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ARTICLE INFO ABSTRACT

Keywords: MAPK phosphatases (MKPs) are relevant negative regulators of MAPKs in eukaryotes as they mediate the
Calmodulin feedback control of MAPK cascades in multiple cellular processes. Despite their relevance, our knowledge on the
Cations

role of cereal MKPs in stress tolerance is scarce and TMKP1 remains today the only studied MKP in wheat.
TMKP1 was previously reported to be involved in plant salt stress tolerance. Moreover, TMKP1 was shown to
interact with calmodulin (CaM), 14-3-3 and TMPK3/TMPK6 proteins, which regulate its catalytic activity. To
further understand the functional properties of TMKP1, we investigate here the contribution of its phosphor-
ylation status, and of TMPK3 together with CaM and bivalent cations on the catalytic activity. In-gel kinase
assays revealed that TMKP1 can be phosphorylated by similar wheat and Arabidopsis MAPKs, including most
likely MPK3 and MPK®6. In addition, we provide evidence for the capacity of wheat TMPK3 to bind to TMKP1 via
a conserved Kinase Interacting Domain (KID) located on its C-terminal part. This interaction leads to a stimu-
lation of TMKP1 activity in the presence of Mn®* or Mg?* ions, but to its inhibition in the presence of Ga®>* ions.
However, the phosphorylation status of TMKP1 seems to be dispensable for TMKP1 activation by TMPK3.
Remarkably, in assays combining TMPK3 with CaM/Ca®* complex, we registered rather an inhibition of TMKP1
activity which however can be suppressed by Mn?" cations. Our data are in favor of complex differential reg-
ulation of TMKP1 by its MPK substrates, metallic cations that might help in fine-tuning the plant cellular re-
sponses to various stresses.

Durum wheat

Mitogen-activated protein kinase (MPK)
Mitogen-activated protein kinase phosphatase
(MKP)

Phosphorylation

1. Introduction on protein phosphatases such as the MAPK phosphatases (MKPs) MKPs

are dual-specificity phosphatases (DSP) dephosphorylating both Tyr

Mitogen-activated protein kinase (MAPK) cascades are highly con-
served signaling modules in eucaryotes, and play key role in the control
of diverse aspects of growth, development, cytokinesis, senescence,
programmed cell death, and stress signaling (Ellis, 2012; Rasmussen
et al., 2012). The MAPK cascade consists of three sequentially activated
protein kinases, i.e., MAP3K (MAPKKK), MAP2K (MAPKK), and MAPK
(MAPK group, 2002). Once activated, a MAP3K in turn phosphorylates
its downstream MAP2K which phosphorylates and activates its down-
stream MAPK (Rodriguez et al., 2010). MAPKs are activated by dual
phosphorylation of Thr and Tyr residues within their T-X-Y consensus
sequence by the dual-specificity MAPKKs. The magnitude and the
duration of MAPK activation play a decisive role in determining the
signaling specificity and both must be tightly regulated. This depends

and Thr residues, and exhibit high specificity for MAPKs (Bartels et al.,
2010).

It was previously reported that MKPs undergo also phosphorylation
which then may influence their functional properties. The phosphor-
ylation of the yeast Msg5 MAPK phosphatase by its substrate SIt2 MAPK
affects the interaction between the two proteins (Sohaskey and Ferrell,
2002). Also, mammalian MKP-1 is phosphorylated by ERK proteins and
this phosphorylation stabilizes MKP-1 protein by reducing its proteo-
lytic degradation (Brondello et al., 1999). Besides, MKP-1 phosphor-
ylation does not modify its intrinsic ability to dephosphorylate ERK
(Brondello et al., 1999) but depends upon the nuclear accumulation of
active ERK (Reffas and Schlegel, 2000). A similar scenario was observed
on Arabidopsis AtMKP1 which can be phosphorylated in vitro and in
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vivo by endogenous MPK6. In fact, using TiO2 chromatography and
mass spectrometric analysis, Park et al. (2011) found that four Ser/Thr
residues in AtMKP1, each followed by a proline residue (Thr64, Thr109,
Ser558, and Ser572) were potentially phosphorylated by AtMPK6. This
phosphorylation stimulates the phosphatase activity of AtMKP1 in vitro
(Park et al., 2011) and was reported to be required for its function in
response to UV-B stress as it promotes its stability under UV-B treatment
(Gonzalez-Beistero and Ulm, 2013). The phosphorylation of AtMKP1
was also found to be required for its stabilization and accumulation
during PAMP (Pathogen-Associated Molecular Patterns) responses and
bacterial resistance (Gonzalez-Beistero and Ulm, 2013; Jiang et al.,
2017). Although AtMKP1 remains until now the only plant MKP known
to be regulated by phosphorylation, it was demonstrated that the cat-
alytic activity of other plant orthologs such as NtMKP1 of tobacco, are
activated by their own MAPK partners (Katou et al., 2007).

TMKP1 isolated from a Tunisian Triticum durum variety Om Rabia3
is the only studied wheat MKP so far (Zaidi et al., 2010; Ghorbel et al.,
2015, 2017) and was reported to act as a positive regulator of salt stress
tolerance in Arabidopsis (Zaidi et al., 2016). TMKP1 exhibits a phos-
phatase activity in vitro (Zaidi et al., 2010, 2012) that is specifically
enhanced by Mn?* and Mg?*, but without any synergistic effect be-
tween the two bivalent cations (Ghorbel et al., 2015). Moreover,
TMKP1 interacts with CaM in calcium dependant manner through at
least one putative CaMBD located at the C-terminal part of TMKP1
(Ghorbel et al., 2015) as reported for its homologues AtMKP1, NtMKP1
and OsMKP1 (Yamakawa et al., 2004; Katou et al., 2005; Lee et al.,
2008). TMKP1 is the only DSP to be inhibited by the CaM/Ca®* com-
plex in vitro. However, in the presence of Mn?*, the phosphatase ac-
tivity of TMKP1 is enhanced by CaM/Ca* complex, outlining the re-
levance of this bivalent cation in the activation of TMKP1. 14-3-3
proteins are also able to bind to TMKP1 in phospho-dependent manner
and stimulate its catalytic activity (Ghorbel et al., 2017). On another
hand, a phosphatase treatment decreased about 45% the catalytic ac-
tivity of TMKP1 demonstrating that its phosphorylation status is im-
portant for an optimal phosphatase activity (Ghorbel et al., 2017).

In this study, we provide experimental evidence for TMKP1 phos-
phorylation by plant MPKs including most likely MPK3 and MPK6.
Moreover we identified on the C-terminal part of TMKP1 a conserved
kinase binding motif (566-575 a.a) through which TMPK3 interacts
with the wheat MKP and stimulates its activity in vitro. In the presence
of a mixture of TMPK3 with CaM/Ca®* complex, the TMKP1 activity
was rather inhibited but this inhibition was suppressed by the addition
by Mn?*. All these data outline not only the role of MPK substrates and
bivalent cations in the control of plant MKP activity but also the com-
plexity of the mechanism regulating this class of phosphatases that may
offer plants the capacity to adjust their response to rapidly changing
environments.

2. Materials and methods
2.1. Plant material and stress treatments

Seeds of durum wheat (Triticum turgidum L. subsp. durum) cultivar
Om Rabiaa3 were supplied by INRAT, Laboratoire de
PhysiologieVégétale (Tunis, Tunisia). The seeds were sterilized in 0.5%
NacClO solution for 15 min, then washed three times with sterile water
and germinated on wet Whatman paper in Petri dishes. Seedlings were
grown in a greenhouse at 25 *= 2°C, under photosynthetically active
radiation of 280 pmolm~2s~!, 16 h photoperiod and 60 + 10% re-
lative humidity. Salt stress (200 mM NaCl) treatments were applied on
10 day-old seedlings for 24 h.

Seeds of Arabidopsis thaliana (Col-0 Accession) were sterilized in
20% NaClO; 0.05% Tween; 80% ethanol solution for 10 min, washed
three times with ethanol (96%) and three times with sterile water.
Seeds were germinated on Murashig and Skoog (MS) medium in Petri
dishes after 2 days of vernalization at 4 °C. Seedlings were grown in a
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greenhouse at 22 + 2°C, under photosynthetically active radiation of
280 umolm 25!, 16 h photoperiod and 60 = 10% relative humidity
during ten days. Salt stress (200 mM NaCl) treatments were applied on
10 day-old seedlings for 3 h.

2.2. Plant protein extraction

Leaves from 10-days old wheat or Arabidopsis seedlings were ground
in liquid nitrogen and proteins were extracted in a buffer containing
10mM MgCl,, 1mM DTT, 100puM PMSF, 2mM leupeptin, 50 pM
MG132 and 1% (v/v) protease inhibitor cocktail for plant extracts
(Sigma) and phosphatase inhibitors (50 mM HEPES-NaOH pH 7.5;
50 mM K4P,0,; 10 mM NasVO,; 5mM NaF). Insoluble material was
removed by centrifugation at 3000g for 30 minat 4°C and protein
concentration was determined using the Bradford assay (Interchim).

2.3. In gel kinase assays

Immunocomplex kinase assays using total protein extracts from
wheat (20 ug) or Arabidopsis (40 pug) leaves and a recombinant His-
TMKP1 as a substrate were performed as formerly described (Li et al.,
2017). Briefly, plant protein samples were run on 10% SDS-PAGE that
was previously polymerized with 2 mg of purified His-TMKP1 and then
subjected to a kinase assay in 15 pl reaction buffers (20 mM HEPES,
1 mM Na,-VO,, 0.5mM PMSF, 2mM EDTA, 2mM DTT, 200 nM ATP,
1 uCi [y*2]-P-ATP). After an incubation at 30 °C for 30 min, the reaction
was stopped by adding 3pl of sodium dodecyl sulfate (SDS) sample
buffer (250 mM Tris-HCI pH 6.8, 10% SDS, 30% glycerol, 0.02% bro-
mophenol blue), immediately followed by boiling at 95 °C for 5 min.
The incorporation of [y*]-P was visualized by autoradiography and
quantified with a phosphorimager and Image Quant software (Mole-
cular Dynamics). Band intensities in western blots were quantified
when necessary by ImageJ software (https://imagej.nih.gov/ij/).

2.4. Protein expression and purification

The recombinant proteins GST-TMPK3 (accession no. AAC28850)
GST-TMKP1 and GST-ANTMKP1 were produced in the Rosetta E. coli
strain (DE3) (Novagen) after cloning of the corresponding ORF in-frame
with a GST tag into the pGEX-2TK expression vector (GE Healthcare;
Zaidi et al., 2010). Similarly, His-TMKP1, His-TMKP1%?'4¢ (dead
phosphatase mutant form), His-ACTMKP1 (isoform harboring the first
387 aa), His-KIDTMKP1 (harboring the first 616 aa), and His- No-
KIDTMKP1 (containing the first 566 aa without KID domain) were
produced as recombinant proteins using pET28a expression vector
(Novagen, Madison; Zaidi et al., 2012; Ghorbel et al., 2017). TdCaM1.1
(Genbank KJ5000051.1) was also cloned in frame to poly-His tags in
pET28a expression vector (Novagen, Madison). Recombinant proteins
were purified by affinity chromatography on either Glutathione Se-
pharose 4B beads (Amersham Biosciences) or nickel columns (GE
Healthcare) according to described procedures (Ghorbel et al., 2015).
Protein quantification was performed using the Bradford method
(Bradford, 1976) and the correct size of recombinant proteins was
checked by SDS-PAGE.

2.5. In vitro phosphatase assays

The phosphatase assays were performed as previously described
(Ghorbel et al., 2015, 2017) using 1 pg of purified recombinant forms of
His-TMKP1, His-ACTMKP1, GST-TMKP1, GST-ANTMKP1, His-
KIDTMKP1, His-NoKIDTMKP1 or His-TMKP1%2!4C_ in presence of dif-
ferent amounts of GST-TMPK3, and 3-O-methylfluorescein phosphate
(OMFP, Sigma) as a substrate. Phosphatase activity was carried out in
the presence or absence of various concentrations of bivalent cations
(Mn?*, Mg®* and Ca®*) in 0.8 ml of reaction buffer (50 mM Tris-HCl
(pH 8.0), 150 mM NaCl, 1 mM EDTA, 500 uM OMFP) at 30°C for
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various time periods (0, 10, 20 and 30 min). All reactions were assayed
at saturating substrate quantities (500 uM) as previously described
(Ghorbel et al., 2015) and at which the initial velocity (VO) becomes
constant. The reaction was quenched by addition of 200 ul of NaCl 5M
and the amount of 3-O-methylfluorescein (OMF) released was measured
by absorbance at 477 nm.

2.6. Phosphatase treatments

To generate a dephosphorylated His-TMKP1 (dpHis-TMKP1) pro-
tein, 10 ug of the purified protein were treated with 400 Units of
A —phosphatase (New England Biolabs) at 30 °C for 30 min in 50 mM
HEPES, 10 mM NaCl, 2mM DTT, and 1 mM Mn?". The reaction was
stopped by heating at 65°C for 15min in the presence of 3mM
NapEDTA.

2.7. GST pull down assays

Prior to binding, Gluthatione Sepharose 4B beads were washed with
the appropriate buffer (Tris-HCl 20 mM; pH 7.4, EDTA 1 mM, DTT
0.5 mM, NaCl 150 mM, 0.5% Triton, PMSF 1 mM) and equilibrated with
the same buffer. Then, the beads were incubated with 15pg of GST-
TMPKS3 or GST for 3hat 4°C, and washed three times to discard the
unfixed proteins. Twenty micrograms of the different recombinant
forms of TMKP1 proteins were then incubated with the immobilized
proteins overnight at 4 °C. After extensive washes, proteins were dis-
sociated from the beads by boiling in Tris-HCl 50 mM, pH 6.8, DTT
1 mM, SDS 2%, glycerol 10%, bromophenol blue 0.1% and separated by
SDS-PAGE (10%). The His-TMKP1 and the other deleted forms were
finally detected by western blot using the anti-TMKP1 antibody as
previously described (Ghorbel et al., 2015).

2.8. Antibodies

Commercial antibodies recognizing Arabidopsis AtMPK3 (Sigma
product number M8318) and AtMPK6 (Sigma product number A7104)
were used. Rabbit polyclonal antibodies were raised against TMKP1
(Zaidi et al., 2010).

2.9. Statistical analysis

The results were compared statistically by using a Student's t-test
and differences were considered significant at p < 0.01.

3. Results

3.1. TMKP1 is phosphorylated by similar wheat and Arabidopsis protein
kinases

The binding of TMKP1 to MPKs may result not only in their dual
dephosphorylation at Thr and Tyr residues but also in a post-transla-
tional modification of TMKP1 by phosphorylation as it was reported for
the Arabidopsis counterpart AtMKP1 (Park et al., 2011). To check this
hypothesis, we performed in gel kinase assays using a recombinant His-
TMKP1 as a substrate. For this purpose, 20 ug of proteins extracted from
leaves of the Tunisian wheat Om Rabiaa3 variety were loaded on SDS-
PAGE. Protein extracts from wheat grown under standard or salt stress
conditions (200 mM NaCl during 24 h) were used to see whether the
stress treatment can influence the phosphorylation status of TMKP1.
Similar assays were performed on 40 ug of Arabidopsis seedlings protein
extracts submitted or not to salt stress. Using wheat protein extracts,
two bands of 43 and 48 kDa were detected (Fig. 1a) which may cor-
respond to TMPK3 and TMPK®6 proteins respectively, according to their
calculated sizes (42.57 kDa for TMPK3 and 47.6 kDa for TMPK6). Al-
though weak, the signals detected within wheat proteins extracted from
non stressed or salt treated samples were not significantly different.
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Similarly, using Arabidopsis total protein extracts, two bands of 43 and
48 kDa were clearly detected and they should also correspond, ac-
cording to their size, to AtMPK3 and AtMPK6 respectively. The in-
tensity of the 48kDa band is weaker compared to the 43kDa band,
which seems to be even more intense after salt stress treatment (with
~20% increase in band intensity compared to non stressed conditions,
as measured with ImageJ software; Fig. 1b). To further confirm the
contribution of AtMPK3 and AtMPK6 into TMKP1 phosphorylation in
Arabidopsis, we immunoprecipitated total protein extracts using anti-
AtMPK3 or anti-AtMPK6 antibodies and we wused those im-
munoprecipitates to perform a new in gel kinase assays on His-TMKP1.
Our results show that with the first antibody, a single band of 43 kDa
corresponding to the size of AtMPK3 protein is detected (Fig. 1c).
Whereas with the second antibody, a single band of 48 kDa that may
correspond to AtMPK®6 protein is detected (Fig. 1c). Therefore, these in
gel kinase assays indicate that TMKP1 can be phosphorylated by similar
wheat and Arabidopsis MPKs that may include MPK3/6 and this phos-
phorylation seems to be only moderately influenced by salt stress
treatments.

3.2. Activation of TMKP1 by TMPK3 occurs independently of its
phosphorylation status but is promoted by Mn?* and Mg?™*

The in vitro phosphatase activity of TMKP1 was reported to de-
crease about 45% after a treatment with A-phosphatase (Ghorbel et al.,
2017), indicating that the phosphorylation status is essential for op-
timal TMKP1 activity. This activity was also stimulated in the presence
of GST-TMPK3 (Zaidi et al., 2010). To investigate whether the stimu-
latory effects of TMPK3 on TMKP1 activity is dependent on TMKP1
phosphorylation status, we performed OMFP-based phosphatase assays
on either phosphorylated (His-TMKP1) or dephosphorylated (dpHis-
TMKP1) recombinant forms mixed with a purified GST-TMPKS3. In the
absence of GST-TMPK3, the phosphatase activity increased with time
(Fig. 2a); and after 30 min it was two-fold higher for His-TMKP1
compared to dpHis-TMKP1 as previously shown (Ghorbel et al., 2017,
Fig. 2a). When mixed with GST-TMPK3 (using a TMKP1/TMPK3 molar
ratio of 1:4), not only His-TMKP1 but also dpHis-TMKP1 activity was
increased. Interestingly, the fold induction caused by GST-TMPK3 is
similar in both cases indicating that TMKP1 activation by this wheat
MPK seems to occur independently of its initial TMKP1 phosphorylation
status.

Moreover, some divalent cations like Mg>* and especially Mn?*
were reported to stimulate the phosphatase activity of TMKP1 in vitro,
whereas others such as Fe?™; Zn?"; Cu?* and Ca?* have no effect
(Ghorbel et al., 2015). Therefore, we investigated here the effect of
TMPK3 on TMKP1 activity in the absence or in presence of different
metallic cations. Zn?", Fe®* and Cu®* did not modify TMKP1 activity
in presence of TMPK3 but surprisingly the addition of Ca®* resulted in a
significant decrease of TMKP1 activity (Fig. 2b). The inhibitory effect of
Ca®” cations started with Ca®>* concentrations as low as 0.5mM and
inhibition reached its maximum level using 2mM Ca®* for which a
decrease of ~80% of the initial rate (VO) was observed (Fig. 2b). This
inhibition seemed to be specific to Ca®>* since the addition of EGTA a
well known Ca?* chelator, restored the activity of TMKP1 in presence of
TMPK3 (Fig. 2b).

In contrast, phosphatase assays performed in a buffer containing
2mM of Mn?*, revealed that the addition of TMPK3 increased TMKP1
activity by about 3-fold comparatively to that measured in the presence
of Mn?* alone (Fig. 3a). The Mn2* stimulatory effect can be detected
also with concentrations of Mn?* as low as 1 mM. In the presence of
TMPK3 and Mg?™, the VO of TMKP1 activity also increased in cation-
dose-dependent manner, but less efficiently than with Mn2* (with a
maximum of 2 fold increase using 3mM Mg?* compared to the basal
activity (Fig. 3b)). Therefore, Mn?* appeared to trigger more TMKP1
phosphatase activity than Mg>" when used either alone (as shown
previously Ghorbel et al., 2015) or in combination with GST-TMPK3
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3.3. TMPK3 activates the catalytic activity of TMKP1 via its binding to a
conserved domain in the C-terminal region

Structural, biochemical and genetic data have shown that docking
motifs from interacting proteins are necessary for MAPKs to bind to and
phosphorylate their targets. MAPK docking sites are ubiquitous and
have been demonstrated for yeast and mammals MAPK (Kusari et al.,
2004). The best-characterized MAPK-docking motifs are the so-called
Kinase Interacting Domain (KID) or D-motifs. The consensus D-motif
[(R/K)1-2)-(X)(2-6)-P-x-®; where ® denotes a hydrophobic residue] is
found in activators (MAPKKs), negative regulators (phosphatases),
scaffolding proteins and various substrates (Remenyi et al., 2006;
Gaestel, 2008). Sequence alignment analyses show that, similarly to
other plant MKPs, TMKP1 contains at its C-terminal part (566-575 a.a)
a conserved sequence (RRGGFSCLKL) that can serve as a potential KID
or D motif (Suppl. Fig. 1).

In order, to assess the role of this motif in TMPK3 binding and its
subsequent putative regulatory role on TMKP1 activity, we have gen-
erated recombinant C-terminal-truncated versions with deletions at the
C-terminal region including (His- NoKIDTMKP1) or not (His-
KIDTMKP1) the D-motif. These truncated forms together with full-
length (His-TMKP1) and dead phosphatase mutant His-TMKP1¢214¢
(Zaidi et al., 2012) were produced, purified and used in GST pull down
assays using GST-TMPK3. Subsequently, the pulled down proteins were
analyzed by western blotting using anti-TMKP1 antibody (Zaidi et al.,
2010). As shown in Fig. 4b, His-TMKP1 is able to interact with GST-
TMPK3 (lane 4) but not with GST alone (lane 1) nor with beads (lane 2)

Plant Physiology and Biochemistry 135 (2019) 242-252

Fig. 1. TMKP1 is phosphorylated in vitro by plant
protein kinases. In gel kinase assays of TMKP1 were
performed on total protein extracts from wheat and
Arabidopsis. Two mg of His-TMKP1 were poly-
merized with 10% SDS-PAGE on which durum wheat
(a) and Arabidopsis (b) total protein extracts were
loaded. For wheat, 20 pg of proteins extracted from
leaves (L) and roots (R) of seedlings treated (+) or
not (—) with 200 mM NacCl for 24 h were loaded.
Fourty pg of total protein extracts of Arabidopsis
seedlings submitted (+) or not (—) to 250 mM NaCl
for 3 h were used. Involvement of AtMPK3 and
AtMPK6 in the phosphorylation of TMKP1 (1c).
AtMPK3 and AtMPK6 proteins were first im-
munoprecipitated using specific commercial anti-
bodies from Arabidopsis total protein extracts. The
immunoprecipates were then used in-gel-kinase as-
says as indicated in la.

Anti AtMPK6

4

48 kDa

indicating that TMKP1-TMPK3 interaction is specific. Moreover, the
His-TMKP1°*'¢ dead phosphatase form is able to interact with TMPK3
(lane 5) suggesting that the catalytic cystein is not required for this
interaction. TMPK3 binds also to His-KIDTMKP1 (lane 6) but not to His-
NoKIDTMKP1 truncated forms (lane 7). These results indicate that the
D-motif might be required for the TMKP1-TMPK3 interaction.

Next, as TMPK3 was shown to enhance TMKP1 catalytic activity, we
naturally investigated the impact of D-motif removal on this stimula-
tory effect. Therefore new series of phosphatase assays on either His-
KIDTMKP1 or His-NoKIDTMKP1 incubated together with GST-TMPK3
and using OMFP as a substrate were performed. Without TMPKS3 in the
medium, the phosphatase activities of His-NoKIDTMKP1 and His-
KIDTMKP1 had 4-fold higher levels than the full-length protein in
presence or in absence of divalent cations Mn?>* and Mg?* (Fig. 5a) as
previously shown for another truncated form His-ACTMKP1 (Ghorbel
et al., 2015) which harbors only the first 380 amino acids. This finding
suggests once more that TMKP1 C-terminal part exerts a constitutive
and still unknown inhibitory effect on its enzymatic activity. When
mixed with TMPK3, the catalytic activity of His-KIDTMKP1 increased
more than 3 times while those of His-ACTMKP1 or His-NoKIDTMKP1
remained unchanged (Fig. 5b), providing further evidence that the
stimulatory effect of TMPK3 on TMKP1 activity might be exerted
through its binding to the conserved D-motif.

3.4. TMKP1 harbors at its N-terminal region a conserved ion binding motifs
required for its activations by Mn®* and Mg?*

The observed stimulatory effects of Mn®* and Mg®*on TMKP1 ac-
tivity suggest that wheat phosphatase may harbor cation binding
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Fig. 2. The phosphatase activity of TMKP1 is stimulated by TMPK3. (a) The hydrolysis of the OMFP was assayed for 30min in the presence of 1 pg of recombinant
His-TMKP1, or dpHis-TMKP1 (diamonds and closed squares as indicated), used alone or mixed with GST-TMPK3 (triangles and stars as indicated), TMKP1 and

+

TMPK3 were mixed using a molar ratio of 1:4. All data are mean values

S.E of absorbance (. = 477 nm) from four independent assays. (b) Effect of TMPK3/ Ca%™

on His-TMKP1 phosphatase activity. TMKP1 activity was measured using a TMKP1/TMPK3 molar ratio of 1:4 either without or with increasing concentrations of
Ca%* (0-3mM) and EGTA (5 mM) as indicated. All data are mean values *+ S.E of initial rate VO (10> umol of OMF/min) from three independent assays. (***)
indicates values significantly different from the control. (basal phosphatase activity of TMKP1). Statistical significance was assessed using the student t-test at

p < 0.01.

motifs. Alignment with well known Mn?* or Mg®* binding proteins
(http://www.uniprot.org) revealed the presence of putative Mg?* and
Mn?* binding sites on the N-terminal region of TMKP1 sequence (po-
sition 71-79 for Mg®* and 132-141 for Mn?", Suppl. Fig. 2). The same
motifs were also found within the N-terminal regions of other plant
MKPs including Hordeum vulgare (HVMKP1), Zea mays (ZmMKP1),
Oryza sativa (OsMKP1), Brachypodium distachyon (BAMKP1) Arabidopsis
thaliana (AtMKP1), Nicotiana tabacum (NtMKP1), Glycine max
(GmMKP1) and Gossypium arboretum (GaMKP1) (Suppl. Fig. 2b and c).
The presence of these well conserved motifs suggests that the activity of
TMKP1 and other plant MKPs could be modulated by common reg-
ulatory mechanisms involving divalent cations. To reinforce our hy-
pothesis, we carried out additional phosphatase assays on a N-terminal
truncated form of TMKP1 lacking the first 135 amino acids (GST-
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ANTMKP1) that was previously characterized (Zaidi et al., 2010). This
deletion leads to the removal of the putative Mg?* and Mn?* binding
motifs. Our results showed that in the absence of any cation, GST-
ANTMKP1 exhibited a weaker activity (~15% decrease) compared to
the full length protein, as previously reported (Zaidi et al., 2010).
However, the stimulatory effects of Mg>* or Mn?" on the truncated
form were either abolished or significantly attenuated respectively,
demonstrating the importance of these cation-binding sites at the N-
terminal region of TMKP1 (Fig. 6).

The addition of TMPKS3 resulted in higher phosphatase activities of
GST-ANTMKP1 but the fold increase is lower compared to that observed
on GST-TMKP1 (1.75 vs 3.6 fold at maximum). Moreover, the induction
of GST-ANTMKP1 activity by TMPK3 remained almost identical in
presence or absence of Mn*>* or Mg®* confirming that Mn®* and Mg?*
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of initial rates VO (10~ pmol of OMF/min) #+ S.E from three independent experiments. (

by the student t-test at p < 0.01.

binding sites were abolished in this truncated form. Altogether, these
data raise again the relevance of divalent cations Mg>* and especially
Mn?* in stimulating TMKP1 activity and indicate that the optimal ac-
tivation of TMKP1 by TMPK3 requires the binding of these metallic
cations to conserved motifs at its N-terminal end.

) indicates statistical significance compared to the control, as assessed

3.5. Phosphatase activity of TMKP1 is differentially regulated by TMPK3
and TdCaM1.1/Ca®* complex

We have previously demonstrated that TMKP1 phosphatase activity
is inhibited by the Arabidopsis calmodulin (AtCaM1) in a calcium-de-
pendent manner (Ghorbel et al., 2015). This inhibitory effect was also
observed here with a durum wheat TdCaM1.1 (GenBank: KJ500005.1)
that shares 98% of identity with AtCaM1. Like Arabidopsis ortholog, a
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Fig. 4. TMKP1 interacts with TMPK3 via its C terminal part. (a) Schematic presentation of the different TMKP1 isoforms used in binding assays, full length TMKP1
(1-752; up) KIDTMKP1 (1-618aa; middle) and NoKIDTMKP1 (1-565aa; below). The conserved domains of TMKP1 including the catalytic dual specificity phos-
phatase (DSP), gelsolin, calmodulin-binding domains I and II (CaMBDI, CaMBDII), the serine-rich region, the Kinase interacting domain (KID) 14-3-3-binding motif
are presented by boxes with distinct patterns. (b) GST pull-down assays for the TMKP1/TMPK3 interaction. Pulled down proteins were loaded on 10% SDS-PAGE, and
analyzed by immunoblotting with anti-TMKP1 antibody. Eluates from GST grafted beads incubated with purified His-TMKP1 (lane 1); from ungrafted beads in-
cubated with purified His-TMKP1 (lane 2); GST-TMPK3-bound sepharose beads alone (lane 3); GST-TMPK3 bound sepharose beads incubated with His-TMKP1 (lane
4), His-TMKP1<?'*C (lane 5), His-KIDTMKP1 (lane 6), or His-NoKIDTMKP1 (lane 7). Positions of molecular weight markers are indicated on the right side of the

panel. Experiments were repeated three times with identical results.

recombinant form (His-TdCaM1.1) alone had no effect but mixed with
Ca®", it decreased the phosphatase activity of TMKP1. This inhibition
was also shown to be TdCaM1.1 dose-dependent. Indeed by increasing
the TMKP1/TdCaM1.1 M ratios from 1:2 to 1:6 the phosphatase activity
decreased from 1 to ~5 times (Suppl. Fig. 3a). Moreover, the addition
of EGTA, restored the activity of TMKP1 in presence of TdCaM1.1/Ca>*
whereas EGTA alone did not alter TMKP1 activity (Suppl. Fig. 3a), in-
dicating that Ca®* is necessary for the calmodulin inhibition of TMKP1
as previously shown for AtCaM1 (Ghorbel et al., 2015). Moreover, the
inhibition of TMKP1 activity in presence of TdCaM1.1/Ca** complex
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was suppressed as with AtCaM1, when Mn?*was added to the reaction
mixture (Suppl. Fig. 3b). Together these results outline that TMKP1 is
under the control of a conserved CaM1 mediated mechanism.

Finally, we investigated the effect of combining CaM/Ca** com-
plexes and TMPK3 on the phosphatase activities of TMKP1. Our results
showed that TMKP1 catalytic activity in the presence of TMKP1/
TMPK3 molar ratio of 1:4, and increasing amounts of CaM/Ca®*
complex (with molar TMKP1/TdCaM1.1 ratios ranging from 1:1 to 1:8),
was inhibited (Fig. 7a) and this inhibition was more pronounced with
increasing Ca?* concentrations in the reaction buffer (Fig. 7b).
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phosphatase activity of TMKP1 or its deletion derivatives with molar ratios of 1:4. Values are means of initial rates (10 > umol of OMF/min) + S.E from four
independent experiments. (***) indicates statistical significance compared to the control, as assessed by the student t-test at p < 0.01.

However, the addition of Mn?* to the mixture including TMKP3/
TdCaM1.1/Ca®", resulted in the stimulation of TMKP1 phosphatase
activity. In fact, the VO of the reaction raised from 9.7 to 13.8 umol/min
in presence of Mn** (Fig. 7 c) reinforcing the relevance of Mn®* ions in
TMKP1 activity stimulation.
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4. Discussion

Several studies describing how the binding of plant MKPs to various
factors (Calmodulin, MAPKs, 14-3-3 proteins) resulted in a pronounced
modulation of their activities, were reported (Katou et al., 2005; Yoo
et al., 2004; Zaidi et al., 2010; Park et al., 2011; Ghorbel et al., 2015,
2017). In particular, the role of MPK substrates in increasing the MKP
catalytic activities was documented in plants (Katou et al., 2005; Park
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et al., 2011). Recently, a question regarding phosphorylation of MKPs
by their MPK substrates and how this post-translational modification
can contribute to MAPK signaling specificity and physiological re-
sponses starts to emerge. In Arabidopsis, AtMKP1 was shown to be
phosphorylated by its substrate, AtMPK®6, in vitro and in planta (Park
et al., 2011; Gonzelez-Beistero and Ulm, 2013), which resulted in en-
hanced phosphatase activity of AtMKP1 (Park et al., 2011). This
phosphorylation occurs at four sites (Thr64, Thr109, Ser558, and
Ser572) that are also conserved in several MKPs proteins in plants
(Gonzalez-Beistero and Ulm, 2013). Most interestingly, the phosphor-
ylation of AtMKP1 was shown to be required for its stabilization and
accumulation under either UV stress or during PAMP (Pathogen-Asso-
ciated Molecular Patterns) responses and bacterial resistance (Anderson
et al., 2014; Gonzalez-Beistero and Ulm, 2013; Jiang et al., 2017).
Here, we provide through in gel kinase assays, evidence for a pos-
sible phosphorylation of TMKP1 under standard and salt stress condi-
tions by similar wheat and Arabidopsis MAPKs including most likely
MPK3 and MPK6 (Fig. 1). Bio-informatic analysis revealed the presence
of 9 putative phosphorylation sites in TMKP1 sequence (T43; T84,
S274; S288; S481; S486; S508; S536; S556) that have a proline amino
acid at position —1; those amino acids are able to be phosphorylated by
MPK3 as revealed by scansite3 server (http://scansite3.mit.edu). We
showed here that TMPK3 stimulates the phosphatase activity of TMKP1
(Fig. 2a). Similarly, AtMKP2 was shown to be catalytically activated by
AtMPK3 and AtMPK6 (Lee and Ellis, 2007). However, this MPK-medi-
ated activation of plant MKPs cannot be considered as a general rule
since in tobacco the binding of SIPK, homolog of AtMPK3, has no effect
on NtMKP1 phosphatase activity (Katou et al., 2005). In our assays, we
did not have an experimental evidence for TMKP1 activation by TMPK3
via its phoshorylation. Nevertheless, we have noticed that this activa-
tion occurs independently on its phosphorylation status (Fig. 2a). The
stimulatory effect of TMPK3 observed on TMKP1 could be due simply to
its binding which may result in a conformational change conferring
hence higher catalytic activity. To test our hypothesis, we checked
whether the binding of TMPK3 to TMKP1 is a prerequisite to its acti-
vation. The conserved D-motif at the C-terminal part of TMKP1 motif
(566-575; Suppl. Fig.1a) is the most likely binding site for TMPK3.
Indeed, we demonstrated by GST pull down assays performed on

different truncated forms of TMKP1 that the D-motif might be required
for TMKP1/TMPK3 interaction as was previously reported for AtMKP1
(Gonzalez-Beistero and Ulm, 2013, Fig. 4). Consequently, the deletion
of the D-motif results in the abolition of the stimulatory effect of TMPK3
on TMKP1 activity. Therefore, it seems that TMPK3 activates TMKP1
perhaps through its direct binding to the D-motif at the C-terminal re-
gion.

The effect of TMPK3 was also investigated in the presence of diva-
lent cations and/or CaM/Ca>* that were previously shown to regulate
the phosphatase activity of TMKP1 (Ghorbel et al., 2015). We showed
here for the first time that the phosphatase activity of a plant MKP
could be modulated by MAPKs and cations (Fig. 2 b, c¢; Fig. 3). Re-
markably, our assays revealed that MKP1 can be inhibited by TMPK3 in
presence of Ca®* but stimulated by Mn®>* and with a lower extend
Mg?" cations (Fig. 3). Moreover, the positive effects of Mn** and Mg>™*
cations were suppressed on a truncated form of TMKP1 where the first
135 aa were deleted (Fig. 6). This finding fits with the bio-informatic
analyses that show the presence of Mg2+ (71-79) and Mn?* (132-141)
binding motifs in the N-terminal part of TMKP1 (Suppl. Fig. 2). Mn?"*
and Mg>* binding sites have almost the same sequence composition by
sharing the same predominant motif of secondary structure. Moreover,
both metal cations are frequently bound to Asp and Glu residues in
“beta strand — random coil — beta strand” and “beta strand — random
coil — alpha helix” structural motifs (Khrustalev et al., 2016). In asso-
ciation with Asp and Glu residues, His residues are considered as major
binder of Mn?™ cations (Khrustalev et al., 2016).

On additional phosphatase assays, we found that the concomitant
presence of TMPK3 and CaM/Ca?" resulted in an inhibition of TMKP1
activity. Most interestingly, this inhibitory effect was suppressed by
adding the Mn?* cation to this mixture, indicating again the relevance
of this cation in stimulating TMKP1 activity. From our data, it can be
concluded that TMPK3 and CaM/Ca®* complex exert differential reg-
ulatory effects on TMKP1 activity, depending on presence or absence of
Mn?* cations. How can Mn®* mediate the activation of the TMKP1
activity in the presence of CaM/Ca®* and/or TMPK3 remains an open
question. It is plausible that Mn>* cations might modify the TMKP1
conformation to promote or facilitate CaM and/or MPKs binding in a
way that leads ultimately to the activation of the phosphatase activity.
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5. Conclusion

In conclusion, the data obtained in this study regarding TMKP1
provide evidence for complex regulatory mechanisms exerted on
TMKP1 where TMPK3 and CaM/Ca®" act in a differential manner de-
pending on the presence of specific cations. Most importantly, our re-
sults strongly suggest that Mn®* acts as a key cofactor in these reg-
ulatory mechanisms. Future work is needed to i) check whether a
Mn?*-mediated regulatory mechanism (involving also other partners
such as MPK and CaM/Ca?™) exists for other plant MKPs and ii) in-
vestigate its physiological significance especially during plant stress
responses.
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