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ABSTRACT

Mitogen activated protein kinases (MPK) are key members of the MPK cascade, a pathway
that results in an immediate response from (external) stimuli such as infection, cold, or drought.
The activation of an MPK relies its activation loop being phosphorylated on a threonine and
tyrosine residue. A unique bacteria-like phosphatase Rhizobiales-like phosphatase 2 (RLPH2),
which we bioinformatically characterized as a serine/threonine phosphatase, has been discovered
to act as a tyrosine phosphatase. In this thesis, data monitoring RLPH2s dephosphorylation of
different peptides derived from MPK activation loops would reveal a preference for the
dephosphorylation of D group MPKs over non-D group MPKSs, and indicate that the central residue
in the TXY motif plays a key role in RLPH2 substrate determination. Additionally, RLPH2 would
show a preference for the in vitro dephosphorylation of MPK9 (a D group MPK) over MPK3 (a
non-D group MPK). An engaging observation is that right next to the TxY motif in D group MPKs
is a putative Protein Phosphatase 1 (PP1) regulatory protein binding RVxF motif. This motif is not
present in any other characterized MPK, suggesting an interaction between PP1 and D group
MPKs. In this thesis, PP1 protein binding assays with MPK9 WT and an MPK9 RASA mutant
would show binding occurs between MPK9 and PP1 through the RVXF motif in vitro. Peptide
and protein substrate dephosphorylation assays with PP1 would show threonine dephosphorylation
on MPKJ9 and the effect the RV XF motif plays on this interaction. In summary, the specificity of
RLPH2 as a D group MPK regulator was examined along with the interaction between PP1 and
the D group MPKs via the RVXF motif, with mention of a potential relationship between these

three interactions.
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“Success is going from failure to failure,

without losing your enthusiasm”

-Winston Churchill
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INTRODUCTION

1.1 Protein Phosphorylation — The Most Common Post-Translational Modification
Eukaryotic organisms utilize a wide array of tools and mechanisms to control and regulate
the functions of life. One of the most crucial of these tools is reversible protein phosphorylation,
the most common form of a post-translational modification. This mechanism establishes an
additional layer of complexity to proteins that goes beyond what the genome or transcriptome can
already accomplish, with the additional benefit of this modification being reversible (Prabakaran
et al., 2012). In most Eukaryotic organisms, 2-4% of the protein-encoding genome are enzymes
that directly add or remove the phosphate groups on substrate proteins, and it has been estimated
that 70% of both the Arabidopsis thaliana and Homo sapiens proteome is phosphorylated, with
potential for phosphorylation on more than one site on a single protein (Olsen et al., 2006; Kerk,

Templeton and Moorhead, 2008; Hunter and Pawson, 2012).

The process of protein phosphorylation occurs when a protein kinase transfers the gamma
phosphoryl group of ATP/GTP onto a substrate’s serine, threonine, or tyrosine hydroxyl group
forming a phosphomonoester (Figure 1A) (Nigg et al., 2010). This presence of a phosphory! group
on a protein can result in a wide array of outcomes, such as a conformational shift in tertiary
structure, resulting in activation or inactivation of protein function, blocking of binding sites,
revealing new binding sites, or a change in the subcellular localization of the protein (Seo and Lee,
2004). The reversibility of phosphorylation is due to the function of protein phosphatases, enzymes
which can hydrolyze the phosphoryl group, releasing phosphate from the protein and reverting the

substrate to its original pre-phosphorylated state (Shi, 2009).



Phosphtase

il (10-12%)

P-Threonine

P-Serine

im P-Tyrosine

Figure 1. The mechanism of reversible protein phosphorylation with the phosphorylated
amino acids and associated phosphorylation percentages. A) Shows a summary of the
reversible protein phosphorylation mechanism. Purple sphere represents phosphoryl group, blue
arrow shows the hydrolysis of phosphoryl group by phosphatase, green arrow represents the
transfer of a phosphoryl group from ATP to the substrate protein by the protein kinase, resulting
in ADP. Blue protein structures represent substrate protein, purple protein structure represents
protein phosphatase, orange protein represents protein kinase. B) In red is the structure of
phosphothreonine, in green is the structure of phosphoserine, and in blue is the structure of
phosphotyrosine. On the right is a pie chart representing what percent of total proteome
phosphorylation occurs on each different amino acid in both Arabidopsis thaliana and in Homo
sapiens (Olsen et al., 2006; Sugiyama et al., 2008; Nakagami et al., 2010).

(84-86%)




Phosphorylation was discovered first by Kennedy in 1954 who found a protein that was
capable of phosphorylating casein (Burnett and Kennedy, 1954; Cohen, 2002b). Following this
Fischer and Krebs would characterize the well-known example of glycogen phosphorylase b being
phosphorylated by phosphorylase kinase which results in its alteration into its active glycogen
phosphorylase a conformation (Cohen, 2002b). After the impact that phosphorylation had on a
protein was recognized, there was a surge of interest in the topic leading to a research crusade to
further study the process of reversible protein phosphorylation. Today, phosphorylation is seen as
an essential mechanism of all life, playing key roles in cellular development and differentiation,
the repairing of DNA, metabolic pathways, apoptosis, and diseases including cancer which has
made kinases and phosphatases a promising focus for pharmaceutical companies as drug targets

(Cohen, 2002a).

In the plant model organism Arabidopsis thaliana, serine phosphorylation accounts for 84-
86% of phosphorylated sites, with threonine and tyrosine accounting for the other 10-12% and 2-
4% respectively, an intriguing composition as it is nearly identical to the Homo sapiens
phosphorylation percentages (Figure 1B) (Olsen et al., 2006; Sugiyama et al., 2008; Nakagami et
al., 2010). Today it has been determined that protein phosphorylation plays a key role in numerous
plant functions such as signalling cascades in biotic or abiotic stresses, reacting to hormones, and
plant development (Rodriguez, Petersen and Mundy, 2010). Further cementing its importance in
plant biology, the presence of protein phosphorylation has been determined in the plant cellular
compartments mitochondria, chloroplasts, cytosol, peroxisome, nuclei, and in extra-cellular
environments, implying its impact in essentially all plant operations (Olsen et al., 2006; Ito et al.,

2009; Reiland et al., 2009; Tagliabracci et al., 2013; Kataya, Muench and Moorhead, 2019).



From a broad perspective, the phosphorylation of both the mammalian and the plant
proteome gives the impression of them being almost identical, however, once the underlying
protein mechanisms are uncovered, key differences are observed. For one, plants lack the classic
receptor tyrosine kinases that mammalian organisms use as transmembrane proteins which act as
receptors that respond to external ligands. To fill the gap left by the lack of receptor tyrosine
kinases, plants instead have numerous receptor-like kinases (RLKs) but all are thought to be
serine/threonine specific (Shiu and Bleecker, 2001). Furthermore, a curious difference observed
between mammalian and plant phosphorylation is that through bioinformatic analysis of the
Arabidopsis genome only two protein tyrosine kinases (PTK) were revealed (Robinson, Wu and
Lin, 2000). Moreover, these two potential protein tyrosine Kinases in Arabidopsis seem to be
lacking key catalytic residues which theoretically would leave these kinases inactive (Ghelis,
2011). When comparing the two most likely inactive PTKs to the 90 Homo sapiens PTKSs, this
would indicate a potential for less prevalence of tyrosine phosphorylation in plants (Robinson, Wu
and Lin, 2000). This was challenged when phosphoproteomic data showed the same 2-4% of
phosphorylation occurring on tyrosine residues in Arabidopsis, similar to what is observed in
Homo sapiens phosphorylation, which could indicate hidden novel tyrosine kinases not yet

determined (Olsen et al., 2006).

1.2.1 Protein Kinases — Drivers of Protein Phosphorylation

The process of protein phosphorylation is propelled forward by protein kinases, which
transfer the gamma phosphoryl group of ATP or GTP onto their substrate’s serine, threonine, and
tyrosine residues (Hanks, 2003). The protein kinases all belong to one super family, which all share
the same approximate 260 catalytic amino acids called the catalytic kinase domain, creating a list

of 941 protein kinases in Arabidopsis thaliana (Zulawski et al., 2014). Some further separation of



kinases can be classified based on substrate specificity. This creates the serine/threonine specific
kinases, the tyrosine specific kinases, and the dual-specific kinases which are able to phosphorylate

both types of substrates (Ghelis, 2011).

The key structural features of a protein kinase include the glycine rich repeat that plays a
role in the binding of ATP, the xXRDxKxxN motif, and the activation loop (T-loop) designated
between the DFG and APE residues (Hemmer et al., 1997; Cargnello and Roux, 2011; Taylor and
Kornev, 2013). The activation loop gets its name from the amino acid sequence, between the DFG
and APE flanks, containing a site that when phosphorylated causes a change in conformation of
the kinase from inactive to active and allows the active site to phosphorylate substrates (Kyosseva,
2003). The xRDxKxxN motif is also found within the catalytic loop and plays a key role in the
catalytic function of a kinase. The aspartic acid residue within this motif acts as the proton acceptor
for the substrate’s hydroxyl group allowing the substrate phospho-receiving amino acid to be

phosphorylated (Kornev, Taylor and Ten Eyck, 2008).

1.2.2 Mitogen Activated Protein Kinases — The MPK Signal Cascade

Mitogen Activated Protein Kinases (MPKs) are the final protein component of the
prominent MPK cascade, a signaling mechanism used to transmit external signals internally,
leading towards a cellular response (Kyosseva, 2003). The MPK cascade is the signaling pathway
that is composed of MPKK Kinases (MKKK), MPK Kinases (MKK), and MP Kinases (MPK)
(Kyosseva, 2003). Commonly the activation of the MPK cascade begins with a ligand interacting
with the external domain of a receptor such as a receptor-like kinase, which results in an internal
protein complex being able to phosphorylate a MPKKK, thereby activating it (Cristina, Petersen
and Mundy, 2010). An active MPKKK is now capable of phosphorylating its MPKK substrate at

the activation loop converting the MPKK into an active state allowing it to phosphorylate the TXY



motif in the activation loop of its designated MPK substrate (Cristina, Petersen and Mundy, 2010).
As each layer of kinase phosphorylates the next layer within the MPK signalling cascade, the
strength of the signal is multiplied, allowing for a strong signal response based on the initial ligand

binding.

In MPKs the site within the activation loop that when phosphorylated converts the MPK
into its active state is the TXY motif and requires phosphorylation on both the threonine and
tyrosine residues, sometimes referred to as dual phosphorylation, for MPK activation (Figure 2)
(Cristina, Petersen and Mundy, 2010). Once phosphorylated and activated, the MPK is capable of
either remaining in the cytosol or in some cases translocating to the nucleus to phosphorylate its

substrates (Cardinale et al., 2002).

Inactive MPK Active MPK

Activation > . Activation
Loop N4 e ., Loop

Figure 2. Model of a Mitogen Activated Protein Kinase. Structure for an inactive MPK (PDB:
4ERK) and structure for an active MPK (PDB: 2ERK). The activation loop highlighted in yellow
and the TXY motif highlighted in red. Structures were generated using PyMOL.



In Arabidopsis thaliana, there are 60 MKKKs, 10 MKKSs, and 20 MPKs. The 20 MPKs are
grouped based on bioinformatic analysis of their sequences into either groups A, B, C, or D
(Figure 3) (Ichimura et al., 2002). The largest ordering of the MPKSs bioinformatically is based on
12 MPKs containing a glutamic acid within their TXY motif (TEY) while 8 MPKs contain an
aspartic acid (TDY). These TDY containing MPKSs are designated as the D group of the MPKs,
while the other 12 are further separated into groups A, B, and C. The A and B group MPKs both
contain the conserved CD domain which has been characterized extensively in other MPKs as a
docking site for MKKSs, protein substrates, and regulatory phosphatases via a
[LH][LHY]Dxx[DE]xx[DE]EPxC sequence (Ichimuraet al., 2002). A modified version of the CD
domain is also present in the C group MPKs while it is completely missing in any recognizable
form within the D group MPKs (Ichimura et al., 2002). Another feature that makes the D group of
the MPKSs unique is their extended C terminus of 60-80 amino acids when compared to the C
terminus of the other groups. These regions are noted to be rich in serine and glutamic acid within

two of the D group MPK members, MPK8 and MPK9 (Ichimura et al., 2002).



Figure 3. Phylogenetic tree of the 20 MPKs found in Arabidopsis thaliana. Each of the 20
MPKs are separated into their respective groups A, B, C, or D. CLC Sequence Viewer 8.0 was
used to align the sequences and generate the phylogenetic tree.

MPK’s have been characterized to play important roles in plants such as cellular
development and differentiation, as part of the plant’s immunity pathways, and interacting with
the plant’s external environment (Xu and Zhang, 2015). The A and B group MPK3, MPK4, and
MPKG6 have been widely researched based on their roles in plant immune response, salt and cold
stress tolerance (Cristina, Petersen and Mundy, 2010). Unfortunately, the D group of the MPK’s

have been researched less and little is known about their function beyond MPKO9s role in stomatal



closure and MPK17s role in peroxisome proliferation (Khokon et al., 2017; Frick and Strader,

2018).

An additional distinctive feature of the D group MPKSs compared to the other groups is that
in all eight D group MPK members there is an RVXF motif nine amino acids upstream from their
TXY motif (Figure 4). This is a well characterized putative protein phosphatase 1 (PP1) binding
motif that regulatory subunits utilize to interact with PP1 and regulate its substrate specificity or
localization. A recent study has revealed a previously unknown extension of the RV XF motif in
the Homo sapiens PP1 regulatory subunits PNUTS (Protein phosphatase-1 nuclear targeting
subunit), SPINO (Spinophilin), and NIPP1 (Nuclear inhibitor of protein phosphatase 1) (Choy et
al., 2014). This extension involves two hydrophobic amino acids residues 7-9 amino acids C-
terminal of the RVXF motif and an arginine residue 9-10 amino acids C-terminal from that, which
the D group MPKSs have a similar version of, and provides more evidence for the D group MPKs

potential interaction with PP1 (Choy et al., 2014).



MPK3 DEGLARPTS-END- - -FMTEXYVVTRWYRAPE
A MPK6 DEGLARVTS-ESD- - -FMITEYVVTRWYRAPE
MPK10 DEGLARATP-ESN- - -LMTEYVVTRWYRAPE

MPK4 DEGLARTKS-ETD- - -FMTEYVVTRWYRAPE

MPKS DEGLARTTS-ETE- - -¥YMIEYVVIRWYRAPE
B MPK11 DEGLARTKS-ETD- - -FMTEYVVTRWYRAPE
MPK12 DEGLARTTS-DTD- - -EFMTEYVVTRWYRAPE
MPK13 DEGLARTSN-ETE- - -1IMTEYVVTRWYRAPE
MPK1 DEGLARASNTKGQ- - -FMTEYVVITRWYRAPE

MPK2 DEGLARTSNTKGQ- - -EFMTEYVVIRWYRAPE
MPK7 DEGLARTSQGNEQ- - -EMTEYVVTRWYRAPE
MPK14 DFGLARTYE---Q---FMIEYVVTRWYRAPE

MPK8 DEGLARVSENDAPTAIFWIDYVATRWYRAPE
MPK9 DFGLARVSFNDAPSAI|FWTDYVATRWYRAPE
MPK15 DFGLARVSFNDAPTA|FWIDYVATRWYRAPE
MPK16 DFGLARVAFNDTPTA | FWTDYVATRWYRAPE
MPK17 DLGLARVSFTDSPSAVFWIDYVATRWYRAPE
MPK18 DFGLARVAFNDTPTTVFWIDYVATRWYRAPE
MPK19 DFGLARVSFNDTPTTVFWTDYVATRWYRAPE
MPK20 DFGLARVAFNDTPTT | FWIDYVATRWYRAPE

100%
Consenation W
0%

Figure 4. Bioinformatic alignment of the activation loops from all 20 MPKSs in Arabidopsis
thaliana. Green highlighted region representing the TXY motif. Aligned sequences are presented
in their respective MPK groups (A, B, C, and D) (Table 1). The blue highlighted region is the
RVXF motif for group D only. CLC Sequence Viewer 8.0 was used to align the sequences.
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Table 1. Protein name, gene identifier, and the corresponding activation loop sequence for
the 20 MPKs found in Arabidopsis thaliana. Sequences found in this table were used to generate
the MPK activation loop sequence alignment seen in Figure 4.

Name Gene ldentifier Activation Loop Sequence

MPK1 Atl1g10210 DFGLARASNTKGQFMTEYVVTRWYRAPE
MPK2 At1g59580 DFGLARTSNTKGQFMTEYVVTRWYRAPE
MPK3 At3g45640 DFGLARTSNTKGQFMTEYVVTRWYRAPE
MPK4 At4g01370 DFGLARTKSETDFMTEYVVTRWYRAPE
MPK5 At4g11330 DFGLARTTSETEYMTEYVVTRWYRAPE
MPK6 At2g43790 DFGLARVTSESDFMTEYVVTRWYRAPE
MPK7 At2g18170 DFGLARTSQGNEQFMTEYVVTRWYRAPE
MPK8 Atlg18150 DFGLARVSFNDAPTAIFWTDYVATRWYRAPE
MPK9 At3g18040 DFGLARVSFNDAPSAIFWTDYVATRWYRAPE
MPK10 At3g59790 DFGLARATPESNLMTEYVVTRWYRAPE
MPK11 Atl1g01560 DFGLARTKSETDFMTEYVVTRWYRAPE
MPK12 At2g46070 DFGLARTTSDTDFMTEYVVTRWYRAPE
MPK13 Atl1g07880 DFGLARTSNETEIMTEYVVTRWYRAPE
MPK14 At4g36450 DFGLARTYEQFMTEYVVTRWYRAPE

MPK15 Atlg73670 DFGLARVSFNDAPTAIFWTDYVATRWYRAPE
MPK16 At5g19010 DFGLARVAFNDTPTAIFWTDYVATRWYRAPE
MPK17 At2g01450 DLGLARVSFTDSPSAVFWTDYVATRWYRAPE
MPK18 At1g53510 DFGLARVAFNDTPTTVFWTDYVATRWYRAPE
MPK19 At3g14720 DFGLARVSFNDTPTTVFWTDYVATRWYRAPE
MPK20 At2g42880 DFGLARVAFNDTPTTIFWTDYVATRWYRAPE

1.3 Protein Phosphatases — The Four Families of Protein Phosphatases

The enzymes responsible for the reversibility of protein phosphorylation is the protein
phosphatases. Originally thought of as “housekeeper” enzymes whose sole function was to remove
and maintain the phosphorylation status of the proteome, it was later realized that these enzymes
played many essential roles in cell function. While there are 942 different kinases within
Arabidopsis thaliana, there are only ~150 protein phosphatases (Gribskov, 2001; Manning et al.,
2002; Uhrig, Labandera and Moorhead, 2013; Zulawski et al., 2014). This seems to be a significant
difference in quantity which, based on their antagonistic relationship, we would expect to be
similar. This difference in quantity of protein kinases and phosphatases is based on protein

phosphatases commonly having multiple regulatory subunits that designate substrate specificity to
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a common catalytic subunit, while one kinase often only has a few targets based on its built-in

specificity (Uhrig, Labandera and Moorhead, 2013).

There are four families of protein phosphatases which are separated based on their
sequence similarity in catalytic motifs, which substrate a protein phosphatase preferably
dephosphorylates, dependency on divalent metal ions, and vulnerability towards different

inhibitors (Hanks, 2003; Uhrig, Labandera and Moorhead, 2013).

The phospho-protein phosphatase (PPP) family is serine and threonine phosphatases
grouped based on their sequence similarity in the catalytic residues that are involved in their
dephosphorylation mechanism (Uhrig, Labandera and Moorhead, 2013). The PPP family use a
catalytic mechanism utilizing two metal ions (commonly Mg?*/Mn?*) and are characterized to
dephosphorylate phosphoserine and phosphothreonine residues (Uhrig, Labandera and Moorhead,
2013). The catalytic motifs that define a member of the PPP family are GDxHG, DGxVDRG,
GNHE, and HGG (Uhrig, Labandera and Moorhead, 2013). The PPP family is an immensely
versatile group of proteins because alone they are simple catalytic subunits but can often interact
with a wide array of regulatory subunits that direct the localization and substrate specificity of
these phosphatases (Moorhead et al., 2009). In Arabidopsis thaliana, the 11 members identified
within the PPP family of phosphatases are PP1 (PP1), PP2A, PP4, PP5, PP6, PP7, SLP1, SLP2,
RLPH1, RLPH2, and PPKL (Figure 5) (Uhrig, Labandera and Moorhead, 2013). It should be

noted that there is no identified homologue of the PPP member PP2B found in plants.
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Figure 5. Sequence similarity between known members of the PPP subfamily of
phosphatases. Green regions represent the conserved catalytic motifs in all PPPs. The purple
regions represent the SAPNYC domain where inhibitors such as microcystin bind (Uhrig,
Labandera and Moorhead, 2013).

The phospho-tyrosine phosphatase (PTP) family is grouped based on a common
(V/H)CXsR motif acting as the catalytic dephosphorylation mechanism and having primarily
tyrosine phosphorylated substrates (Jia et al., 1995). Some members of the PTP family are capable
of dephosphorylating both phosphorylated tyrosine and threonine residues, hence being classified
as dual specific phosphatases (DSPs) (Kerk, Templeton and Moorhead, 2008; Stanford and Bottini,

2017). The PTP family also contains some members that have been characterized to
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dephosphorylate molecular substrates that are not proteins (Kerk, Templeton and Moorhead, 2008;

Shi, 2009).

The metallo-dependent protein phosphatase (PPM) family are grouped based on their need
for divalent Mg?*/Mn?* ions to function, similar to the PPP family, yet the PPM family utilize
RxxxD, DGxxG, DG, and GxxDN motifs to make up their catalytic mechanism which differs from
the motifs utilized by the PPP family (Shi, 2009; Fuchs et al., 2013). Another difference between
these two groups of phosphatases is the PPM members use of built-in motifs that control the
subcellular localization and substrate specificity, unlike the PPP family which use interactions with
regularity subunits (Ubersax and Ferrell, 2007; Shi, 2009). PPM family members have been
characterized to participate in MPK signaling pathways in biotic and abiotic stress pathways
(Meskiene et al., 2003; Leung et al., 2006; Schweighofer et al., 2007; Ma et al., 2009). This is by
far the largest of the phosphatase families in Arabidopsis containing over 70 members,
approximately four times the number found in mammalian proteomes (Schweighofer, Hirt and

Meskiene, 2004).

The aspartate-based protein phosphatase family is grouped together based on their
utilization of aspartic acid residues to dephosphorylate substrates. The aspartic acid residue found
within their unique DxDxT/V motif acts in the catalytic mechanism that interacts with and
coordinates with Mg?* to dephosphorylate substrates (Sz66r, 2010). The aspartate-based protein
phosphatases are poorly characterized, with their only identified members being an RNA
polymerase Il protein phosphatase and a few members of the haloacid dehalogenase (HAD) family

(Kerk, Templeton and Moorhead, 2008; Seifried, Schultz and Gohla, 2013).
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1.4.1 Novel Bacteria-like Protein Phosphatases

In a bioinformatic study of Arabidopsis thaliana and other plant species, a group of novel
phosphatases were first brought into the light, unique in their presence in only higher plants and
some eukaryotes, but not mammals (Table 2) (Andreeva and Kutuzov, 2004; Uhrig, Kerk and
Moorhead, 2013). Bioinformatically characterized as members of the PPP family, these new
phosphatases were named Protein Phosphatase Kelch-like (PPKL), Shewanella-like phosphatase
(SLP) and Rhizobiales-like phosphatase (RLPH). PPKL was named based on the presence of its
N-terminal kelch repeats which are known to play a role in protein-protein interaction. SLP and
RLPH were named based on their relation to the two bacterial species Rhizobiales and Shewanella
(Andreeva and Kutuzov, 2004; Uhrig, Kerk and Moorhead, 2013). Arabidopsis thaliana has four
PPKLs, two SLPs, and two RLPHs. The four PPKLs are Bril suppressor 1 (BSU1), Bril

suppressor-like 1 (BSL1), Bril suppressor-like 2 (BSL2), and Bril suppressor-like 3 (BSL3).

Table 2. Phospho-Protein Phosphatase family members. Number of PPP family genes for each
subclass in both Arabidopsis thaliana and Homo sapiens.

PPP Sub-Family | Ar2bidopsis | Homo sapiens
PP1 9 3
PP2A 5 )
PP2B 0 3
PP4 2 .
PP5 1 ;
PP6 2 ;
PP7 1 )
PPKL 4 5
SLP 2 0
RLPH 2 0
Total 28 13
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1.4.2 Shewanella-like phosphatase (SLP)

There are two SLP genes in Arabidopsis, AtSLP1 which is localized to chloroplasts and
AtSLP2 which is localized to mitochondria (Uhrig, Kerk and Moorhead, 2013; Uhrig et al., 2017).
Dephosphorylation assays conducted in-vitro shows SLP1 has no preference towards a certain
phosphorylated serine, threonine, or tyrosine substrate and SLP2 has been characterized to have a
preference towards phospho-serine and threonine substrates (Uhrig et al., 2017). While members
of the PPP family, the SLPs do not contain the SAPNYC motif which common PPP inhibitors
such as okadaic acid and microcystin bind to. It has been experimentally shown that these two

inhibitors have no impact on these phosphatases (Uhrig, Kerk and Moorhead, 2013).

1.4.3 Rhizobiales-like Phosphatase 2 (RLPH2) — A Bacterial Like Protein Phosphatase

The RLPHSs, designated a novel bacteria-like protein phosphatase, is mostly found in higher
plants, with some cases in other photosynthetic organisms such as green algae, and even a few
cases of non-photosynthetic organisms such as the excavate Naegleria gruberi and the opisthokont

Salpingoeca rosetta (Uhrig, Kerk and Moorhead, 2013).

There are two RLPH genes which share an 85% amino acid sequence identity but while
RLPH1 only has high levels of transcription in the roots of Arabidopsis thaliana, RLPH2 has a
much higher transcription level throughout the entire plant with the highest found in pollen (Figure
6). Based on the low transcription levels of RLPH1, more research focus has been directed towards

RLPH2 and today not much is known about RLPHL1.
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Figure 6. Transcription of RLPH1 and RLPH2 across tissues and developmental stages.
(Left) tissue specific transcriptional data for RLPH1 (At3g09960) and RLPH2 (At3g09970) in
different tissues. Dark blue indicates a higher transcription, white indicates a lower transcription,
and the # of samples indicates the number of microarrays used to determine the transcription levels.
(Right) transcriptional data of RLPH1 (At3g09960) in red and RLPH2 (At3g09970) in blue at
different developmental stages of Arabidopsis thaliana. Number of samples represents the number
of microarrays used to determine the transcription levels (Labandera, 2017).
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While bioinformatically placed in the PPP family based on its presence of the shared
catalytic motifs involved in the PPP dephosphorylation mechanism, it was shown through peptide
dephosphorylation assays that RLPH2 prefers phosphotyrosine residues instead of the
phosphoserine and phosphothreonine residues preferably dephosphorylated by members in the
PPP family (Uhrig, Kerk and Moorhead, 2013; Labandera et al., 2018). It was also shown that
because it does not have the SAPNYC motif, the motif that PPP inhibitors such as microcystin or
okadaic acid bind to, RLPH2s activity is not diminished in the presence of these inhibitors (Figure
7A, 7B). Another intriguing detail was that the presence of the phosphotyrosine phosphatase
inhibitor orthovanadate showed a significant decrease in RLPH2 activity (Figure 7C). It has also
been shown that there does not seem to be a dependency on metal ions, which the dependency of
is one of the key features of the PPP family, as the presence of different metal cations caused no
change in RLPH2 activity (Figure 7D). In the presence of Zn?* there is a slight inhibitory effect
on RLPH2, which is a common PTP family member characteristic. These characteristics show that
while on a bioinformatic level RLPH2 is observed as a member of the PPP family, it has

characteristics on an enzymatic level that are PTP-like.
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Figure 7. RLPH2 pNPP dephosphorylation assays in the presence of PPP and PTP inhibitors,
and different divalent metal cations. 150ng of recombinant purified RLPH2 incubated with
pNPP and different concentrations of Okadai