRs interact with mammalian
viral oncoproteins, SV40 T-antigen, adenovirus Ela, and HPV E7, as well as plant virus proteins, the
RepA polypeptide of wheat dwarf virus (WDV), the maize streak virus (MSV); and the tomato
golden mosaic virus (TGMV) replication factor, AL1. They also associate with other cellular
proteins, such as E2F family proteins, D-type cyclins (Ach et al., 1997; Horvath et al., 1998; Durfee
et al., 2000; Boniotti and Gutierrez, 2001; Lendvai et al., 2007; Miskolczi et al., 2007; Shimizu-Sato
et al., 2008).

To date, the role of RBR proteins can be seperated into four groups (Gutzat et al., 2012): 1)
proliferation. Ebel et al. (2004) provided the first clue about this point. They reported that in
heterozygous Arabidopsis mutants with a loss-of-function rbr allele 50% of the ovules are aborted
when the mutant allele is maternally inherited, the mature unfertilized mutant showed supernumerary
nuclear division and misexpression of cellular markers in the embryo sac. RBR deletion will cause
hyperproliferation during plant male gametogenesis (Chen et al., 2009) and lead to a reduction of
crossover formation during meiosis (Chen et al., 2011). RBR also showed a dosage-dependent
pleiotropic effect on sporophytic development, trichome differentiation, and regulation of PRC2
subunit genes in leaves (Johnston et al., 2010); 2) developmental transitions. In RBR-deficient
mutants, development of seedlings was arrested after germination because late embryonic genes
induced by low amount of sucrose and resulted in abnormal cell division. The results indicated that
RBR is a positive regulator of the developmental switch from embryonic heterotrophic growth to
autotrophic growth (Gutzat et al., 2011); 3) stem cell maintenance. Wildwater et al. (2005) reported
that if they decrease the expression level of RBR via RNAI in Arabidopsis roots, the quantity of stem
cells raised because of less differentiation; while overexpression of RBR increase the assumption of
stem cells. The similar results also showed in the reporter of Borghi et al. (2010). Conditional
reduction or loss of RBR function disrupted cell division patterns, promoted context-dependent cell

proliferation, and negatively influenced establishment of cell differentiation; 4) differentiation.
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Huntley et al. (1998) reported the maize RB homologue ZmRb-1 temporally and spatially regulated
during maize leaf development. The protein is highly expressed in differentiating cells, but almost

undetectable in proliferating cells.

1.2.1. The plant RBRs can be categorized into three different groups

At lease two RBR homologues can be found in monocot grasses whereas only a single
representative RB homologue sequence could be detected in the genome of dicot species from all the
plants for which complete genomic or near-to-complete genomic and EST sequence data are
available (Lendvai et al., 2007; Miskolczi et al., 2007). This observation highlights an interesting
difference between dicot and monocot species.

The phylogenetic tree of known plant and a few typical animal retinoblastoma family proteins
(Fig. 3) clearly demonstrates that the plant RBR proteins can be categorized into three distinct
subfamilies on the basis of amino acid sequence similarities. The dicot RBR proteins formed
subfamily A, whereas the monocot RBR proteins formed the subfamilies B and C. The dicot RBR
proteins share 66-91% amino acid identity. Within subfamilies B and C, the sequences of monocot
RBR proteins share 69-85% and 74-90% identity, respectively. When comparing the amino acid
identity between subfamilies, subfamilies A and B share 54-67% identity, whereas subfamilies A and
C share 48-60% identity. The identity between the two distinct monocot subfamilies B and C is 48-
59%. The data also suggest that the relationship between the dicot RBR proteins (subfamily A) and
monocot subfamily B proteins is closer than between monocot subfamily C and the dicot subfamily
A. As a conclusion, the phylogenetic tree reveals a clear phylogenetic separation between the known
monocot RBR proteins, and hints at a more complex RB pathway in the monocot cereal species than
in dicot plants (Lendvai et al., 2007; Miskolczi et al., 2007).

In recent published article (Gutzat et al., 2012), more complicated phylogenetic relationships
of RBR proteins in the plant lineage were showed. Same as the older version, most sequenced dicot
genomes contain one RBR gene which cluster in one group (There has one exception on M.esculenta,
which contains three different RBRs. Two of them share 85% identity to each other, while the third
one, RBR3, shares 51% and 52% identity with the RBR1 and RBR2. The amino acids alignment

15



shows around 200 amino acids less in the N-terminus of the RBR3 compare to the other two RBRs.);
all sequenced monocots contain more than one RBR gene that cluster together in two different clades.

RBR protein has been identified in unicellular green algae. Another interesting thing is in Volvox

carteri, the male and female contain different RBR genes.
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Figure 3. Comparison of plant and animal RB family members.

Phylogenetic tree of RB homologue sequences from both plants and animals. The multiple alignment was
made by the ClustalW program and displayed by the Phylodendron  program
(http://iubio.bio.indiana.edu/treeapp/). The scale beneath the tree measures the evolutionary distance
between sequences (Miskolczi et al., 2007).

1.2.2. Expression profiles of the plant RBR subfamily genes

The study of Lendvai et al. (2007) explicitly revealed the characteristic differences between
the two rice RBR genes by comparing the expression patterns in the leaves in various developmental
stages (Fig. 4). The transcription level of the rice OsRBR2 gene can be detected in all leaf tissues
(young leaves, mature leaves, and embryos) evenly, while the expression of OsRBR1 exhibits
different distribution pattern. In general, 10 times more OsRBR1 mRNA is accumulated in the
younger leaves than in old leaves. While in old leaves, there is a gradual reduction of the level of
OsRBR1 mRNA from the basal section of the leaves towards the leaf tip. This may be due to the fact
that the basal meristem generates lines of cells that remain aligned from the base to the tip of the leaf
in monocots and these cell files show gradually decreasing activity of cell cycle specific genes

(Lendvai et al., 2007). However, in the differentiated tissues, such as roots and leaves (especially old
16



leaves), relatively high amounts of OsRBR2 mRNAs were accumulated. The OsRBR1 transcripts
were found to be more abundant than the OsRBR2 gene transcripts in developing embryos and
cultured cells. These experimental data suggest that the OsRBR1 gene may play a role in cell division
or cell cycle progression while the OsRBR2 gene plays a role similar to that of p130, which is highly
expressed in quiescent and differentiated cells.

In maize, the 110kDa form of ZmRBRL1 is associated with the differentiation process in leaf
cells (Huntley et al., 1998), while expression of the RBR3 protein is more related to active
proliferation (Sabelli et al., 2005). RBR3 has an essential and positive role in regulating MCM gene
expression, DNA replication, and cell transformation, while ZmRBR1 has a clear cell cycle
inhibitory function (Sabelli et al., 2009).
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Figure 4. The relative mRNA levels of the OsRBR1 and OsRBR2 genes in rice tissues.

Gray columns represents OsRBR1, black columns represents OSRBR2 expression levels. Young leaves
were sectioned into 4 pieces, mature leaves were sectioned into 6 pieces continuously from the basal part to
the tip (Lendvai et al., 2007).

It seems that the levels of the dicot RBR mRNAs do not correlate with actual division events.
Several experiments support this assumption. In alfalfa, similar mRNA levels of the MsRBR1 gene
were detected in leaf sections from the basal to the tip, and in rapidly dividing cells in suspension
cultures (Lendvai et al., 2007). The RBR genes in the other two dicots, Arabidopsis (AtRBR) and
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tobacco (NtRBR1) (Nakagami et al., 1999), are expressed constitutively in different organs, and act in
the same way as the MSRBR1 gene.

In summary, the single dicot gene appears to be ubiquitously expressed, while in the cereal
monocot species a clear specialization can be observed between the members of the two RBR
subfamilies suggesting that in monocot plants the members of the two RBR subfamilies have distinct
functions (Sabelli et al., 2005; Lendvai et al., 2007; Miskolczi et al., 2007).

1.3. The role of phosphorylation/dephosphorylation in the regulation of the retinoblastoma
protein

The antiproliferative activity of pRB is mediated by its ability to inhibit the transcription of
genes that are required for cell cycle progression. This transcriptional regulatory function of pRB is
fulfilled through several distinct mechanisms. The best illustrated mechanism is the inhibition of
E2F-regulated gene expression via the association between pRB and members of the E2F family.

The ability of the pRB protein to inhibit cellular proliferation is counterbalanced by the action
of CDKs (Taya, 1997; Sherr and Roberts, 1999). In quiescent and early G1 cells, the pRB protein is
non-phosphorylated; in this state it is able to bind to and repress E2F activity with the highest
efficiency, preventing E2F-dependent transcription. As cells progress toward the S phase, pRB
phosphorylation sites become sequentially phosphorylated and the protein is thereby inactivated. The
initial phosphorylation of pRB is most likely catalyzed by Cyclin D-CDK4 or Cyclin D-CDK6
complexes. This event leads to the partial inactivation of pRB, which allows the transcription of E2F-
controlled genes such as cyclin E1, which in turn activates the downstream CDK2 kinase.
Subsequently, Cyclin E-CDK2 complexes phosphorylate the pRB protein further, increasing its
phosphorylation level (Ortega et al., 2002; Inoue et al., 2007). Phosphorylation of pRB inactivates the
pRB-E2F complex and releases E2F, allowing the expression of E2F-regulated genes required for
cell cycle progression and S phase entry. During mitosis, pRB is rapidly dephosphorylated by a
specific mitotic phosphatase that removes the phosphate group from the pRB protein, thus restoring
the dephosphorylated or hypophosphorylated form of the pRB protein at the start of the G1 phase
(Ludlow et al., 1993). DeCaprio et al. (1988) reported, based on differential mobility in SDS gels and

phosphopeptide patterns, that a number of differentially phosphorylated forms of pRB appeared to
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exist in cells and the state of phosphorylation appears to change even after the initial
hyperphosphorylation of pRB in late G1.

Taken together, the RB gene product pRB undergoes phosphorylation-dephosphorylation
changes in a cell cycle dependent manner.

1.3.1. The phosphorylation of pRB by CDKs

Detailed analyses of phosphorylation sites both in vivo and in vitro indicated that 16 serine or
threonine residues of pRB can become phosphorylated. Tyrosine residues, on the other hand, remain
unphosphorylated. All of the phosphorylation sites were shown to contain a Ser/Thr-Pro motif
(Zarkowska and Mittnacht, 1997; Knudsen and Knudsen, 2006).

At least three different cyclin-CDK complexes have been suggested to phosphorylate pRB
during the cell cycle. It is proposed that cyclin D-CDK4/6 phosphorylates pRB during early G1,
cyclin E-CDK2 phosphorylates the protein near the end of G1, and cyclin A-CDK2 may maintain
phosphorylation of pRB during the S phase (Sherr and Roberts, 1999; Harbour and Dean, 2000).
Cyclin B-CDC2 may contribute to the phosphorylation of pRB in G2 and the M phase, but the only
evidence supporting this suggestion is the fact that pRB is a good substrate for this kinase complex in
vitro (Taya, 1997).

Kitagawa et al. (1996) showed that cyclin D1/CDK4 preferentially phosphorylates S780,
Zarkowsaka et al. (1997) and Connell-Crowley et al. (1997) identified T826 and S795 as cyclin
D1/CDK4 specific sites respectively. The data seem to suggest that different kinases can
phosphorylate different sites on pRB.

Several studies have found that phosphorylation of pRB on different sites inactivates different
molecular functions (Adams, 2001). Knudsen et al. (1996) showed that phosphorylation of pRB on
T821 and T826 is required for inactivation of binding to the LXCXE motif. Brown et al. (1999)
suggested that accumulation of phosphates on a number of sites is sufficient for E2F/pRB complex
disruption and that there is no requirement for specific sites. It has been shown that the

phosphorylation of either the C-terminus or spacer region of pRB can release E2F (Knudsen et al.
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1997). Interestingly Harbour et al. (1999) showed, the phosphorylation of just one serine in the A
domain, S567, can disrupt the interaction of the A and B domains and release of E2F.

In summary, pRB is phosphorylated by different CDKs during different phases of the cell
cycle on specific phospho-acceptor sites, modifying in each case the function of pRB specifically.

In addition to CDKSs, there are still other kinds of serine/threonine-specific kinases, like the
mitogen-activated protein kinases (MAPKSs) and aurora kinases that are involved in the modulation of
RB phosphorylation. P38, one MAPK, phosphorylates RB on ser567 in a cell cycle-independent
manner, this phosphorylation leading to an interaction between RB and the human homolog of
murine double minute 2 (MDM2), following by the degradation of RB, releasing of E2F1 and cell
death (Delston et al., 2011). Aurora B kinase directly phosphorylates RB at serine 780 both in vitro
and in vivo. The phosphorylation inhibits the endoreplication after an aberrant mitosis via the
regulation of the postmitotic checkpoint (Nair et al., 2009).

1.3.2. Dephosphorylation of pRB by protein phosphatase 1 (PP1) in mammalian cells

As mentioned above, pRB phosphorylation has been very well documented. In contrast, little
is known about the way in which phosphates are removed from pocket proteins during the cell cycle.
In 1993, Durfee et al. found that the catalytic subunit of a novel type 1 protein phosphatase (PP-1a2)
interacts with pRB according to the yeast two-hybrid system. Cell-cycle synchrony experiments
revealed that this interaction occurs from mitosis to early G1, raising the intriguing possibility that
this phosphatase dephosphorylates RB during the mid-M or early G1 phase of the cell cycle. In the
same year, Alberts et al. (1993) examined the effects of the elevation of protein phosphatase levels on
cellular events that control the transition from the G1 to S phase of the cell cycle via the
microinjection of protein phosphatase typel(PP1) and 2A (PP2A). Microinjection of either PP1 or
PP2A into cells before the S phase increased the affinity of pRB for the nucleus (e.g. it inhibits cell
cycle progression into the S phase) while injection of either of the two phosphatases into cells that
had entered the S phase did not block DNA synthesis, suggesting that the effect of the two
phosphatases on cell cycle arrest was specific. In the experiment carried out by Ludlow et al. (1993),

dephosphorylation of pRB by mitotic cell extracts was sensitive to inhibitors of PP1. Moreover, a
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high molecular weight form of PP1 found in mitotic cell extracts was shown to be able to
dephosphorylate pRB in vitro (Nelson et al., 1997).

Berndt et al. (1997) showed that unless a threonine at position 320 is phosphorylated, the
PP1-alpha (one of the isoforms of PP1) has the potential to arrest cell growth in G1. This result in
agreement with the observation of Nelson et al. (1997) that PP1 can regulate the cell cycle indirectly
by modulating the activity of pRB. Tamrakar and Ludlow (2000) studied the co-precipitation of
truncated pRB proteins isolated from a series of pRB deletion mutants with PP1 to map the pRB
domain involved in binding to PP1. The results showed that the carboxyl-terminal region of pRB is
both necessary and sufficient for physical interaction with PP1. The interaction between pRB and
PP1 does not depend upon PP1 being catalytically active.

Yan et al. (1999) proposed that PP1 is involved in the direct dephosphorylation of pRB while
protein phosphatase 2A (PP2A) is involved in the dephosphorylation components of pathways that
play a role in the regulation of G1 cyclin-dependent kinase activity. PP2A may also have an
important cell division regulatory role, since its activity contributes to the control of mitotic kinases

and microtubule organization in alfalfa (Ayaydin et al., 2000).

1.3.3. PP2A phosphatases can dephosphorylate the mammalian pocket proteins under stress
conditions

PP1 has been implicated in the dephosphorylation of pRB from mitosis to a point in G1,
where pRB becomes hyperphosphorylated by G1 cyclin-CDKs (Grana, 2008). In contrast to PP1, the
role of PP2A in modulating the phosphorylation of pocket proteins is not restricted to mitosis and
early G1, but can be shown throughout the cell cycle (Garriga et al., 2004). The catalytic subunit of
PP2A was found to interact with both p130 and p107 throughout the cell cycle and it was shown that
dephosphorylation occurs throughout the cell cycle (Garriga et al., 2004).

PP2A has been implicated in dephosphorylation of pocket proteins in response to certain
stress. Following a treatment with vy irradiation, PP2A is required for postdamage dephosphorylation
of phospho-RB and recruitment of RB to replication initiation sites (Avni et al., 2003). Similarly,
oxidative stress elicited a rapid PP2A-dependent dephosphorylation of pRB, pl107 and pl130

(Cicchillitti et al., 2003). In addition, PP2A was shown to dephosphorylate p107 rapidly in cells
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which are exposed to UV irradiation (\Voorhoeve et al., 1999a). Vuocolo et al. (2003) found that the
mechanism of growth inhibition by the differentiation agent all-trans-retinoic acid (ATRA) is
involved in the induction of PP2A, which in turn dephosphorylates p130, making it stable. Kolupaeva
et al. (2008) reported that in chondrocytes fibroblast growth factor (FGF) activates the PP2A
phosphatase to promote p107 dephosphorylation, which is a key event in FGF-induced cell cycle
arrest. A specific PP2A B’’ subunit, PR70, was identified by Magenta et al. (2008). It is associated
with pRB both in vitro and in vivo. PR70 overexpression caused pRB dephosphorylation; conversely,
PR70 knockdown prevented both pRB dephosphorylation and oxidative stress induced inhibition of
DNA synthesis. Moreover, Ca** induced the PP2A phosphatase activity of PR70. Low concentration
of okadaic acid (OA) is ideally an inhibitior of PP2A. An immunocytochemical experiment revealed

higher quantity of phosphorylated Rb-like protein, the main substrate of PP2A phosphatase, in 1 1 M
OA treated cells (Polit JT & Kazmierczak A, 2007).

1.3.4. Phosphorylation of plant RBR proteins by the cyclin D/cyclin-dependent kinase complex

In plants, the RBR protein functions are controlled by phosphorylation and protein-protein
interactions (Abraham et al., 2011). Phosphorylation of RBR also occurs in a cell-cycle-dependent
manner. The highest phosphorylation state occurs during the G1-S transition and is maintained till
mid/late S phase. Same as in animals, this phosphorylation results in an inactivation of RBR and the
subsequent release of E2F-DP transcription factors in their active form (summarized in Gutzat et al.,
2012).

The NtRBR1 protein of tobacco was phosphorylated by the cyclin D3;3—-CDKA complex.
This kinase activity was detected in extracts from G1 and S phase cells of synchronized tobacco BY-
2 culture (Nakagami et al., 2002). The recombinant C-terminal domain [glutathione S-transferase
(GST)-ZmRBR-C] of the maize RBR protein could serve as a substrate for p13SUC1-bound kinase
complex from synchronized wheat cells. This kinase activity remained high for several hours after
release from the hydroxyurea (HU) block (Boniotti and Gutierrez, 2001). Kawamura et al. (2006)
generated antibodies against the C-terminal region of the NtRBR1 protein and different

phosphoserine peptides containing sequences from NtRBR1. The NtRBR1 protein was
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phosphorylated by immunoprecipitated CDKA and CDKB from actively growing cells. Antibodies
recognizing specific phosphoserines cross-reacted differentially with the NtRBR1 protein in various
phases of the cell cycle. The PsSRBR1 protein from pea was found to form a complex with D-type
cyclin (Pissa; cyclin D3;1) containing the canonical pRB-binding LXCXE motif in the N-terminal
region (Shimizu-Sato et al. 2008). Abraham et al. (2011) reported that both the MedsaCDKAZ1;1/1;2
and the mitotic MedsaCDKB2;1 complexes could phosphorylate the C-terminal fragment of the
MsRBR1 from alfalfa.

1.3.5. Dephosphorylation of plant phospho-RBRs

Up till now not a single report has been published on plant phosphatases that are responsible
for the dephosphorylation of phosphorylated RBR. In a previous yeast two-hybrid screen in our lab, a
gene product from Medicago truncatula was identified as an interactor of the full-length MsRBR11
protein. This protein shares 39% identity and 57% homology with the murine PR59 PP2A regulatory
subunit, and strongly associates with OsRBR1 but not with OsRBR2 (Lendvai et al., 2007). It is
interesting to note that a similar selectivity occurred among murine RBs. Only the p107 protein
strongly interacts the PR59 PP2A B’ regulatory subunit while pRB did not show association
(Voorhoeve et al., 1999b). This analogous behavior also supports the assumption that plant RBRs
belonging to different subfamilies (see 1.2.1) have different roles in the regulation of plant cell
division and differentiation (Dudits et al., 2011).

The rice homologue of the MsPP2A B" gene, OsPP2A B", has been isolated and the pairwise
interaction studies confirmed that the OsPP2A B" regulatory subunit interacts specifically with the
OsRBR1 protein (Yu et al., 2014).

1.4. The PP2A protein phosphatase

The PP2A protein phosphatase is ubiquitously expressed and comprises 0.2-1% of all cellular
protein in various organs. It is responsible for 30% to 50% of cellular serine/threonine
dephosphorylation activity depending on cell type. It is known that PP2A regulates diverse cellular

processes, including processes related to development, metabolism, proliferation, transformation,
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transcription, translation, apoptosis and stress response (reviewed by Davis, 2005). Ayaydin et al.
(2000) treated alfalfa suspension cells with 1 1 M endothal and then studied the cells via cytological
analysis and other molecular methods. The results showed that PP2A involved in mitotic kinase
activities and affected the microtubule organization. Similarly, 1 1 M OA treated synchronized Vicia
faba root meristems exhibited earlier DNA replication and mitosis entrance than in the control cells
(Polit JT & Kazmierczak A 2007). Greatwall kinase (Gwl), a protein active only in the M phase, once
activated by MPF via phosphorylation, it promotes the inhibition of PP2A-B55 6 to keep the MPF-
driven phosphorylations. Extracts with depleted Gwl do not enter M phase but this defect can be
compensated by depletion of B55 6 (Castilho PV et al. 2009). In contrast, extracts with silenced B55

enter into mitosis roughly twice faster than in the control, besides, they can never return back to
interphase (Hunt T, 2013) .

1.4.1. The structure of PP2A

PP2A consists of three distinct functional components: a structural core subunit
(PP2Aa/PR65), a catalytic subunit (PP2Ac) and a B regulatory subunit (Fig. 5). PP2A can exist in
vivo in a dimeric (PP2Ap) or a trimeric (PP2Ar) form. The core enzyme (PP2Ap) is composed of a
36-kDa catalytic subunit tightly bound to the 65 kDa scaffold subunit (PR65/A). There exists a wide
variety of B regulatory subunits that can associate with the core enzyme; so far more than 90
heterotrimeric holoenzymes of PP2A have been identified (Lechward et al., 2001; Kolupaeva and
Janssens, 2013).

There are two distinct PR65 isoforms, a and B in mammals, which share 86% sequence
identity; both are ubiquitously expressed. The structure of PR65/A is unusual, since it is entirely
composed of 15 tandem repeats of a 39-amino-acid sequence, called a HEAT (Huntington-
elongation-A subunit-TOR) motif. The catalytic subunit also contains a and f isoforms, which share
97% identity. Catalytic subunit has a highly conserved C-terminal tail, which affords important
residues for the interaction to A and B subunits (Mumby, 2007). In Drosophila, depletion of PP2A-A
subunit gene will decrease the protein level of catalytic subunit. Shut off PP2A C or A subunits will
issue in bipolar monoastral spindles (Chen et al, 2007). The number of genes encoding the subunit A
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and C is quite limited and the gene products show remarkable sequence conservation among
eukaryotes, whereas B subunit is multivariate. 15 genes have been identified in the human genome
that encode at least 26 different alternative transcripts and variant splice forms representing each a B
subunit of the PP2A holoenzyme. B subunits can be classified into four families of unrelated
proteins: B (PR55), B’ (PR61), B” (PR72/PR130/PR59/PR48), and B’ (PR93/PR110).

The binding of different B subunits to the AC core enzyme generates a broad variety of
holoenzymes thereby regulating phosphatase activity and substrate specificity (Janssens and Goris,
2001; Lechward et al., 2001; Eichhorn et al., 2009).

Database searches have revealed the presence of five PP2A catalytic subunits in the rice
genome (0s02g0217600, 0Os03g0167700, Os3g0805300, Os06g0574500 and Os109g0410600) and a
single PP2A A regulatory subunit (0s09g0249700) (Dudits et al., 2011).

PR65 /’/ N PR55

aorf} / /,__ —
A > ‘\

/ ~ @

//’ .\ '\\ s e
/ \ (o I[;.R:jlh or )

\ ///: —\\‘
( B” ) PR72,PRI30,
\ \_ _/ PR39or PR48

(o, B,y or d)

/
f
f

/
|

PP2A,
aorf

PRY93/SG2NA
PR110/striatin

Figure 5. Structure of PP2A.
C is the catalytic subunit, A is the scaffolding subunit, and B/B’/B’’/B’*’ represent variable subunits, which
are structurally unrelated. (Janssens and Goris, 2001)

1.4.2. The role of the PP2A regulatory subunits

Two striking features of the B subunits are their diversity, stemming from the existence of
entire subunit families, and the lack of sequence similarity between these gene families, even though

they recognize similar segments of the A subunit (Janssens and Goris, 2001).
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As mentioned above, B subunits are classified into four families. Members of the four
unrelated protein families have been identified in different holoenzyme complexes. It has been
speculated that each PP2A holoenzyme serves a distinct function (Lechward et al., 2001). In plants,
three distinct B-type protein families, named B, B’, and B”, have been confirmed as components of
PP2A holoenzymes so far (Matre et al., 2009).

Cegielska et al. (1994) demonstrated that the regulatory B subunits of PP2A play a role in the
regulation of SV40 DNA replication in infected cells, each holoenzyme in its own way. The
PR72/B’’ containing holoenzyme activates the T antigen by dephosphorylating the serines 120 and
123, whereas PR55/B containing PP2A inhibits this process by dephosphorylating the p34cdc?2 target
site. Experiments from Sablina et al. (2010) implicated that not just one specific B regulatory subunit
containing PP2A complex involved in the cell transformation induced by SV40 small t. A loss-of-
function screen confirmed that four PP2A regulatory subunits (B56 a , B56 v, PR72/PR130 and
PTPA) participated that process. If suppressed, the first three regulatory subunits containing PP2A
complexes failed to dephosphorylate c-Myc, Wnt and PI3K/Akt adequately and hence activated the
pathways regulated by them, cell transformation events up-regulated. But the suppression of PTPA
made PP2A heterotrimeric complex unable to assemble, which inhibited PP2A phosphatase activity
stronger. PP2A-B55a plays a major role in restricting the phosphorylation state of p107 and inducing
its activation in human cells (Jayadeva et al., 2010). Another member of this family, PR59B’, was
found to bind to and dephosphorylate p107 after UV-irradiation (VVoorhoeve et al., 1999a). Studies
revealed that the PR59-containing PP2A heterotrimer holoenzyme could dephosphorylate p107 in
vivo. Over-expression of the PR59 regulatory subunit in human osteosarcoma cells demonstrated the
inhibition of cell-cycle progression and accumulation of the cells in G1 phase (Voorhoeve et al.,
1999h). The loss of the G5PR subunit was shown to lead to B cell receptor-induced apopotosis,
demonstrating the importance of G5PR for B cell survival (Xing et al., 2005). PR70, which also
belongs to the B”’ family, has been demonstrated to bind to pRB and meditates its dephosphorylation
(Magenta et al., 2008). PR48 localized in the nucleus and was found to interact with CDC6, a human
replication initiator protein (Yan et al., 2000). Based on the experimental data, it may be presumed
that the PR48/59/72/130/G5PR/B’’ family may be involved in the regulation of the G1/S transition
(Lechward et al., 2001). In Drosophila, PP2A participate several processes of the cell cycle, including
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spindle bipolarity, kinetochore function and anaphase entrance, but the specific B subunit in
heterotrimeric complexes is different (Chen et al, 2007) Remarkably, all the known B” family
members contain a Ca’* binding EF-hand domain which regulates the binding of these proteins to the
core enzyme and determines the subsequent phosphatase activity.

The cDNA sequences of five Arabidopsis B” genes (B”a, BB, By, B”6, and B”¢) can be
found in GenBank database now. Two of them, B”a and B”f, have been identified as the EF-hand
type Ca”* binding proteins (Leivar et al., 2011). Sequence analysis of the OsPP2A B’ regulatory
protein (encoded by the Os10g0476600 gene) revealed that it contains EF-hand domains that can
potentially regulate the function of this protein via Ca**-binding (Yu et al., 2014).

1.4.3. Post-translational regulation of B regulatory subunit

The ability of PP2A to dephosphorylate specific intracellular proteins depends on its activity
and appropriate intracellular localization, which in turn is largely determined by a diversity of
regulatory subunits and several levels of post-translational modification. Up till now little is known
about post-translational modification of the regulatory subunits of PP2A. The regulatory subunits
B56a, B56B, B56y3, B566, and B56¢ are phosphoproteins in intact cells (McCright et al., 1996). A
74 kDa B” regulatory subunit is phosphorylated by Protein Kinase A (PKA) in vitro. Phosphorylation
of this B” subunit does not affect interaction with the PP2A core dimer, but does stimulate activity
toward two general phosphatase substrates (Usui et al., 1998). B56a is phosphorylated by double-
stranded RNA-dependent protein kinase (PKR) (Xu and Williams, 2000). Similar to 74 kDa B”
subunit, phosphorylation of B56a does not affect interaction with the PP2A dimer. Other reports
indicate that phosphorylation of Ser566 in the B565 subunit by PKC is solely responsible for PP2A
activity (Ahn et al., 2007a; Ahn et al., 2011).

Even less is known about B regulatory subunits in plants. Terol et al. (2002) identified five B’
isoforms, which showed a high degree of conservation in sequence and structure with respect to the
Arabidopsis B’ subunit genes and proteins. Matre et al. (2009) reported the differential subcellular

targeting within the Arabidopsis B’n subfamily.
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2. AIMS OF STUDY

The retinoblastoma tumor suppressor gene encodes a nuclear phosphoprotein (pRB) that
regulates the G1/S transition of the cell cycle. The activity of pRB is modulated by
phosphorylation/dephosphorylation cycles on serine and threonine residues. The phosphorylation of
pRB is well documented, whereas, in contrast, little is known about the way in which phosphates are
removed from the pocket proteins during the cell cycle. Two phosphatases, PP1 and PP2A, are
involved in the dephosphorylation of the pocket proteins in mammalian cells. But up till now not a
single report has been published on plant phosphatases responsible for the dephosphorylation of
phospho-RBR.

The OsPP2A B” regulatory subunit, which we identified earlier on the basis of yeast two-
hybrid screens, showed a strong association with OsRBR1 but did not interact with OsSRBR2. The
PP2A protein phosphatase complex containing the identified B” regulatory subunit may play an
important role in the dephosphorylation of the rice RBR proteins during cell cycle progression and/or
in response to extracellular stimuli. The main aims of our work were the following:

1) Measure the cell cycle phase-dependent variation in the amounts of the phospho-MsRBR1
and the phospho-OsRBR proteins, which helps to understand the differences in the
phosphorylation of RBR proteins in monocots and dicots.

2) To analyse the interaction between OsRBR1 and the OsPP2A B” regulatory proteins in vivo
and in vitro.

3) To understand which domains in both OsRBR1 and the OsPP2A B’’ regulatory proteins are
important for their interaction.

4) Based on the results of the computer-asisted phosphorylation site analysis, to study the effect
of phosphorylation on the function of the OsPP2A B’’ regulatory protein:

- identify the phosphorylated amino acid residues;

- study the effect of phosphorylation on OsRBR1 binding and phosphatase

- phosphatase activity using non-phosphorylatable and phosphorylation-mimicking mutants.
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3. RESOURCES AND METHODS
3.1. The yeast two-hybrid system

3.1.1. Construction of Oryza sativa var. japonica cv. UNGGI-9 cDNA libraries for yeast two
hybrid screening

The cDNAs for cDNA library construction were obtained from the total RNA of rice cell
suspensions and rice leaves by using the TRI reagent method (Chomczynski and Sacchi, 1987)
optimized for plant RNA extraction. The rice cell suspensions were grown in the culture medium
according to Li and Murai (1990). The leaves were collected from greenhouse-grown whole rice
plants. The tissues were frozen in liquid nitrogen and stored at -80°C before RNA extraction.

RNA was quantified by means of spectrophotometric OD,sy measurements, and the quality
was assessed by calculating the ratio of OD2g/OD5go and by electrophoresis on 1% formaldehyde
agarose gels followed by ethidium bromide staining. RNA samples were stored at -80°C.

The cDNA Synthesis Kit provided the reagents required to convert mRNA into cDNA inserts
prior to unidirectional insertion into the HybriZAP-2.1 vector. The protocols for preparing cDNA
inserts were found in the section cDNA Insert Preparation of the Instruction manual (Stratagene
Company, La Jolla, California, USA).

The cDNA inserts were ligated into the HybriZAP-2.1 expression vector between the Xho |
and EcoR 1 restriction sites. For titering the packaging reaction and amplifying the HybriZAP-2.1
Library, XL1-Blue MRF’ cells were used. For the amplification of the cDNA libraries following in
vivo mass excision of the pADGal4-2.1 phagemid vector from the Hybrizap-2.1 vector, the non-
suppressive E. coli strain XLOLR was used instead of XL1-Blue MRF’. At the same time, the
average length of cDNA fragments contained in the libraries was checked. A pair of AD primers was
used (Table 1).

For a final quality control test we selected eighteen to twenty colonies from each library
(leaves and suspension) to make colony PCR. The results showed that in the case of the suspension
culture library, zero out of twenty colonies was empty and for the leaf cDNA library there were two
empty clones out of eighteen. Digestion experiments told us that the average insert size in these two

cDNA libraries was around 1000 bps.
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3.1.2. Plasmid construction for yeast two-hybrid experiments and for recombinant protein
production

In all experiments, the full length coding regions of the three genes (OsRBR1, OsRBR2,
OsPP2A B” regulatory subunit) were used as template to generate different types of mutations.
OsRBRL1 cloned into pGBT9, using the BamHI and Sall restriction sites, was used to generate
deletion mutants (N-terminal region; N plus A domain; N plus A domain and link region; N plus
whole pocket domain), except for OsSRBR1 A+L+B domain which was used as a pGBT9 (+2)
construct. The mutated fragments were also ligated into pET-28a and pGEX-4T1 protein expression
vectors. OSRBR2 was used to generate the N-terminal and C-terminal fragments which were inserted
into pBD-GAL4, pET-28a and pGEX-4T1 using the EcoRI and Sall restriction sites. There were
deletion mutations (full length minus one C terminal EF hand; a fragment containing the first two
CDK kinase phosphorylation sites; a fragment that did not contain any CDK kinase phosphorylation
sites) and site-directed mutations (three single mutants, three double mutants and one triple mutant
containing alanine instead of serine or threonine and one triple mutant containing glutamic acid
instead of serine or threonine) were generated from full length of the OsPP2A B” regulatory subunit.
The mutated fragments were introduced into pAD-Gal4, pET-28a and pGEX-4T1 using the EcoRlI
and Sall restriction sites. In some experiments we use the pGAD424 or pGADT?7 instead of pAD-
Gal4 2.1. Plasmid construction for yeast two-hybrid experiments and for recombinant protein
production is described detailly in tablel and 2 in Appendix. All the nucleotide sequences of the
inserts were verified by sequencing (by the ABI 3100 Genetic Analyzer from Applied Biosystem,
Foster City, California, USA). Plasmid DNA was purified according to a standard alkali lysis
protocol described by Birnboim and Doly. (1979).

3.1.3. Yeast two-hybrid screens and pairwise interaction analysis.

The Saccharomyces cerevisiae yeast strain PJ69-4a (James et al., 1996), which can eliminate
nearly all false positives using simple plate assays, was used for all the yeast experiments. In yeast
two-hybrid screens, after the transformation of the bait plasmids, the self activation properties of
pGBT9 or pBD-Gal4/baits were assayed first. The ability of the colonies to grow on SD plates minus
tryptophan, adenine and histidine was used to test these bait characteristics. Successful bait plasmids
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do not induce the expression of the lacZ reporter, the HIS3 and the ADE2 selective marker genes; no
colonies should grow on the selective plates. Once it has been shown that self activation does not
exist, the screening procedure continues with the transformation of the produced cDNA libraries into
a yeast strain containing the bait plasmids. The transformants were then plated onto SD plates (-Trp,
-Leu, -His, -Ade) monitoring the activation of the HIS3 and ADE2 selective marker genes. The
plasmids were isolated from the positive yeast clones and then transformed into the XL1-Blue MRF’
strain. The following steps consisted of colony PCR (a pair of AD primers were used, Table 1),
plasmid isolation, sequencing of the plasmids and a BLAST analysis using the NCBI nucleotide
database to identify the possible interactors.

In the case of pairwise interaction analysis, the binding domain containing bait (without self-
activation property) and the activation domain containing prey were co-transformed into yeast. The
transformants were grown on —Trp, —Leu and —Trp, —Leu, —His, —Ade medium, allowing the
monitoring of the transformation efficiency and the activation of the HIS3 and ADE2 reporter genes

that demonstrate the interaction of the fusion proteins.

3.1.4. Quantitation of B-galactosidase activity in yeast extracts

The protein-protein interaction strength was quantified by the B-galactosidase activity assay;
the ONPG (o-nitrophenyl-p-D-galactopyranoside) substrate was used (Bartel et al., 1993). Enzyme
activity was determined according to Horvath et al. (1998) with minor modifications. Five ml
cultures were grown overnight in non-selective medium (SD —Trp, —Leu). 1 ml of the culture was
used for the optical density measurement; the other 4 ml of the culture were collected into 2 ml
Eppendorf tubes, centrifuged (1 min, 12 000 rpm) and lysed by vortexing with 0.5 mm diameter glass
beads. The samples were vortexed more than ten times, each time just 1min, because the samples had
to be kept at a low temperature. After centrifugation (3 min, 12 000 rpm), the supernatants (lysates)
were transferred into 1.5 ml Eppendorf tubes and 2 ul of the lysate was used for a protein
concentration measurement. The protein concentrations were determined by the method of Bradford
(Bradford, 1976). The remaining lysate was divided into two aliquots; the B-galactosidase activity of

the first aliquot was measured using ONPG substrate at 420 nm, whereas the second aliquot served as

31



a blank control for the OD measurement at 420 nm. The blank control was treated in the same way as
measured samples, except that the substrate buffer (Z buffer plus - mercaptoethanol, pH 7.0) lacked
ONPG. The B-galactosidase activities, based on three independent measurements, were calculated
from the OD values as described by Bartel et al. (1993).

3.2. Plant suspension culture synchronization (alfalfa and rice)

Alfalfa (Medicago sativa ssp. varia genotype A2) cell suspension cultures were maintained
by weekly subculturing in Murashige and Skoog (MS) medium (Murashige and Skoog, 1962)
Synchronization of the cell cycle was started by a 1:4 dilution of a 7-day-old alfalfa suspension
culture. After 3 days cells were treated with 10 mM hydroxyurea (HU) (Sigma, St Louis, MO, USA)
for 36 h. The cells were then washed three times with pre-conditioned MS medium (taken from an
A2 suspension culture of the same age after subculturing). The cells were then cultured further for
synchronous growth in the original volume of pre-conditioned MS medium (Ayaydin et al., 2011). 2
h after washing the HU from the cells, samples were collected at the indicated time points for protein
extraction, cytology, and flow cytometric analysis.

The rice cell suspensions (Oryza sativa var. japonica cv. UNGGI-9) were cultured and

synchronized in the same way as Medicago cells.

3.3. Flow cytometry

For flow cytometric analysis, 1 ml of cell culture was filtered through Miracloth (EMD
Millipore, Darmstadt, Germany), then the cells were chopped with a sharp razor blade in Galbraith’s
buffer (45 mM MgCl,, 20 mM MOPS, 30 mM sodium citrate, 0.1% Triton X-100, pH 7.0) in 6 cm
plastic Petri dishes on ice (Galbraith et al., 1993). Nuclei (in 1 ml of buffer) were filtered through 20
um sieves into 1.5 ml Eppendorf tubes. Nuclei were stained with propidium iodide (4 pg ml™).
Nuclei (1x10%) were used for flow cytometric determination of the relative DNA content with a
FACSCalibur flow cytometer from Becton Dickinson (Franklin Lakes, NJ, USA). Cell cycle phase
analysis was carried out by the ModFit-software, immunolocalization and confocal laser scanning

microscopy.
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3.4. Recombinant protein purification

3.4.1. GST- tagged fusion protein expression and purification

The BL21 (DE3) strain was used for the glutathione-S-transferase (GST) fusion protein
expression and purification. E. coli was grown at 22 °C (the temperature depended on the construct
used: for plasmids containing full length OsRBR1 and OsRBR2 the E. coli cells were grown and
induced at 16 °C, whereas for short fragment containing plasmids, such as ZmCKS, OsRBR1 and
OsRBR2 C terminal region, were grown and induced at 37 °C). When the ODggo-value attained 0.3-
0.4, 0.2 mM IPTG was added. After 4h of induction, bacterial cultures were centrifuged (10 min,
4000 g) and the bacterial cells were washed with ice cold 1x PBS buffer (137 mM NaCl, 2.7 mM
KCI, 10 mM Na;HPO,4, 2 mM KH,PQO,, pH 7.4). Following centrifugation the bacterial pellet was
resuspended in 1x PBS containing 2 mM PMSF, 1 mM DTT and lysosyme at final concentration of
100 pg/ml. After this, Triton X-100 was added to the solution to a final concentration of 0.25% (v/v),
and cells were sonicated. The lysate was placed on a shaker for 20 min and kept at RT. Following a
15 min centrifugation (10.000 g) the clear supernatant was used for affinity purification. All steps
were carried out at 4 °C, unless otherwise stated. The affinity purification of the GST-fusion proteins
was carried out using the Glutathione Sepharose purification protocol according to the
manufacturer’s instructions (Amersham-Pharmacia Biotech AB). The protein concentrations were
determined by the method of Bradford (Bradford, 1976). Purity of the GST-fusion proteins was
checked by polyacrylamide gel electrophoresis (PAGE) on 10 % SDS-polyacrylamide gels (Laemmli
1970)

3.4.2. Hisg-tagged protein expression and purification

The BL21 (DE3) strain was also used for His-tagged fusion protein expression and
purification. For bacterial growth, induction and purification the same methods were used as in GST-
tagged protein purification, although with different buffers: native wash buffer (50mM NazPO, ,
300mM NacCl, 20mM imidazole, 10% glycerol, pH 8.0) and elution buffer (50mM NasPO,4, 300mM
NaCl, 250mM imidazole, 10% glycerol, pH 8.0). NINTA agarose (80-90ul 50% slurry/200ml

bacterial culture) was used instead of Glutathione Sepharose. For proteins used in the
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phosphorylation experiment, the elutions were dialyzed against MgCl,-free kinase buffer (50mM Tris
pH7.5, 5mM EGTA, 0.1% NP40, 1ImM DTT). The protein concentrations were again determined by
the method of Bradford (Bradford, 1976). Purity of the His-tagged fusion proteins was checked by
PAGE on 10 % SDS-polyacrylamide gels too.

3.5. Pull down assays

Total protein extracts were made from Oryza sativa ssp. Japonica cv. ‘Unggi 9’ cultured cells
5 days after subculturing using IP buffer. In a pull down assay 2mg of total protein was used.

For GST-pull down assays, recombinant GST-OsPP2A B and GST (used as negative control)
were produced in E. coli BL21 (DE3) strain and subjected to affinity purification on glutathione-
sepharose (Amersham Pharmacia Biotech AB, Uppsala, Sweden). Glutathione-Sepharose-bound
OsPP2A B” served as affinity matrix to isolate putative interacting proteins. Protein extracts were
added to beads and incubated for 90 min at 4°C with constant agitation. Beads were washed 3 times
with extraction buffer. Bound proteins were eluted with buffer containing 50mM Tris-HCI pH8, 5%
glycerol and 10mM reduced glutathione. Protein samples were separated on 8% SDS-polyacrylamide
gel, blotted onto PVDF membrane (Immobilon-P, Merck Millipore, Bilerica, MA, USA) and
visualized with anti-OsRBR1 monoclonal antibody.

For Hiss-pull down assays, Hiss-tagged proteins were affinity purified on Ni-NTA-agarose
(Qiagen Inc., Valencia, CA, USA). Rice cell extracts (negative control) or Ni-NTA-bound wild type-
or mutant OsPP2A B” affinity matrices, incubated and eluted as before. Immunoblotting was

performed with monoclonal anti-OsRBRL1 or anti-PP2Ac antibody, respectively.

3.6. Antibodies and Western blotting

40ug of total protein from synchronized suspension cultures was loaded on a denaturing
polyacrylamide gel, and then blotted onto Immobilon-P PVDF membranes (Merck Millipore,
Billerica, MA, USA). The chicken polyclonal anti-AtRBR1 antibody was used for the detection of
the MsRBR11 protein. A mouse monoclonal antibody raised against the N-terminal 419 amino acids
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of OsRBR1 was used for the detection of the OsRBR1 protein. For the production of this antibody
affinity purified recombinant protein was used as antigen to immunize Balb/c.

Polyclonal antibodies (Phospho-RB (Ser807/811) Antibody #9308, Cell Signaling
Technology, Beverly, UK) produced against a phosphopeptide corresponding to residues around
Ser807/811 of human RB protein(based on SwissPro database, accession # P06400) were used
according to the manufacturer’s instructions to monitor the phospho-MsRBR1 and phospho-OsRBR1
proteins level. Commercially available a- PP2A mAb (clone 1D6,Merck Millipore, Billerica, MA,
USA) was used for the detection of the C subunit of OsPP2A and o - PSTAIRE mouse mAb (clone
PSTAIR ascites fluid, P7962, Sigma-Aldrich, St. Louis, MO, USA) to detect PSTAIRE motif
containing Kinases.

To genetate polyclonal antibody against OsPP2A B” subunit, the coding region of
0s10g047660 cDNA was amplified from the AKO067811 plasmid (Rice Genome Project of the
National Institute of Agrobiological Sciences, Japan) with primers OsPP2A FL-EcoFw and OsPP2A
FL-SallRev (table 1 in Appendix). The amplicon was digested with EcoRI and Sall and ligated into
pET28a vector (EMD Millipore, Billerica, MA, USA). The recombinant protein with an N-terminal
hexahistidine tag was expressed in E. coli BLR strain (EMD Millipore, Billerica, MA, USA).
Purification of His-tagged OsPP2A B” on a Ni-NTA agarose column (Qiagen Inc., Valencia, CA,
USA) resulted in a homogenous protein band of expected size in SDS-PAGE. The immunization of
rabbits was carried out as described earlier (Kokai et al., 2006). Anti-OsPP2A B” sera were prepared
14 days after the last injection and were purified on an NHS-activated Sepharose (GE Healthcare

Bio-Sciences, Pittsburgy, PA, USA) coupled polypeptide affinity column.

3.7. Protein phosphorylation

Rice suspension cells were harvested 4 days after subculturing and ground in liquid N,. The
powder was transferred to 2ml Eppendorf tubes and stored at -80 °C. Whole cell protein was
extracted with buffer prepared according to Magyar et al. (1997). This buffer contains 25 mM TRIS-
HCI pH 7.6, 15 mM MgCl,, 15 mM EGTA, 75 mM NaCl, 60 mM B-glycerophosphate, 1 mM DTT,
0.1% NP-40, 0.1 mM NazVO,4, 1 mM NaF, 1 mM PMSF, protease inhibitors (Complete, Roche,
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Mannheim, Germany), and the PhosSTOP phosphatase inhibitor cocktail (Roche, Mannheim,
Germany). The homogenate was centrifuged at 15 000g for 15 min at 4 °C. In the meantime, freshly
prepared ZmCKS1 agarose (ZmCKS1-coated Glutathione Sepharose) was equilibrated with CKS1
wash buffer (50 mM TRIS-HCI pH 7.5, 250 mM NaCl, 5 mM EGTA, 5 mM EDTA, 0.1% NP-40,
2.5 mM NaF) and kinase buffer (50mM Tris pH7.5, 15mM MgCl,, 5mM EGTA, 0.1% NP40, 1ImM
DTT). The clear lysates were transferred into ZmCKS1 agarose, and the sample was incubated at 4
°C for 2h while shaken at a constant rotation rate. Subsequently, the samples were centrifuged, the
supernatant was removed and the kinase reaction mixture was added. The mixture consisted of the
recombinant protein (1-5ug), 0.5ul 10mM ATP, 0.5l fresh ¥P-y-ATP, and kinase buffer was added
to a total of 50ul. During the incubation of the ZmCKS1 agarose at 30 °C for 2h, the beads were
mixed carefully in every half hour. Subsequently, the mix was centrifuged and the supernatant was
pipetted into 1.5ml Eppendorf tubes. The liquid was heated to 90 °C for 15 min. The subsequent
steps were the following: SDS-polyacrylamide gel electrophoresis, drying of the gel for 2h at 80 °C,
the placement of the dried gel into the Phosphorimager cassette, and the scanning of the gel using a

Phosphor-Imager Sl system (Molecular Dynamics, Sunnyvale, USA).

3.8. Immunoprecipitation

Immunoprecipitations (IPs) were carried out using magnetic beads (Dynabeads”, Thermo
Fisher Scientific Inc., Waltham, MA, USA) coated with Protein G. Polyclonal antibody raised against
OsPP2A B” was used to immunoprecipitate a functional PP2A phosphatase complex. Rabbit anti-
mouse 1gG (Sigma-Aldrich, MO, St. Louis, USA) served as negative control. 20 1 g of antibody
was diluted in 500 1 1 of PBS (phosphate buffered saline), mixed with prewashed magnetic beads
and incubated while gently mixing for 40 min at room temperature. Unbound proteins were removed
by five washing with PBS. Dynabeads” Protein G-immunoglobulin complex was mixed with total
protein extract prepared from a rice cell suspension culture (that was in the exponential growth
phase) in IP buffer (20 mM Tris-HCI (pH 7.0), 150 mM NaCl, 1 mM EDTA, 1% Triton X-100, 0.1%
2-mercapto-ethanol and protease inhibitor cocktail (Complete, Roche, Basel, Switzerland). Cleared
cell lysate was added to Dynabeads"-Ig and incubated for 1 h at 4°C while mixing constantly.
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Unbound proteins were removed by washing with IP buffer 4 times. 50 mM glycine (pH 2.5) was

used to elute the bound proteins (eluted samples were immediately neutralized).

3.9. Protein phosphatase activity

The functional PP2A phosphatase complex was isolated by a pull down technique. Total
protein extract was prepared from an exponential growth phase rice cell suspension culture using IP
buffer containing protease inhibitor cocktail (Complete, Roche, Basel, Switzerland). Cleared cell
lysate was added to Ni-NTA agarose-bound recombinant. Wild type or mutated Hisg-OsPP2A B”
proteins incubated for 1 h at 4°C while mixing continuously. Ni-NTA agarose was also incubated
with protein extract only (negative control). Beads were washed 4 times with extraction buffer and
once with phosphatase buffer (50 mM Tris-HCI pH 7.5, 0.1% B-mercaptoethanol, 2mM MnCl,,
complete protease inhibitor cocktail) and were used immediately for the phosphatase assay.
Recombinant purified full length GST-OsRBR1 protein was in vitro phosphorylated using P13%Y“'-
bound CDK complex and used as phosphatase substrate. An equal amount of phosphatase buffer
containing 2 pg phospho-OsRBR1 and 5ug of BSA was added to the beads and incubated at 37 °C
while mixing constantly. Aliquots were taken at the indicated time points and used for SDS-PAGE (8
% gel). Proteins were blotted onto PVDF membrane (Immobilon-P, Merck Millipore, Billerica, MA,
USA) and the phosphorylation status of OsRBR1 was followed by using anti-Phospho-Rb antibody
(Cell Signaling Technology, Beverly, UK).
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4. RESULTS

4.1. Immunodetection of MSRBR1 and phospho-MsRBR1 proteins in cultured alfalfa cells

A polyclonal antibody was produced against the recombinant C-terminal fragment of the
Arabidopsis AtRBR1 protein consisting of 236 amino acids (Horvath et al., 2006). The cross-
reactivity of this anti-AtRBR1 antibody with the His-tagged C-terminal fragment of the MsRBR1
protein was tested. This antibody recognized even a low amount (5 ng) of recombinant protein and a
115 kDa protein was detected as a major band in Western blots of total protein extract (Fig. 6A, lane
1). The 115 kDa protein band corresponds to the predicted molecular mass (114.2 kDa) of the alfalfa
RBR protein. The specificity of this cross-reaction was tested using an antigen competition assay.
Pre-incubation of this antibody with the purified Hiss-tagged C-terminal part of the MSRBR1 protein
removed the cross-reacting antibody and resulted in the disappearance of the 115 kDa band (Fig. 6A,
lane2). This finding supports the use of this antibody in the alfalfa experimental system. Since the
phosphorylation status of the MsRBR1 protein has functional significance, the level of this
phosphoprotein was monitored using an antibody produced against the phosphorylated pRB peptide
containing Ser807/811 (Cell Signaling Technology). The NVYVSPLRS motif in the C-terminus of
the alfalfa MSRBR1 protein may correspond to the NIYISPLKS motif of the human pRB protein
which has a conserved 807/811serine (S) phosphorylation site. In order to test the specificity of this
peptide antibody, the recombinant Hisg-tagged C-terminal fragment of the MsSRBR1 protein was
phosphorylated using alfalfa CDK complex bound to GST—p13°““! beads (Fig. 6B, middle panel).
The phosphorylation reaction was also monitored by detection of incorporated *P (Fig. 6B, lower
panel). The detected level of 3P incorporation and the signal given by the anti-phospho-RB antibody
correlate and this allowed us to use the antibody to monitor the changes in the level of phospho-
MsRBR1 protein.

Using whole-cell extracts, both antibodies produced against either the AtRBR1 protein or
phospho-pRB peptide recognized the same 115 kDa size protein (Fig. 6C, D). The sensitivity of the
band corresponding to the phospho-MsRBR1 protein to a calf intestinal alkaline phosphatase (CIAP)
treatment is also demonstrated. Dephosphorylation reduced the amount of detected protein cross-
reacting with the anti-phospho-pRB antibody (Fig. 6D, lanes 3 and 6).
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Figure 6. Specificity test of antibodies used for detection of the Medicago retinoblastoma-related
protein (MsRBR1) and its phosphorylated form (phospho-MsRBR1) in cells at stationary or
exponential growing phase.

(A): Antigen competition assay for anti-AtRBR1 antibody: 1, Western blot of total protein extract with
anti-AtRBR1 antibody detected the MsRBR11protein (115kDa); 2, immunoblot of total protein extract
with anti-AtRBR1 antibody pre-incubated with the purified His6-tagged C-terminal part of the MsRBR11
(115kDa). (B): Functional test of anti-human pRB phosphopeptide antibody by Western blot of the in vitro
phosphorylated recombinant C-terminal fragment of MsRBR1 protein after incubation with p13SUC1-
bound kinase complex. Upper panel, Ponceau S-stained filter used for immunoblot assay, loading control;
middle panel, immunoblot with antibody produced against the phosphopeptide corresponding to residues
around Ser807/811 of human pRB; lower panel, detection of incorporated [32P] inorganic phosphate by the
Phosphor Imager SI (Molecular Dynamics). (C): Alfalfa cells at exponential phase have an increased
amount of the MsRBR1 protein in comparison with cells at stationary phase. (D): Western blots with the
anti-human pRb phosphopeptide antibody detected reduced amounts of phospho-MsRBR1 protein after
phosphatase treatment and showed significantly higher amount of phospho-MsRBR1 protein in cells at
exponential growing phase. In both C and D, Lanes 1-3, protein extracts from 7-day-old cultures (stationary
phase); lanes 4-6, protein extracts from 4-day-old cultures (Exponential phase); 1, 4, control cultures; 2, 5,
protein extracts treated with phosphatase buffer; 3, 6, protein extracts with calf intestinal alkaline
phosphatase (CIAP).

The results of these Western blots provide additional information on the accumulation of
MsRBR1 and phospho-MsRBR1 proteins in cells in different growth phases of the A2 suspension
culture. The frequency of dividing cells harvested 4 d after subculturing is high, because the

suspension culture is in the exponential growth phase.
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As shown in Fig. 6C, D, lanes 4-6 these cells contain higher amounts of both forms of the
MsRBR1 protein than do cells harvested 7 d after subculturing representing the stationary growth
phase (Fig. 6C, D, lanes 1-3). In particular, the elevated level of phospho-MsRBR1 protein in
dividing cells is demonstrated by this experiment.

Careful tests using the antibody set discussed above have opened up a way to monitor the

level of MsRBR1 and phospho-MsRBRL1 proteins in synchronized alfalfa cells.

4.2. Cell cycle phase-dependent variations in MsSRBR1 and phospho-MsRBR1 protein levels

Rapidly growing suspension cultures are a suitable system to follow cell cycle-associated
changes in most biochemical or cytological parameters; because large numbers of cells are grown in
an aqueous environment under well-defined conditions, which can be exposed uniformly to
synchronizing treatments. Ayaydin et al. (2011) described an efficient Medicago sativa cell
suspension culture synchronization procedure. Hydroxyurea (HU) was used for the synchronization
treatment and the ethynyl deoxyuridine (EdU)-based fluorescent staining method was used for the
detection of cells in S phase. In our experiment, 10mM HU was used for synchronization. As shown
by representative profiles and frequency data from flow cytometry in Fig. 7A the control culture
represents mostly G1 cells (82%). Alfalfa cells were exposed to HU for 36 h and then the inhibitor
was removed; subsequently, the cells were grown under standard conditions. A sharp increase of
fraction of S phase cells following HU removal clearly demonstrated that the chemical block is
reversible and that the cells re-start their DNA synthesis at the same time following the removal of
the inhibitor. The S phase cells increased from 38% to 53% in two hours (Fig. 7A). After 4 hours,
most of the cells went into the G2/M phase. The maximum number of G2/M cells could be detected
in samples from cultures collected after 10-16 h (56, 61, 59, and 50%). The frequency of G1 cells
increased after 16 h, indicating the initiation of a new cycle. A Western blot of total protein extracts
detected the 115 kDa full size MsRBR1 protein in all samples (Fig. 7B, lane 1).
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Figure 7. Variation in the amounts of the MsRBR1 and the phospho- MsRBR1 proteins in alfalfa
cells during cell cycle progression after synchronization with 10mM hydroxyurea (HU) treatment.
(A) Frequency data of G1, S, and G2 cells at various time points after removal of the inhibitor (HU) with
characteristic DNA histograms from flow cytometry. (B) Western blot of protein extracts by anti-AtRBR1
antibody (1) and anti-human phospho-pRb peptide antibody (3). Ponceau S-stained filter with 50pg protein
samples (2). C, control, non-synchronized, actively dividing culture; BW, before wash out HU; AW, after
wash out HU.

The amounts of cross-reacting MsRBR1 protein showed limited variation during cell cycle
progression. Interestingly, the G2/M cells had slightly elevated levels of this protein. After 16 h the
blot showed a gradual decrease of the MsRBR1 protein level, this is in good agreement with the
increasing frequency of G1 cells. Western blotting of the same protein samples with anti-phospho-
pRb antibody indicated a low protein phosphorylation level in the control culture with 82% G1 cells
(Fig. 7B, lower panel). The phosphoprotein level was elevated in samples containing S phase cells
(53% and 45%). The protein cross-reacting with antibodies against the phospho-pRB peptide was
found to be abundant in protein extracts isolated from cell populations representing a significant
frequency (56, 61, and 59%) of G2/M phase cells. Subsequently the phospho-MsRBRL1 protein level
was reduced in samples containing more G1 cells. In this experiment both antibodies cross-reacted
with the full size MsRBR1 (or phospho-MsRBR1) protein of 115 kDa. Both forms of the MsRBR1
protein are present in all cell cycle phases, but the phospho-MsRBR1 protein exhibits higher
variation between cell cycle phases.
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4.3. Cell cycle phase-dependent phosphorylation and dephosphorylation of OsRBR1
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Figure 8. Specificity test of antibodies used for detection of the rice retinoblastoma-related protein 1
(OsRBR1) and its phosphorylated form (phospho-OsRBR1).

(A) Antigen competition assay for the anti-OsRBR1 antibody. Left panel, no competitor; middle panel,
competitor: OsSRBR1 antigen; right panel, competitor: OsRBR2 antigen. 1, 20ug total protein extracts from
cell suspension; 2, 40 ug total protein extract from cell suspension. An immunoblot of total protein extract
with anti-OsRBR1 antibody pre-incubated with the purified His6-tagged N-terminal part of the OsRBR1
protein failed to detect the OsRBR1 protein (middle panel). (B) Test of anti-human pRB phosphopeptide
antibody by Western blot of the in vitro phosphorylated recombinant full size OsRBR1 protein after
incubation with the p13SUC1-bound kinase complex. upper panel, immunoblot with antibody produced
against a phosphopeptide corresponding to residues around Ser807/811 of human pRB; middle panel,
detection of incorporated [32P] phosphate by Phosphor Imager SI (Molecular Dynamics); lower panel,
Ponceau stained filter used for immunoblot assay, loading control.

A monoclonal antibody was produced against the recombinant N-terminal 419 amino acids of
the OsRBR1 protein, an approximately 112 kDa protein was detected as a major band in Western
blots of total protein extract (Fig. 8A, left panel), which agrees with the calculated 111.5 kDa
molecular weight of the OsRBR1 protein. The specificity of this antibody was tested using an antigen
competition assay. Pre-incubation of this antibody with the purified Hisg-tagged N-terminal part of
the OsRBR1 protein removed the cross-reacting antibody and resulted in the out-titration of the band
(Fig.8A, middle panel). This antibody recognized recombinant OsRBR1 but not the OSRBR2 protein
(Fig. 8A, right panel). The phosphoprotein level was monitored as was done in the previous section
by immunoblotting with an antibody produced against the phosphorylated pRB peptide containing
Ser807/811. The conserved 807/811 serine (S) phosphorylation site in the NIYISPLKS motif ofthe

human pRB protein may equate the NVYVSPLRTS motif of OSRBR1, which is located within the
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C-terminal region of this protein. In order to test the specificity of this peptide antibody, the
recombinant Hiss-tagged OSRBR1 protein was phosphorylated using GST—p13°““! beads bound
CDK complex (Fig. 8B, upper panel). The phosphorylation reaction was also monitored by 2P
incorporation (Fig. 8B, middle panel). The two approaches gave very similar results, thus the
phospho-Rb antibody can be used in our experiments.

During the cell division cycle the OsRBR1 protein level was monitored in a synchronized rice
cells (Fig. 9A). The suspension of actively dividing rice cells was subjected to 36 h hydroxyurea (HU)
treatment. After removing the inhibitor, cells progressed through S phase with the highest frequency
at 2 h after the release of the HU block (71%, Fig. 9A). Cultures collected after 4-14 h contained an
elevated percentage of G2/M phase cells. The frequency of G1 cells increased after 14 h, indicating

the initiation of a new cycle.
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Figure 9. Changes in the OsRBR1, phospho- OsRBR1, OsPP2A B”regulatory subunit, and OsPP2A
catalytic subunit (PP2Ac) protein levels in rice suspension cells during cell cycle progression after
synchronization with 10 mM hydroxyurea (HU) treatment.

A: Distribution of G1, S, and G2 cells in the synchronized cell culture at various time points after removal
of HU with characteristic DNA histograms obtained by flow cytometry. B: Western blot of rice suspension
cell culture total protein extract probed with the monoclonal OsRBR1 antibody, phospho-RB peptide
antibody, polyclonal OsPP2A B” antibody and PP2A catalytic subunit monoclonal antibody. Aliquots of
extracts containing 40 v g of total protein were loaded. C, control, asynchronous culture; BW, before
washing out HU; AW, after washing out HU.

43



The Western blot of protein extracts (Fig. 9B) revealed that the amounts of OsRBR1 did not
show significant variation during cell cycle progression while the amounts of phospho-OsRBR1
exhibited a quite different pattern. The phospho-OsRBR1 antibody detected two protein bands with a
lower (at approximately 112-115kDa, the size of the OsRBR1) and a higher (~ 118-120kDa)
molecular weight (Fig. 9B). These may represent OsBR1 proteins differing in their phosphorylation-
status: hyperphosphorylated and hypophosphorylated. The Western blotting analysis (Fig. 9B)
indicated a low protein phosphorylation level in the control culture containing mainly G1 cells. The
ratio of phospho-OsRBR1 was elevated in samples containing a large population of S phase cells at 2
h, in these cells the level of the hyper- and hypophosphorylated forms was almost equal. The
phosphorylation of OsRBR1 protein peaked at 6 h (G2 phase) and it remained high in samples of
cells in the middle G2 phase (8 h). Subsequently, the level of phosphorylated OSRBR1 was reduced
in samples containing more late G2/M-phase cells (12-14 h). When the majority of the cells re-
entered into the G1 phase again (16-24 h), the phospho-OsRBR1 protein decreased into a very low
level. These findings show that the OsRBR1 protein underwent dynamic phosphorylation and
dephosphorylation during the cell cycle. Under the same synchronization conditions the levels of the
PP2A regulatory B” and catalytic subunits were also investigated. The results showed that the levels
of the OsPP2A catalytic and B” regulatory subunits changed only slightly throughout the whole cell
cycle (Fig. 9B). However, it is still possible that the phosphatase activity was regulated by
posttranslational modifications, e.g. by phosphorylation.

4.4. Retinoblastoma-related protein OsRBR1 interacts with the rice phosphatase OsPP2A B’
regulatory subunit

A Medicago truncatula interactor of full-length alfalfa MSsRBR11 protein obtained from yeast
two-hybrid screening — a homologue of the murine PR59 PP2A regulatory subunit (39% identity and
57% homology) — was demonstrated to interact strongly with OsRBR1 but did not associate with
OsRBR2 (Lendvai et al., 2007). During our work we have isolated the rice homologue of the
MsPP2A B" gene, OsPP2A B” (0s10g0476600) (74% identity and 80% similarity with the Medicago
B” regulatory subunit). After cloning the OsPP2A B” coding sequence into the pAD-Gal4 2.1 (yeast
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two-hybrid active domain containing vector) we carried out pairwise interaction studies to verify the
specific interaction between the OsPP2A B” regulatory subunit and the OSRBR1 protein. As shown
in Fig. 10A the OsPP2A B” regulatory subunit interacted only with the OsRBR1 protein. (Fig.10A,
right panel). Since the OsPP2A B” subunit showed strong autoactivation when it was cloned in a

DNA binding domain-containing vector, we could not perform the experiments in a reverse setup.

(A) AD
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Figure 10. OsPP2A B” regulatory subunit associates with OsRBR1 specifically.

A: Pairwise yeast two hybrid assays. The empty vector (AD) or pAD-GAL4 2.1- OsPP2A B” vector (AD-
OsPP2A B”) were cotransformed with pBD-GAL4 2.1-OsRBR1 (BD-OsRBR1) or pBD-GAL4 2.1-
OsRBR2 (BD-OsRBR2) to yeast strain PJ69-4A. Yeast cells were grown on synthetic dropout (SD)
medium lacking tryptophan and leucine (SD-W-L) for testing transformation efficiency or SD lacking
tryptophan, leucine, adanine, and histidine (SD-W-L-H-Ade) for testing protein-protein interactions. B:
Pull down assays. GST-tagged OsPP2A B” (right side) or GST (left side), each bound to glutathione-
sepharose, were incubated with an extract of rice suspension cells. Lanel, loading control from the total
protein extract (1/20 of the total amount). Lanes 2-5 show the elimination of weakly bound proteins and
lanes 6 contain the eluted fractions. A monoclonal antibody against OsRBR1 was used to detect the
OsRBR1 protein in the samples.

The interaction between the OsPP2A B” and OsRBR1 proteins was also confirmed by pull

down assays using a monoclonal antibody against OsSRBR1 (Fig. 10B). Total protein extract of rice
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cultured cells were incubated with GST coated (negative control) and GST-OsPP2A B” coated
glutathione-sepharose beads. After washing the beads three times with wash buffer; OsRBR1 was
detected in the flow through and in the first wash fraction (Fig. 10B, lanes2, 3) in both experiments.
After elution, however, OsRBR1 was found only in the sample obtained from the GST-OsPP2A B”
coupled resin (lane 6) indicating the specific interaction between these two proteins. The results show
that OsPP2A B” can bind to OsRBRL1 in vitro and suggest the B” regulatory subunit may play a role
in the dephosphorylation of retinoblastoma-related protein(s) in rice.

4.5. The B pocket domain in OsRBR1 is sufficient, and the C-terminal region in OsPP2A B’ is
indispensable for the interaction between those two proteins

Similarly to the animal pocket proteins, plant RBRs contain an N-terminal region, A and B
pocket domains in the so called small pocket, and a C-terminal region (Fig.11A). To map the
structural elements in that are required for OsPP2A B” binding, stepwise truncations of OsRBR1 as
well as deletion mutants containing the small pocket or the B domain were generated by in vitro
mutagenesis (Fig. 11A, Table 1 and 2 in Appendix). Full and truncated OsRBR1 coding sequences
were cloned into the pGBT9 vector while the full OsPP2A B” coding sequence was inserted in the
pPGADTY vector of the yeast two hybrid system. According to yeast colony growth assays (Fig.11B)
and B-galactosidase activity data (Fig. 11A), the A and B pocket domains of OsRBR1 are both
required for a strong binding to OsPP2A B”. However, the B domain alone is sufficient foe a
moderate interaction, suggesting a predominant role of the second binding pocket in the docking to
the regulatory subunit of PP2A phosphatase. The contribution of the N-terminal, spacer, and C-
terminal regions of OsRBR1 is negligible in this context. In comparison, Jayadeva et al. (2010)
observed that the animal PP2A-B55 a subunit binding site of p107 is located with the spacer region
in between the two pocket domains, and the C-terminal region of pl07 is not required for the
association. On the other hand, the interaction between pRB and the catalytic subunit of PP1 occurs
through the C-terminal region of pRB (Tamrakar and Ludlow, 2000; Bianchi and Villa-Moruzzi,
2001). The results suggest that the phosphatase binding to plant RB depends on different structural

elements than in the case of animal pRB or p107 pocket proteins.
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Figure 11. Yeast two hybrid assays mapping the role of selected protein domains in the interaction
between OsRBR1 and OsPP2A B”’.

A: Schematic representation of the OsRBR1 deletion mutants and their interaction strength with OsPP2A
B” measured as B-galactosidase activity. The structural elements of OsRBR1 are labeled as: N, N-terminal
region (white); A, A pocket domain (left stripped); L, linker region between A and B domains (dotted); B,
B pocket domain (right stripped), and the C-terminal region (squared). FL indicates full length OsRBR1.
B: In the yeast two hybrid tests the wild type or truncated pGBT9-OsRBR1 coding vectors were combined
with pGAD-Gal4-OsPP2A B” and were tested as in Fig. 10A. The empty pGBT9 vector was used as
background control. C: Schematic representation of full length (FL) OsPP2A B” and its deletion mutants (-
EF, EF1, EF2, and Cterm) cloned in pGADT?7 vector, and their interaction strength with OsRBR1
measured as B-galactosidase activity. D: Yeast two hybrid interaction assays between wild type OsRBR1
and different OsPP2A B” variants using vector combinations pBD-Gal4-OsRBR1 with pGADT7-OsPP2A
B”. The media used for the selection of transformants in B and D are abbreviated as in Fig.10A.

Sequence comparisons of OsPP2A B” with its human orthologs (Dovega et al. 2014) revealed

the presence of two functional Ca®*-binding EF-hand domains in the plant protein (Fig. 11C). The
mutation of the second EF-hand close to the C-terminal region in animal PR72/B” abolished
heterotrimer formation, suggesting an important role for this EF-hand motif in the phosphatase
holoenzyme (Janssens et al., 2003). Davis et al. (2008) reported that the C-termianl region of the B”
regulatory subunit is important in substrate binding. To test the role of the EF domains and the C-
terminal region (residues 418-541) in the RBR binding we produced a series of deletion mutants of
OsPP2A B” in the PGADTY7 prey vector of the yeast two hybrid system (Fig.11C). According to the
yeast two hybrid tests, none of the truncated versions of OsPP2A B” could interact with OsRBR1
(Fig.11C, D). Interestingly, while the inclusion of the C-terminal region to OsPP2A B” restored the
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interaction, the coiled C-terminal part of the protein alone was not able to associate with OsSRBRL1.
Another experiment has verified that all prey protein species were produced in the yeast cell, the lack
of interactions with the mutated proteins was not caused by the insufficient prey protein production
or stability (data not show). The reverse vector combination was not informative because OsPP2A B”
fused on the DNA binding domain of Gal4 (expressed from pGBT9-OsPP2A B”) showed a
remarkably strong self-activation. Thus the deletion of the C-terminal tail of the B” regulatory
subunit abolishes the RBR binding in all of the combinations tested, however alone this segment is
not sufficient for the interaction. The data collectively support the notion that the C-terminal substrate
binding region of OsPP2A B” has an important function in recruiting OsRBR1 to the vicinity of the

phosphatase catalytic subunit.

4.6. OsPP2A B” interacts with and is phosphorylated by cyclin-dependent kinase

Up till now, we have very limited knowledge about the post-translational modifications of B
regulatory subunit: these subunits are phosphoproteins; the phosphorylation of B” do not affect the
association with PP2Ap heterodimer; the phosphorylation of B” stimulates the activity of PP2A
heterotrimeric holoenzyme (McCright et al., 1996; Usui et al., 1998; Xu and Williams, 2000).

We were wondering if the homologue of the MsPP2A B” regulatory subunit, OSPP2A B”, can
be phosphorylated; and if it can be phosphorylated, which residues are phosphorylated, and whether
phosphorylation affects interaction with the PP2A core dimer and OsRBR1. Furthermore, we posed
the question if the absence of phospho-acceptors will influence the phosphatase activity of the PP2A
holoenzyme. I will first answer if OsPP2A B” can be phosphorylated or not.

Sequence analysis of OsPP2A B” by the Scansite algorithm (http://scansite.mit.edu/ )
revealed the presence of three putative CDK phosphorylation sites in the N-terminal region of the
protein. These are Ser95 in APPLSPRST, Ser102 in STSGSPRVM and Ser119 in SSLGSPLKYV; all
three in a sequence context similar to the canonical (S/T) PX(R/K) recognition site for CDKs.

The interaction of OsPP2A B” with a CDK was experimentally substantiated as the
polyclonal antibody against OsPP2A B” immunoprecipitated a protein complex that harbors
OsRBR1, the PP2A catalytic subunit (PP2Ac) and a PSTAIRE motif containing CDK (Fig. 12A),
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Thus, the PP2A phosphatise holoenzyme and the PSTAIRE type protein kinase are in the same
protein complex with their potential substrate OSRBR1. Another proof comes from a pull down assay
which demonstrated that OsPP2A B” and OsRBR1 are in association with the CDK (data not show).
The functional significance of this interaction was revealed by the fact that CDK-cyclin complexes
isolated from actively dividing rice cells in suspension culture by ZmCKS-agarose phosphorylate
both GST-and His-tagged OsPP2A B” (Fig. 12B).

Data from our lab demonstrated that B” regulatory subunit associated with members of the
subfamily Il of OsPP2Ac catalytic subunit preferentially, while the OsPP2Ac isoforms here (Fig.
12A) could not be distinguished because of the narrow range of molecular weight (35.1-35.6) (Yu et

al., 2014).
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Figure 12. OsPP2A B” interacts with and is phosphorylated by cyclin-dependent kinase.

(A) Co-immunoprecipitation of OsRBR1, PP2A catalytic subunit and PSTAIRE cyclin-dependent kinases
by a polyclonal antibody raised against of OsPP2A B”. 1 mg of total protein extract prepared from a rice
cell suspension culture (exponential growth phase) was used in the experiment and 40ug was loaded as
input control. Anti-mouse 1gG produced in rabbit served as negative control. Western blot was performed
using monoclonal antibodies raised against OsRBR1, the catalytic subunit of PP2A and the PSTAIRE
sequence. A Western blot that shows the level of OsPP2A B” in 40ug total protein extract is also included.
(B) Phosphorylation of OsPP2A B” regulatory subunit with PSTAIRE-motif contained kinases in vitro.
His6- and GST- tagged OsPP2A B” was phosphorylated by a PSTAIRE CDK complex isolated from
actively dividing rice suspension cells by p13SUC1 —agarose with y [32P]-ATP. The upper panel shows
the loading control strained for proteins with Coomassie brilliant blue R250 (CBB). In bottom panel, the
phosphate incorporation was detected by autoradiography using phosphorimager Sl system (Molecular
Dynamics, Sunnyvale, USA).
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4.7. Confirmation of the putative phosphorylation sites of OsPP2A B” regulatory subunit via
site-directed mutagenesis and proteomic analysis

After that it has been clearly shown that the B” regulatory subunit can be phosphorylated in
vitro we can address the question if those putative CDK phosphorylation sites can really be
phosphorylated. Data from collabotory verified the phosphorylation of Ser95 and Ser119 by LC-
MS/MS analysis (Fig. 18 in Appendix). Unfortunately, Serl02 was not represented by any

unmodified or phosphorylated peptides in their experiment either.
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Figure 13. Confirmation of the putative OsPP2A B” phosphorylation sites by deletion mutagenesis.
(A) Schematic representation of the predicted CDK phosphorylation sites Ser95, Ser102, and Ser119 in full
length (F.L.). Fragment A contained Ser95 and Ser102, fragment B contained all three phosphorylation
sites, Fragment C had only Ser119 and fragment D lacked all three putative phosphorylation sites. (B) The
OsPP2A B” regulatory subunit variants described in panel A were phosphorylated by rice PSTAIRE CDK-
cyclin complex isolated by pl3SUC1/CKS beads. After SDS-polyacrylamide gel electrophoresis, 32P
incorporation was detected by phosphorimager Sl system (Molecular Dynamics, Sunnyvale, USA). BSA
was used as the negative control in experiments. (C) Loading control of (B) panel, stained with CBB.

To check whether all of the putative sites, including Ser102, can be phosphorylated by CDKs
and to be sure there are no more phosphorylation sites in the full size of OsPP2A B” protein apart
from those three predicted ones, we generated a set of truncations as well as phosphorylation-site
mutations in Hisg-tagged OsPP2A B” and used them as substrates for rice CDK. All mutants of the
B” regulatory subunit were produced by PCR (Fig. 13A and Fig.14, primers used in this experiment

were listed in table 1 and table 2). Fragment A contained Ser95 and Ser102, fragment B contained all
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three sites, fragment C contained only the third site, Ser119, while fragment D had no predicted
phosphorylation site (Fig. 13A). The phosphorylation reaction was monitored by detection of 3P
incorporation into the proteins after in vitro phosphorylation with radioactive ATP (Fig. 13B). Except
for fragment D, all the truncated mutants were phosphorylated. These results mapped all
phosphorylation sites to the N-terminal segment of the protein and confirmed the phosphorylation of
Serl19 in fragment C. They also excluded the possibility that additional non-predictable
phosphorylation sites were present in the C-terminal half of the protein.

A

WT  SLPSMFPAGSAPPLSPRSTSGSPRVMRRGSGAGPSSLGSPLKVVSEPVREVIPQFYFKYGRP

M95  SLPSMFPAGSAPPLAPRSTSGSPRVMRRGSGAGPSSLGSPLKVVSEPVREVIPQFYFKYGRP

M102  SLPSMFPAGSAPPLSPRSTSGAPRVMRRGSGAGPSSLGSPLKVVSEPVREVIPQFYFKYGRP
M119  SLPSMFPAGSAPPLSPRSTSGSPRVMRRGSGAGPSSLGAPLKVVSEPVREVIPQF YFKYGRP
DM95,102  SLPSMFPAGSAPPLAPRSTSGAPRVMRRGSGAGPSSLGSPLKVVSEPVREVIPQFYFKYGRP
DM95,119  SLPSMFPAGSAPPLAPRSTSGSPRVMRRGSGAGPSSLGAPLKVVSEPVREVIPQFYFKYGRP
DM102,119  SLPSMFPAGSAPPLSPRSTSGAPRVMRRGSGAGPSSLGAPLKVVSEPVREVIPQFYFKYGRP
TMwA  SLPSMFPAGSAPPLAPRSTSGAPRVMRRGSGAGPSSLGAPLKVVSEPVREVIPQFYFKYGRP

TMUE  SLPSMFPAGSAPPLEPRSTSGEPRVMRRGSGAGPSSLGEPLKVVSEPVREVIPQFYFKYGRP

Figure 14. Confirmation of the putative OsPP2A B” phosphorylation sites by site-directed
mutagenesis.

(A) Site-directed mutants of the OsPP2A B” regularory subunit. Three single mutants (M95, M102, M119),
three double mutants (DM95,102; DM95,119; DM102,119) and two triple mutants (TMutA and TMUtE).
Amino acid sequences are shown in the region containing the putative CDK phosphorylation sites.
Phosphorylation target serines are bold and underlined, alanines or glutamates replacing serines are
highlighted in red. (B) Phosphorylation of wild type (WT), and serine-alanine single ((M95, M102, M119),
double (DM95,102; DM95,119; DM102,119), as well as triple (TMutA) mutants of OsPP2A B’ by affinity
purified rice PSTAIRE kinase complex in vitro. Phosphorylated proteins were separated by SDS-PAGE
and 32P incorporation was detected by autoradiography using X-ray film. (C) The loading control for (A)
was stained with CBB.
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In order to investigate the phosphorylation sites further and to examine the role of these
modifications in the function of the OsPP2A B” regulatory subunit, a series of point mutants was
generated by serine-to-alanine exchanges eliminating the predicted CDK phosphorylation sites (Fig.
14A). Three recombinant single site mutants (M95, M102, and M119), three double mutants (DM95,
102; DM95, 119; DM102, 119) and one triple mutant (TM95, 102, 119, named TMutA) were
constructed with Hisg-tag (table 1 and 2 in Appendix). The wild type recombinant Hisg-tagged
OsPP2A B” and all of its mutants were expressed in E. coli, were affinity purified, and
phosphorylated in vitro using a GST—p13°”“* bound CDK complex (Fig.14B). In the triple mutant no
2p incorporation was detected, the double mutants exhibited a quite strong reduction of P
incorporation, whereas the single mutants showed phosphate incorporation close to that of the wild
type OsPP2A B” (Fig, 14B). The lack of phosphorylation in the triple mutant indicates that only the
predicted residues can act as phosphate acceptors. The phosphorylation of the double mutants DM95,
102 and DM102, 119 confirmed the phosphorylation of Ser119 and Ser95 respectively, while the
phosphorylation of the double mutant DM95, 119 revealed that Ser102 is also a valid target of the
kinase. These results collectively indicate that all of the putative sites including Ser102 can be
phosphorylated by CDK.

4.8. Phosphorylation of OsPP2A B” may promote its association with OsRBR1

Above we demonstrated that the OsPP2A B’’ regulatory subunit can be phosphorylated and
the sites of phosphorylation (Ser95, Ser102, and Ser119) were determined as well. Based on these
results the following question emerged: will the phosphorylation of the B” regulatory subunit affect
the interaction with OsSRBR1 and/or with the PP2A core dimer?

The pairwise yeast two hybrid assays with the pPBD-GAL4 vector encompassing the OsRBR1
coding region and a series of pGAD424 vectors each containing the coding sequence of OsPP2A B”
phosphorylation site mutants. In this experimental setup the OsPP2A B” variants may be
phosphorylated by the yeast CDKs. Protein-protein interaction affinity was quantified by p-
galactosidase activity assay (Fig. 15A). Although there was a difference in the growth rates among

the transfected yeast cells, we were not able to find a significant difference in the binding affinity of
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any single or double mutants relative to the wild type OsPP2A B” due to the large experimental error.
Furthermore, we constructed a phosphorylation mimicking mutant (TMutE, serine-to-glutamic acid
in three sites, Fig. 14A). A more dramatic effect was observed when the interactions of OSRBR1 with
wild type and triple alanine mutant TMutA and triple glutamate mutant TMutE OsPP2A B> proteins
were tested (Fig. 15B). In this in vivo system, a significant difference was found between the non-
phosphorylated TMutA and the presumably phosphorylated wild type TMutE (or the phosphorylation
mimicking). Thus, the dephosphorylation of OsPP2A B” appears to decrease its interaction with

OsRBR1.
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Figure 15. Pairwise assay to check the effect of phosphorylation on the interaction between B”
regulatory subunit and OsRBR1.

(A) Yeast two hybrid interaction strengths measured as p-galactosidase activities between OsRBR1 and
wild type (WT) or site-directed mutants of OsPP2A B”. OsRBR1 inserted into pBD-GAL4 vector was
combined with pGAD424 vectors containing wild type or mutant OsPP2A B”. The empty pBD-GAL4
vector was used as background control. (B) Strength of interaction was measured as in (A) between
OsRBR1 and OsPP2A B” wild type (WT), triple phosphorylation site alanine (TMutA) or glutamate
(TMutE) mutant in the yeast two hybrid system. The results shown in (A) and (B) are the averages of three
independent transformations and fB-galactosidase measurements. In (B) letters a and b indicate significant
divergence at the level p<0.05.
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The pull down assay supported this conclusion. This experiment checked the association of
OsRBR1/PP2A catalytic subunit to OsPP2A B” WT/ TMutA/TMUtE. Hiss-tagged OsPP2A B” wild
type (WT), and two mutants, TMutA and TMutE incubated in total protein extract prepared from a
rice cell suspension culture (exponential growth phase) and immunoblotting was performed with
monoclonal anti-OsRBR1 and anti-PP2Ac antibody, respectively. Similar to the results from the
yeast two hybrid system, the non-phosphorylated TMutA showed somewhat lower affinity to
OsRBR1 compare to wild type and phosphorylation mimicking TMutE (Fig. 16, upper panel). While
for PP2Ac, Three OsPP2A B” variants showed same interaction intensity to OsPP2A catalytic
subunit (Fig. 16, middle panel).

Similar results were reported by Davis (2005), on B”/PR70. Mutation of the phosphorylation
sites, by either ablating the phosphorylation site or producing a phosphorylation mimic, had no
apparent effect on binding of PR70 to the PP2A core dimer (A and C subunits). All these data
suggest that the phosphorylation sites have no effect on the properties of the binding domains.

Lc  Negatie OsPP2AB™ OsPP2AB™ OsPP2AB”

control WT TMutA TMutE

¢-OsRBR1

«-PP2Ac

I I

Ponceau
staining

Figure 16. Pull down assay for the association of OsPP2A B” variants and OsRBR1.

Hisg-tagged OsPP2A B” the wild type (WT), triple A mutant (TMutA) and triple E mutant (TMUutE)
incubated in total protein extract prepared from a rice cell suspension culture (exponential growth phase).
Western blot probed with monoclonal antibodies raised against OSRBR1, the catalytic subunit of PP2A. Lc,
loading control, 1/20 of the total amount (total protein extract of rice cultured cells).

4.9. Phosphorylation of OsPP2A B” regulatory subunit Effects on the phosphatase activity of
holoenzyme
To test whether the phosphorylation of OsPP2A B” also modulated by the PP2A catalytic

activity, phosphatase holoenzymes were isolated by pull down from the extract of rice suspension
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cells using Hisg-tagged wild type OsPP2A B” (WT) or the triple mutants TMutA or TMutE. The
GST-tagged full length OsRBR1 protein was first in vitro phosphorylated by incubation with
p13°““Lhound CDK kinase complexes and then used as substrate for the dephosphorylation
experiment to compare the holoenzyme activities. The dephosphorylation was monitored by
phospho-RB (Ser807/811) polyclonal antibody (Fig. 17). In this assay the phosphatase complexes
containing triple mutant TMUutE had somewhat higher, and the TMutA mutant complexes has
somewhat lower PP2A activity than the wild type (Fig. 17), demonstrating that the activity of
OsPP2A B”-containing phosphatase complex can be regulated by CDK mediated phosphorylation of

the regulatory subunit.

Negative OsPP2A B” OsPP2A B” OsPP2A B”
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Figure 17. Protein phosphatase activity assays with OsPP2A holoenzymes containing wild type (WT)
and phosphorylation site mutated alanine (TMutA) and triple glutamate mutant (TMutE) OsPP2A
B”.

The holoenzymes were isolated from rice suspension cell extracts by pull down with the Hisg-tagged wild
type or mutant B” subunits. The activity of the holoenzymes was compared using phospho-OsRBR1
substrate prepared by the phosphorylation of GST-tagged full length OsRBR1 protein with GST-p13SUC1
bound CDK complex. The amount of phospho-OsRBR1 was monitored before the reaction (0”) and 20, 40,
and 60 min after adding the phosphatase with a phospho-Rb specific antibody. Control, 5mM EGTA, and
5mM Ca refer to different extraction buffer and binding conditions. Control, standard condition; 5mM
EGTA, buffer containing 5mM EGTA to chelate Ca**; 5mM Ca, buffer containing 5mM Ca*".

There are two functional Ca®*-binding EF-hand domains presented in OsPP2A B> (Fig. 11C).
Will the presence of Ca®" effect on the phosphatase activity of PP2A heterotrimers? This is the
reason why we carried out this experiment under three different conditions (standard, lacking Ca®*
and abundant Ca?*). Under free Ca®* absence condition (EGTA chelating, Fig. 17, middle panel), all
PP2A holoenzymes showed a lower phosphatase activity compare to the enzymes under standard
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condition (upper panel). While all PP2A holoenzymes showed high phosphatase activity and can
dephosphorylated all substrates in 20 minutes (Fig. 17, lower panel) when with abundant Ca®*
(5mM).
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5. DISCUSSION

Proper regulation of the cell cycle is vital for normal cell division, growth and differentiation.
The family of retinoblastoma proteins (pRB) or pocket proteins is one of the main players in this
well-orchestrated process. The RB protein was originally identified as product of a tumor suppressor
gene; deleted or mutated in retinoblastoma as well as in a wide-variety of other cancers (Friends et
al., 1986; Weinberg, 1995). Later two other proteins were isolated, p107 and p130, which share
structural and functional similarity with pRB (Ewen et al., 1991; Baldi et al., 1996). In mammalian
cells, pRB is a negative regulator of genes required for cell cycle progression through its ability to
recruit members from the E2F family of transcriptional factors, which act together as heterodimers of
E2F and DP subunits. Mitogenic signaling induces cyclin D kinases which phosphorylate pRB and
sequentially render it inactive, resulting in the dissociation of E2F, allowing the expression of E2F-
regulated genes. The expression of this group of genes is central to the progression of cells into, and
through, the S phase (reviewed by de Jager et al., 2001).

pPRB regulation is a conserved feature of both the mammalian and plant cell cycle. Plant
retinoblastoma-related proteins (RBRS) are have the same structure as RB family members and also
interact with various cellular proteins, such as E2F family proteins, D-type cyclins, mammalian viral
oncoproteins, and plant virus proteins (Miskolczi et al., 2007). The RBR proteins contain several
phosphorylation sites and Abraham et al. (2011) reported that both the MedsaCDKAZ1;1/1;2 and the
mitotic MedsaCDKB2;1 complexes could phosphorylate the C-terminal fragment of MsRBR1 from
alfalfa. Phosphorylation occurs in a cell-cycle-dependent manner. The maximum phosphorylation
state is reached during the G1-S transition, and remains high until the mid/late S phase (Boniotti and
Gutierrez, 2001; Nakagami et al. 2002). Moreover, as reviewed by de Jager et al. (2009), activation
of E2F transcription factors at the G1-to-S phase boundary, with the resultant expression of genes
needed for DNA synthesis and S-phase, is due to phosphorylation of the RBR protein by cyclin D-
dependent kinase, particularly CYCD3-CDKA.
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5.1. Specific antibodies used in the detection of MsRBR1/OsRBR1 and phospho-
MsRBR1/OsRBRs

Studies on plant RBR proteins have uncovered a wide variety of additional roles such as cell
fate determination and the influencing chromatin dynamics or genomic imprinting (Reviewed by
Dudits et al., 2011). For a deeper understanding of the molecular basis of these divergent functions of
plant RBR proteins it is essential to know the cell cycle phase-dependent changes in levels and post-
translational modifications of these proteins. In this study, immunodetection techniques were used to
monitor the MSRBR1 and the phospho-MsRBR1 proteins in samples from synchronized alfalfa cells.
In other experiments, similarly to this, the levels of OsRBR and phospho-OsRBR proteins were
monitored with the same methods as well.

Antibodies against the C-terminal fragment of AtRBR1 protein specifically recognized the
115 kDa MsRBR1 proteins, as shown by the antigen competition assay (Fig. 6A). In total protein
extracts from cultured alfalfa cells this polyclonal antibody detected smaller cross-reacting bands,
indicating a wider spectrum of unspecific interactions for the antibody tested. The higher signal
intensity in lane 2 of Fig. 6A may originate from a higher concentration of antibodies during the pre-
incubation procedure. Our results suggest that antibodies generated either against the C-terminal
fragment of the Arabidopsis AtRBR1 protein or the phosphopeptide of the human RB protein cross-
reacted with the same 115 kDa alfalfa protein having the predicted molecular size; this provides a
sufficient basis to use these antibodies in alfalfa cells (Fig. 6C, 6D). According to the sequence data,
the C-terminal regions of the Arabidopsis and alfalfa RBR proteins share a significant degree of
amino acid sequence identity (74%). The homologous regions cover a substantial portion of these
fragments and include the NVYVSPLRGS motif that may correspond to the NIYISPLKS motif of
the human RB protein which harbors the conserved 807/811serine (S) phosphorylation site. When
interpreting the results of the experiments aimed at the detection of the phosphorylated form of the
MsRBR1 protein by using anti-phosphopeptide antibody, it has to be emphasized that this
methodology detects the phosphorylation only in this relatively short region, whereas post-
translational modifications can occur at additional residues with different functional consequences.
Therefore, the methodology used here is not sufficient for determining the ratio between the
MsRBR1 and the phospho-MsRBR1 proteins. The functionality and specificity of this anti-
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phosphopeptide antibody was demonstrated by detection of the in vitro phosphorylated form of the
Medicago RBR protein C-terminal fragment by Western blot (Fig. 6B). The RB proteins from
mammalian cells show phosphorylation-dependent migration patterns, and the hyperphosphorylated
RB protein is usually detected as a more slowly migrating band (Farkas et al., 2007). As a result of
the protein separation protocol employed, the MsRBR1 protein band was diffuse and a clear shift
between the two protein forms was not observed. Similarly, no band shift was reported in the case of
the phosphorylation of the NtRBR1 proteins (Kawamura et al., 2006). After inorganic phosphate
incorporation into pea axillary buds, the anti-PsRBR antibody immunoprecipitated higher and lower
molecular mass forms of the phosphorylated PsSRBR1 that were sensitive to A-phosphatase treatment
(Shimizu-Sato et al., 2008). In the present study the intensity of the band corresponding to the
phospho-MsRBR1 (115 kDa) protein was reduced by phosphatase treatment, which indicates that the
phosphorylated form is correctly recognized by the anti-phosphopeptide antibody used (Fig. 6D,
right panel, lanes 3 and 6).

A monoclonal antibody raised against the N-terminus of OsBRR1 can recognize a 112kDa
protein from the total protein extract of rice cultured cells, which correspond to the 111.5kDa
molecular weight of the OsRBR1 (Fig. 8A, left panel). The antigen competition assay shows the
specificity of this antibody for OsRBR1 protein (Fig. 8A, middle and right panels). The
phosphorylation of recombinant Hisg-tagged OsRBR1 protein was probed by the human pRB anti-
phosphopeptide antibody and in parallel monitored by *2P incorporation. These two approaches agree
quite well with each other (Fig. 8B, upper and middle panel), which means that the anti-
phosphopeptide antibody can be used in our experiments for phospho-OsRBR1 detection. This result

is also relevant for all the following experiments on testing of phospho-OsRBRL1.

5.2. Variation in cell-cycle dependent RBR and phospho-RBR protein levels in alfalfa and rice
cell cultures

Cultured plant cells at present provide an ideal experimental system for the efficient
synchronization of cells in certain phases of the cell division cycle, which allows the analysis of
phase-specific events (Ayaydin et al., 2011). In our study the A2 cell line of Medicago sativa that

was long-term adapted to in vitro conditions, was used. Its short cycle time allowed the enrichment of
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cell populations in various phases by using specific cell cycle inhibitors such as HU, roscovitine, or
colchicine. Western blotting of total protein extracts from alfalfa cells with either an antibody against
the C-terminal fragment of the AtRBR1 protein or an anti-human phospho-pRb peptide antibody
allows the detection of the RBR protein (115 kDa) with the expected size and additional cross-
reacting bands of various sizes and quantities (Fig. 7B). These signals are considered to be the results
of non-specific interactions or degradation. Therefore, the present analysis is restricted to the full-size
MsRBR1 protein and its phosphorylated form. Western blot analysis of protein samples detected the
MsRBR1 protein during the whole division cycle and only moderate differences between phases
were found (Fig. 7B, upper panel). The observed increase in MsSRBR1 protein levels in samples with
a higher frequency of G2/M phase cells was shown more clearly by the colchicine-blocked cells,
although a cell cycle phase independent action of this inhibitor on RBR protein accumulation cannot
be excluded (Abraham et al., 2011). Cell cycle phase dependence could be more clearly recognized
in changes in phospho-MsRBR1 protein levels (Fig. 7B, lower panel). A reduced level of the
phosphorylated form in G1 cells can be safely concluded from the presented data. Comparing
amounts of cross reacting MsRBR1 and phospho-MsRBR1 proteins in Fig. 7B reveals that G1 cells
primarily have the hypophosphorylated form.

Hirano et al. (2008) demonstrated, using a pull-down assay that the non-phosphorylated
AtRBRL1 protein could bind to the E2Fa protein. These findings are in agreement with the general
model of G1/S phase transition control, where the hypophosphorylated RB proteins inhibit E2F
activation of S phase specific genes (Poznic, 2009). The release of this inhibition is expected to occur
when the RBR proteins are phosphorylated by CDK complexes. The role of CDKSs in
phosphorylation of RBR protein was shown by different studies on plant systems. In vitro studies
suggest that in alfalfa cells both the MedsaCDKA1;1 and the mitosis-specific MedsaCDKB2;1 can be
responsible for this modification of the MsRBR1 protein (Abraham et al., 2011).

The specific antibody against the N-terminal fragment of OsSRBR1 and the human pRB anti-
phosphopeptide antibody were used to monitor the phase specific level of OsRBR1 and phospho-
OsRBR proteins. The variation in phospho-OsRBR levels during phase progression shows the same
trend as the change in phospho-MsRBR1 (Fig. 9B). The total amount of OsRBR1 barely changed

throughout the cell cycle, while the phospho-forms of OsRBR proteins showed a clear difference
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between the G1 phase and S phase. In contrast to phospho-MsRBR1, phospho-OsRBR presented two
clear bands which can be explained as two different states of the phosphoprotein: hyper-and hypo-
phosphorylated OsRBR1. The NVYVSPLRTS motif of OsRBR1, which is located within the C-
terminal region of this protein, may equate to the conserved 807/811 serine (S) phosphorylation site
containing NIYISPLKS motif of the human RB protein. Similarly, in the C-terminal region of
OsRBR2 protein the NVYVSPLRQTK motif may also correspond to the NIYISPLKS motif. It
indicates that both phospho-OsRBR proteins can be detected by the human pRB anti-phosphopeptide
antibody. However, those two bands may be explained by the presence of two different OsRBR
proteins as well. We already know from the study of Lendvai et al. (2007) that in actively dividing
cultured cells, OsRBR2 gene was expressed around 10 times less than the OsRBR1 gene, whereas in
the mature leaves the OsRBR2 gene transcripts were present in quantities several hundred times
higher than the mRNA levels of OsRBR1, but interestingly, no matter how abundant it is, the
antibody can not detect phospho-OsRBR in different segments of mature leaves (Yu et al., 2014).
What’s more, partial depletion of OsRBR1 in cell suspension protein extract by specific anti-
OsRBR1 antibody resulted in the decrease of the phospho-OsRBR band intensities (Yu et al., 2014).
In addition, the size of the OsRBR1 protein is 111.5 kDa, whereas the OsRBR2 protein is 107.9 kDa
(Lendvai et al., 2007). Considering the differences between the two proteins in expression level as
well as the differences in the molecular size, we may conclude that two bands in the second panel of
Fig. 9B are not due to two different OsRBR proteins but represent the hyper-and hypo-
phosphorylated OsRBR1. The results also suggest that the human pRB anti-phosphopeptide antibody
recognizes only the phosphorylated form of the OsRBR1 protein.

5.3. PP2A phosphatase B” regulatory subunit interacts with OsRBR1 specifically and
preferentially associates with members of the subfamily 11 of OsPP2A catalytic subunits

Reversible protein phosphorylation is crucial in many cellular processes. It is a key feature in
signal transduction, gene expression and in the regulation of metabolic enzymes. While hundreds of
articles have been published to explain the details of the phosphorylation of RB proteins, our
knowledge about dephosphorylation is still limited. Two laboratories almost simultaneously

published the first evidence that PP1 and/or PP2A were directly responsible for this
61



dephosphorylation (Alberts et al., 1993; Ludlow et al., 1993). Whereas PPl-mediated RB
dephosphorylation is mainly restricted to mitotic exit, it was proposed that PP2A is important for
maintaining the phosphorylation status of three pocket proteins (pRb, p107, and p130) during cell
cycle progression by counteracting CDKs (Kolupaeva and Janssens, 2013). The PP2A-depleted
extracts have only around 20-30% of the anti-CDK phospatase activity that is present in interphase
cycling extracts (Castilho et al., 2009). Low concentration of OA and endothal are ideally inhibitors
of PP2A. Studies on 1 1 M OA and endothal treated synchronized cells showed shorter G1 and G2
phases than in the control cells (Polit and Kazmierczak, 2007); PP2A also took part inthe regulation
of mitotic kinase activities and the microtubule organization (Ayaydin et al., 2000).

PP1 has already been identified as the major cell cycle-related pRB phosphatase, while PP2A
IS expected to be a major phosphatase that is responsible for p107 and p130 dephosphorylation during
the cell cycle or when the cells are suffering from stress , such as oxidative stress, DNA damage, UV
radiation, etc. (Kolupaeva and Janssens, 2013). First, the PP2A catalytic subunit was found to be
associated with dephosphorylation of both p130 and p107 throughout the cell cycle and in quiescent
cells, with a noticeable increase as cells progress through the S phase (Garriga et al., 2004). Second,
the PR59/B”y subunit of PP2A showed a strong yeast-two hybrid based interaction with p107 but not
with pRB. In U20S cells, overexpression of PR59/B”y did not affect RB phosphorylation, but
ectopic co-expression of p107 and PR59/B”y resulted in the accumulation of dephosphorylated p107.
A further proof for the specific association between p107 and PR59/B”y is that PR59/B”y and p107
are co-localized in nuclear dots, while no co-localization was observed for pRB (Voorhoeve et al.,
1999b). Third, B55a containing PP2A holoenzymes play a major role in restricting the
phosphorylation state of p107 and in inducing its activation in human cells (Jayadeva et al., 2010).
Further evidence comes from 1 1 M OA treated suspension cells, in which the phosphorylation of
Rb-like proteins increased obviously (Polit and Kazmierczak, 2007).

In the study of Lendvai et al. (2007), a protein from Medicago truncatula was identified as an
interactor of full-length MsRBR11 protein, which shares 39% identity and 57% homology with the
murine PR59/B” PP2A regulatory subunit. This so called MtPP2A B” regulatory subunit displayed a
strong association with MsRBR1 and OsRBR1, but could not interact with OsSRBR2 (Fig. 10A). This

selective interaction is similar to the discrimination of PR59/B”’y between pRB and p107. During our
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work we have isolated the rice homologue of the MtPP2A B gene. Cloning this homologue into the
yeast two-hybrid vector allowed us to carry out pair wise interaction studies that verified the specific
interaction between the OsPP2A B" regulatory subunit and the OsRBR1 protein (Fig. 10A). The
interaction was proven in vitro as well, using a pull-down assay (Fig. 10B). We already know that
there are two RBR proteins in rice, OsRBR1and OsRBR2. They belong to distinct subfamilies (Fig.
3). OsRBR1 and MsRBR1 share 61% identity, whereas, in the case of OSRBR2 the level of identity
is 51%. The identity between OsRBR1and OsRBR2 is 54%. These data may explain the differences
in interaction strength between the OsPP2A B” regulatory subunit and the two rice RBR proteins.
The levels of OsPP2A B” regulatory subunit and catalytic subunit changed only slightly during the
whole cell cycle (Fig. 9B). Considering the expression pattern of the two genes: OsRBR2 is more
abundant in differentiated cells while the expression of OsRBR1 is much higher in actively dividing
cells, we suggest that plant RBRs belonging to the RBR1 and RBR2 subfamilies have different roles
in the regulation of plant cell division and differentiation. The identified B” regulatory subunit
containing PP2A heterotrimeric holoenzyme may have an important role in the dephosphorylation of
rice retinoblastoma-related protein(s) during cell cycle progression and/or in the response to
extracellular (environmental) stimuli. The results also offer an important starting point for further
research, since the regulatory functions of pocket domain containing RB-like proteins (pRB, p107
and p130) in cellular processes depend on their phosphorylation status.

In Oryza sativa, there are five isoforms of the PP2A catalytic subunits OsPP2Ac-1, -2, -3, -4,
and -5 that are encode by the Os069g0574500, Os03g0805300, Os02g0217600, Os10g0410600, and
0s03g0167700 genes, respectively. They can be grouped into two subfamilies: subfamily |
(containing isoenzymes 1 and 3) and Il (including isoenzymes 2, 4, and 5) (Yu et al., 2005).
According to the data from our lab, the protein sequences of these catalytic subunits are highly
similar, except for the N-terminal segment. LC-MS analysis of OsPP2Ac tryptic fragments was used
to identify the association between B” regulatory subunit and catalytic subunit isoforms. The results
showed that B” interact with subfamily Il prior to subgroup I. Considered the expression patterns of
OsPP2A catalytic subunit family members the proposed selective binding of B regulatory subunit to
the subfamily Il OsPP2Ac members may underline the functional differences between different
heterotrimeric PP2As (Yu et al., 2014).

63



5.4. The B pocket domain in OsRBR1 is sufficient, and the C-terminal region in OsPP2A B” is
obbligato for the interaction between these two proteins

As reviewed by Knudsen and Wang (1996), pRB contains at least three distinct protein
binding domains. The small A/B pocket binds proteins containing the LXCXE motif, the large A/B
pocket binds the transcription factor E2F, and the C pocket binds the nuclear c-Abl tyrosine kinase.
The C pocket is restricted to the C-terminal region and does not overlap with the large A/B pocket.
The small and large A/B pocket domains are affected in all known naturally occurring mutants of RB
proteins in mammals, suggesting an important role of this region of the protein in tumor suppression.
The N-terminus of pRB may function in part to facilitate the binding of growth promoting factors in
subnuclear regions actively involved in RNA metabolism (Durfee et al. 1994).

Durfee et al. (1993) reported a direct association between pRB and the catalytic subunit of
PP1 (PP-102). The sequence of pRB required for binding to PP-1a2 is similar but not identical to the
region that binds the SV40 large T antigen. Tamrakar and Ludlow (2000) demonstrated that the C-
terminal region of pRB is both necessary and sufficient for physical interaction with PP1. The author
showed that pRB binds to PP1 in a non-competitive manner as well.

Since OsRBR1 associates with the OsPP2A B” regulatory subunit both in vivo and in vitro
(Fig. 10A, 10B), we wondered about the segment of the binding domain in OsRBR1 necessary for
the formation of the complex. Yeast two-hybrid experiments between a set of deletion mutants of
OsRBR1 and the OsPP2A B” regulatory subunit demonstrated that B domain (B pocket) is essential
and sufficient for the interaction. The C terminus of OsRBR1 seemed to be unnecessary for
association (Fig. 11A, 11B). As Voorhoeve et al. (1999b) reported, interaction between PR59 and
p107 - which does not need an intact “B pocket” - differs from the stable LXCXE-motif-mediated
interactions with the ‘A+B pocket’ of p107. According to the literature, the p107 PP2A-binding
domain is located within the linker region in between the pocket domains (reviewed by Kolupaeva
and Janssens, 2013).

In the B” subfamily of regulatory subunits, PR72 contains two well-conserved canonical EF-
hand domains which bind Ca**, resulting in a conformational change of the protein structure. Similar
to PR72, G5PR/PR130/PR48/PR70, all the other known B” family members also harbour EF-hand
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domain which regulate the binding to the PP2A core enzyme and subsequent phosphatase activity,
which is regulated by the Ca* level (Eichhorn et al., 2009).

Several examples in the literature have already demonstrated such a regulation. The mutation
of the EF-hand 2 (close to the C-terminal region of PR72/B”) in PR72/B” abolishes heterotrimer
formation (Janssens et al., 2003), which hints at the involvement of EF-hand subunits in the
formation of the holoenzyme. Another report suggested that Ca®* binding to EF-hand 1 of the
B”/PR72 subunit increased PP2A affinity for certain substrates like Thr-75-DARPP32 protein
further, or altered the orientation of phospho-serine or —threonine in the active site of the catalytic
subunit. This also confirmed essential role of EF-hand 2 in heterotrimeric assembly (Ahn et al.,
2007h).

In plants, Arabidopsis thaliana contains five genes encoding PP2A B” subunits that carry
putative calcium-binding EF-hand motifs (reviewed by Farkas et al., 2007). Leivar et al. (2011)
identified the B o and BB, which contain two EF-hand domains. The “*Ca** binding experiment
showed that the GST-B”a chimera bound **Ca*". And the presence of Ca®* increased the interaction
between B”o/B”p and PR65 (A subunit), compared to the Ca®* absence condition. Database searches
in the rice genome revealed the presence of three PP2A B regulatory subunits (0s02g0224200,
0s02g0191700 and 0s0690563300), seven B’ subunits (0s03g0681800, 0Os03g0844500,
0s05g0555100, Os07g0274800, 0Os08g0122000, 0s099g0542700 and AK108850) and two B”
subunits (Os10g476600 and AKO067811). A sequence analysis of the identified OsPP2A B”
(Os10g476600) revealed that it contained two EF-hand domains which potentially regulate its
function by Ca**-binding (Dovega et al., 2014). To determine if the EF-hand domain is necessary for
the formation of the OSRBR1/OsPP2A B” complex, yeast two-hybrid experiments were carried out
with the wild type OsRBR1 and a set of deletion mutants of OsPP2A B” (shown in Fig. 11C,
fragment minus C-terminal; minus EF2; minus EF1 and EF2). It was clearly shown that none of the
truncated version of OsPP2A B” could associate with OsRBR1 (Fig. 11D). We can safely conclude
that the C-terminal substrate binding region of OsPP2A B” has an important function in recruiting
OsRBRL1 to the vicinity of the phosphatase catalytic subunit. However, no matter how important it is,
the C-terminal alone is not sufficient for the interaction.
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The C-terminus of the B” protein shows acidity character, it is the most intensity region of the
negative charged amino acids. Especially in the very end of C-terminus, in 25 amino acids sequence,
9 negatively charged amino acids are there and without positively charged amino acids. This
structure character may related to its role in the association between OsPP2A B” and OsRBR1.

5.5. Phosphorylation of the OsPP2A B” regulatory subunit and identification of its putative
phosphorylation sites

The ability of the PP2A holoenzyme to dephosphorylate specific intracellular proteins
depends on its activity and intracellular localization, which in turn is largely determined by the nature
of its regulatory subunit. McCright et al. (1996) found that the human B56 gene family encodes
retinoic acid-inducible phosphoproteins which can differentially target PP2A to the cytoplasm and
nucleus. Moreover, most of the B56 isoforms (B56a, B56p, B56y3, B566, and B56g) are
phosphoproteins, which are phosphorylated on serine. All information suggests that the regulation of
PP2A activity may be mediated by post-translational modification of B56, by targeting of PP2A
heterotrimers to specific intracellular locations mediated by association with B56, and by tissue and
developmental stage specific expression of B56 genes.

Three sites (Ser60, Ser75, and Ser573) of human 74 kDa B” (which is different from human
B566 only in a 32-amino acid insertion in B566 near the N terminus) have been shown to be
phosphorylated by Protein Kinase A (PKA) under in vitro conditions. On the basis of this observation
it can be proposed that the reversible phosphorylation of the regulatory 74 kDa B” subunit serves as a
control mechanism for PP2A function in the cell. In the first place, phosphorylation of B” changed
the phosphatase activity of the PP2A heterotrimeric holoenzyme CAB” and its spectrum of substrate
specificity. Secondly, this phosphorylation may also regulate the targeting of CAB” to a certain
compartment in the cell by interaction with a specific protein (Usui et al., 1998). B56a was reported
as an interactor of double-stranded RNA-dependent protein kinase (PKR) by yeast two-hybrid
screening (Xu and Williams, 2000). Later experiments proved that B56a is phosphorylated by PKR
in vivo. Similar to human 74 kDa B”, phosphorylation of B56a does not affect the interaction with
the PP2A core dimer, but does stimulate the activity of the PP2A holoenzyme. In the case of the B”

regulatory subunit used in our experiments, the immunolocalization experiments indicated that
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during the G1 and S phases this protein can be detected in the nucleus and its localization partially
overlapped with OsRBR1 (Abraham et al., manuscript in preparation). The study of Abraham et al.
(2011) suggests that the phosphorylated form of MsRBR1 has different localization than the
unphosphorylated form. We therefore want to postulate that the phosphorylated form of B” may
localize differently than the nonphosphorylated form. Further experiments will be needed to test this
idea.

Compared with the B regulatory subunit in mammalian cells, much less is known about the B
regulatory subunit in plants. Terol et al. (2002) identified five B’ isoforms, which showed a high
degree of conservation in sequence and structure with respect to the Arabidopsis B’ subunit genes
and proteins. Similar to the products of B56 gene family, these proteins exhibit high levels of
similarity in their central regions but a considerable divergence in their amino- and carboxy-terminal
regions. We may presume that the highly variable amino- and carboxy-terminal regions of these
proteins play an important role in defining properties such as the substrate specificity and/or the
cellular localization of the Ser/Thr PPs given their similarity to the primary structure of the human
B56 gene family products. Actually, in some mammal isoforms of the B and B’ regulatory subunits,
several regions in their carboxy termini have been identified as being responsible for PP2A
subcellular targeting, and also a target for phosphorylation (McCright et al. 1996; Usui et al., 1998;
Ahn et al., 2007a). Those results support the opinion that variable regions of the B’ regulatory
subunits control PP2A function. Matre et al. (2009) described the differential subcellular targeting
within the Arabidopsis B’n subfamily. B’n and B’y targeted to the cytosol and nucleus. B’ localized
to the cytoplasm and partly co-localized with mitochondrial markers when its N-terminus was free.
The B’0 subunit targeted to the peroxisomes if its C-terminus was free. A B”-like subunit in
Arabidopsis, TON2 (TONNEAU?2), shows similarity to the human PR72/B” subunit and was proven
to associate with the PP2A catalytic subunit in two-hybrid assays. The ton2 mutation affects seedling
body organization and causes abnormalities in microtubule assembly and in the formation of the pre-
prophase band before mitosis (Camilleri et al., 2002).

In our work, co-immunoprecipitation and recombinant protein phosphorylation experiments
demonstrated that the OsPP2A B” regulatory subunit could be phosphorylated by PSTAIRE motif

containing CDKs (Fig. 12A, 12B). Computer-assisted analysis revealed the presence of three putative
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CDK phosphorylation sites in the N-terminal region of the protein. These three sites are Ser95 in
APPLSPRST, Serl102 in STSGSPRVM and Ser119 in SSLGSPLKYV, which are all three SPR/L
motif. Phosphorylation studies on a series of deletion mutants indicated that the three potential
phosphorylation sites can be indeed phosphorylated (Fig. 13). Phosphorylation of OsPP2A B” by
p13°Y“! hind A and B-type CDKs was analyzed as well by a proteomic method. The results verified
the phosphorylation of Ser95 and Ser119 clearly (Fig. 18 in Appendix). Unfortunately, Ser102 can
not be confirmed with this method, maybe because of technical limitation.

Elimination of protein phosphorylation by serine to alanine exchange is a quite popular
method and this is used to verify putative phosphorylation sites. With this method, a series of site-
directed mutants of the OsPP2A B” regulatory subunit was created (Fig. 14A) to check whether all of
the putative sites, including Ser102, can be phosphorylated by CDKs. The single mutants, double
mutants, and triple mutant showed significant difference in phosphorylation level (Fig. 14B) which
confirmed the predicted three phsophorylation sites. The results also make it clear that no more

potential CDK phosphorylation sites within B” regulatory subunit.

5.6. Non-phosphorylation mutant of OsPP2A B” regulatory subunit influences PP2A
phosphatase activity, but has no affect on the formation of the PP2A heterotrimer

Besides phosphorylation elimination of OsPP2A B” (TMutA), we made the phosphorylated
state mimicking by site directed serine-to-glutamic acid exchanges on three CDK phosphorylation
sites (TMUtE). Two triple mutants (TMutA and TMutE) were used to check the PP2A holoenzyme
complex assembly and the interaction with OSRBR1. The results agreed with those of Davis (2005):
mutations of the phosphorylation sites, by either ablating the phosphrylation site or producing a
phosphorylation mimic, had no apparent affect on binding of PR70 to the PP2A core dimer (A and C
subunits). Data from pull down assays (Fig. 16) and yeast two-hybrid interaction assays between
pBD-Gal4-OsPP2A B” mutants and pAD-Gal4-OsRBR1 (Fig. 15A, 15B) also supported the
observation that these site-directed mutations did not affect the association between B” and PP2A
catalytic subunit, this may show that all these changes did not influence the interaction interface
between these two subunits. As concerned to OsSRBR1, non-phosphorylated version (TMutA) and

phosphorylation mimicking version (TMutE) exhibited significant different association strength with
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it. We do not know the exact mechanism responsible for this phenomenon. However vica verse,
Vietri et al. (2006) reported that mutant pRB with 14 out of 16 Ser/Thr substitutions to Ala was still
able to bind PP1 with similar affinity as wild-type pRB and, therefore, we can conclude that
phosphorylation does not play a role in the association between B and OsRBRI1.

When B56a was phosphorylated by PKR, phosphatase activity towards phospho-MBP was
enhanced. Similar results were obtained when recombinant elF2a protein phosphorylated by PKR
was used as a substrate for PP2A (Xu and William, 2000). In addition, if the B566 subunit is
phosphorylated by PKA, this increases the overall activity of PP2A in vitro and in vivo (Ahn et al.,
2007a). But what will happen if the phosphorylation of the B regulatory subunit is eliminated?
Moreover, considered two Ca®* binding EF-hand motif in B” regulatory subunit, what kind of role
will the free Ca** perform in phosphatase activity? Compared to the wild type B” regulatory subunit,
the triple mutant TMutA containing PP2A holoenzyme showed lower phosphatase activity under
standard condition and lower Ca®* concentration (Fig. 17). It is prove the importance of post-
transcriptional regulation of the B regulatory subunit from another aspect. On the other hand,
PP2Arme showed higher phosphatase activity than the PP2Ar,, under standard and Ca®* absence
condition, which means that the phosphorylation of B” indeed elevates the activity of the PP2A
heterotrimeric holoenzyme (Fig. 17). The results also indicated an effect of Ca®* on the activity of
PP2A. Lowering of free Ca®* concentration decreased PP2A activity significantly.

Just like the study from Dudits et al. (2011), such finding supports the hypothesis that the
dephosphorylation of plant RBR proteins is influenced by the increase in intracellular Ca®';

responding in this way to extracellular stimuli, like e.g. environmental stress factors.
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8. SUMMARY

Introduction

The ability of the pRB (retinoblastoma protein) to inhibit cellular proliferation is
counterbalanced by the action of CDKSs. In quiescent and early G1 cells, the RB protein in non-
phosphorylated and efficiently E2F binding state. The pRB-E2F complex down-regulate the activity
of E2F and preventing E2F-dependent transcription. pRB became phosphorylated as cell progress
towards to the S phase. Phosphorylation of pRB inactivates the pRB-E2F complex and releases E2F,
allowing the expression of E2F-regulated genes required for cell cycle progression and S phase entry.
The initial phosphorylation of pRB is most likely catalyzed by Cyclin D-CDK4 or Cyclin D-CDKG6
complexes. Subsequently, Cyclin E-CDK2 complexes phosphorylate the pRB protein further,
increasing the phosphorylation level. During mitosis, pRB is rapidly dephosphorylated by a specific
mitotic phosphatase that removes the phosphate group from the pRB protein, thus restoring the
dephosphorylated or hypophosphorylated form of the pRB protein at the start of the G1 phase.

Phosphorylation of plants RBR (RB-related protein) also occurs in a cell-cycle-dependent
manner. The highest phosphorylation state occurs during the G1-S transition and is maintains till
mid/late S and G2 phases. Considering the phylogenetic conservation of several cell cycle regulation
elements (CDKs; cyclins) between animals and plants, this phosphorylation also results in an
inactivation of RBR and the subsequent release of E2F-DP transcription factors in their active form.

Protein phosphatases types 1 and 2A (PPland PP2A) have been implicated in the control of
cell cycle events in yeast and mammalian cells and have been characterized as RB or RB-like protein
phosphatase. Yan et al. (1999) proposed that PP1 is involved in the direct dephosphorylation of pRB
while protein phosphatase 2A (PP2A) is involved in the dephosporylation components of pathways
that play a role in the regulation of G1 cyclin-dependent kinase activity. PP2A may also have an
important cell division regulatory role, since its activity contributes to the control of mitotic kinases
and microtubule organization in alfalfa (Ayaydin et al., 2000).

PP2A consists of three distinct functional components: a structural core subunit
(PP2Aa/PR65), a catalytic subunit (PP2Ac) and a B regulatory subunit. A and C subunits usually
bind each other to form the core enzyme PP2Ap. The binding of different B subunits to the AC core
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enzyme generates a broad variety of holoenzymes thereby regulating phosphatase activity and
substrate specificity (Janssens and Goris, 2001). The ability of the PP2A holoenzyme to
dephosphorylate specific intracellular proteins depends on its activity and appropriate intracellular
localization, which in turn is largely determined by the nature of its regulatory subunit.

In a previous yeast two-hybrid screen in our lab, a gene product from Medicago truncatula
was identified as interactor of the full-length MsRBR11 protein. This protein shares 39% identity and
57% homology with the murine PR59 PP2A regulatory subunit, and strongly associates with
OsRBR1 but not with OsRBR2 (Lendvai et al., 2007). It is interesting to note that a similar
selectivity occurred among Murine RBs. Only the p107 protein strongly interacts the PR59 PP2A B”’
regulatory subunit while pRB did not show association (Voorhoeve et al., 1999b). This analogous
behavior also supports the assumption that plant RBRs belonging to different subfamilies (see 1.2.1)
have different roles in the regulation of plant cell division and differentiation (Dudits et al., 2011).

In our work, the rice homologue of the MsPP2A B" gene, OsPP2A B", has been isolated. The
pair wise interaction studies confirmed that the OsPP2A B" regulatory subunit interacts specifically
with the OSRBR1 protein.

Aims of study

Initially we were looking for the specific antibodies for non-phosphorylated and
phosphorylated forms of RBR proteins of Medicago and rice, which will help to monitor the protein
during the cell cycle of cultured cells and detect the presence of the proteins in all other experiments.
For a deeper understanding of the molecular basis of these divergent functions of plant RBR proteins
it is essential to know the cell cycle phase-dependent changes in levels and post-translational
modifications of these proteins.

The results of previous work indicated the specific interaction between OsPP2A B” and
OsRBR1. We were wondering which domain within the OsRBR1 essential for the formation of
OsPP2A B”-OsRBR1complex and if the EF-hand of OsPP2A B” important for the binding. In
addition, for the OsPP2A B” regulatory subunit, we were interested in its post-transcriptional
modification.

To sum up, we focused on the following points:
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1) Measure the cell cycle phase-dependent variation in the amounts of the phospho-
MsRBR11 and the phospho-OsRBR1 proteins, which helps to understand the differences in the
phosphorylation of RBR proteins in monocots and dicots.

2) To analyse the interaction between OsRBR1 and the OsPP2A B” regulatory proteins
in vivo and in vitro.

3) To understand which domains in both OsRBR1 and the OsPP2A B’’ regulatory
proteins are important for their interaction.

4) Based on the results of the computer-assisted phosphorylation site analysis, to study
the effect of phosphorylation on the function of the OsPP2A B’’ regulatory protein:

- identify the phosphorylated amino acid residues;

- study the effect of phosphorylation on OsRBR1 binding and phosphatase

- activity using non-phosphorylatable and phosphorylation-mimicking mutants.

Resources and Methods

e Construction of Oryza sativa var. japonica cv. UNGGI-9 cDNA libraries for yeast two

hybrid screening

e Yeast two-hybrid screens, pairwise interaction analysis and the interaction quantitation (-

galactosidase activity).
e Plant suspension culture synchronization (alfalfa and rice) and flow cytometry.
e GST- and His-tagged proteins purification

e Protein phosphorylation (deletion mutants and site-directed mutants of B” regulatory

subunit)
e Immuoprecipitation

e Protein phosphatase activity (OsPP2A heterotrimeric holoenzyme contains different B”
regulatory subunit: wild type, non-phosphorylatable and phosphorylation-mimicking

mutants) under different conditions
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Results and short discussion

Our work started with the testing of the specific antibodies for MsRBR1/OsRBR1and
phospho-MsRBR1/OsRBR1 detection. The anti-AtRBR1 antibody produced against the recombinant
C-terminal fragment of the Arabidopsis AtRBR1 protein consisting of 236 amino acids (Horvath et
al., 2006). The antigen competition experiment supports the use of this antibody in the alfalfa
experimental system. Since the NVYVSPLRS motif in the C-terminus of the alfalfa MSRBR1 protein
may correspond to the NIYISPLKS motif of the human pRB protein which has a conserved
807/811serine (S) phosphorylation site. It has the possibility that the level of phospho-MsRBR1 can
be monitored using an antibody produced against the phosphorylated pRB peptide containing
Ser807/811. Experiments carried out to phosphorylate the recombinant Hisg-tagged C-terminal
fragment of the MsRBR1 protein, and then monitored the phosphorylation using the antibody and the
incorporation of *P in parallel. Two parameters agree each other quite well; this means the antibody
can be used to detect the phosphorylated MsRBR1 protein. Similar experiments carried out on rice
found that the monoclonal antibody produced against the recombinant N-terminal fragment of the
OsRBR1 and the human anti-phospho-pRB antibody can be used in rice experimental system as well.

Probed by those antibodies, we checked the variation of RBR and phospho-RBR proteins in
alfalfa and rice cultured cells with cell-cycle dependent manner. Total amount of MsRBR1/OsRBR1
barely changed throughout the cell cycle, while phosphorylated forms of MsRBR1/OsRBRL1 proteins
showed clearly cell cycle dependent changes.

Since OsRBR1 associates with the OsPP2A B” regulatory subunit both in vivo and in vitro,
we were wondering about the segment of the binding domain in OsSRBR1 necessary for the formation
of the complex. Yeast two-hybrid experiments between a set of deletion mutants of OsRBR1 and the
OsPP2A B” regulatory subunit demonstrated that an intact B pocket domain is essential and
sufficient for the interaction. The C terminus of OSRBR1 seems to be unnecessary for interaction.

The sequence analysis of the identified OsPP2A B” (Os10g476600) revealed that it contained
two EF-hand domains which may potentially regulate its function by Ca®*-binding. To determine if
the EF-hand domain is necessary for the formation of the OsSRBR1/OsPP2A B” complex, yeast two-
hybrid experiments were carried out with the wild type OsRBR1 and a series of delete mutants of

OsPP2A B” (just mimus C-terminal, minus C-termianl and EF2, mimus C-termianl and two EF-hand,
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fragmeng only with C-termianl). It was clearly shown that none of the truncated mutants can bind to
OsRBRL1. This result confirms the importance of the C-terminal region of OsPP2A B” but also
verified that the C-terminal itself does not sufficient for combination. The result showed that the full
length OsPP2A B” is strongly self-activated, which may be related to the acidity character of the C-
terminal region.

On the basis of all the yeast two-hybrid data we can safely conclude that the interaction
between the OsRBR1 and OsPP2A B” proteins requires an intact B pocket domain of the RBR
protein and the integrity of B” regulatory subunit. Such a finding supports the hypothesis that the
dephosphorylation of plant RBR proteins is influenced by the increase in intracellular Ca*;
responding in this way to extracellular stimuli, like e.g. environmental stress factors. Impairment of
the interaction between the B” regulatory subunit and OsRBR1 by low concentration of Ca?*
concentrations provides another piece of evidence in support of this hypothesis.

Co-immunoprecipitation and recombinant protein phosphorylation experiments demonstrated
that the OsPP2A B” regulatory subunit could be phosphorylated by PSTAIRE motif containing
CDKs. Computer-assisted analysis revealed the presence of three putative CDK phosphorylation sites
in the N-terminal region of the protein. A proteomic method proved that Ser95 and Ser119 can be
phosphorylated but could not prove the Serl02 because of technique problem; phosphorylation
studies on a series of deletion mutants confirmed the Ser95 and Ser119, and verified Ser102 at the
same time.

Elimination of protein phosphorylation by serine to alanine exchange is a quite popular
method used to verify putative phosphorylation sites. A series of site-directed mutants of the OsPP2A
B” regulatory subunit was created. The results of mutants’ phosphorylation showed that single
mutants, double mutants, and triple mutant phosphorylated in apparently different levels. The
experiment confirmed three predicted phsophorylation sites, and also revealed that there are no more
potential phosphorylation sites within the OsPP2A B” regulatory subunit.

The triple alanine mutant (TMutA) and phosphorylation mimicking mutant (TMUtE) were
used to check the PP2A holoenzyme complex assembly and the interaction with OsRBR1. The
results agreed with those of Davis (2005): mutations of the phosphorylation sites, by either ablating

the phosphrylation site or producing a phosphorylation mimic, had no apparent affect on binding of
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PR70 to the PP2A core dimer (A and C subunits). Data from pull down assays and yeast two-hybrid
interaction assays between pBD-Gal4-OsPP2A B” mutants and pAD-Gal4-OsRBR1 also supported
the observation that these site-directed mutations did not affect the association between B” and the
catalytic subunit, but non-phosphorylation of B does impact on the interaction to OsRBRL1. It seems
that phosphorylation of B” regulatory subunit does not play a role in the combination of PP2A
holoenzyme but influence the affinity of OSRBR1.

Under standard condition and low concentration of free Ca®* condition, TMutA contained
PP2A holoenzyme showed lower phosphatase activity to PP2Ar: while PP2Arme showed higher
phosphatase activity than the PP2Ar,t, which means that the phosphorylation of B” indeed elevates
the activity of the PP2A heterotrimeric holoenzyme. This experiment also indicated the effect of Ca®*
on the activity of PP2A, e.g. proved the importance of post-transcriptional regulation of the B

regulatory subunit.
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9. OSSZEFOGLALAS

Bevezetés

A retinoblasztoma fehérjéknek (pRB) a sejtosztodasban jatszott gatld szerepét tobbek kozott a
ciklinfiiggd kinazok altal végrehajtott foszforilacidé befolyasolja. Nyugvo (GO) és korai G1 fazist
sejtekben a pRB hipofoszforilalt allapota és képes az E2F-DP transzkripcios faktor heterodimerek
kotésére, ami gatolja az E2F-fliggd transzkripciot. A pRB fehérje a sejtciklus S fazisaba torténd
progressziojaval foszforilalodik, ez a poszttranszlacios modositas felszabaditja az E2F transzkripcios
faktorokat a gatlas aldl és lehetévé teszi a sejtciklus tovabbhaladasahoz sziikséges célgének
atirodasat. Emlos sejtekben a kezdeti foszforilaciot a ciklin D-CDK4 és ciklin D-CDK6 kinaz
komplexek végzik, mig ezt kdvetden a ciklin E-CDK2 kindz tovabb noveli a pRB foszforilaltsagat. A
mitozis alatt a foszfo-RB gyorsan defoszforilalodik specifikus foszfataz(ok) altal, visszaallitva a
nem- vagy hipofoszforilalt pRB tulsulyat az 0j G1 fazis kezdetére.

A novényi RB-szeri (RBR, RB-related) foszforilacidja ugyancsak sejtciklus fiiggd modon
torténik, a hiperfoszforilalt RBR fehérjék megjelennek a GI1/S atmenetkor és ez a magas
foszforilaltsag jellemz0 a G2 fazis végéig. Tekintettel a sejtciklust szabalyozé enzimek és folyamatok
jelentds konzervaltsdgara elmondhato, hogy ez az RBR foszforilacié a novények esetében is az E2F
koteési képesség csokkenését eredményezi, felszabaditva az E2F-DP transzkripcids faktorokat aktiv
formajukban.

Az 1 és 2A tipusu foszfoprotein foszfatdzok (PP1 és PP2A) szabalyozo szerepe jol ismert az
¢lesztd és emlds sejtek sejtciklusaban és néhany ilyen foszfataz spéciesz foszfo-RB és foszfo-RBR
defoszforilacios képességgel bir. Yan €s mtsai (1999) kimutattak, hogy a PP1 szerepet jatszik a pRB
kozvetlen defoszforilacigjaban, mig a PP2A foszfatazok indirekt mdédon szabalyozzdk a G1 fazist
CDK komplexek aktivitasat. A PP2A foszfatazoknak fontos szerepiik van a mitotikus kinadzok
szabalyozasaban ¢és a mikrotubulusok szervezddésében, ahogy ezt Ayaydin és mtsai (2000)
lucernaban kimutattak.

A PP2A tipusu foszfatdzok heterotrimer fehérjekomplexek, melyek egy szerkezeti

alegységbdl (PP2Aa/PR65), egy Kkatalitikus alegységbdl (PP2Ac) és egy B tipusi regulator

rrrrrr
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ugynevezett mag ("core") komplex, ehhez kotddnek a kiilonb6zé B regulator alegységek széles korli
szubsztratspecifitassal bir6 holoenzimeket 1étrehozva. A PP2A holoenzimek foszfatdz aktivitdsanak
specifikussdga nagyban fligg nemcsak a szubsztrat irdnti affinitdsuktol, de a sejten beliili
lokalizaciojuktol is, ezeket a tulajdonsagukat tilnyomd mértékben a B regulator alegység természete
hatarozza meg.

Egy clézetes élesztd két-hibrid konyvtar sziirési kisérletben a Medicago sativa MsSRBR1
fehérjéjének erds kolcsonhatojat azonositottuk. Ez a kolcsonhatd fehérje aminosav sorrendjében 39
%-o0s azonossagot és 59 %-os hasonlosagot mutatott az egér PR59 PP2A regulator alegységgel és
erds kolcsonhatast mutatott a rizs OsRBR1 fehérjével, de nem asszocialt az OsRBR2 homologgal
(Lendvai és mtsai, 2007). Hasonlot tapasztalhatunk az egér RB spécieszek esetében is: csak a p107
fehérje képes erds kdlcsonhatasra a PR59 PP2A B" regulator alegységgel, a pRB nem mutat ilyen
asszociaciot (Voorhoeve és mtsai, 1999b). Ez a hasonlosag alatamasztja azt a feltevést, hogy a
novényi RBR viltozatok (lasd 1.2.1. fejezet) kiilonb6zd szereppel birnak a névényi sejtosztodas és
differencialodas soran (Dudits és mtsai, 2011).

Munkém soran az eldzetesen azonositott MsPP2A B" gén rizs homologjat, az OsPP2A B"-t
izolaltam ¢és jellemeztem a kodolt protein OsRBR1-el torténd kolcsonhatasat és ennek
kovetkezményeit.

Célkitizések

Els6 feladatom volt a Medicago sativa ¢s Oryza sativa RBR fehérjéket (foszforilalt és nem
foszforilalt formajukban) specifikusan felismerd ellenanyagok vizsgalata, mivel ezek segitségével
kovethettiik az egyes fehérje spécieszek mennyiségének és a foszforilacids szintjilkknek valtozasat a
sejtciklus progresszidja soran.

A kovetkezOekben az OsPP2A B" regulatore alegység és az OsRBRI1 fehérje kozotti
specifikus kolcsonhatdst vizsgaltam. Kivancsi voltam arra, hogy a két fehérje mely doménjei
sziikségesek ehhez az asszocidcidohoz, valamint arra, hogy az OsPP2A B" feltételezett
poszttranszlacids modositasa milyen hatassal van a fehérje funkcigjara.

Munkam soran az alabbi 0 célkitiizésekre koncentraltam:

90



1. Megfigyeltem az MsRBR1 és OsRBR1 fehérjék foszforilaciojanak valtozasat a sejtciklus
kiilonb6z6 fazisaiban, kiillonds figyelemmel arra, hogy mutat-e ez valamilyen kiilonbséget az
egysziki és kétszikli modellndvényeinkben.

2. Analizaltam az OsRBR1 és OsPP2A B" fehérjék in vitro és in vivo kolcsonhatasat.

3. Megvizsgaltam, hogy a fenti fehérjék mely doménjei sziikségesek a kdlcsonhatashoz.

4. A komputeres foszforilaciés hely azonositast kovetden megkezdtem az OsPP2A B"
foszforilacigjanak kisérletes bizonyitasat, elemeztem ennek hatasat az OsRBR1 fehérje kotésére €s a
PP2A holoenzim aktivitasara. Ez utobbi tulajdonsagokat még nem foszforilalhatdo és konstitutiv

foszforilaciot utanzo mutans fehérjék segitségével is megvizsgaltam.

Felhasznalt anyagok és mdodszerek

- Oryza sativa var. japonica cv. UNGGI-9 novényekbdl és szuszpenzids kulturabol cDNS
konyvtar létrehozasa az €lesztd két-bibrid rendszer vektoraban.

- A konyvtar szlirése az ¢élesztd két-hibrid rendszerben, paronkénti kdlesonhatési vizsgalatok,
a kotési erdsség kvantitalasa f-galactozidaz méréssel.

- A szuszpenzios kultarak sejtciklus szinkronizalasanak optimalizaldsa, aramlasos citometrids
mérések.

- GST ¢és Hisg fzids rekombinans fehérjék termeltetése.

- a delécios és helyspecifikus mutans OsPP2A B" fehérjék foszforilacidjanak vizsgalata.

- Ko-immunoprecipitacio.

- A kiilonb6zdképpen modositott OsPP2A B" fehérjét tartalmazo holoenzimek foszfoprotein

foszfataz aktivitdsanak vizsgalata.

Eredmények és rovid megvitatasuk

Munkam a MsRBR1/OsRBR1 fehérjéket és ezek foszforilalt formadit felismerd ellenanyagok
jellemzésével kezdédott. Az anti-AtRBR1 ellenanyag az Arabidopsis AtRBR1 fehérjéjének C-
terminalis 236 aminosavas régidja ellen késziilt (Horvath mtsai, 2006). Az antigén kompeticids

kisérleteink alatamasztottdk ennek az ellenanyagnak lucerna rendszerben torténd hasznélatat. Az
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MsRBRI1 fehérje C-terminalisan talalhatd NVYVSPLRS motivum megfeleltetheté az emberi pRB
fehérje NIYISPLKS motivumanak, mely foszforilalt valtozatat felismerd ellenanyag (foszfo-hsRb
Ser(807/811) kereskedelmi forgalomban van. Kisérleteket végeztiink, melyekben az MsRBR1 Hisg-
C-terminalis fragmentjének foszforilaciojat kovettiik radioaktiv 2P jeloléssel és a rendelkezésre allo
foszfo-pRB ellenanyaggal. Az egybevagd eredmények alapjan megallapitottuk, hogy az
ellenanyagunk jol hasznalhaté a foszfo-MsRBRI1 szintjének detektalasara. Hasonld kisérleteket
végeztiink a rizs OsRBR1 fehérjével és ennek foszforilalt C-terminalis szakaszaval is, megallapitvan,
hogy a tisztitott monoklonalis anti-OSRBR1 ellenanyag specifikusan csak ezt a rizs retinoblasztoma
fehérje fajtat ismeri fel, illetve a foszfo-pRB ellenanyag a rizs rendszerben is jol hasznalhato.

Ezek utan megvizsgaltuk az RBR és foszfo-RBR szintek valtozasat szinkronizalt lucerna és
rizs szuszpenzios kulturdkban. Megallapitottuk, hogy mig az MsRBR1 és OsRBR1 fehérjék szintje
alig valtozik a sejtciklus progresszidja soran, addig a foszfo-RBR szintje erdteljes, az elmélet alapjan
elvarhat6 sejtosztodasi fazis fliggdséget mutat.

Miutan kimutattuk, hogy az OsRBR1 és OsPP2A B" fehérjék in vitro és in vivo is
kolesonhatnak, kivancsi voltam, hogy az OsRBR1 mely doménja felelds az asszociacidért. A delécios
mutansokkal elvégzett élesztd két-hibrid kisérlet megmutatta, hogy a fehérje B "zseb" doménje
nem sziikséges.

Az OsPP2A B" regulator alegység aminosavsorrendjének analizise megmutatta, hogy a
fehérje két, valoszintlileg kalciumkdotési képességgel rendelkez6 EF-hand domént tartalmaz. Annak
meghatarozasara, hogy ezek az EF-hand domének sziikségesek-e az OsRBR1 kotéséhez, egy sorozat
B" delécios mutanssal kotési kisérletet végeztem az é€lesztd két-hibrid rendszerben. Mint az kideriilt,
egyetlen csonka valtozat sem tudta az OsRBRI1-et megkotni. Ez a kisérlet jol demonstralta az
OsPP2A B" C-terminalisanak fontossagat a kolcsOnhatasban, de azt is bebizonyitotta, hogy
onmagdban ez a domén nem elegendd az asszociacidhoz. Az élesztd két-hibrid rendszer masik
vektoraba klonozva kidertilt, hogy az OsPP2A B" erdsen transzaktival, ami magyarazhat6 a fehérje
C-terminalisanak savas karakterével.

A rendelkezésre allo élesztd két-hibrid adatok alapjan megallapitottam, hogy az OsRBR1 ¢s

az OsPP2A B" fehérjék kdlcsonhatasdhoz az elébbi intakt B doménje és az utobbi teljes hosszisagh
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proteinje sziikséges. Az EF-hand motivumok jelenléte a kalcium ionok szerepét mutatja az RBR
defoszforilaciojaban (erre a dolgozatomban kisérletes bizonyitékot is megadok), ami Gsszekoti a
sejtciklus szabalyozasat a kornyezeti stresszfaktorokkal.

Ko-immunoprecipitacidos és rekombinans fehérje foszforilacids kisérletekkel bizonyitottuk,
hogy az OsPP2A B" regulator alegység PSTAIRE motivumot tartalmazé CDK-kal foszforilalhatd. A
szamitogépes predikcio alapjan mindharom foszforilacios hely a fehérje aminotermindlisara volt
térképezhetd. A proteomikai megkozelités technikai problémak miatt csak a Ser95 és Serl19
aminosavak foszforilacigjat mutatta ki, mig deléciés mutanssokkal mindharom (Ser95, Ser102 és
Ser119) szerinen torténd foszforilaciot bebizonyitottuk.

A betérképezett szerin aminosav maradékok alaninra torténd cseréje a foszforildlhatdsagi
vizsgalatok jol bevalt szkoze, igy hasonld valtoztatast az OsPP2A B" reguldtor alegységen is
elvégeztem. A rekombinans fehérjéken elvégzett kinaz reakciok bizonyitottak az egyszeres, kétszeres
¢s haromszoros cserét tartalmazo fehérjevaltozatok eltérd foszforildlhatosagat, bebizonyitottdk az
el6zd vizsgalatok eredményét és azt, hogy a feltételezett harom foszforildlhatd helyen kiviil nincs
tobb a fehérje teljes hosszan.

A haromszoros alanin mutanst (TMutA) és a konstitutiv foszforilaciot utdnzé haromszoros
glutamat mutanst (TMutE) hasznaltuk a foszforilacio hatdsanak vizsgalatara mind a PP2A holoenzim
Osszeszerelddése, mind az OsRBR1 fehérje kotése szempontjabol. Az eredmények jo egyezést
mutattak a Davis altal publikaltakkal (2005): a foszforilacidos helyek megvaltoztatisa nem okoz
mérések és "pull-down" vizsgalatok azt mutattdk, hogy a mutaciok nem valtoztattdk meg
szamottevden a B" és a katalitikus alegység kapcsolatat, de hatdssal voltak a regulator alegység és az
OsRBR1 kolcsonhatasara.

Alacsony szabad Ca®* jelenlétében a TMutA valtozatot tartalmazé holoenzim mind a vad
tipusu enzimhez képest, mind a TMutE formahoz képest alacsonyabb defoszforilacios aktivitdst
mutatott foszfo-OsRBR1 szubsztrat felé, a TMutE format tartalmazo holoenzimmel pedig magasabb
foszfataz aktivitast mérhettiink. A kisérlet masik része ravilagitott a Ca**szerepére a folyamatban,

kapcsolatot l1étesitve a ca® jelatvitel és a sejtciklus szabalyozasa kozott.
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10. APPENDICES

Table 1. Primers used in this thesis

Number

Oligo

Sequence of the oligo (5°-3") *

OsRBR1 BamHI Fw

CAGGATCCATGGAGGGTGCCGCGCC

OsRBR1 BamHIA-Fw

TTGGATCCATGGCTCCTATCACCCCAGTGA

OsRBR1 EcoRIB-Fw

GCGAATTCAGGAATGTGCTGGTGGACAAC

OsRB1 EcoRI C-Fw

CGGAATTCTTGCTGGTTGAGCTAAGG

OsRBR1 Sall Rw-1

CGGTCGACTATGTTGGCCTGGCAACAAT

OsRBR1 Sall Rw-2

CGGTCGACTACTGATCGATGTGCCGATT

OsRBR1 Sall Rw-3

CGGTCGACTATGGACCATCAGCAGCACA

OsRBR1 Sall Rw-4

CGGTCGACCTAGCAGTCTGGCTGCTC

OsRBR1EcoRI —Fw

TCGAATTCATGGAGGGTGCCGCGCCGCCA

10

OsRBR1Sall N-Rev

CCGTCGACGCTCACTGGGGTGTGATAGG

11

OsRBR2EcoRI —Fw

CGGAATTCATGGCGTCACAGCCTCC

12

OsRB2 Sall C-Rev

CGGTCGACTCAAGAGTCCGTTTTGCT

13

OsPP2A FL-EcoFw

TTGAATTCATGGAGGTGGAGGCGGCGA

14

OsPP2A FL-SallRev

GCGTCGACTTCAGCCAGCAAGAGATAT
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15

OsPP2A DelN1Fw

CCGAATTCATGAGGCGAGGATCT

16

OsPP2A DelN2Fw

CCGAATTCATGGTTAGTGAACCAGTG

17

OsPP2A DelC1Rev

TAGTCGACTCATCCTCGCCTCATAAC

18

OsPP2A DelC2Rev

TAGTCGACTCACTCCCTCACTGGTTCACT

19 OsPP2A SamFw TTCCCGGGTTATGAGGCGAGGATC
20 OsPP2A SamRev TACCCGGGGTGAGCCAGAAGTGCTTC
21 OsPP2A MutlRev TACCCGGGGTGCGCCAGAAGTGCTTC
TACCCGGGGTGAGCCAGAAGTGCTTCTAGGA
22 OsPP2A Mut2Re
GCAAGGGGAGGAG
TACCCGGGGTGCGCCAGAAGTGCTTCTAGGA
23 OsPP2A Mut3Rev

GCAAGGGGAGGAG

24

OsPP2A Mut4Fw

TTCCCGGGTTATGAGGCGAGGATCTGGAGCT
GGACCATCATCCTTGGAGCTCCACTAAAAGT
AG

25

OsPP2A DMutERev

TACCCGGGGTTCGCCAGAAGTGCTTCTAGGT
TCAAGGGGAGGAG

26

OsPP2A MutEFw

TTCCCGGGTTATGAGGCGAGGATCTGGAGCT
GGACCATCATCCTTGGGAGAACCACTAAAAG
TAG

27

OsPP2A-EF Rev

ACGTCGACCAGCTGCTGCATCGCAGC
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CGGTCGACTCACTCGGATGATTTGTCTTCCTC
28 OsPP2A(EF1) Rev
AG
TTGTCGACTCACATGCACTCCATCCGGTGCA
29 OsPP2A(EF2) Rev A
30 OsPP2A C Fw GCGAATTCATGCAATTTTTCTATGAGGAGCA
31 OsRBR2 EcoRI C-Fw | CGGAATTCTTGCTGGTGGCTCTAATG
32 OsRBR2Sall N-Rev | CCGTCGACCATGGCAGAAGTAACTGGTA
33 AD Forward AGGGATGTTTAATACCACTAC
34 AD Reverse GCACAGTTGAAGTGAACTTGA

* The engineered restriction sites in the primers are in bold face and underlined.

Table 2. Combinations of the primers and description of the fragments.

Primer Vector Expressed protein
combinations
148 pGBT9 OsRBR1-fragment, containing the N-terminal region and A
+
domain
146 pGBT9 OsRBR1-fragment, containing the N-terminal region, A
+
domain and spacer region
147 pGBT9 OsRBR1-fragment, containing the N-terminal region, A
+
domain, spacer region and B domain
1+8 pBD-GAL4 | OsRBRL1 full length
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2.1

1+8 pGBT9 OsRBR1 full length
1+8 pPET28a OsRBR1 full length
047 pGBT9(+2) | OsRBR1 fragment, containing the A domain, spacer region,
+
and B domain
3+7 pGBT9 OsRBR1 fragment, containing the B domain
9+10 pGBT9 OsRBR1 N-terminal region
4+8 PET28a OsRBR1 C-terminal region
pBD-GAL4 | OsRBR2 N-terminal region
11+12
2.1
pAD-GAL4 | OsPP2A B” regulatory subunit full length
13+14
2.1
13+14 pGDAT7 OsPP2A B” regulatory subunit full length
13+14 pET28a OsPP2A B” regulatory subunit full length
13+14 pPGEX-4T-1 | OsPP2A B” regulatory subunit full length
13417 pET28a OsPP2A B” regulatory subunit fragment, containing the first
+
and second CDK phosphorylation sites
13+18 pPET28a OsPP2A B” regulatory subunit fragment, containing all three
+
CDK phosphorylation sites, but just 375bp long.
15+14 pPET28a OsPP2A B” regulatory subunit fragment, just containing the

97




third CDK phosphorylation site. It is 1311bp long.

16+14 pPET28a OsPP2A B” regulatory subunit fragment which does not
+
contain any CDK phosphorylation sites. It is 1260bp long.
13+27 pGDAT7 OsPP2A B” regulatory subunit lacking both EF hands
pET28a OsPP2A B” full length (nucleotide sequence changed, but
13+20&19+14 ] ] ]
amino acid sequence same as wild type
pPET28a OsPP2A B” M102 (second CDK phosphorylation site was
13+21&19+14 o )
mutated from serine into alanine)
pGAD424 OsPP2A B” M102 (second CDK phosphorylation site was
13+21&19+14 o )
mutated from serine into alanine)
pPET28a OsPP2A B” M95 (first CDK phosphorylation site was
13+22&19+14 o ]
mutated from serine into alanine)
pGAD424 OsPP2A B” M95 (first CDK phosphorylation site was
13+22&19+14 o )
mutated from serine into alanine)
pPET28a OsPP2A  B” DM95,102 (first and second CDK
13+23&19+14 o o ]
phosphorylation sites were mutated from serine into alanine
pGAD424 OsPP2A  B” DM95,102 (first and second CDK
13+23&19+14 o o _
phosphorylation sites were mutated from serine into alanine)
pPET28a OsPP2A B” M119 (third CDK phosphorylation site was
13+20&24+14 o ]
mutated from serine into alanine)
pGAD424 OsPP2A B” M119 (third CDK phosphorylation site was
13+20&24+14

mutated from serine into alanine)
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pGAD424 OsPP2A  B” DM95,119 (first and third CDK
13+22&24+14 o o ]
phosphorylation sites were mutated from serine into alanine)
pGAD424 OsPP2A B” DM102,119 (second and third CDK
13+21&24+14 L o )
phosphorylation sites were mutated from serine into alanine)
pET28a OsPP2A B” TMutA (all three CDK phosphorylation sites
13+23&24+14 o ]
were mutated from serine into alanine)
pGADA424 OsPP2A B” TMutA (all three CDK phosphorylation sites
13+23&24+14 o )
were mutated from serine into alanine)
pET28a OsPP2A B” TMutE (all three CDK phosphorylation sites
13+25&26+14 o
were mutated from serine into glutamate)
pGADA424 OsPP2A B” TMUtE (all three CDK phosphorylation sites
13+25&26+14 o
were mutated from serine into glutamate)
13+28 pGDAT7 OsPP2A B” regulatory subunit containing EF1 motif
13429 pGDAT7 OsPP2A B” regulatory subunit containing EF1 and EF2
+
motifs
30+14 pGDAT7 OsPP2A B” regulatory subunit C-termianl region
31+12 OsRBR2 C-terminal region
Used for checking the fragments which inserted into pAD-
33+34 Gal4
a

&: The insert was generated by the ligation of two PCR fragments.
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Figure 18. Characterization of CDK phosphorylation sites in OsPP2A B” subunit by LC-MS/MS
analysis.

(A) Collision induced disociation (CID) spectrum of the precursor m/z 647.884(2+) representing
GSGAGPSSLGS(phospho)PLK. The peptide is a tryptic fragment of Hiss-tagged OsPP2A B”
phosphorylated by rice PSTAIRE-kinases. (B) CID spectrum of the precursor m/z 618.783(2+)
representing SAPPLS(phospho)PRSTSG obtained by acidic treatment of the Hiss-tagged N-terminal
fragment of OsPP2A B” phosphorylated by rice PSTAIRE-kinases. Peptide fragments are labeled
according to the nomenclature (Biemann, 1990). b° stands for water loss of the corresponding b ions.
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