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SUMMARY 
 

  The Arabidopsis tandem CCCH zinc finger 1 (TZF1) is an RNA-binding protein that plays a pivotal 
role in plant growth and stress response. In this report, we show that TZF1 contains two intrinsically 
disordered regions necessary for its localization to stress granules (SGs). TZF1 recruits mitogen-
activated protein kinase (MAPK) signaling components and an E3 ubiquitin ligase KEEP-ON-GOING 
(KEG) to SGs. TZF1 is phosphorylated by MPKs and ubiquitinated by KEG. Using a high throughput 
Arabidopsis protoplasts transient expression system, mutant studies reveal that phosphorylation of 
specific residues plays differential roles in enhancing or reducing TZF1 SG assembly and protein-
protein interaction with mitogen-activated kinase kinase 5 in SGs. Ubiquitination appears to play a 
positive role in TZF1 SG assembly, because mutations cause a reduction of typical SGs, while enhance 
the assembly of large SGs encompassing the nucleus. Together, our results demonstrate that plant SG 
assembly is distinctively regulated by phosphorylation and ubiquitination. 
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INTRODUCTION 
Ribonucleoprotein (RNP) granules are membrane-less biomolecular condensates normally formed 

through liquid-liquid phase separation (LLPS) driven by ATP and multivalent protein-protein, protein-
RNA, and RNA-RNA interactions. The scaffold proteins in the RNP granules often contain 
intrinsically disordered domains (IDRs), low-complexity domains (LCDs), or prion-like domains 
(PrLDs) to facilitate the nucleation and growth of the condensates 1,2. Processing bodies (P-bodies, 
PBs) and stress granules (SGs) are two types of RNP granules found in eukaryotic cells. PBs and SGs 
play crucial roles in physiological and stress responses via dynamic regulation of signal transduction 
and mRNA metabolism. PBs and SGs provide a unique spatiotemporal regulatory mechanism that 
mediates various cellular processes 1,3-7. Earlier research suggests that PBs and SGs carry out distinct 
functions, given unique protein and RNA compositions are found in PBs and SGs, respectively. 
However, the boundaries between PBs and SGs have become blurred with more recent research 1. 
Many proteins have been found in both compartments, such as Argonaute 1/2 (Ago1/2), early Initiation 
Factor 4E (eIF4E), Apolipoprotein B mRNA-editing Enzyme Catalytic polypeptide 1-like 3G 
(APOBEC3G), and Tristertraprolin (TTP) in non-plant systems 8,9, and heat shock proteins and RNA 
helicases in plant system 2, suggesting overlapping functions and constant dynamic assembly and in 
some occasions component exchange between PBs and SGs 1,10.  

 
PBs are constitutive cytoplasmic RNP granules that consist of non-translating mRNAs, mRNA 

decay factors, translational repressors, and various RNA-binding proteins (RBPs) involved in mRNA 
storage, degradation, and translational repression 11. As in mammals, plant PBs contain conserved RNA 
degradation machineries, such as mRNA decapping factors (DCP1 and DCP2) and 5'-3' processing 
exonucleases (XRN4) 9,12. Mutations in genes encoding essential components of PBs in Arabidopsis, 
such as DCP1 and DCP2, cause growth defects, suggesting an essential role of mRNA decapping in 
plant development 12. In addition, PB components are involved in both biotic and abiotic stress 
responses. For example, microbe-associated molecular patterns (MAMPs) were shown to modulate 
the dynamic interaction between DCP1, DCP2, and XRN4, assembly of PBs, and selective mRNA 
decay in plant immunity mediated by mitogen-activate protein kinase (MAPK) signaling cascade 13. 
The Arabidopsis DCP1 is phosphorylated by mitogen-activated protein kinase 6 (MPK6) and this 
process is critical for plant dehydration stress tolerance 14. However, whether MAPK components are 
recruited to PBs to phosphorylate DCP1 and if PBs are required for dehydration response remain to be 
addressed.  

 
SGs are another class of cytoplasmic RNP granules that are transiently formed in response to various 

cellular stressors, such as heat shock, oxidative stress, viral infection, or nutrient deprivation 1,10,15. 
When cells encounter stress, translation initiation is often inhibited, leading to the accumulation of 
untranslated mRNAs. These untranslated mRNAs, along with various RBPs, are the main components 
for SG assembly. SGs help preserve mRNAs during stress and facilitate their translation after stress 
relief 5. In mammals, SGs are typically formed by the aggregation of untranslated mRNAs, stalled 
translation initiation complexes, small ribosome subunits, and RBPs like T-cell-restricted intracellular 
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antigen-1 (TIA-1) and Ras-GAP SH3 domain-binding proteins (G3BP1 and G3BP2), as well as many 
other proteins involved in signal transduction 16. In plants, the functions of SGs are less well 
characterized than in mammals, and the dynamics of compositional and functional changes of SGs in 
response to various cues is also under-investigated. Nevertheless, several plant SG proteins have been 
identified and characterized based on their homology with animal and yeast proteins or the results of 
proteomic studies 2. For instance, Tudor Staphylococcal Nuclease (TSN) proteins have been identified 
as a core component of plant SGs 17. The RNA-binding protein 47b (Rbp47b) 18 and oligouridylate 
binding protein 1B (UBP1B) 19 are the RBPs most closely related to mammalian TIA-1.  
 

Plant tandem CCCH zinc finger proteins (TZFs) have been found in both PBs and SGs 20. TZFs are 
evolutionarily conserved in eukaryotes and they are characterized by a TZF motif consisting of two 
identical CCCH domains (C-X7-8-C-X5-C-X3-H) separated by 18 amino acids 21. However, a unique 
group of plant TZF proteins contain an arginine-rich (RR) region preceding a variant TZF motif 
consisting of two distinct CCCH domains (C-X7-8-C-X5-C-X3-H-X16 and C-X5-C-X4-C-X3-H) called 
RR-TZF proteins. Genes encoding RR-TZF proteins have been found in numerous higher plants, 
including Arabidopsis (TZF1-11) 22-26. Plant RR-TZF proteins participate in a plethora of biological 
processes including hormone-mediated growth and stress responses such as leaf senescence (OsTZF1 
and OsTZF2) 27,28, ABA/GA-mediated growth and abiotic stress responses (TZF1) 29, seed germination 
(TZF4/5/6) 30, and flowering time (MsZFN) 31. The mammalian TZF protein TTP is found in PBs and 
SGs and is participated in the posttranscriptional regulation of gene expression by binding to mRNAs 
32. A classic model of TTP in mRNA regulation has been well established—TTP can trigger the decay 
of Tumor Necrosis Factor-α (TNF-α) mRNA by binding to its AU-rich elements (AREs) at 3'-UTR 
and recruiting deadenylation and decapping complexes to the substrate 33,34. In plants, TZF1/4/5/6/9 
23, OsTZF1/7 28,35, and OsC3H10 36 have been reported to colocalize with PBs and SGs markers. TZF1 
can directly bind to U rich region of Target of Rapamycin (TOR) mRNA at 3'-UTR and trigger TOR 
mRNA degradation 37. OsTZF1 28 and OsTZF7 35 can bind ARE-like motifs within 3'-UTRs of 
downregulated target genes and likely induce mRNA turnover. 
 

Although the biophysical mechanisms underpinning the assembly of biomolecular condensates via 
LLPS have been thoroughly investigated 1,5, the signal transduction mechanisms that trigger these 
processes are far from complete understood. Post-translational modifications (PTMs) play a crucial 
role in the regulation of SG assembly and disassembly. The dynamic nature of SG assembly is closely 
tied to the PTM status of the scaffold protein components. Alterations in PTMs can impact the 
formation, stability, and dissolution of SGs in response to cellular stress 38-40. Phosphorylation is a 
common PTM that regulates SG dynamics via the impacts on SG protein components. For example, 
phosphorylation of TTP by MAPKAP kinase-2 (MK2) promotes its binding to 14-3-3 adaptor proteins, 
thereby excluding TTP from SGs and stabilizing the ARE-containing target mRNAs 41. In plants, 
bacterial flagellin or flg22 peptides induces Arabidopsis TZF9 phosphorylation via two MAMP-
responsive MPKs, MPK3 and MPK6. Phosphorylation of TZF9 diminishes cytoplasmic granules and 
RNA-binding properties 42. In addition, ubiquitination is one of the PTMs that marks proteins for 
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degradation or regulates protein activity. Ubiquitin ligases and deubiquitinating enzymes can influence 
SGs dynamics by modifying the ubiquitination status of key SG proteins 43,44. The ubiquitination of 
some stress granule components may target them for degradation, leading to SGs disassembly. For 
examples, G3BP1 undergoes K63-linked ubiquitylation in the disassembly of SGs formed under heat 
stress 45. Two SG proteins carrying ubiquitin associated (UBA) domains, UBAP2L and UBQLN2, 
have been found to regulate SG assembly, but their roles are not dependent on the UBA domain 46,47. 
These results suggest a role for ubiquitination in regulating SG disassembly, but its impact on SG 
assembly remains unclear. 

 
In this study, we have demonstrated that Arabidopsis TZF1 is a SG resident protein. Deletion of 

either or both IDRs flanked the RR-TZF motif could almost eliminate TZF1 SG assembly completely. 
TZF1 could interact with MAPK signaling cascade components in SGs. TZF1 recruits MPKs to SGs 
and is phosphorylated by MPK3/6. The potential phosphorylation sites of TZF1 are mapped by mass 
spectrometry in the absence/presence of a potent MAMP—flg22. Analysis of site-directed single and 
higher order mutations of potential phosphorylation sites reveal that phosphorylation of specific 
residues play differential roles in enhancing or reducing SG assembly and protein-protein interaction 
with an MPK3/6 upstream kinase—mitogen-activated kinase kinase 5 (MKK5) in SGs. Mutant 
analysis also identifies two potential 14-3-3 adaptor protein binding sites to be critical for TZF1 SG 
assembly and protein-protein interaction with MKK5 in SGs. For the role of ubiquitination, TZF1 
protein accumulates at a lower level in a gain-of-function keg-4 48,49 mutant plant and TZF1 is 
ubiquitinated by KEEP-ON-GOING (KEG). Remarkably, ubiquitination played a positive role in SG 
assembly, because single or higher order mutations on predicted ubiquitination sites of TZF1 reduced 
the number of SGs per cell, while enhanced the coalescence of small SGs into a large single SG 
attaching to the nucleus. Together, our results demonstrate that the assembly of TZF1 into SGs is 
mediated by a wide array of post-translational modification mechanisms, in which ubiquitination and 
phosphorylation play a distinct role. 
 
 
RESULTS 
 
Arabidopsis protoplast transient expression as a high throughput tool to study RNP granule 
dynamics 

We have shown previously that TZF1 is mainly localized in the cytoplasmic condensates, and it can 
co-localize with both PB (DCP2) and SG (PABP8) markers. TZF1 condensates display a characteristic 
property of RNP granules that can be disassembled by cycloheximide (CHX) treatment within 15 min 
50. In intact transgenic plants, TZF1 condensates are found only in specific tissues/cells and often 
required the induction by stress cues such as methyl jasmonate (MeJA) 50 and salt 51. TZF condensates 
induced by MeJA is consistent in both intact plants and isolated mesophyll protoplasts and this could 
also be seen in intact plants expressing a construct driven by the native TZF6 promotor 30. Nevertheless, 
the rarity, tissue heterogeneity, and induction requirement present a challenge for a large-scale 
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investigation on the effects of post-translational modification of TZF1 in the dynamics of SG 
assembly/disassembly in current study. Using a meticulous Arabidopsis transient expression system 
52,53 in which mesophyll protoplasts were isolated consistently from the 8th leaf (0.8-1.2x1.0-1.5 cm, 
highlighted in red rectangle) of 3-week-old plants (Figure S1A), protein expression results could be 
achieved with high efficiency and reproducibility. For example, transformation efficiency for different 
fusion protein genes such as CaMV35S:GFP (Figure S1B) and CaMV35S:NLS-RFP (Figure S1C) 
could reach as high as 90%. Such system allowed the observation of hundreds of cells in a single 
experiment. Remarkably, TZF1-GFP fusion protein could be localized consistently to cytoplasmic 
granules without additional drug or stress treatments (Figure S1D). 
 

In addition to TZF1, several PB and SG markers were also tested in the protoplast system. The three 
PB (DCP1, DCP2, and DCP5) and SG (Caprin, G3BP, and UBP1b) components displayed typical 
droplet-like morphology of RNP granules in transiently expressed Arabidopsis protoplasts (Figure 
1A). In contrast to PB markers, heat shock treatment at 42ºC for 5 min was required for SG assembly. 
The three SG markers fused with a different fluorescence tag (mCherry) were also tested. Consistent 
with GFP fusion SG markers, both Caprin-mCherry and G3BP-mCherry required heat shock for SG 
assembly, whereas UBP1b-mCherry could be spontaneously assembled into SGs in the protoplasts 
(Figure 1B). Given both Caprin and G3BP could also interact directly with MKK4 and MKK5 (results 
not shown), UBP1b was used as a SG marker for the rest of the study. 
 

In a previous report, we showed that the assembly of DCP1-associated PBs were dynamically 
regulated by flg22 in Arabidopsis protoplasts 13. Upon flg22 treatment, DCP1-GFP granules started to 
disappear in 15 min and were dropped to the lowest level in 30 min before reappearing in 60 min and 
restoring to the full level as untreated in 120 min. In contrast to DCP1 granules, the number of TZF1 
granules appeared to increase within the first 15 min of flg22 treatment and resume to normal number 
at 30 min in the protoplasts (Figure 2). The number of granules associated with SG marker UBP1b 
remained nearly constant during the time course experiment. These results suggest that the 
assembly/disassembly of PBs or SGs associated with a specific protein could be post-translationally 
and differentially regulated by flg22. Given TZF1 SGs could still be disassembled by CHX 50 or flg22 
(Figure 2) 13 treatment and further induced by MeJA and heat (results not shown), the Arabidopsis 
protoplast transient expression system appeared to be an ideal tool to complement the intact plant 
system in the current study. 
  
TZF1 is an SG component 

Although TZF proteins were shown to co-localize with PB marker DCP2 30, a later report indicated 
that DCP2 was not a PB-specific marker 51. We therefore re-examined the sub-cellular localization of 
TZF1 using a set of different markers. The TZF1-GFP fusion protein is functional as reported recently 
49. Results showed that TZF1 could only partially co-localize with a major PB component DCP1, but 
completely co-localize with SG marker UBP1b (Figure 3A). Although DCP1 has also been found as a 
non-specific PB marker in plants recently 54, it’s minimal co-localization with TZF1 suggesting that 
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TZF1 is more likely or more often an SG component, as it completely co-localizes with various SG 
markers51. IDRs are the key drives to trigger the assembly of biomolecular condensates within cells 
1,2. These condensates play critical roles in cellular organization, signaling, and gene regulation, and 
abnormal condensate assemblies have been implicated in various diseases 5. The mammalian TZF1 
homolog TTP is both an RBP and an IDR scaffold protein for SG assembly 41. Using SMART 
(http://smart.embl-heidelberg.de/) and Iupred2A (https://iupred2a.elte.hu/) algorithms, two IDRs were 
identified in TZF1 protein. Deletion constructs of TZF1IDR1 (aa 70-85, upstream of RR), TZF1IDR2 
(aa 218-233, downstream of TZF), and TZF1IDR1,2 were then made accordingly (Figure 3B). 
Remarkably, deletion of either or both IDRs strongly reduced TZF1 SG assembly (Figures 3B-C), 
despite the truncated proteins were accumulated at the similar levels to that of the WT (Figure S2A). 
 

As it was shown that RR-TZF domain of TZF1 protein is required for high-affinity RNA binding 55, 
the effects of TZF1RR, TZF1TZF, and TZF1RR-TZF (Figure 3B) on TZF1 SG assembly were examined. 
Deletion of either RR or TZF caused severe reduction of TZF1 SG assembly. The RR-TZF fragment 
alone conferred strong SG assembly (Figures 3B and D), suggesting that both or either N- or C-
terminus contains negative elements for SG assembly. Results of immunoblot analysis indicated that 
reduced TZF1 SG granule assembly caused by RR and TZF was not due to reduced protein 
accumulation (Figure S2B), indicating that TZF1 SG assembly is mediated through post-translational 
regulatory mechanisms.  
 
TZF1 interacts with MAPK signaling components 

To further explore the interacting proteins in the TZF1 protein complex, immunoprecipitation 
coupled with mass spectrometry (IP-MS) was performed using transgenic plants ectopically expressing 
CaMV35S:TZF1-GFP 29. Notably, two upstream kinases of MAPK, MKK4 and MKK5, two 14-3-3 
adaptor proteins, an E3 ubiquitin ligase KEG, and a conserved SG marker DEAD-box containing RNA 
helicase (RH6/8/12) were among the candidates identified by IP-MS (Figure 4A). Coincidentally, KEG 
was found to ubiquitinate MKK4 and MKK5 in modulating plant immunity 48. As we demonstrated 
previously that MAPK cascades (e.g., MPK3/6 and MKK4/5) is involved in MAMPs orchestrated PB 
dynamics 13, additional analyses were conducted to validate TZF1 protein-protein interaction with 
MAPK signaling components. Results showed that TZF1 could interact with MPK3, MPK6, MKK4, 
and MKK5 in both yeast-two-hybrid (Y-2-H) (Figure 4B) and co-immunoprecipitation (Co-IP) (Figure 
4C) analyses. Consistent with TZF1’s sub-cellular localization, protein-protein interaction of TZF1-
MPK3, TZF1-MPK6, and TZF1-MKK5 occurred in droplet-like cytoplasmic condensates in bi-
molecular fluorescence complementation (BiFC) analyses (Figure 4D). These protein complexes were 
only partially co-localized with PB marker DCP1, but completely co-localized with SG marker UBP1b 
in BiFC analyses (Figure S3). Neither TZF1-nYFP nor TZF1-cYFP could interact with its 
corresponding BiFC empty vector construct. However, the MPK3-cYFP, MPK6-cYFP, and MKK4-
cYFP did produce very weak nuclear signals with the nYFP empty vector. The MKK5-cYFP and nYFP 
empty vector generated slightly more visible YFP signals in the nuclei but never occurred in the 
cytoplasmic granules (Figure S4A), indicating that the nuclear signals were likely artifacts in the BiFC 
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system. To further confirm the specificity of the BiFC results, additional negative controls were 
included. Results showed that while MKK5-cYFP interacted with TZF1-nYFP in the cytoplasmic 
granules, it could not interact with five other nYFP fusion proteins (Figure S4B), indicating the 
specificity of TZF1 interaction with MAPK signaling components.  
 

The BiFC results prompted us to examine sub-cellular localization of MAPK signaling components. 
Using various fluorescence protein markers, we found that MKK4 and MKK5 were mainly localized 
in the cytoplasmic condensates, whereas MPK3 and MPK6 were mainly localized in the nucleus and 
cytoplasm (Figure 5A). Consistently, the MKK4-GFP and MKK5-GFP were localized in the 
cytoplasmic condensates in transgenic plants, albeit the nuclear signals were also visible (Figure 5B). 
Interestingly, individual MPK3, MPK6, MKK4, and MKK5 were not co-localized with PB marker 
DCP1, but completely co-localized with SG marker UBP1b (Figure S5). Given TZF1-MPK3, TZF1-
MPK6, TZF1-MKK4, and TZF1-MKK5 were not colocalized well with PB marker but completely co-
localized with SG marker (Figure S3), these results raise a possibility that MAPK cascade components 
are normally localized in nucleus, cytoplasm, or SGs to a lesser extent. MPK3/6 and MKK4/5 are 
recruited mainly to SGs when interacting with TZF1 (Figure 5C). 
 
TZF1 is phosphorylated by MPK3/6 

The interaction between TZF1 and MAPK signaling components prompted us to determine if TZF1 
could be phosphorylated by MPKs. Results of Phos-tag SDS-PAGE analysis indicated that TZF1 could 
be phosphorylated by MPK3, MPK4, and MPK6 upon flg22 treatment (Figure 6A). The human TZF 
TTP is known to be heavily phosphorylated in numerous sites 56 and the phosphorylation status affects 
its subcellular localization, stability, and function 57. We then performed phosphosite mapping by liquid 
chromatography coupled with tandem mass spectrometry (LC-MS/MS) to identify potential 
phosphorylation sites in TZF1. The eight identified phosphopeptides corresponded to ten residues S71, 
S73, S74, S80, S106, T110, S254, S266, T276, and S296 in TZF1 (Figures 6B-C and 7). Among which, 
four sites (S71, S73, S80, and S254) were phosphorylated in the presence of flg22, with S80 showing 
the highest probability score and it was also predicted as a conserved MPK phosphosite with a 
signature SP motif. Three sites (S74, T110, and S296) appeared to be de-phosphorylated in the 
presence of flg22, with S74 showing the highest probability score. This might be of interesting because 
S74 clustered with three other flg22-induced phosphorylation sites S71, S73, and S80. The 
phosphorylation status of tree additional sites (S106, S266, and T276) did not seem to be affected by 
flg22 treatment. Notably, S106 and T276 were within a predicted 14-3-3 adaptor protein interacting 
site, respectively (Figure 6C).   
 

It has long been documented that phosphorylation of TTP by P38MAPK-MK2 signaling cascade 
prevents TTP localization to SGs and triggers protein-protein interaction between TTP and 14-3-3 
protein 57,58. We therefore mutated S and T residues to A (phosphor-dead) or D (phosphor-mimetic) on 
the putative phosphorylation sites by site-directed mutagenesis to generate TZF1-3FLAG-GFP and 
TZF1-nYFP (BiFC) construct for sub-cellular localization and protein-protein interaction analysis, 
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respectively. For the TZF1 (WT)-3FLAG-GFP, the majority (~70%) of the cells showed typical SG 
pattern (Figures S1D and 8A #1). A small percentage of the cells displayed diffused cytoplasmic 
(Figure 8A #2), nuclear (Figure 8A #3) or nucleus-like (Figure 8A #4) pattern, consistent with our 
previous report that TZF1 can traffic between nucleus and cytoplasm/cytoplasmic foci in Arabidopsis 
leaf mesophyll protoplasts 50. It was intriguing that cells with reduced number of SGs appeared to be 
correlated with the formation of a large, aggregate-like, coalesced SG not co-localized but often 
overlapped with the nucleus (Figure 8A #4). Confocal microscopy rotating view of the large SG-
nucleus complex revealed that the two organelles were in close-proximity (Videos S1-2). It was unclear 
from the image whether they were physically attached. Noticeably, the large coalesced TZF1 granules 
were completely co-localized with the SG marker UBP1b (Figure 8B), illustrating the dynamic 
assembly of TZF1 SGs in various cells. Although mesophyll protoplasts isolated from a specific leaf 
appeared to be quite uniform in morphology (Figure S1), cellular heterogeneity existed due to 
developmental and physiological gradients in the whole leaf. This was fully supported by recent 
findings in which auxin response factor (ARF) cytoplasmic condensates regulate auxin responsiveness 
in a developmental gradient in the root system 59. Furthermore, DCP1 protein condensates are 
differentially accumulated at edges and vertices of root cells in different regions to cooperate with actin 
nucleating complex to regulate actin remodeling 60. Therefore, a certain level of variation in TZF1 
granule pattern could be due to developmental cues rather than the mutation alone (see below mutant 
analyses). Nevertheless, such variation is also expected to occur in the intact plants. On the basis of 
the results so far, we hypothesized that TZF1 granule patterns could be modulated by both external 
and internal cues, including PTM of TZF1 protein itself. 

 
For flg22-induced phosphorylation sites (S71, S73, S80, and S254), most mutations caused 

reduction of TZF1 SGs, particularly S80, a conserved MPK phosphorylation site. Both S80A and S80D 
significantly reduced TZF1 SG assembly, in contrast to S254A with reduction and S254D with little 
change. The higher-order mutations (71/73/80 and 71/73/80/254) did not reduce the ratio of cells with 
SGs, while caused coalescence of SGs to form larger condensates (Figures 8C and G). For flg22-
induced de-phosphorylation sites (S74, T110, and S296), except for S74A showing slight decrease of 
SG assembly, none of the other mutants showed any significant change in the percentage of cells 
showing SG pattern (Figures 8D and G). Notably, the quadruple mutant of S71/73/74/80A caused an 
increase, whereas S71/73/74/80D caused a decrease in SG assembly (Figures 8E and G). Finally, the 
predicted MPK phosphorylation site mutation of either S255A or S255D along with the double mutants 
of S254/255A or S254/255D caused significant reduction of SG assembly, although TZF1 granules in 
the double mutants appeared to be larger in size (Figures 8F and G). Given that the large aggregates-
like TZF1 granules only presented in a small percentage of the cells expressing TZF1WT-GFP, but 
accounted for much higher ratios in various mutants such as TZF1S254/255D-GFP and TZF1S71/73/80/254D-
GFP (Figures 8C and F), the phosphorylation status of TZF1 appeared to be able to modulate TZF1 
SG morphology. As TZF1 SG patterns in the higher-order mutants were not necessarily an additive 
outcome of the single mutants, these results also indicated that protein phosphorylation plays a 
differential role in TZF1 SG assembly and there appears to be close interactions between 
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phosphorylation events at different sites. For TZF1 protein accumulation, flg22-induced 
phosphorylation site phosphor-dead mutations (S80A, S254A, S71/73/80A, S71/73/80/254A) caused 
increase (Figure S6A), whereas the corresponding phosphor-mimetic mutations (S to D change) caused 
slight decrease of TZF1 protein accumulation (Figure S6B). For flg22-induced de-phosphorylation 
sites, the phosphor-dead mutations (S74A, T110A, S74/T110A, S296A) did not appear to affect, while 
the corresponding phosphor-mimetic mutations caused significant reduction of TZF1 protein 
accumulation (Figure S6). Finally, S255D and S254/255D mutants also caused drastic reduction of 
TZF1 protein accumulation. Together, these results suggest that de-phosphorylation causes increase, 
whereas phosphorylation causes decrease of TZF1 protein accumulation. For protein-protein 
interaction, neither flg22-induced phosphorylation nor de-phosphorylation mutations affect TZF1 
interaction with MKK5 in SGs (Figure S7), albeit variations were observed in number and size of SGs 
(where TZF1 and MKK5 interacted) per cell. 
  
The effects of 14-3-3 adaptor protein interaction sites  

The IP-MS results indicated that TZF1 could potentially interact with two 14-3-3 adaptor proteins 
(Figure 4A). Using 14-3-3-Pred algorithm, 29 potential 14-3-3 protein interacting sites were predicted 
in TZF1. Among which S106, T168, T276, and S313 had the highest scores (Figure 9A). Because S106 
fell within the RR domain and T168 fell within the TZF domain, site-specific mutations were made to 
test if these sites were important for TZF1 subcellular localization and protein-protein interaction. The 
S to A change (phosphor-dead to block 14-3-3 adaptor protein interaction) appeared to enhance the 
intensity of TZF1 SG signals (Figure 9B), although the percentage of cells with SGs remained largely 
unchanged (Figure 9C). Because S106 was identified as a phosphorylation site, the phosphor-mimetic 
mutant S106D was also examined. Interestingly, S106D significantly reduced the TZF1 SG assembly 
(Figures 9B-C), implicating that the interaction with 14-3-3 adaptor protein via S106 could potentially 
cause TZF1 SG disassembly via an as-yet-unknown mechanism. By contrast, T168A and S106T168A 
appeared to enhance TZF1 SG assembly (Figures 9B-C), suggesting that 14-3-3 interaction with TZF1 
via T168 might play a negative role in TZF1 SG assembly. Immunoblot analysis revealed that the 
mutant proteins, including S106D, appeared to accumulate at higher levels than the WT TZF1 protein 
(Figure 9D). For protein-protein interaction, S106A appeared to reduce, whereas T168A and 
S106/T168A mutations appeared to enhance the interaction between TZF1 and MKK5 in larger 
coalesced SGs (Figure S8). Therefore, it is likely that TZF1’s S106 plays a positive and T168 plays a 
negative role for 14-3-3 mediated TZF1-MKK5 interaction in SGs. The mechanism by which S106 
and T168 affect TZF1-MKK5 interaction is currently unknown and will be determined in future 
studies. 
 
TZF1 protein accumulation is affected by KEG  

Given KEG is associated with MKK4 and MKK5 48 and all three components were also identified 
in our IP-MS analysis (Figure 4A), the functional relationship between TZF1 and KEG was 
investigated. Although KEG was reported to be localized in the trans-Golgi network and early 
endosomes 61, it could partially co-localize with TZF1 in cytoplasmic condensates (Figure 10A). TZF1 
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protein stability was then examined. In 7-day-old CaMV35S:TZF1-GFP (TZF1-OX) transgenic plants, 
TZF1 protein was very unstable—it almost completely disappeared after being treated by protein 
synthesis inhibitor CHX for just one hour. By contrast, its accumulation was restored by the treatment 
of proteosome inhibitor MG115/132 cocktail. TZF1 accumulation could also be stabilized by PYR41, 
a ubiquitin-activating enzyme E1 inhibitor, or the combination of MG115/132 and PYR41 (Figure 
10B). Consistently, TZF1 cytoplasmic granules were enhanced by MG132 in the root cells of TZF1-
OX plants (Figure 10C). Immunoblot analysis indicated that TZF1-GFP accumulated at a higher level 
in the WT than in the keg-4 gain-of-function mutant 48,49 in either intact plants (Figure 10D) or in 
isolated protoplasts (Figure 10E). Furthermore, TZF1-GFP fluorescence signals were much stronger 
in the WT than in the keg-4 in an Arabidopsis protoplast transient expression analysis (Figure 10F). 
Lastly, PYR41 inhibited SG assembly of TZF1(WT), but not the ubiquitination sites sextuple mutation 
(K to R change) TZF1mU1-6 (Figures 10G, H, and 11A) due to inherited low number of SGs (described 
later). These results suggest that KEG might directly target TZF1 for ubiquitination-mediated 
degradation. 

 
TZF1 was predicted to contain six putative ubiquitination sites by AraUbiSite tool 62 (Figure 11A). 

To investigate whether TZF1 is a substrate of KEG, we performed in vivo and in vitro ubiquitination 
assays. HA-tagged ubiquitin (HA-Ub) was co-expressed with TZF1-3FLAG-GFP in wild-type 
Arabidopsis leaf protoplasts. Ubiquitinated proteins were purified by IP with anti-HA antibody coated 
beads and then revealed by protein immunoblot analysis with anti-HA or anti-GFP antibody. Results 
showed that a potential ubiquitinated species was detected in TZF1, but not in the sextuple mutant 
TZF1mU1-6 (Figure 11B). Same IP experiment with the addition of PYR41 was also carried out. While 
the potential ubiquitinated TZF1 band was reproducible, the sample with the addition of PYR41 was 
too weak to determine if TZF1 ubiquitination could be abolished by PYR41 (Figure 11C). Because 
KEG is strongly self-ubiquitinated 63 (Figure 11D), ubiquitination blocked by PYR41 would stabilize 
KEG, hence enhancing the degradation of TZF1. Next, we used recombinant GST‐TZF1 and MBP‐
KEG (E3) to perform in vitro ubiquitination assays. High molecular‐mass smear bands of TZF1 were 
detected in the presence of Ub, E1 and E2, and MBP-KEG (E3 ligase) enzymes. However, the reactions 
without GST‐TZF1 or MBP-KEG failed to produce any detectable upper smear bands of GST-TZF1 
(Figure 11D). Together, these results indicate that TZF1 is likely ubiquitinated by KEG. 
 
Ubiquitination site mutations affect TZF1 SG assembly and protein-protein interaction with 
MKK5 

To determine if ubiquitination of TZF1 affected SG assembly and protein-protein interaction with 
MKK5, site-directed mutagenesis was performed on predicted ubiquitination sites in TZF1. 
Intriguingly, except for TZF1K172R, all single and higher order mutations caused significant reduction 
of TZF1 SG assembly, particularly striking for TZF1K120/128R (within RR motif) and TZF1K141R and 
TZF1K141/172R (within TZF motif) mutants. It was noted that both the percentage of cells with granule 
pattern as well as granule number per cell were reduced, except for TZF1K172R. Some large coalesced 
TZF1 SGs were observed in TZF1K141R, TZF1K243R, and quadruple and higher order mutants (Figures 
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12A-B), similar to the large SGs described earlier (Figures 8A-B). In addition, TZF1 ubiquitination 
site mutants still interacted with MKK5 in SGs. Except for TZF1K120/128R, TZF1K243R, 
TZF1K120/128/141/172R, and TZF1K120/128/141/172/243/298R, most mutations caused reduced interaction based 
on the decreased number of SGs (where TZF1 and MKK5 interacted) (Figure S9). It was even more 
clear that the ubiquitination site mutations appeared to cause coalescence of the condensates (where 
TZF1 and MKK5 interacted) that lacked clear boundaries. For TZF1 protein accumulation, mutations 
within the RR-TZF domain appeared to reduce TZF1 accumulation. These included TZF1K120/128R, 
TZF1K141R, TZF1K172R, and TZF1K141/172R, except for TZF1K120/128/141R with no effect on TZF1 
accumulation. By contrast, mutations on C-terminal domain (TZF1K243R and TZF1K298R) caused higher 
level of TZF1 accumulation, albeit not more than 30%. The higher order mutations (quadruple and up) 
caused significant decrease of TZF1 accumulation, due to unknown reasons (Figure 12C). Together, 
these results suggest that mutations of TZF1 ubiquitination sites have much more pronounced effects 
on SG assembly than protein stability control, perhaps due to the involvement of other unknown factors 
and interactions. 
 
DISCUSSION 

Stress-induced RNP granules play pivotal roles in plant acclimation to various stresses and the class 
of SGs is conserved across different plant species 2. RNP granules regulate gene expression at the post-
transcriptional and translational levels. The assembly/disassembly of RNP granules is intimately 
controlled by intra- and extra-cellular cues via signal transduction mainly mediated by PTMs of key 
protein components such as RBPs. The PTMs involved include but not limited to acetylation, arginine 
methylation, glycosylation, PARylation, phosphorylation, and ubiquitination 64. In plants, our previous 
report revealed that flg22 could trigger the disassembly of PB component DCP1 granules in early 
immune response 13. DCP1 is phosphorylated by MPK3/6 and the phosphorylation status dictates 
DCP1 granule assembly/disassembly as well as DCP1’s role as a positive regulator in plant immune 
response. In this report, we have observed a parallel molecular mechanism that controls distinct roles 
of TZF1. TZF1 is mainly localized in SGs (Figure 3) and TZF1 is also phosphorylated by flg22-
induced MAPK signaling cascade (Figure 6). However, in contrast to DCP1, TZF1 granules are 
induced by flg22 in early phase (Figure 2) and TZF1 acts as a negative regulator in plant immune 
response (unpublished results). We therefore use TZF1 SG assembly as a functional readout to 
systematically dissect the roles of various PTMs in this process. We have found that phosphorylation, 
ubiquitination, and 14-3-3 protein-protein interaction could all play pivotal roles in the modulation of 
TZF1 SG assembly/disassembly. We have also found that PTMs not only affects the formation/number, 
but also the morphology of TZF1 SGs. We showed that TZF1WT (Figures S1D and 10C), other PB and 
SG markers (Figure 1), and signals of MKKs (Figure 5B), TZF1WT-MPKs, and TZF1WT-MKKs 
(Figures 4D and S3) displayed typical droplet-like RNP granule morphology. However, mutations that 
affected PTMs could change TZF1 SGs into aggregates-like larger SGs that were less typical. As plant 
SGs are not always droplet-like17,42,65-67, we propose that SG morphology can be modulated by external 
and internal cues and signal transduction mediated by PTMs. 
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Phosphorylation and ubiquitination in TTP model 
TTP is one of the most highly phosphorylated proteins in animals. To date, nearly 50 

phosphorylation sites have been identified in mouse mTTP (319 aa) and human hTTP (326 aa), 
respectively 68. The stability and subcellular localization of TTP and its target mRNAs are tightly 
regulated by PTMs. The classical model of TTP-mRNA regulation is well established (Figure S10A)—
in the unstimulated condition, TTP is localized in the nucleus and SGs in which both TTP and target 
mRNAs are labile. In the presence of proinflammatory stimulus, p38MAPK-MK2 pathway is activated 
to phosphorylate TTP at S52 and S178 outside of TZF motif hence triggering 14-3-3 adaptor protein 
interaction. These events result in the exit of TTP from SGs to cytoplasm and stabilization of both TTP 
and target mRNAs 41,57. 
 

With years of continuing research, layers of complexity have been added to this model (Figure 
S10A). The N-terminal domain of TTP is phosphorylated by an unusual kinase MEKK1 (MAP triple 
kinase 1) and then the MEKK1 binding partner E3 ubiquitin ligase TRAF2 (TNF receptor-associated 
factor 2) deposits K63-linked ubiquitin chains onto five lysine residues within central TZF motif. The 
progressive decrease of TTP phosphorylation and increase of ubiquitination leads to the reduction of 
Nuclear Factor-kappaB (NF-kB) activity (pro-cell survival), whereas induction of the c-Jun N-terminal 
kinase (JNK) pathway (pro-cell death) 69. Curiously, the N-terminal domain of TTP also interacts with 
pyruvate kinase M2 (PKM2, typically a glycolysis enzyme) hence triggering p38MAPK-MK2 mediated 
phosphorylation, ubiquitination of TTP, reduction of target mRNA turnover, and impairment of cell 
viability in breast cancer cells 70. 
 

In contrast to above mentioned non-degradative K63-mediated ubiquitination, TTP stability is also 
controlled by K48-mediated ubiquitination and degraded by 26S proteosome (Figure S10A). HECT, 
UBA, and WWE domain-containing protein 1 (HUWE1) is a giant E3 ubiquitin ligase that regulates 
numerous substrates involved in signal transduction of cellular stress responses, cell growth, and 
apoptosis. A recent genetic analysis revealed that HUWE1 promotes the interaction between TTP C-
terminal domain (aa 234-259) and protein phosphatases PP1 and PP2 and inhibits p38MAPK-
MK2/JNK/ERK activities, therefore resulting in dephosphorylation of TTP (within aa 259-279) and 
leading to an activation of an unknow E3 ligase to deposit K48 ubiquitin chains onto the TZF motif to 
destabilize TTP protein. This pathway represents the late phase (3-16 h) of the pro-inflammatory 
stimulus-induced response 71. 
 
Phosphorylation 

Similar to that in animals 1, plant SGs are formed via high local concentration and multivalent 
interaction of RNPs, where RBPs and signal transduction components such as kinases and 
phosphatases are enriched 2. Kinase signaling has an intimate relationship with SGs—either the 
assembly of SGs is dependent on kinase signaling or certain kinases themselves containing IDRs that 
could act as scaffolds to mediate SG assembly. SGs could serve as hubs to sequester kinases, cofactors, 
and substrates to spatiotemporally facilitate kinase signaling on client proteins of SGs 72. In plants, 
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little is known about the roles of protein phosphorylation on the assembly of and protein-protein 
interaction within SGs. Although numerous reports have demonstrated the central roles of scaffold 
proteins and PTMs in nucleating and promoting SG assembly, none except G3PB-deficient mutants 
completely failed to form SGs in non-plant systems, and surprisingly that the same phenomenon has 
not been observed in plant systems 2. 
 

In this report, we demonstrate the interaction and localization of MAPK signaling components in 
TZF1-associated SGs. These results are strongly supported by a previous protein interactome analysis 
indicating that MPK3, MKK4, and MKK5 were found in various SG proteomes 2. We also 
unequivocally demonstrated that TZF1 is an IDR-containing SG component likely playing a key role 
in RNA metabolism and signal transduction 73. Our study made a step further to show that MPKs and 
MKKs are recruited by TZF1 to SGs and TZF1 is phosphorylated by MPK3/6 (Figures 4-6 and Figures 
S3 and S5). The TZF1-MPK/MKK interaction in SGs is further substantiated by our IP-MS results in 
which conserved SG markers RH6/8/12 are also found in TZF1 protein complex (Figure 4A). We then 
fine mapped the phosphorylation sites of the TZF1 using LC-MS/MS to reveal 10 potential residues, 
among which S80 and S254 are associated with MPK phosphorylation signature motif SP, and S106 
and T276 are within predicted 14-3-3 adaptor protein binding sites (Figures 6 and 9A). 
 

Our comprehensive mutant studies have revealed that phosphorylation has differential effects on 
TZF1 SG assembly and protein-protein interaction with MKK5 in SGs, depending on the location and 
phosphorylation status of the amino acids. As mentioned earlier, it was not surprising that none of the 
single or higher order mutations of either S to A or S to D changes could abolish SG assembly, given 
no prior examples could be found in plant systems. However, a significant reduction of SG assembly 
was found in the mutations of S80, S254/255 (Figure 8), the two predicted MAPK phosphorylation 
sites. It is currently unclear though why both S to A and S to D changes resulted in similar SG reduction. 
We speculated that the phosphorylation status of these residues is tied to a feedback regulatory loop of 
SG homeostasis. Disruption of the balance of such loop controlled by reversible phosphorylation could 
lead to the disassembly of SGs (Figure 13). 
 

Another striking result we have obtained is the relationship between phosphorylation and TZF1 
protein accumulation. Although standard protein half-life analyses were not performed, the S to D 
mutations of almost all residues tested result in lower protein accumulation (Figure S6). This is in 
sharp contrast with the animal TTP model (Figure S10A) in which phosphorylated TTP is more stable 
41,57. Moving forward, it is imperative to unbiased determine and unravel the mechanism underpinning 
phosphorylation mediated control of TZF1 protein and target mRNAs stability. 
 
14-3-3 adaptor protein interaction 

The recruitment of 14-3-3 adaptor protein by MAPK signaling could have a significant impact on 
TZF1 function because 14-3-3 proteins could mask the IDRs of TZF1 and reduce its multivalency 
hence acting as inhibitors of TZF1-mediated SG assembly 72 (Figure S10). In this report, we confirm 
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the role of IDR in SG assembly because deletion of either or both IDRs in TZF1 almost eliminated SG 
assembly completely (Figures 3B-C). In addition, the deletion of IDRs from TZF1 also changed the 
pattern of protein-protein interaction with MKK5 from small and even granular to few large coalesced 
SGs near the nucleus (Results not shown). This could be due to the compositional change in protein, 
RNA, or both in SGs. Furthermore, phosphorylation of a potential 14-3-3 interaction site (S106D) 
significantly reduced TZF1 SG assembly (Figure 9). Reduced SG assembly could be interpreted by 
the masking of TZF1’s IDRs by 14-3-3 adaptor protein via phosphorylation dependent protein-protein 
interaction and thus reducing TZF1’s ability to recruit other components for SG assembly. 
 
Ubiquitination 

Ubiquitination is generally considered as a switch that destines protein for degradation by 26S 
proteosome. However, protein mono-ubiquitination and K63 type poly-ubiquitination are non-
proteolytic signals that serve as means in controlling other cellular processes such as protein-protein 
interaction and protein phosphorylation, as has been intensively investigated in the NF-kB pathways. 
In animals, ubiquitination also regulates the activation of MAP kinases in immune and inflammatory 
pathways 74. In another scenario, the K63-ubiquitination in the cells is required for DCP1a 
phosphorylation, decapping and mRNA degradation of prototypical inflammatory genes, and most 
remarkably the assembly of decapping factors into P-bodies. Curiously, mutation of all six ubiquitin 
acceptor lysine residues (K520-577R) at the C-terminal of DCP1a increased the number but reduced 
the size of DCP1a-associated P-bodies, illustrating a multifaceted regulation of ubiquitination on the 
dynamics of P-body assembly 75. 
 

Conversely, kinases could act as sensors for the PTM events taking place in LLPS-mediated 
condensates. For example, some kinases (e.g., TANK-binding kinase 1—TBK1) can sense ubiquitin 
and be recruited and activated (e.g., through oligomerization due to elevated local concentration) in 
the condensates enriched with ubiquitin-tagged mis-folded proteins. This feed forward pathway can 
promote condensate growth and recruit additional polyubiquitin-tagged proteins to eventually trigger 
the participation of aggrephagy machinery (via TBK1 phosphorylation of aggrephagy receptors) to 
clear toxic protein aggregates that cause degenerative diseases such as amyotrophic lateral sclerosis 
(ALS) 72. In plants, an activator of salicylic acid induced systemic acquired resistance NPR1 
(nonexpresser of PR genes 1) is recruited to the cellular condensates to trigger a partner E3 ubiquitin 
ligase mediated ubiquitination of other proteins in the condensates to enhance cell survival 76.  

 
In this report, we show that TZF1 is ubiquitinated by E3 ubiquitin ligase KEG (Figure 11). 

Intriguingly, mutations of predicted ubiquitination sites of TZF1 significantly reduce SG assembly and 
some mutations trigger the formation of large coalesced SGs in the proximity of the nucleus (Figure 
12). It is well documented that RNP granules can undergo homotypic or heterotypic interaction to 
facilitate the assembly or larger granules. In general, SGs prefer to interact with themselves and two 
or more SGs can dock and form a larger condensate. By contrast, it is relatively rare for heterotypic 
docking of PBs with SGs to allow the exchange of RNPs including mRNAs 1. We propose that TZF1 
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ubiquitination facilitates homotypic interaction via docking and merging to form larger SGs. However, 
we cannot rule out the possibility of heterotypic interaction, given TZF1 could partially localize to PBs 
as well 50. It is currently unclear whether the composition or property of TZF1 granules would be 
changed during the formation of a single or multiple aggregates-like large condensates within the cells 
(Figure 8A). As was reported recently, RNAs were primarily degraded in smaller liquid-like PBs, 
whereas RNAs were mostly stable under heat shock condition when PBs increased in size and became 
more solid-like 77. In our study, we do not know the property, composition, and fate of the RNAs 
associated with TZF1 condensates, but we do observe in numerous occasions on the dynamic changes 
of the size and number of TZF1 condensates among various mutations (Figure 13), implicating that 
post-translational modification such as phosphorylation and ubiquitination might affect TZF1 
condensates’ ability in modulating mRNA metabolism. 
 

On the other hand, it is currently unclear how the large TZF1 SGs are connected to the nucleus. 
Perinuclear RNA granules such as germ granules (known as P-granules in Caenorhabditis elegans) are 
well characterized to be associated with nuclear pore complex 78. However, there could be up to a 
dozen of P-granules surrounding a single nucleus, which is quite different from what we have observed 
here that only a single or a couple of TZF1 SGs are present. Nevertheless, it was demonstrated recently 
that the nuclear pore complex (NPC) proxiome assembly is mediated by phase-separation in plants. 
For example, PBs can be directly associated with NPCs to regulate translation and mRNA stability 79. 
There are also multiple reports support the notion of component-exchange cycle between PBs and SGs 
2. We propose that TZF1 could play a role in modulating SG-nucleus material exchange cycle and/or 
function-coupling. The cause and biological significance of large coalesced SGs near the nucleus are 
important questions to be addressed in the future. 
 

Another striking result in our study is the reduction of TZF1 protein accumulation resulted from 
mutations of ubiquitination sites (Figure 12C). We do not know if TZF1 is ubiquitinated via K48 or 
K63 or both ubiquitin chains. Given the results of protein immunoblot analysis we have obtained, it 
might be more likely that TZF1 is predominantly K63-ubiquitinated. Mutagenesis of ubiquitination 
sites is frequently used to validate ubiquitination targets. However, the results from using this approach 
can be difficult to interpret due to unintended changes of protein folding, protein-protein interaction, 
ATP/ubiquitin binding, and protein activities 74. Therefore, reduced TZF1 accumulation caused by 
ubiquitination site mutations could be a consequence of multiple reasons mentioned above. A deeper 
dissection on the mechanisms of TZF1 ubiquitination is required to address these important open 
questions in the future. 

 
Limitations of study 

In this report, various analyses were conducted using both intact plants and protoplasts. Although 
the protoplast transient expression system was highly efficient and versatile 53, it could present some 
potential problems. The use of protoplast system was meant to be a reductionist approach in which 
artifacts might exist, but the major focus was to compare the phenotypes between the WT and the 
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mutant proteins. Nevertheless, leaf protoplasts are mainly derived from mesophyll cells that have very 
different cell geometries compared to the uniform spherical protoplasts. The viscoelastic properties of 
a biomolecular condensate such as SG determine its interaction with other molecules in the cells and 
the shape of the biomolecular condensates. The interacting molecules could be materials in the 
cytoplasm or nucleoplasm, chromatin, cytoskeleton, microtubules, and various membranes. 
The viscoelasticity of the interacting materials also affects biomolecular condensates geometries and 
vice versa 80. The extent of the changes on cellular contents, due to the alteration of cell geometry from 
intact leaf mesophyll cells to protoplasts has not been documented. However, it is conceivable that the 
two would not be identical. It was reported recently that DCP1 protein condensates interact with 
plasma membranes and are differentially accumulated at edges and vertices of root cells in different 
regions 60. Such specific subcellular localization pattern could not have been observed in the root 
protoplasts.  
 

Another potential drawback of our studies was the use of CaMV35S promoter to drive the reporter 
gene expression to a high level. Again, the use of CaMV35S promoter was meant to boost the protein 
expression to enlarge the scale of the difference between WT and the mutant proteins. Although one 
could argue that biomolecular condensates formation is primarily a post-translational event. The 
crowding of the scaffold proteins could significantly enhance phase-separation hence increase the 
number and perhaps the size of the condensates 81. For example, compare to MKK4 and MKK5, MPK3 
and MPK6 cannot be expressed to a comparable high level even when driven by CaMV35S promoter. 
Perhaps due to this reason, MPK3 and MPK6 were rarely seen localized to the condensates (Figure 
5A). However, one could also argue that perhaps there is indeed a difference between MPK3/6 and 
MKK4/5, because MPK3/6 could readily be localized to the condensates when co-expressed with 
TZF1, but not a nuclear marker NLS-RFP (Figure 5C). Whether or not the crowding of TZF1 recruits 
MPK3/6 to SGs awaits future analysis using intact transgenic plants and placing these reporter 
constructs under the native promoter with an inducible switch. 
 
Conclusion 

In summary, we have found that TZF1 recruits MAPK signaling components and an E3 ubiquitin 
ligase KEG to SGs (Figure 13). TZF1 is then phosphorylated by MPKs and ubiquitinated by KEG. In 
this process, we have found that Arabidopsis TZF1 is not less complicated than animal TTP, in terms 
of domain/structure and function (Figure S10A). Phosphorylation, ubiquitination, 14-3-3 interaction, 
IDRs, and numerous regulatory elements throughout TZF1 might all have differential effects on RNP 
granule assembly, and protein-protein interaction with a key MAPK signaling component MKK5 in 
SGs (Figure 13). Given decades of intensive studies on mammalian TTP, our understanding on 
Arabidopsis TZF1 thus far appears to be in its infancy and one-dimensional (Figure S10B). However, 
we believe our groundbreaking study has served as a gateway for more intensive investigation in the 
future. Moving forward, in-depth characterization of these transgenic plants is expected to gain more 
insights into plant stress granules dynamics in response to various cues. Because TZF family proteins 
are evolutionarily conserved not only in sequence and structure but also in expression pattern and 
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function, much more work is required to translate basic information into useful new tools for potential 
crop improvement. 
 
 
Figure legends 
 
Figure 1. RNP granule dynamics in Arabidopsis protoplasts transient expression system.  
(A) Fluorescent microscopy images showing the droplet morphology of PB markers DCP1, DCP2, 
and DCP5, and SG markers Caprin, G3BP, and UBP1b. Protoplasts expressing SG markers were heat 
shock at 42ºC for 5 min before imaging. The green fluorescence was viewed under B-2A blue 
excitation filter. Background red color was emitted from chloroplast auto-fluorescence. Scale bar= 10 
μm. (B) Except for UBP1b, most SG markers, such as Caprin and G3BP, are stress-inducible (e.g., by 
heat shock at 42ºC for 5 min) in Arabidopsis protoplasts. The mCherry red fluorescence was viewed 
under Y-2E/C yellow excitation filter. Scale bar= 10 μm.  
 
Figure 2. Cytoplasmic granule dynamics in response to flg22.  
(A) Arabidopsis protoplasts were transiently expressed with indicated DNA constructs, incubated 
overnight, and treated with synthetic bacterial flagellin flg22 (0.1 μM) for 15 and 30 min, respectively, 
before fluorescence microscopy analysis. Typical single cell of each sample population is shown in the 
insert. Scale bar= 10 μm. (B) Quantitative analysis of granule number per cell as shown in (A). 
Columns represent means ± SE (n = 100). Asterisks indicate significant differences from 0 min (*, P 
< 0.05) by Student’s t test. 
 
Figure 3. TZF1 is a stress granule component.  
(A) Confocal imaging showing that TZF1 is localized in cytoplasmic condensates and partially co-
localized with PB marker DCP1, whereas completely co-localized with SG marker UBP1b. Scale bar= 
10 μm. (B) The intrinsically disordered regions (IDR1 and IDR2) and RR-TZF motif are required for 
TZF1 cytoplasmic granule localization. Schematic representation of DNA constructs with deletion of 
predicted IDR (ΔIDR) and RR-TZF motif (ΔRR or ΔTZF) and corresponding statistical analysis of 
TZF1 subcellular localization patterns. Total number of cells counted n > 250 for each construct. (C) 
TZF1 cytoplasmic granules were significantly reduced with IDR deletions in Arabidopsis protoplasts. 
Scale bar= 10 μm. (D) TZF1 cytoplasmic granules were reduced by the deletion of RR or TZF, but 
increased when only RR-TZF was present. Image in the insert is a single cell co-expressed with TZF1-
GFP and NLS-RFP. Scale bar= 10 μm.  
 
Figure 4. TZF1 interacts with MAPK signaling components.  
(A) Selected TZF1 protein complex components identified by immunoprecipitation coupled mass 
spectrometry. (B) TZF1 interacts with MAPK signaling components MKK4, MKK5, MPK3, and 
MPK6 in a Y-2-H assay, as indicated by the yeast growth on the quadruple amino acids dropout (-
LWHA) selection plate. BD: empty vector with GAL4 binding domain was used as a negative control. 
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(C) Co-IP analysis results indicate that TZF1 interacts with MPK3, MPK6, MKK4, and MKK5. 
Arabidopsis protoplasts were co-expressed with indicated constructs and IP was performed using anti-
GFP antibody and immunoblot was carried out using anti-HA and anti-GFP antibody, respectively. (D) 
Confocal microscopy images showing that TZF1 interacts with MPK3/6 and MKK5 in cytoplasmic 
granules in BiFC analysis. Scale bar= 10 μm.  
 
Figure 5. Subcellular localization of TZF1 and MAPK signaling components.  
(A) TZF1, MKK4, and MKK5 are localized in cytoplasmic condensates, whereas MPK3 and MPK6 
are mainly localized in the nucleus in Arabidopsis protoplasts. NLS-RFP, a marker for nuclear proteins. 
Scale bar= 10 μm. (B) MKK4 and MKK5 are localized in cytoplasmic condensates in stable transgenic 
Arabidopsis plants. Shown are root tissues with GFP signals in cytoplasmic condensates throughout 
the cells and in the nuclei (arrows). Scale bar= 10 μm. (C) MPK3, MPK6, MKK4, and MKK5 co-
localize with TZF1 in Arabidopsis protoplasts. Scale bar= 10 μm. 
 
Figure 6. Flg22 induces phosphorylation of TZF1 on multiple serine and threonine residues. 
(A) Flg22-activated MPK3, MPK4, and MPK6 phosphorylate TZF1 in Arabidopsis 
protoplasts. Protoplasts co-expressing TZF1-HA with MPK3-FLAG, MPK4-FLAG, or MPK6-FLAG 
were treated with or without 0.1 μM flg22 for 15 min. Total proteins were separated with Mn2+-Phos-
tag and regular SDS-PAGE gels, followed by immunoblot analysis with α-HA or α-FLAG antibodies. 
Protein loading is shown by Ponceau S staining for Rubisco. (B) LC-MS/MS spectrum of a 
phosphorylated peptide containing Ser-106 in TZF1 (TZF1S106). Protoplasts expressing TZF1-HA 
were treated without (H2O) or with 0.1 μM flg22 for 10 min. TZF1-HA was immunoprecipitated with 
α-HA magnetic beads and separated by SDS-PAGE gel, followed by digestion with trypsin and LC-
MS/MS analysis to identify TZF1 phosphorylation sites. (C) List of TZF1 phosphorylation peptides 
identified by LC-MS/MS analysis. The peptide-spectrum match (PSM) indicates the number of 
identified phosphorylated peptides. TZF1S74, TZF1T110, and TZF1S296 were only identified in the H2O 
sample (pink boxes). TZF1S71, TZF1S73, TZF1S80, and TZF1S254 were only identified in the flg22-
treated sample (green boxes). TZF1S106, TZF1S266, and TZF1T276 were identified in both H2O and flg22-
treated samples (grey boxes). 
 
Figure 7. Schematic representation of domain structures and predicted post-translational 
modifications of TZF1.  
TZF1 is roughly divided into the N-terminus (N), arginine-rich motif (RR), tandem CCCH zinc finger 
motif (TZF), and C-terminus (C). The predicted MAPK docking site (aa 7 to 16) and two intrinsically 
disordered domains (IDR1 and IDR2) are also shown. Residues in black are predicted phosphorylation 
sites revealed by LC/MS-MS analysis. The two numbers in the parentheses next to the indicated 
residue are the peptide spectrum match (PSM) scores for sample treated without and with flg22, 
respectively. Residues in blue are potential 14-3-3 protein-protein interaction sites predicted by 14-3-
3-Pred algorithm (https://www.compbio.dundee.ac.uk/1433pred). Residues in red are potential 
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ubiquitylation sites predicted by BDM-PUB (Computational Prediction of Protein Ubiquitination Sites 
with a Bayesian Discriminant Method). 
 
Figure 8. The effects of phosphorylation mutations on TZF1 cytoplasmic granule assembly. 
(A) TZF1-3FLAG-GFP fusion protein is mainly localized in cytoplasmic condensates/granules (#1) in 
Arabidopsis protoplasts. A small percentage of the cells displays diffused cytoplasmic (#2), nuclear 
(#3) or nucleus-like (#4) pattern. NLS-RFP, a marker for nuclear proteins. Scale bar= 10 μm. (B) TZF1 
completely co-localized with SG marker UBP1b. (C-F) The subcellular localization patterns of TZF1-
3FLAG-GFP with mutations on the residues phosphorylated (C), de-phosphorylated (D) upon flg22 
treatment, a fragment with compact flg22-induced phosphorylated (S71, S73, and S80) or 
dephosphorylated (S74) residues (E), and a predicted MAPK phosphorylation residue (S255) and 
S254/255 double mutation (F). The S to A change represents phosphor-dead and S to D change 
represents phospho-mimicking mutation. Scale bar= 10 μm. (G) Statistical analysis of TZF1-3FLAG-
GFP subcellular localization patterns as shown in (A-F). Total number of cells counted n > 250 for 
each construct. 
 
Figure 9. The effects of predicted 14-3-3 protein-protein interaction site mutations on TZF1 
cytoplasmic granule assembly.  
(A) Four major 14-3-3 protein-protein interaction sites predicted by 14-3-3-Pred algorithm 
(https://www.compbio.dundee.ac.uk/1433pred). (B) Mutations (S/T to A) abolishing 14-3-3 
interaction did not affect TZF1 localization to cytoplasmic granules, whereas S106D reduced 
cytoplasmic granule assembly. T168A appeared to enhance TZF1-GFP granule signal intensity. Scale 
bar= 10 μm. (C) Statistical analysis of TZF1 subcellular localization patterns as shown in (B). Total 
number of cells counted n > 250 for each construct. (D) Immunoblot analysis of TZF1 (WT) and 14-
3-3 interaction site mutations. Numbers in the table indicate normalized values of GFP/RFP and 
GFP/Rubisco, respectively. 
 
Figure 10. TZF1 accumulation is affected by KEG.  
(A) TZF1 is partially co-localized with KEG in cytoplasmic condensates. Scale bar= 10 μm. (B) TZF1 
accumulation was blocked by protein synthesis inhibitor CHX and enhanced by proteosome inhibitor 
MG115/132 cocktail in 7-day-old TZF1-OX transgenic plants. (C) TZF1 cytoplasmic granules were 
enhanced by MG132 in the root cells of TZF1-OX transgenic plants. Scale bar= 20 mm. (D) 
Immunoblot analysis indicated that TZF1-GFP accumulated at a higher level in the WT than in the 
keg-4 gain-of-function mutant. (E) Immunoblot analysis indicated that TZF1-GFP accumulated at a 
higher level in the WT than in the keg-4 in Arabidopsis protoplasts. (F) TZF1-GFP signals were much 
higher in the WT than in the keg-4 in Arabidopsis protoplasts. Scale bar= 30 mm. (G) TZF1 granule 
assembly was inhibited by PYR41. Scale bar= 10 μm. (H) Quantitative analysis of granule number per 
cell as shown in (G). Columns represent means ± SE (n = 90). Asterisks indicate significant differences 
from 0 h (*, P < 0.05) by Student’s t test. 
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Figure 11. TZF1 is ubiquitinated in vivo and in vitro.  
(A) Schematic representation of ubiquitylated residues on TZF1 predicted by an online 
tool  http://systbio.cau.edu.cn/araubisite. (B) TZF1 is ubiquitinated in vivo. Arabidopsis protoplasts 
were co-expressed with indicated constructs and IP was performed using anti-HA antibody and 
Western blot was carried out using anti-GFP antibody. (C) Same IP experiment with the addition of 
ubiquitin-activating enzyme E1 inhibitor PYR41 was carried out. (D) KEG ubiquitinates TZF1 in vitro. 
The in vitro reaction was carried out using recombinant E1, E2, and E3 (MBP-KEG) enzymes, 
ubiquitin, and GST-TZF1.  

Figure 12. The predicted ubiquitination site mutations abolished TZF1 stress granule assembly 
in Arabidopsis protoplasts.  
(A) All mutations appeared to reduce TZF1 stress granule assembly. Scale bar= 10 μm. (B) Statistical 
analysis of TZF1 subcellular localization patterns and granule number per cell as shown in (A). Total 
number of cells counted n > 250 for each construct. Columns represent means ± SE. Asterisks indicate 
significant differences from TZF1 (*, P < 0.05) by Student’s t test. (C) Immunoblot analysis indicated 
that most ubiquitination site mutations reduced TZF1 protein accumulation. 
 
Figure 13. Effects of post-translational modifications on TZF1 SG assembly. 
Arabidopsis TZF1 recruits MAPK signaling components MPK3, MPK6, MKK4, and MKK5 and an 
E3 ubiquitin ligase KEG to SGs. TZF1 is phosphorylated by MPK3/6 and ubiquitinated by KEG. 
Depending on the position and status of the phosphorylation and ubiquitination modifications, TZF1 
subcellular localization can be changed from a typical SG pattern to SG disassembly to become 
cytoplasmic pattern or to the formation of one or more coalesced large SGs attaching to the nucleus. 
Deletion of IDR, RR, TZF motif and phosphorylation-induced 14-3-3 interaction at TZF1 (S106) can 
also result in the reduction of SG assembly. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Jo
urn

al 
Pre-

pro
of

http://systbio.cau.edu.cn/araubisite


21 
 

STAR METHODS 
Detailed methods are provided in the online version of this paper and include the following: 
 
KEY RESOURCES TABLE 

REAGENT or RESOURCE SOURCE IDENTIFIER 

Antibodies 

Anti-GFP Roche Cat # 11814460001 

Anti-RFP ChromoTek RRID: AB_2631395 

Anti-HA-Peroxidase Roche Cat # 12013819001 

Anti-FLAG-Peroxidase Sigma-Aldrich Cat # A8592 

Bacterial and virus strains  

Escherichia coli N/A DH5α 

Escherichia coli N/A BL21 

Agrobacterium tumefaciens N/A GV3101 

Chemicals, peptides, and recombinant proteins 

Murashige & Skoog Modified Basal Medium Phytotech Cat # M404 

Cycloheximide Sigma-Aldrich Cat # 01810 

MG132 Abcam Cat # ab141003 

PYR41 Sigma-Aldrich Cat # N2915 

GFP-Trap Magnetic Agarose ChromoTek RRID: AB_2631358 

Critical commercial assays 

SuperSignal West Femto Maximum Sensitivity Substrate Thermo Cat # 34095 

Experimental models: Organisms/strains 

Arabidopsis thaliana ecotype Colombia 

Arabidopsis : CaMV35S:TZF1-GFP This paper N/A 

Arabidopsis : CaMV35S:MKK4-GFP This paper N/A 

Arabidopsis : CaMV35S:MKK5-GFP This paper N/A 

Oligonucleotides 

Primers used for transient assay and stable lines Table S2 N/A 

Primers used for Y2H Table S2 N/A 

Primers used for BiFC Table S2 N/A 

Recombinant DNA 

Plasmids used in this study Table S1 N/A 
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RESOURCE AVAILABILITY 
Lead Contact 
Further information and requests for resources and reagents should be directed to and will be fulfilled 
by the Lead Contact, Dr. Jyan-Chyun Jang (jang.40@osu.edu). 
Materials Availability 
This study did not generate new unique reagents. 
Data and Code Availability 
All data reported in this paper will be shared by the lead contact upon request. 
This paper does not report original code. 
Any additional information required to reanalyze the data reported in this paper is available from the 
lead contact upon request. 
 
EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS 
Plant materials and growth conditions 
Arabidopsis thaliana ecotype Columbia (Col-0) was used in this study. The keg-4 mutant (CS67951) 
was obtained from the Arabidopsis Biological Resource Center (ABRC). WT, keg-4, and transgenic 
plants were grown in a growth chamber at 22℃ with a photoperiod of 16-h light/8-h dark. 
 
METHOD DETAILS 
Molecular cloning and generation of transgenic plants 
The coding sequence (CDS) of TZF1, MKK4, and MKK5 were cloned into the pENTR™/D-TOPO® 
vector. All constructs were subcloned into the Gateway® destination binary vector with C-terminal 
GFP tag by using the LR recombination reaction and then transformed into WT plants by the floral dip 
method. The constructs used for phosphorylation and ubiquitination mutant analysis were cloned into 
a modified pBlueKS+ plasmid with LR recombination sites as a Gateway destination vector 30.  
 
Yeast two-hybrid (Y2H) assay 
The CDS of TZF1 was cloned into the pGBKT7 vector and the CDS of MKK4, MKK5, MPK3, and 
MPK6 were cloned into the pGADT7 vector. Pairs of pGBKT7 and pGADT7 plasmid were co-
transformed into the yeast strain AH109 following the MatchmakerTM GAL4 Two-Hybrid System 
instructions (Clontech). Primary transformants were selected on synthetic drop-out (SD) medium 
lacking Trp and Leu and confirmed again by colony PCR before growing on SD medium lacking Ade, 
His, Trp, and Leu. 
 
Protoplast transient expression and BiFC assays 
For transient expression assay in Arabidopsis protoplasts, TZF1, MKK4, MKK5, MPK3, and MPK6 
CDS were cloned into the pENTR™/D-TOPO® vector and then subcloned into the Gateway® 

destination vector with C-terminal GFP tag by using the LR recombination reaction. For BiFC, the 
CDS of TZF1 was cloned into pA7-YN (containing N-terminal half of YFP) vector and the CDS of 
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MKK4, MKK5, MPK3, and MPK6 were cloned into pA7-YC (containing C-terminal half of YFP) 
vector 82. Plasmid pairs were co-transformed into Arabidopsis protoplasts. 
 
Co-IP assay 
Total proteins were extracted from Arabidopsis protoplasts co-expressing TZF1-2xHA with GFP-
MPK3, GFP-MPK6, MKK4-GFP, MKK5-GFP or free GFP. Extracted proteins were then incubated 
with equilibrated GFP-trap beads (Chromotek) at 4°C for 2 h under gentle agitation, followed by 3 
times of washing with wash buffer (100 mM Tris pH 8.0, 150 mM NaCl, 5 mM EDTA, 10 mM DTT, 
0.1% NP-40). Immunoblots were performed using α-GFP (Roche) or α-HA antibodies (Roche). 
 
In vivo ubiquitination assay  
Arabidopsis protoplast samples were co-transformed with 2xHA-UBQ and the GFP-tagged genes of 
interest and incubated overnight at room temperature followed by a 2-h treatment with 50 μM MG132. 
After homogenization in 100 μl of IP buffer (100 mM Tris pH 8.0, 150 mM NaCl, 5 mM EDTA, 10 
mM DTT, 0.1% NP-40, protease inhibitor cocktail), the GFP-tagged proteins were immunoprecipitated 
by incubating the extracts with 15 μl of anti-HA magnetic beads (Thermo Scientific) for 2 h at 4°C 
with gentle shaking. The anti-HA magnetic beads were collected and washed 3 times with wash buffer 
(100 mM Tris pH 8.0, 150 mM NaCl, 5 mM EDTA, 10 mM DTT, 0.1% NP-40). Immunoblots were 
performed using α-GFP (Roche) or α-HA antibodies (Roche). 
 
In vitro ubiquitination assay  
The in vitro ubiquitination reaction was performed in a 30 μl mixture containing 200 ng E1 enzyme 
(BB-E-304-050, Boston Biochem), 200 ng E2 enzyme (BB-E2-616-100, Boston Biochem), 5 mg His-
ubiquitin (BB-U-530, Boston Biochem), 2 mg purified MBP-KEG fusion protein (as E3 enzyme), and 
GST-TZF1 fusion protein in a reaction buffer that contains 50 mM Tris–HCl [pH 7.6], 2 mM DTT, 5 
mM MgCl2, and 2 mM ATP. After 1 h incubation at 30ºC in Eppendorf Thermomixer, the reactions 
were stopped by adding SDS-PAGE sample buffer. Ubiquitinated proteins were detected using 
ubiquitinh antibody. MBP-KEG was detected by anti-MBP monoclonal antibody and GST-TZF1 was 
detected by anti-GST monoclonal antibody. 
 
Identification of TZF1 phosphorylation sites by mass spectrometry 
To identify TZF1 phosphorylation sites, TZF1-HA was expressed in Arabidopsis protoplasts 
(concentration of 2 × 105/ml) for 12 h and treated with or without 0.1 μM flg22 for 15 min. Ten mL 
protoplasts were used to immunoprecipitate TZF1-HA proteins from mock and flg22-treated samples, 
respectively. Protoplasts were then lysed with lysis buffer (20 mM Tris-HCl, pH 7.5, 100 mM NaCl, 
10% glycerol, 0.5 Triton X-100, 1 mM EDTA, 2 mM DTT, 2 mM NaF, and 2 mM Na3VO4, and 1x 
protease inhibitor EDTA-free cocktail) and immunoprecipitated with α-HA magnetic beads (Thermo 
Fisher). The immunoprecipitated products were separated by 10% SDS-PAGE and stained with 
GelCode Blue Stain Reagent (Thermo Fisher) for 2 h at 23°C. The TZF1-HA bands were 
sliced, trypsin-digested, and phospho-peptides were subjected to LC-MS/MS analysis using an 
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Orbitrap QE LC-MS/MS system (Thermo Scientific) at the proteomics core facility of UT 
Southwestern Medical Center. The MS/MS spectra were analyzed with Mascot software, and the 
identified phosphor-peptides were manually inspected to ensure the accuracy of phosphorylation sites 
detection. 
 
Accession numbers 
The accession numbers used are as follows: TZF1 (At2g25900), DCP1(At1g08370), DCP2 
(At5g13570), DCP5 (At1g26110), Caprin (At1g27090), G3BP (At5g43960), UBP1b (At1g17370), 
KEG (At5g13530), MKK4 (At1g51660), MKK5 (At3g21220), MPK3 (At3g45640), and MPK6 
(At2g43790). 
 
QUANTIFICATION AND STATISTICAL ANALYSIS 
Data are presented as means ± SE. Analysis of significances was done using Student’s t test. 
Significance levels (P values) are indicated in legends of each figure, showing *, p < 0.05. 
 
SUPPLEMENTAL INFORMATION 
Document S1. Figures S1-10 and Tables S1-2. 
Videos S1-2. Three-dimension rotating view of a large coalesced TZF1 SG (in green fluorescence) 
attached to the nucleus (in red). Scale bar= 5 μm. 
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• TZF1 is a stress granule (SG) protein. 

• TZF1 interacts with MAPK signaling components and E3 ubiquitin ligase KEG in SGs. 

• TZF1 is phosphorylated by MPK3/6 and ubiquitylated by KEG. 

• TZF1P and TZF1Ub differentially modulates SG dynamics in number, size, and location. 
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