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Abstract

Processing bodies (PBs) and stress granules (SGs) are membrane-less cellular compartments
consisting of ribonucleoprotein complexes. Whereas PBs are more ubiquitous, SGs are
assembled mainly in response to stress. PBs and SGs are known to physically interact and
molecules exchange between the two have been documented in mammals. However, the
molecular mechanisms underpinning these processes are virtually unknown in plants. We have
reported recently that tandem CCCH zinc finger 1 (TZF1) protein can recruit MAPK signaling
components to SGs. Here we have found that TZF1-MPK3/6-MKK4/5 form a protein-protein
interacting network in SGs. The mRNA decapping factor 1 (DCP1) is a core component of PBs.
MAPK signaling mediated phosphorylation triggers a rapid reduction of DCP1 partition into
PBs, concomitantly associated with an increase of DCP1 assembly into SGs. Furthermore, we
have found that plant SG marker protein UBP1b (oligouridylate binding protein 1b) plays a role
in maintaining DCP1 in PBs by suppressing the accumulation of MAPK signaling components.
Together, we propose that MAPK signaling and UBP1b mediate the dynamics of PBs and SGs in
plant cells.
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Introduction

Processing bodies (PBs) and stress granules (SGs) are two types of cytoplasmic biomolecular
condensates that dynamically assembled in response to environmental stresses. Dysregulation of
PBs and SGs has been implicated in various human diseases such as neuro- and muscular-
degenerative diseases, neuro-developmental diseases, and cancers (Riggs et al, 2020; Ripin &
Parker, 2023). Although previous studies have suggested that PBs and SGs perform distinct
functions, as each contains a unique set of proteins, multiple observations indicate that SGs
interact with PBs and likely exchange messenger ribonucleoproteins (mRNPs) between each
other (Buchan & Parker, 2009). Under specific stress conditions, PBs often dock with SGs, and
the overexpression of certain proteins that localize to both structures can lead to the fusion of
PBs and SGs (Stoecklin & Kedersha, 2013). For example, the overexpression of tristetraprolin
(TTP) or butyrate response factor-1 (BRF-1), two RNA-binding proteins that target ARE-
containing mRNAs to PBs for degradation (Franks & Lykke-Andersen, 2007) or cytoplasmic
polyadenylation element binding protein (CPEB1), another dual SG/PB protein (Wilczynska et
al, 2005), lead to the tight clustering of PBs around and within SGs (Kedersha et al/, 2005;
Wilczynska et al., 2005). Overexpression of ubiquitin-associated protein 2-like (UBAP2L), and
the interaction between UBAP2L and SG and PB nucleating protein such as G3BP (stress
granule assembly factor) and DDX6 (DEAD-box RNA helicase), respectively, induces hybrid
granules containing SG and PB components in the cells (Riggs et al, 2024). Furthermore, PBs
can play a role in promoting SG assembly by providing untranslated mRNAs, shared proteins,
and translational repressors that are necessary for nucleating SGs during cellular stress
conditions (Buchan et al, 2008). On the other hand, SGs could still form in the absence of PBs.
DDX6 (Rck/p54) is an evolutionarily conserved member of the DEAD-box RNA helicase family
involved in the inhibition of translation and storage and the degradation of cellular mRNAs in
PBs. When DDX6 expression is reduced, PB formation is strongly impaired, whereas DDX6
knockdown causes the PB-specific protein DCP1 to relocate to SGs (Serman et al, 2007),
suggesting that some proteins involved in PB assembly may switch roles and contribute to co-
aggregate with SG proteins under specific stress conditions.

In plants, RNA-binding protein 47b (Rbp47b) and Tudor Staphylococcal Nuclease (TSN2) are
considered as core components of plant SGs (Maruri-Lopez et al, 2021). Rbp47b and TSN2
interactome analysis in Arabidopsis revealed the presence of mitogen-activated protein kinase
(MAPK) signaling components MPK3, MKK4, and MKKS5 (Solis-Miranda et al, 2023),
suggesting that MAPK signaling could mediate SG dynamics, perhaps by phosphorylating key
SG components. MAPK cascades (including MPK3 and MPK6 and their upstream regulators
MKK4 and MKKY) play a crucial role in plant lifecycle, where they regulate a wide range of

physiological processes, including growth and development as well as in responses to
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76  environmental cues such as cold, heat, drought, and especially pathogen attack (Zhang & Zhang,
77  2022). Some other kinases can also be recruited to SGs and PBs (Lopez-Palacios & Andersen,
78  2023; Shah et al, 2014). The SG component Ras-GAP SH3-binding protein (G3BP1) recruits
79  casein kinase 2 (CK2) to SGs and phosphorylation of G3BP1 by CK2 promotes dissociation of
80  G3BP from SGs and triggers SG disassembly (Reineke et al, 2017). The yeast kinase Skyl is
81 recruited to heat-induced SGs, where it can phosphorylate substrates Npl3 (a nucleocytoplasmic
82  mRNA shuttling protein) to promote SG dissolution (Shattuck et al/, 2019). SGs also play a role
83  in sequestering signaling molecules as a protective mechanism. For example, high-heat stress
84  stimulates MAPK activation, which causes fission yeast protein kinase C (Pck2) translocation
85 from the plasma membrane into SGs to suppresses MAPK hyperactivation and cell death
86  (Sugiura, 2021).
87
88 In plants, the molecular mechanisms underpinning the interaction and equilibrium between
89 PBs and SGs are unclear. Here we present multiple lines of evidence to propose that MAPK
90 signaling pathway is involved in triggering a major PB component DCP1 to relocate to SGs. We
91 previously showed that tandem CCCH zinc finger 1 (TZF1) recruits MAPK signaling
92  components to SGs (He et al, 2024). Using a high throughput and high-fidelity Arabidopsis
93  protoplast transient expression system (He et al, 2024), we have found that MPK3, MPKG®6,
94 MKK4, and MKKS5 form homo- and hetero-dimers with each other in SGs. DCPI is
95  phosphorylated by MPK3 and MPK6 and the kinase activity of MKKS is required for DCP1 to
96 localize to SGs. In support of this notion, the phospho-dead form of DCP1*™* is mainly
97 localized in PBs and phosphor-mimetic form of DCP1°*'® is mainly localized in SGs.
98 Oligouridylate binding protein 1b (UBP1b) is an RNA-binding protein and it has been used
99 widely as an SG marker. Surprisingly, MAPK signaling-mediated reduction of DCPI

100 sequestration to PBs is antagonized by the SG marker UBP1b, as UBPIlb suppresses the

101  accumulation of MPK3/6 and MKK4/5. Consistent with this idea, the abundance of DCP1 PBs is

102  enhanced by the co-expression of UBP1b, as well as an additional mechanism independent of

103  DCP1’s phosphorylation status. Together, our results indicate that MAPK phosphorylation could

104  serve as a switch for DCP1 sequestration from PBs to SGs. This pathway is counteracted by an

105  SG marker UBP1b that could diminish the level of MAPK signaling components.

106

107  Results

108

109 TZF1-MPK3/6-MKK4/5 interacting network

110 We have shown previously that TZF1 could interact with MPK3/6 and MKK4/5 in stress

111  granules (He et al., 2024). Here we have found that MPK3 and MPK6 could interact with itself

112 and each other in bimolecular fluorescence complementation (BiFC) analysis. MKK4 and
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113  MKKS could also interact with itself and each other (Fig. 1A). Furthermore, MPK3 or MPK6
114  could also interact with MKK4 or MKKS5 in BiFC analysis (Fig. 1B). Remarkably, all the
115  interacting BiFC signals were co-localized with SG localized TZF1 in cytoplasmic granules,
116  suggesting that MPK3/6 and MKK4/5 interact in SGs. Interestingly, when the BiFC analysis was
117  conducted in the presence of nuclear marker NLS-RFP, the interaction between MPK3 or MPK6
118  with MKKS5 was mainly in the nucleus (Fig. 2D), as opposed to in the cytoplasmic granules
119  when co-expressed with TZF1 (Fig. 1A-B). However, BiFC signals of MKK4 and MKKS5 self-
120  and cross-interactions remained distinctively in cytoplasmic granules (Fig. 2D). These results
121  suggest that TZF1 recruits MPK3/6-MKK4/5 interactions to SGs. In fact, the BiFC signals of
122 MPK3/6 and MKKS cross-interactions were mostly localized in the nucleus when co-expressed
123 with NLS-RFP (Fig. 2D) and TZF1 co-expression could similarly recruit these interactions to
124 SGs (Fig. 1B).

125

126 To determine if MPK3/6 and MKK4/5 self- and cross-interactions were taken place in PBs or
127  SGs, the respective marker was co-expressed in the BiFC analyses. Results indicated that most of
128  these interactions were not colocalized with a major PB component DCP1 (Fig. 2A), whereas
129  almost completely co-localized with SG marker UBP1b (Fig. 2B). Note that BiFC signals of
130 MPK3-MKKS were occasionally overlapped with DCP1-mCherry signals (indicated by an arrow
131  in Fig. 2A). Furthermore, UBP1b could be localized to both SGs and the nucleus hence some of
132 these interactions such as MPK3 self-interaction and MPK3-MPK6 cross-interaction were co-
133 localized with UBP1b in the nucleus (Fig. 2B). Intriguingly, the above-mentioned interactions
134  appeared to be suppressed by the co-expression of UBP1b in some cells, as evidenced by very
135  weak or missing BiFC signals and strong UBP1b-mcherry signals in SGs (Fig. 2C). This raised a
136  possibility that MPK3-MPK3 and MPK3-MPKG6 interactions were more stable in the nucleus
137  than in SGs (with co-expressed UBP1b). For MKK4 and MKKS, the BiFC signals of both self-
138  and cross-interactions were predominately localized in cytoplasmic granules and only partially
139  (indicated by arrows) co-localized with DCP1, but almost completely co-localized with SG
140  marker UBP1b (Fig. 3).

141

142 To validate protein-protein interactions identified in BiFC analyses, co-immunoprecipitation
143  (Co-IP) assays were conducted. Pair-wise protein components with various tags were co-
144  expressed in an Arabidopsis protoplasts transient expression system and immunoprecipitation
145  was carried out using GFP-antibody. Results indicated that MKK4 and MKKS5 (Fig. 1C) as well
146  as MPK3 and MPK6 (Fig. 1D) could self- and cross-interact. MKK4 or MKKS5 could cross-
147  interact with MPK3 or MPK6 as well (Fig. 1E). No Co-IP signals were found when each of the
148  MKK or MPK constructs was co-expressed with the empty construct with free GFP (Fig. 1F),
149  indicating the specificity of the Co-IP results. Based on the results of BiFC (Fig. 1A-B and 2-3),
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150  Co-IP (Fig. 1C-F), and previous report (He et al., 2024), we proposed a model in which TZF1,
151  MPK3/6, and MKK4/5 formed an interactome in SGs (Fig. EV1).

152
153  DCPI1 granule assembly affected by MPK3/6 and MKK4/5
154 In the course of conducting BiFC analyses, it was noted that the signal levels of PB

155  component DCP1-mCherry varied, depending on specific co-expressed pair of BiFC constructs.
156  For example, the DCPI1 granule number was abundant when co-expressed with MKK4-
157 nYFP+MKK4-cYFP, but much lower when co-expressed with MKK4-nYFP+MKKS5-cYFP,
158 MKK5-nYFP+MKK4-cYFP, and MKKS5-nYFP+MKKS5-cYFP, respectively (Fig. EV2).
159  Likewise, DCP1 granule number was abundant when co-expressed with MPK3-nYFP+MPK3-
160  cYFP, but low when co expressed with MPK3-nYFP+MKK4-cYFP, MPK3-nYFP+MKKS5-cYFP,
161  and MPK3-nYFP+MPK6-cYFP, respectively (Fig. EV3). It was also noted that both the number
162  and the size of DCP1 granules were varied among samples. To verify if differential signal levels
163  of DCPI granules were due to individual proteins, additional co-expression analyses were
164  conducted. The number of DCP1 granules was moderately suppressed by co-expression of
165 MPKG6 but severely suppressed by MKKS5, as compared to MPK3 and MKK4, respectively. The
166  size of DCP1 granules appeared to be suppressed by MKK4/5, but not MPK3/6 (Fig. 4A-B).
167  Given MPK6 appeared to have a stronger effect than MPK3, additional family members of
168 MPKs were tested using available BiFC constructs. Results showed that the BiFC constructs
169 were as effective as the GFP-fusion constructs, because MPK6-cYFP could suppress DCP1
170  granule accumulation, as compared to MPK6-GFP. In additional to MPK6, MPK1, 4, and 11 had
171  similar effects in suppressing DCP1 granule accumulation (Fig. EV4).

172

173 From the cellular images in Fig. EV4, it appeared that the protein expression levels of MPKs,
174 MKKs and DCP1 varied in different samples. As protein level might affect biomolecular
175 condensate assembly (Liu et al, 2023), immunoblot analyses were conducted. To further
176  delineate the effects of MPKs/MKKs on DCP1 accumulation, two dozes of plasmid DNA (20
177  and 40 pg) were used in the protoplast transient expression analysis. Consistent with cellular
178 images in Fig. EV4, the levels of protein expression displayed large differences ranging from
179  weak to strong in the order of MPK3, MPK6, MKK4, and MKKS5. By contrast, DCP1 level
180  varied just slightly between samples co-expressed with MPK3/6 and MKK4/5, with only
181 negligible differences between the two samples transformed with different doses of plasmid
182 DNA (Fig. 4C). Similar analysis was carried out for various MPK-cYFP and DCP1-mCherry
183  samples as shown in Fig. EV5. Results showed whereas the levels of MPKs varied, with
184  MPKI11-cYFP at the lowest abundance, the level of DCP1-mCherry remained at similar levels
185 across different samples. Of note, MPK3-cYFP and MPK6-cYFP appeared to be much more
186  stable than their counterparts fused with GFP. However, the co-expressed DCP1-mCherry was


https://doi.org/10.1101/2024.10.31.621288
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.10.31.621288; this version posted November 2, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

187  accumulated at a remarkably consistent level across all samples. Together, these results suggest
188  that post-translational regulation plays a major role on DCP1 granule dynamics, although DCP1
189  protein accumulation might also play a secondary role.

190

191  Phosphorylation activity of MKKS modulates the partition of DCP1 between PBs and SGs
192 We have shown previously that plant SG assembly is affected by the phosphorylation status of
193  the core proteins (He ef al., 2024). Co-expression analysis was then conducted to determine if the
194  phosphorylation status of MKKS could affect these processes. Results showed that co-expression
195  of MKK5"" reduced the number of DCP1 granules to about 50%, whereas the MKK5"® (a
196  constitutively active form of MKK5T215D/5221D (Ren et al, 2002; Zhao et al, 2017) exerted even
197  stronger suppression, in contrast to the MKK5*® (loss-of function mutation of the conserved K
198  to R change in the kinase ATP-binding loop of MKK5**’®) (Ren et al., 2002) that enhanced the
199  accumulation of DCPI1 granules (Fig. SA-B). Noticeably, the decrease of DCP1 granules was
200 associated with an increased number of cells containing a dominant large DCP1 granule. We
201  have shown previously that flg22-induced MAPK signaling cascade could trigger DCP1
202 phosphorylation and rapid disassembly of DCP1 granules, whereas the phospho-dead DCP 1574
203  was resistant to the effect of flg22 (Yu et al, 2019). Here, by expressing DCP1 phosphorylation
204  mutant constructs alone, it was found that the accumulation of granules from DCP1%*7* was far

132" (phospho-mimetic) was far less than that from DCP1"" (Fig.

205  greater, whereas from DCP
206  5). When the individual DCP1 constructs were co-expressed with phosphorylation mutants of
207 MKKS5, the DCP15%7* granules remained highly abundant across each combination (Fig. 5C-D),
208  whereas the accumulation of DCP15%’P granules was low and dominated by the single large
209  granule pattern across each combination of DCP1+MKKS5 (Fig. SE-F). These results suggest that
210 MKKS acts upstream of DCP1 and phosphorylation status of DCP1 is a determinant for the
211  accumulation/assembly and form/size of DCP1 granules.

212

213 To determine if MKKS-mediated DCP1 granule dynamics was related to protein
214  accumulation, immunoblot analysis was conducted. Interestingly, compared to the MKK5"",
215 MKKS5PP was accumulated at a higher level, whereas MKK5"" was accumulated at a lower
216  level, across various samples. By contrast, the accumulation of DCP1VT, DCP1%% 7A, and
217  DCP1°%P showed a remarkably consistent level across various samples (Fig. 6). These results
218 indicate that DCP1 granule dynamics is likely orchestrated by post-translational regulation but
219  not protein accumulation. As DCP2 granule dynamics was similarly regulated by MKKS5 kinase
220  activity, same assay was also conducted. Similar results were obtained as those from DCPI
221  (Figure 6, right panel).

222

223  Phosphorylation triggers the sequestration of DCP1 from PBs to SGs
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224 As a striking high number of cells contained seemingly coalesced large DCP15*’° granules in
225  Fig. 5E, we sought to determine the identity of the large DCP1 granules. As shown in Fig. 5,
226  albeit differing in number, both large and small granules were present in all three types of DCP1,
227  independent of its phosphorylation status. We first examined the relationship between small
228  granules and various cellular markers by selecting the cells with desirable patterns. Results
229  showed that small granules of all 3 types of DCP1 were independent of nuclear marker NLS-
230  RFP. The small granules of DCP1™" and DCP13%"* were not co-localized with the SG marker
231  UBPIb, supporting their identity as PBs. By contrast, the DCP15*"" granules were generally
232 larger and they completely co-localized with UBP1b, suggesting that phosphorylation of DCP1
233 s atrigger to sequester DCP1 from PBs to SGs (Fig. 7A).

234

235 Paradoxically, the large ‘nucleus-like’ DCP1™" granules were not co-localized with the
236  nuclear marker NLS-RFP, but instead partially or completely co-localized with the SG marker
237  UBPIb. Similar scenarios were found for the large DCP1%*"* or DCP1%*"" granules (Fig. 7B).
238  These results suggest that phosphorylated DCP1 is mainly sequestered to SGs, but the
239  phosphorylation is not the only prerequisite for SG localization, as fewer cells with large

240  granules were also found in DCP13%"4

samples and they could also co-localize with UBP1b. We
241  speculate that there might be redundant post-translational modification events that could trigger
242  the sequestration of DCP1°*™ to SGs. Together, these results suggest that protein
243 phosphorylation and additional post-translational modification mechanisms likely play a role in
244 the sequestration of DCP1 between PBs and SGs.

245

246  UBP1b suppresses MAPK signaling to maintain DCP1 in PBs

247 In contrast to the relationship between DCP1 and MPK3/6 and MKK4/5, the co-expressed
2483  UBPI1b appeared to affect the BiFC signals generated from various interactions within and
249  between MPK3/6 and MKK4/5. For example, the BiFC signals from MKK4-nYFP+MKK4-
250 cYFP and MKK5-nYFP+MKK4-cYFP were dampened by the co-expression of UBP1b-mCherry
251 (Fig. EV6). In addition, the BiFC signals from MPK3-nYFP+MPK3-cYFP and MPK3-
252  nYFP+MPK6-cYFP were also reduced by the co-expression of UBP1b-mCherry (Fig. EV7).
253  These results were intriguing because while it seemed to be clear that BiFC signals of MKKS5
254  self-interaction was unaffected, the BiFC signals of MKKS5-nYFP+MKK4-cYFP were
255  suppressed (Fig. EV6). Likewise, it was unclear why the BiFC signals of MPK3 self-interaction
256 and MPK3-nYFP+MPK6-cYFP were suppressed, but not for MPK3 interaction with either
257 MKK4 or MKKS5 (Fig. EV7). To clarify if UBP1b suppressed the signals of protein-protein
258 interactions or the accumulation of individual protein itself, co-expression analyses were
259  conducted using single protein constructs. Results showed that the signals from MPK3 and
260 MKK4 were strongly, and from MPK6 was modestly dampened by the co-expression of UBP1b
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261  (Fig. 8A). Consistent with the cellular imaging results, immunoblot analysis revealed that co-
262  expression of two different doses of UBP1b resulted in a reduction of the accumulation of MPK6
263  and MKK4, with a lesser extent on MKKS5. MPK3 level was too low to be determined (Fig. 8B).
264  Given UBP1b appeared to cause a general reduction of MPKs/MKKs protein accumulation, the
265  variation of MPKs/MKKs granule intensity/dynamics could have been contributed by the protein
266  abundance, although it was not as obvious for MPK6 and MKKS5 from cellular images (Fig. 8A).

267

268 Given DCPI1 granule assembly was affected by MAPK signaling components whose
269 accumulation appeared to be controlled by UBPIlb, the relationship between DCPI1
270  phosphorylation status and UBP1b was investigated. Compared to the DCP1V", DCP1°*"* had
271  increased and DCP1°*’° had decreased number of granules (Fig. 9A). When UBP1b was co-
272 expressed, DCP1 granule abundance was enhanced and there was no significant difference
273 between the three types of DCP1 (Fig. 9B-C). Because none of the DCP1-mCherry granules
274  were co-localized with the SG marker UBP1b-GFP, the small and distinct DCP1-mCherry
275  granules were likely PBs (Fig. 9B). It is worth mentioning that DCP1%**"°-GFP granules were
276  completely co-localized with the SG marker UBP1b-mCherry (Fig. 7A). This was due to the use
277  of minimal amount of UBP1b-mCherry plasmid in that experiment and UBP1b-mCherry was
278  accumulated at a much lower level than that of UBP1b-GFP used in this experiment. As UBP1b-
279  mCherry accumulation did not reach the threshold level to trigger DCP1 sequestration to PBs,
280  the DCP1°*"°-GFP granules were still maintained in SGs (Fig. 7A). Immunoblot analysis was
281  conducted to determine if increased DCP1 granule abundance was correlated with higher level of
282  protein accumulation. Compared to the samples co-expressed with free GFP, a general reduction
283  of the accumulation of all three types of DCP1, independent of their phosphorylation status, was
284  found when co-expressed with UBP1b-GFP. More importantly, the three DCP1 proteins
285  accumulated at nearly the same level, ruling out the possibility of increased DCP1 granule
286  abundance was due to elevated protein accumulation (Fig. 9D). Together, these results suggest
287  that UBP1b suppresses MAPK signaling components that act as negative regulators of DCP1
288  granule assembly. We propose a model in which flg22 activates MAPK signaling mediated post-
289 translational modification of DCP1 that results in a decrease of DCP1 localization to PBs,
290 whereas an increase of DCP1 sequestration to SGs. UBP1b, on the other hand, acts as a negative
291  regulator of certain MPKs and MKKs, hence counteracting with the MAPK signaling effects and
292  resulting in the maintenance of DCP1 to be associated with PBs. Because UBP1b-mediated
293  increase of DCP1 sequestration to PBs appeared to override the phosphorylation status of DCP1,
294 it is likely that an additional unknown mechanism exerted by UBP1b is also operating in this
295  process. We also speculate that UBP1b, a key modulator of SG assembly, and MAPK signaling
296 play a role in the homeostasis control of PBs and SGs in response to stresses other than flg22
297  (Fig. 10), such as heat, salt, and ABA (Nguyen et al, 2016; Nguyen et al, 2017; Yan et al, 2022).
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298

299  Discussion

300 PBs and SGs have intimate relationship in composition and function in various cellular
301 processes. Although distinct core components of PB and SG have been redefined by using
302  sophisticated proximity mapping (Youn ef al, 2018), recent reports have also found an extensive
303 overlap of composition across PBs and SGs, such as poorly translated mRNAs and low
304 complexity RNA-binding proteins (Kershaw et al/, 2021). In mammals, double knockout of
305 RNA-binding protein G3BP1 and G3BP2 prevents SG assembly induced by eukaryotic initiation
306 factor 2o phosphorylation. In this double mutant background, phosphor-mimetic mutant
307  G3BPS'** failed to rescue SG assembly, highlighting the importance of the role of PTM on
308 G3BP. Caprin and USP10 bind G3BP in a mutually exclusive way, whereas G3BP-Caprin
309 complex promotes SG assembly, and G3BP-USP10 complex promotes SG disassembly
310 (Kedersha et al, 2016; Krapp et al, 2017). The plant ubiquitin-specific protease family members
311  are homologs of USP10, including UBP24, a negative regulator of ABA signaling (Zhao et al,
312 2016). It is not known if UBP24 is involved in PB-SG interaction. Confusing in nomenclature,
313  although UBPI1b is not an UBP family member, it is a key modulator of SG assembly in plants
314 (Yan et al., 2022). On the other hand, the mammalian DDX6 (Rck/p54), a major PB scaffold
315 component, plays a key role in PB-SG interaction. DDX6 limits itself and other RNPs to be
316 assembled into SGs. In the absence of DDX6, more RNPs are partitioned into SGs. Loss PB
317  scaffold proteins such as DCP1 and DDX6 also causes reduction in PB growth and enhances
318 incompletely assembled PBs docking with SGs to form hybrid granules with irregular shapes
319 (Majerciak et al, 2023; Ripin et al, 2024). SG assembly provides a means for the temporal and
320 spatial compartmentalization of signaling components critical for cell growth and defense
321 response (Kedersha et al, 2013). In fission yeast, while it is not demonstrated that MAPK
322  signaling components are sequestered to SGs, the high heat stress induced MAPK activation
323  triggers the sequestration of upstream regulator PKC into SGs thereby deactivating MAPK
324  hyperactivation induced cell death (Kanda ef al, 2021; Sugiura, 2021). While some limited
325 information is available from studies using non-plant models, the molecular mechanisms
326  mediating PB-SG dynamics in plants are virtually unknown.

327

328 MPK-MKK-TZF1 interactome in SGs

329 In this report, we have found that MAPK signaling components, including MPK3, MPK6,
330 MKK4, and MKKS, can self- and cross-interact with each other (Fig. 1-3). The cellular sites of
331 these interactions are mainly in SGs, with a slight chance in PBs due to limited co-localization
332  with a core PB component DCP1. MPK3 and MPK6 self- and cross-interactions, as well as
333  cross-interactions between MPK3/6 and MKK4/5 often take place in the nucleus where the SG
334  marker UBP1b can also be localized when co-expressed with the MAPK BiFC constructs (Fig.
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335 2). In contrast, MKK4 and MKKS self- and cross-interactions are primarily taken place in
336 cytoplasmic granules with complete co-localization with SG marker UBP1b and limited co-
337  localization with the core PB component DCP1 (Fig. 3). More importantly, all interactions are
338 co-localized with TZF1 cytoplasmic granules, including MPK3 and MPK6 self- and cross-
339 interactions (Fig. 1A-B). As we have demonstrated in an earlier report that TZF1 interacts with
340 MPK3, MPK6, MKK4, and MKKS in vivo and in vitro (He et al., 2024), we propose that TZF1
341  forms an interacting network with MAPK components in SGs (Fig. EV1).

342

343 MAPK signaling modulates DCP1 granule assembly

344 In the process of conducting BiFC analyses, it was noted that the proteins from BiFC
345  constructs had significant interactions with co-expressed PB (DCPI1) or SG (UBP1b) marker
346  protein. For example, DCP1-mCherry granules were suppressed by all combinations except
347 MKK4-nYFP+MKK4-cYFP (Fig. EV2) and MPK3-nYFP+MPK3-cYFP (Fig. EV3). Further
348  analysis indicated that DCP1-mCherry granules were differentially affected by MAPK signaling
349  components: (1) DCP1 granule size was reduced in the order of co-expression of MPK3, MPK6,
350 MKK4, and MKKS5; (2) DCP1 granule number was reduced by co-expression of MPK6 and
351 MKKS, compared to their counterparts MPK3 and MKK4, respectively (Fig. 4). Additional
352  analysis revealed that MPK1, MPK4, and MPK11 could also reduce the number of DCP1-
353  mCherry granules (Fig. EV4). This is potentially important because the two MKK4/5-MPK3/6
354 and MEKKI-MKK2-MPK4 MAPK signaling cascades play opposing roles in plant cold
355 response (Zhao et al., 2017). Our preliminary results indicated that MEKK1 could enhance
356 DCP1 granule assembly (Fig. EV8A) in a DCP1 phosphorylation-independent manner (Fig.
357 EV8B). Moving forward, it would be interesting to clarify how components in the MEKKI1-
358 MKK2-MPK4 cascade affects DCP1 granule assembly. In fact, it would be more important to
359 compare how MKK4/5-MPK3/6 and MEKKI1-MKK2-MPK4 cascades affect plant PB/SG
360 assembly in general. In an earlier stage of the research, we speculated that DCP1 granule
361 assembly might be affected by differential protein accumulation of co-expressed MAPK
362  signaling components. A series of protein gel-blot analyses revealed that although the level of
363  protein accumulation of MPKs and MKKSs was in a wide range, the co-expressed DCP1-mCherry
364  accumulated in a remarkable consistent level. These results suggest that the size and number of
365 DCPI1 granules are modulated by MAPK signaling post-translationally.

366

367 To potentiate the idea that MAPK signaling can modulate DCP1 granule assembly, the kinase
368 activity of MKKS was examined, as MKKS5 exerted a strong effect on DCP1 granule assembly.
369 Results showed that kinase activity was required for MKKS5 to reduce the number of DCP1
370  granules (Fig. 5A-B). It was also found that MKKS5 kinase activity could trigger the assembly of
371  unusually large DCP1 granules, which was validated to be SGs by co-localization with UBP1b
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372 (Fig. 7). On the basis of these findings, we hypothesized that MAPK signaling induced DCP1
373  phosphorylation could reduce the sequestration of DCP1 into PBs but enhance it into SGs. To
374  test this hypothesis directly, we used phospho-dead form of DCP13*™* and phospho-mimetic
375  form of DCP1°%’P The results indicated that neither DCP15%7* nor DCP1°*"" were affected by
376 the kinase activity of MKKS5. Furthermore, compared to the DCP1™", there was a significant
377  increase of small DCP1°%"* granules (PBs) (Fig. 5C-D) and decrease of small but increase of
378  large DCP1%*’® granules (SGs) (Fig. 5E-F). More importantly, the level of protein accumulation
379 across DCPIV' DCPI®*™ and DCP1°”™® co-expressed with MKKs of different
380 phosphorylation capacity showed a remarkable consistent level (Fig. 8), again supporting the
381 notion that the dynamics of DCPI granule assembly is orchestrated by MAPK signaling
382  mediated post-translational modification. On the other hand, we showed previously that flag22-
383  induced MPK3/6 phosphorylation of DCP1 is required for the positive effects of DCP1-DCP2
384 complex on plant microbe associated molecular patterns (MAMPs)-triggered responses and
385 immunity against pathogenic bacteria (Yu et al., 2019). Given the new findings present here, it
386  would be informative to determine if phosphorylated DCP1 localization in SGs is a pre-requisite
387  for plant immunity.

388

389 In a parallel example, we reported recently that Arabidopsis TZF1 recruits MPK3 and MPK6
390 to SGs and TZFl is phosphorylated by MPK3/6. Interestingly, TZF1 is differentially
391 phosphorylated and de-phosphorylated on various residues by flg22-activated MAPK signaling
392  cascade. Mutations of different TZF1 phosphorylation sites could either enhance or reduce TZF1
393  granules. Remarkably, some of the phosphorylation mutations could similarly trigger the
394  assembly of unusually large TZF1 granules (He et al., 2024). As TZF1 is mainly localized in SGs
395 and only partially co-localizes with PB components such as DCP1 and DCP2 (Pomeranz et al,
396 2010). As in the case of DDX6 (Rck/p54) in mammals (Ripin et al., 2024), it would be
397 interesting in the future to further delineate how reversible phosphorylation of different residues
398 plays the same or opposing role in shuttling TZF1 between PBs and SGs or simply enhance or
399  reduce the size of TZF1 SGs.

400
401  UBP1b counteracts MAPK signaling to maintain DCP1 in PBs
402 In contrast to the negative effects of MAPK signaling on DCP1 sequestration into PBs, here

403  we have found that the SG marker UBP1b appeared to play a positive role in maintaining DCP1
404  in PBs (Fig. 9). UBP1b is an RNA-binding protein and a plant SG marker. UBP1b is a homolog
405  of mammalian TTA-1 and TIAR that can promote the sequestration of untranslated mRNAs into
406  SGs (Kedersha et al, 1999). The UBP1b SGs are induced by heat in the UBP1b overexpression
407 (OX) plants that are heat stress tolerant (Nguyen et al., 2016). It was proposed that UBP1b

408  sequesters mRNAs encoding Dnal heat shock protein and other stress-related proteins into SGs
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409 to achieve heat-tolerance. UBP1b OX plants are also ABA hypersensitive. Curiously, MPK3,
410 MKKH4, and MKK9 were up-regulated, but their half-lives were unaltered in UBP1b OX plants,
411  indicating that these mRNAs were not the direct targets of UBP1b (Nguyen et al., 2017). The
412  subcellular localization of MAPK signaling components and their relationship with UBP1b
413  remains unclear. In this report, we have observed that some combination of MPK3/6 and
414  MKK4/5 expressed via BiFC constructs appeared to be suppressed by the co-expression of
415 UBPIb (Fig. EV6-7). Further analysis validated that UBP1b could reduce protein accumulation
416 of MPK3/6 and MKK4/5 (Fig. 9). Given MAPK signaling negatively regulate DCPI
417  sequestration into PBs, we hypothesized that UBP1b could revert this negative regulation by
418  suppressing MAPK signaling. Our hypothesis was supported by the results in which DCP1 was
419  highly sequestered into PBs independent of its phosphorylation status when UBP1b was co-
420  expressed (Fig. 9). Interestingly, the enhancement of DCP1 PB assembly was not due to elevated
421  DCPI protein accumulation, suggesting that the dynamics of DCP1 shuttling between PBs and
422  SGsis controlled by MAPK signaling mediated post-translational modifications (Fig. 10).

423

424 In summary, although the interaction between PBs and SGs and molecules exchange between
425  the two have been well-documented in mammals (Riggs et al., 2020), the molecular details of
426  these processes are unknown in plants. Our findings have revealed a molecular mechanism
427  mediating PB-SG dynamics in plants. We have shown recently that TZF1 with two intrinsically
428  disordered domains is able to recruit MAPK signaling components to SGs (He et al., 2024). We
429  have found that TZF1-MPK3/6-MKK4/5 forms a protein-protein interacting network. DCP1, a
430 core component of plant PBs, is phosphorylated by MPK3/6 and the phosphorylation triggers a
431  rapid reduction of DCPI partition into PBs (Yu ef al, 2019). Here we have found that this
432  reduction is concomitantly associated with the increase of DCP1 partition into SGs, hence
433  establishing a role for MAPK signaling in mediating PB-SG dynamics in plants. Furthermore,
434  we have found that plant SG marker protein UBP1b plays a role in maintaining DCP1 in PBs by
435  suppressing the accumulation of MAPK signaling components. Together, we propose that
436 MAPK signaling and UBP1b modulate the dynamics of PBs and SGs in plants.

437

438  Figure legends

439  Figure 1. Protein-protein interaction of MPK3/6 and MKK4/5 in BiFC and Co-IP analyses.

440  (A) Self- and cross-interaction of MPK3 with MPK6, and MKK4 with MKKS5. The BiFC signals
441  are completely co-localized with TZF1. (B) MKK4/5 and MPK3/6 cross-interact with each other.
442  The BiFC signals are completely co-localized with TZF1. Scale bar= 10 pm. (C-F) Protein-
443  protein interaction of MPK3/6 and MKK4/5 in Co-IP analyses. DNA constructs were co-
444  expressed in an Arabidopsis protoplast transient expression analysis. GFP antibody was used for

445  immunoprecipitation and immunoblot analyses were performed using various antibodies as
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446  indicated. (C) MKK4 and MKKS self- and cross-interaction. (D) MPK3 and MPK6 self- and
447  cross-interaction. (E) MKK4/5 and MPK3/6 cross-interaction. (F) Negative controls showing no
448 interaction between MKK4/5 and GFP.

449

450  Figure 2. Protein-protein interactions of MPK3/6 and MKK4/5 are primarily taken place in
451  SGs.

452  (A-B) The signals from BiFC analysis were very sparsely co-localized with PB marker DCP1-
453  mCherry (merged panel, example indicated by an arrow), but completely co-localized with SG
454  marker UBP1b-mCherry (merged panel). (C) BiFC signals involved MPK3 were significantly
455  diminished when co-expressed with UBP1b-mCherry. (D) The BiFC signals of MPK-MKK were
456  primarily localized in the nucleus, whereas MKK-MKK signals were in cytoplasmic foci. Scale
457  bar=10 pm.

458

459  Figure 3. MKK4 and MKKS self- and cross-interactions are taken place primarily in SGs
460 in BiFC analyses.

461  The BiFC signals were very sparsely co-localized with PB marker DCP1-mCherry (left panel,
462  examples indicated by arrows), but completely co-localized with SG marker UBP1b-mCherry
463  (right panel). Scale bar= 10 pm.

464

465  Figure 4. MPK3/6 and MKK4/5 affect the number and size of DCP1-mCherry granules.
466  (A) Paired plasmid DNA constructs as indicated were co-expressed in Arabidopsis protoplasts
467  transient expression analysis. Shown are free GFP, MPK3/6-GFP, MKK4/5-GFP (green signals),
468 DCPIl-mCherry (red signals), and merged images. All images were taken with the same
469  exposure times. Scale bar= 10 um. (B) Quantitative analysis of granule number per cell (upper
470 panel) and average granule size (lower panel) as shown in (A). Columns represent means + SE.
471  Different letters above the bars indicate significant differences determined by ANOVA (P <
472 0.05). (C) DCP1-mCherry was co-expressed with two different doses (20 vs 40 mg of plasmid)
473  of MPK3/6-GFP or MKK4/5-GFP in a protoplast transient expression assay. Immunoblot
474  analysis was conducted using protein samples as indicated.

475

476  Figure 5. MKKS Kkinase activity affects DCP1-GFP granule dynamics.

477  (A) The number of typical (small) DCP1V" -GFP granules was reduced by co-expression of the
478  constitutive active MKK 5P, but increased by the constitutive inactive MKK5*R. Conversely, the
479  number of atypical (large) DCP1V'-GFP granules was increased by co-expression of the
480  constitutive active MKK5PP, but reduced by the constitutive inactive MKK5*®. Scale bar= 20
481  um. (B) Quantitative analysis of typical small granule number per cell as shown in (A). Columns

482  represent means + SE. Different letters above the bars indicate significant differences as
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483  indicated by ANOVA (P < 0.05). (C) The number of typical (small) DCP1°**"*-GFP granules
484  was greater than that of the DCP1""-GFP, and was relatively unaffected by co-expression of the
485 MKKSWT, constitutive active MKKSDD, or the constitutive inactive MKK5%R. Scale bar= 20 pm.
486 (D) Quantitative analysis of typical small granule number per cell as shown in (C). Columns
487  represent means + SE. Different letters above the bars indicate significant differences as
488 indicated by ANOVA (P < 0.05). (E) The number of typical (small) DCP15**"°-GFP granules
489  was smaller than that of the DCP1"'-GFP, and was relatively unaffected by co-expression of the
490 MKKSWT, constitutive active MKKSDD, or the constitutive inactive MKK5%R, Scale bar= 20 pum.
491  (F) Quantitative analysis of typical small granule number per cell as shown in (E). Columns
492  represent means + SE. Different letters above the bars indicate significant differences as
493  indicated by ANOVA (P < 0.05).

494

495  Figure 6. The accumulation of DCP1-GFP and DCP2-GFP is relatively unaffected by the
496  Kkinase activity of MKKS.

497  DCP1V'-GFP, DCP1°*7*.GFP, DCP1°*"°-GFP, or DCP2""-GFP was co-expressed with various
498  types of MKK5™" PP ¥R in a protoplast transient expression assay as shown in Figure 5.
499  Immunoblot analysis was conducted using protein samples as indicated.

500

501 Figure 7. Co-localization of DCP1 granules with SG marker UBP1b.

502 (A) In the cells with typical small PB-like DCP1 granules, whereas DCP1V" and DCP15%"4
503  granules are largely independent of, the larger DCP1°*’° granules are colocalized with SG
504 marker UBP1b-mCherry. The largest UBP1b-mC granule is the nucleus (arrow). (B) The
505 coalesced large DCP1 granules are not co-localized with the nuclear marker NLS-RFP but are
506 partially or completely co-localized with the SG marker UBP1b-mCherry. In this scenario,
507 phosphorylation status of DCP1 does not affect the sub-cellular localization, because large
508 granules from DCP1™', phospho-dead (DCP1°*"*), or phospho-mimetic (DCP1°*"P) can still
509  co-localize with UBP1b-mCherry. Scale bar= 10 pm.

510

511  Figure 8. The SG marker UBP1b-mCherry suppresses the expression of MPK3 and MKK4
512  when co-expressing in an Arabidopsis protoplast transient expression analysis.

513  (A) The expression of MPK3-GFP and MKK4-GFP appeared to be suppressed. All the green and
514  red images were taken with the same exposure time. Scale bar= 20 um. (B) Immunoblot analysis
515  to determine protein accumulation from experiment similar to what is shown in (A).

516

517 Figure 9. The SG marker UBP1b-GFP enhances DCP1-mCherry granule assembly when
518 co-expressed in an Arabidopsis protoplast transient expression analysis.
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519 (A) DCPI-mCherry granule assembly in the absence of UBP1b-GFP. (B) UBPlb-induced
520 enhancement of granule assembly is independent of DCP1 phosphorylation status as neither
521  phospho-dead DCP13%™* nor phospho-mimetic DCP1%*™ is different from DCP1V'. All the
522  images were taken with the same exposure time. Scale bar= 10 um. (C) Quantitative analysis of
523  typical small granule number per cell as shown in (A) and (B). Columns represent means + SE.
524  Different letters above the bars indicate significant differences as indicated by ANOVA (P <
525  0.05). (D) Immunoblot analysis to determine DCP1-mChery accumulation in the presence of free
526  GFP vs UBP1b-GFP.

527

528  Figure 10. Working model of current study.

529 The bacterial flg22, a pathogen-associated molecular pattern, triggers the innate immune
530 response via MAPK signaling cascade. By an unknown mechanism, this activation causes a
531  quick and transient disappearance of DCP1 granules. In this study, we show that the MPK3/6 and
532 MKK4/5 form a protein interacting network (Figure EV1) in SGs and the kinase activity of
533 MAPK cascade is required to suppress DCP1 localization to PBs, while promote DCP1 to be
534  associated with SGs. On the other hand, the SG marker UBP1b can suppress the accumulation of
535 MPK3/6 and MKK4/5 perhaps via mRNA binding and/or translation repression, hence
536  diminishing the effect of MAPK signaling and maintaining DCP1 in PBs. UBP1b also mediates
537  another unknown post-translational regulatory mechanism to maintain DCP1 in PBs.

538

539

540 Materials and methods

541

542  Protoplast transient expression analysis

543  Arabidopsis protoplasts transient expression analyses were conducted mainly as described (Yoo
544 et al, 2007), with additional modifications as described (He et al., 2024).

545

546  BiFC analysis

547 The CDS of MKK4, MKKS5, MPK3, and MPK6 were cloned into pA7-YN (containing N-
548 terminal half of YFP) and pA7-YC (containing C-terminal half of YFP) vector (Chen et al,
549  2006), respectively. Each pair of BiFC construct and an additional cellular localization marker
550  were co-transformed into Arabidopsis protoplasts.

551

552 Co-IP assay

553  Total proteins from Arabidopsis protoplasts co-expressing plasmid pairs were lysed with lysis
554  buffer (100 mM Tris pH 8.0, 150 mM NaCl, 5 mM EDTA, 10 mM DTT, 0.1% NP-40, proteases
555 inhibitor cocktail). Extracted proteins were then incubated with equilibrated GFP-trap beads
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556  (Chromotek) at 4°C for 2 hr under gentle agitation, followed by 3 times of washing with wash
557  buffer (100 mM Tris pH 8.0, 150 mM NaCl, 5 mM EDTA, proteases inhibitor cocktail).
558 Immunoblots were performed using a-GFP (Roche), a-FLAG antibodies (Sigma) or a-myc
559  antibodies.

560

561  Accession numbers

562  The accession numbers used are as follows: TZF1 (At2g25900), DCP1 (At1g08370), UBP1b
563  (Atlgl7370), MEKKI1 (At4g08500), MKK4 (Atlg51660), MKKS5 (At3g21220), MPKI
564  (Atlgl0210), MPK3 (At3g45640), MPK4 (At4g01370), MPK6 (At2g43790), MPK7
565 (At2gl18170), and MPK11 (At1g01560).
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Figure 1. Protein-protein interaction of MPK3/6 and MKK4/5 in BiFC and Co-IP analyses.

(A) Self- and cross-interaction of MPK3 with MPK6, and MKK4 with MKKS5. The BiFC signals are
completely co-localized with TZF1. (B) MKK4/5 and MPK3/6 cross-interact with each other. The
BiFC signals are completely co-localized with TZF1. Scale bar= 10 um. (C-F) Protein-protein
interaction of MPK3/6 and MKK4/5 in Co-IP analyses. DNA constructs were co-expressed in an
Arabidopsis protoplast transient expression analysis. GFP antibody was used for immunoprecipitation
and immunoblot analyses were performed using various antibodies as indicated. (C) MKK4 and
MKKS self- and cross-interaction. (D) MPK3 and MPK®6 self- and cross-interaction. (E) MKK4/5 and
MPK3/6 cross-interaction. (F) Negative controls showing no interaction between MKK4/5 and GFP.
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Figure 2. Protein-protein interactions of MPK3/6 and MKK4/5 are primarily taken place in
SGs.

(A-B) The signals from BiFC analysis were very sparsely co-localized with PB marker DCP1-
mCherry (merged panel, example indicated by an arrow), but completely co-localized with SG
marker UBP1b-mCherry (merged panel). (C) BiFC signals involved MPK3 were significantly
diminished when co-expressed with UBP1b-mCherry. (D) The BiFC signals of MPK-MKK were
primarily localized in the nucleus, whereas MKK-MKK signals were in cytoplasmic foci. Scale bar=
10 pm.
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Figure 3. MKK4 and MKKS self- and cross-interactions are taken place primarily in SGs in BiFC
analyses.
The BiFC signals were very sparsely co-localized with PB marker DCP1-mCherry (left panel,

examples indicated by arrows), but completely co-localized with SG marker UBP1b-mCherry (right
panel). Scale bar= 10 um.
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Figure 4. MPK3/6 and MKK4/5 affect the number and size of DCP1-mCherry granules.

(A) Paired plasmid DNA constructs as indicated were co-expressed in Arabidopsis protoplasts transient
expression analysis. Shown are free GFP, MPK3/6-GFP, MKK4/5-GFP (green signals), DCP1-mCherry
(red signals), and merged images. All images were taken with the same exposure times. Scale bar= 10 um.
(B) Quantitative analysis of granule number per cell (upper panel) and average granule size (lower panel) as
shown in (A). Columns represent means * SE. Different letters above the bars indicate significant
differences determined by ANOVA (P < 0.05). (C) DCP1-mCherry was co-expressed with two different
doses (20 vs 40 mg of plasmid) of MPK3/6-GFP or MKK4/5-GFP in a protoplast transient expression assay.

Immunoblot analysis was conducted using protein samples as indicated.
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Figure 5. MKKS kinase activity affects DCP1-GFP granule dynamics.

(A) The number of typical (small) DCP1WI-GFP granules was reduced by co-expression of the
constitutive active MKKS5PP, but increased by the constitutive inactive MKK5XR, Conversely, the
number of atypical (large) DCP1WVI-GFP granules was increased by co-expression of the constitutive
active MKKS5PP, but reduced by the constitutive inactive MKK5XR, Scale bar= 20 um. (B) Quantitative
analysis of typical small granule number per cell as shown in (A). Columns represent means * SE.
Different letters above the bars indicate significant differences as indicated by ANOVA (P < 0.05). (C)
The number of typical (small) DCP15%37A-GFP granules was greater than that of the DCP1WT-GFP, and
was relatively unaffected by co-expression of the MKKS5WT constitutive active MKKS5PP, or the
constitutive inactive MKKS5KR, Scale bar= 20 um. (D) Quantitative analysis of typical small granule
number per cell as shown in (C). Columns represent means + SE. Different letters above the bars indicate
significant differences as indicated by ANOVA (P < 0.05). (E) The number of typical (small) DCP15237P-
GFP granules was smaller than that of the DCP1WT-GFP, and was relatively unaffected by co-expression
of the MKKS5WT, constitutive active MKKS5PP, or the constitutive inactive MKKS5KR, Scale bar= 20 pm.
(F) Quantitative analysis of typical small granule number per cell as shown in (E). Columns represent
means T SE. Different letters above the bars indicate significant differences as indicated by ANOVA (P <
0.05).
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Figure 6. The accumulation of DCP1-GFP and DCP2-GFP is relatively unaffected by the kinase
activity of MKKS.
DCP1WVI-GFP, DCP15%37A-GFP, DCP15237P-GFP, or DCP2WT-GFP was co-expressed with various types of
MKKS5MWT. DD, KR) in a protoplast transient expression assay as shown in Figure 5. Immunoblot analysis
was conducted using protein samples as indicated.
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Figure 7. Co-localization of DCP1 granules with SG marker UBP1b.

(A) In the cells with typical small PB-like DCP1 granules, whereas DCP1WT and DCP 152374 granules
are largely independent of, the larger DCP13237P granules are colocalized with SG marker UBP1b-
mCherry. The largest UBP1b-mC granule is the nucleus (arrow). (B) The coalesced large DCPI
granules are not co-localized with the nuclear marker NLS-RFP but are partially or completely co-
localized with the SG marker UBP1b-mCherry. In this scenario, phosphorylation status of DCP1 does
not affect the sub-cellular localization, because large granules from DCPI1YT, phospho-dead
(DCP18%74), or phospho-mimetic (DCP15237P) can still co-localize with UBP1b-mCherry. Scale bar=
10 pm.
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Figure 8. The SG marker UBP1b-
mCherry suppresses the expression
of MPK3 and MKK4 when co-
expressing in an Arabidopsis
protoplast transient expression
analysis.

(A) The expression of MPK3-GFP
and MKK4-GFP appeared to be
suppressed. All the green and red
images were taken with the same
exposure time. Scale bar= 20 um. (B)
Immunoblot analysis to determine
protein accumulation from
experiment similar to what is shown
in (A).
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Figure 9. The SG marker UBP1b-GFP enhances DCP1-mCherry granule assembly when co-
expressed in an Arabidopsis protoplast transient expression analysis.

(A) DCP1-mCherry granule assembly in the absence of UBP1b-GFP. (B) UBP1b-induced enhancement
of granule assembly is independent of DCP1 phosphorylation status as neither phospho-dead DCP 152374
nor phospho-mimetic DCP15237P ig different from DCP1WT. All the images were taken with the same
exposure time. Scale bar= 10 um. (C) Quantitative analysis of typical small granule number per cell as
shown in (A) and (B). Columns represent means * SE. Different letters above the bars indicate
significant differences as indicated by ANOVA (P < 0.05). (D) Immunoblot analysis to determine
DCPI1-mChery accumulation in the presence of free GFP vs UBP1b-GFP.
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Figure 10. Working model of current study.

The bacterial flg22, a pathogen-associated molecular pattern, triggers the innate immune response via
MAPK signaling cascade. By an unknown mechanism, this activation causes a quick and transient
disappearance of DCP1 granules. In this study, we show that the MPK3/6 and MKK4/5 form a protein
interacting network (Figure EV1) in SGs and the kinase activity of MAPK cascade is required to
suppress DCP1 localization to PBs, while promote DCP1 to be associated with SGs. On the other hand,
the SG marker UBP1b can suppress the accumulation of MPK3/6 and MKK4/5 perhaps via mRNA
binding and/or translation repression, hence diminishing the effect of MAPK signaling and maintaining
DCPI1 in PBs. UBPI1b also mediates another unknown post-translational regulatory mechanism to
maintain DCP1 in PBs.
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Figure EV1. Proposed model of TZF1-MPK3/6-MKK4/5 interacting network in stress granules.
The model is based on the results of current study and in a previous report (He et al., 2024) showing
interaction between TZF1 and MPK3/6 and MKK4/5, respectively.
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Figure EV2. MKK4 and MKKS interactions affect DCP1 granule assembly.

(A) The granule assembly of co-expressed PB marker DCP1-mCherry is suppressed by hetero-dimers
of MKK4 and MKKS5 and homo-dimers of MKKS5, whereas unaffected by homo-dimers of MKK4
(upper left), in BiFC analyses. Scale bar= 15 pm. Images of the BiFC signals (YFP) are not shown. (B)
Quantitative analysis of granule number per cell as shown in (A). Columns represent means * SE.
Different letters above the bars indicate significant differences as indicated by ANOVA (P < 0.05).
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Figure EV3. MPK3/6 and MKK4/5 interactions affect DCP1 granule assembly.

(A) The granule assembly of co-expressed PB marker DCP1-mCherry is suppressed by hetero-dimers
of MPK3-MKK4, MPK3-MKKS5, and MPK3-MPK6 (right panel), whereas unaffected by homo-dimer
of MPK3 (lower left panel), in BiFC analyses. Scale bar= 15 pm. Images of the BiFC signals (YFP)
are not shown. (B) Quantitative analysis of granule number per cell as shown in (A). Columns

represent means T SE. Different letters above the bars indicate significant differences as indicated by
ANOVA (P <0.05).
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Figure EV4. MPKSs affect DCP1-mCherry granule dynamics.
(A) Images of co-expressed GFP-MPK3/6 are not shown. MPKs-cYFP are single BIFC constructs not
being able to generate yellow fluorescence signals. All the images were taken with the same exposure

time. Scale bar= 25 pm. (B) Quantitative analysis of granule number per cell as shown in (A).

Columns represent means + SE. Different letters above the bars indicate significant differences as
indicated by ANOVA (P < 0.05).
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Figure EVS. DCP1-mCherry accumulation affected by MPKs and MKKs.
DCP1-mCherry was co-expressed with two different doses (20 vs 40 mg of plasmid) of MPK-cYFP in a
protoplast transient expression assay. Immunoblot analysis was conducted using protein samples as

indicated. GFP tagged proteins and MPK-cYFP were detected by GFP antibody and DCP1-mCherry
was detected by RFP antibody.
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Figure EV6. As revealed by the dominant red signals, co-expression of SG marker UBP1b-
mCherry suppresses the homo-dimerization of MKK4 (upper left) and hetero-dimerization of
MKK5-MKK4 (lower left), but not the hetero-dimerization of MKK4-MKKS (upper right) and
homodimerization of MKKS (lower right) in BiFC analyses.

Shown are merged images of BiFC (green signal from YFP) and SG marker (red signal from UBP1b-
mCherry). Scale bar= 15 um. Separate images from green and red channels are not shown.
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Figure EV7. As revealed by dominant red signals, co-expression of SG marker UBP1b-mCherry
suppresses the homo-dimerization of MPK3 (lower left) and hetero-dimerization of MPK3-MPK6
(lower right), but to a lesser degree the hetero-dimerization of MPK3-MKK4 (upper left) and
MPK3-MKKS (upper right) in BiFC analyses.

Shown are merged images from BiFC (green signal from YFP) and SG marker (red signal from
UBPI1b-mCherry). Scale bar= 15 um. Separate images from green and red channels are not shown.
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Figure EVS8. The MEEKI1 enhances DCP1-mCherry granule assembly when co-expressing in an
Arabidopsis protoplast transient expression analysis.

(A) The enhancement is more pronunced for phospho-dead DCP15%37A but not phospho-mimetic
DCP1523D form. All the red images were taken with the same exposure time. Scale bar= 20 pum. (B)
Quantitative analysis of typical small granule number per cell as shown in (A). Columns represent means
* SE. Different letters above the bars indicate significant differences as indicated by ANOVA (P < 0.05).
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