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Abstract

Mitogen activated protein kinase phosphoserine/threonine/tyrosine-binding protein (MK-STYX) 

is a dual specificity (DUSP) member of the protein tyrosine phosphatase family. It is a 

pseudophosphatase, which lacks the essential amino acids histidine and cysteine in the catalytic 

active signature motif (HCX5R). We previously reported that MK-STYX interacts with G3BP1 

[Ras-GAP (GTPase-activating protein) SH3 (Src homology 3) domain-binding-1] and reduces 

stress granules, stalled mRNA. To determine how MK-STYX reduces stress granules, truncated 

domains, CH2 (cell division cycle 25 phosphatase homology 2) and DUSP, of MK-STYX were 

used. Wild-type MK-STYX and the DUSP domain significantly decreased stressed granules 

that were induced by sodium arsenite, in which G3BP1 (a stress granule nucleator) was used 

as the marker. In addition, HEK/293 and HeLa cells co-expressing G3BP1-GFP and mCherry-

*Address correspondence to: College of William and Mary, Integrated Science Center, 540 Landrum Drive, Williamsburg, VA, 23185. 
Tel: 757-221-2587; Fax: 757-221-6483; sdhinton@wm.edu.
Author Contributions
Shantá D. Hinton is responsible for developing the topic, conceptualization of the study, data analysis, as well as training and 
supervising the graduate student Jonathan Smailys and undergraduates Krystal Fei Jiang, Tatiana Proileau, Kylan Kelley, Simah 
Nour, and Lina Ali. William J. Buchser is responsible for training the undergraduates Kylan Kelley, Simah Nour, and Lina Ali; 
Kylan Kelley served as team leader for the quantitative data analysis live cells and the number of stress granules per cell (Figure 
4C and D) and provided insightful discussion of the manuscript. In addition, Dr. Buchser parsed and assisted with analyzing the 
stress granule data for, developed Figure 4 C and D, and provided edits for manuscript. Krystal Fei Jiang performed and analyzed 
initial experiments that showed that the DUSP domain decreased the number of cells for stress granules (Figure 3) in HEK/293 cells. 
Titiana Prioleau suggested the inclusion of G3BP1-S149E to demonstrate that wildtype G3BP1 induction of granules is specific for 
this study, provided fruitful discussion for revision, and edits. In addition, she assisted with the graphical abstract and highlights. 
Jonathan Smailys and Kylan Kelley (Figure 4E) performed the statistical analysis for these experiments. In addition, Jonathan 
Smailys performed the co-immunoprecipitated experiments (Figure 5) and assisted with training Olivia Mitchell, who performed 
the anti-mCherry immunoprecipitation experiments (Figure 5). Jonathan Smailys also performed and analyzed the phosphotyrosine, 
clone 4G10 (Figure 6), developed the model (Figure 7) and fruitful discussion, editing, and revision of the manuscript. Lynn Zavada 
assisted with constructs (Figure 1, performed arsenite experiments (Figure 2) and the additional co-transfection experiments with 
PABP1 (Figures 3 and 4), and training undergraduates Krystal Fei Jiang, Tatiana Prioleau, Kylan Kelley, Olivia Mitchell, and Master’s 
student, Jonathan Smailys. Lynn Zavada also participated in writing the methods, fruitful discussion of data analysis, editing, and 
revision of the manuscript.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our 
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review 
of the resulting proof before it is published in its final form. Please note that during the production process errors may be discovered 
which could affect the content, and all legal disclaimers that apply to the journal pertain.

Conflicts of interest
The authors declare that they have no conflicts of interest with the contents of this article.

HHS Public Access
Author manuscript
Arch Biochem Biophys. Author manuscript; available in PMC 2024 August 01.

Published in final edited form as:
Arch Biochem Biophys. 2023 August ; 744: 109702. doi:10.1016/j.abb.2023.109702.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



MK-STYX, mCherry-MK-STYX-CH2, mCherry-MK-STYX-DUSP or mCherry showed that 

stress granules were significantly decreased in the presence of wild-type MK-STYX and the 

DUSP domain of MK-STYX. Further characterization of these dynamics in HeLa cells showed 

that the CH2 domain increased the number of stress granules within a cell, relative to wild-

type and DUSP domain of MK-STYX. To further analyze the interaction of G3BP1 and the 

domains of MK-STYX, coimmunoprecipitation experiments were performed. Cells co-expressing 

G3BP1-GFP and mCherry, mCherry-MK-STYX, mCherry-MK-STYX-CH2, or mCherry-MK-

STYX-DUSP demonstrated that the DUSP domain of MK-STYX interacts with both G3BP1-GFP 

and endogenous G3BP1, whereas the CH2 domain of MK-STYX did not coimmunoprecipitate 

with G3BP1. In addition, G3BP1 tyrosine phosphorylation, which is required for stress granule 

formation, was decreased in the presence of wild-type MK-STYX or the DUSP domain but 

increased in the presence of CH2. These data highlight a model for how MK-STYX decreases 

G3BP1-induced stress granules. The DUSP domain of MK-STYX interacts with G3BP1 and 

negatively alters its tyrosine phosphorylation– decreasing stress granule formation.

Graphical Abstract
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Introduction

The cellular environment endures many aspects of stress such as heat shock, acidity, 

hypoxia, protein overload, chemical treatment, etc. (1). Cellular survival is dependent on 

how cells respond to these stressors, and there are many coping mechanisms for cellular 

stress. Posttranscriptional remodeling, delaying translational initiation, or the degradation of 

messenger RNA (mRNA) are important examples of how cells manage stress and protect 

themselves (1).

In addition, messenger RNA (mRNA) may be triaged into mRNA silencing foci termed 

processing bodies and stress granules (SGs). These membraneless organelles are transiently 

formed. They may rapidly disassemble under less stressful conditions, allowing the release 

of mRNA for translation (2). Processing bodies and SGs have very distinctive roles; 

processing bodies are constitutive and regulate mRNA translation and decay upon a 
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stimulus. However, SGs are specifically induced by cellular stress such as heat shock, 

UV irradiation, hypoxia, and sodium arsenite (3,4). They are cytoplasmic storage sites 

for mRNA that form as a protective mechanism (5,6), and serve as modulators for an 

equilibrium of apoptosis and cellular survival (2).

SGs accomplish this critical balance through important signaling pathways. The 

phosphorylation cascade is a major component of this signaling and serves a role in the 

initial stress response (2). The phosphorylation of the eukaryotic initiation factor 2α (eIF2α) 

arrests translation and induces SG assembly (6). Therefore, the kinases and phosphatases 

that control eIF2α phosphorylation maybe critical molecules for regulating SGs. For 

example, PTEN (phosphatase and tensin homology) (a dual specificity (DUSP) family 

member) regulates the constitutive phosphatase of eIF2α, CReP (constitutive repressor of 

eIF2α phosphorylation) (7). The phosphorylation status of RNA biding proteins is a critical 

regulator of SGs. In particular, the phosphorylation of Ras-GTPase activating protein SH3 

domain binding protein-1 (G3BP1), a stress granule nucleator, has been studied extensively. 

G3BP1 has multiple phosphorylation sites (5). Therefore, multiple sites may be involved in 

G3BP1’s role as an important signaling molecule in stress granule assembly. Initial studies 

reported that G3BP1 dephosphorylation at Ser-149 was the sole inducer of SG assembly, 

indicating that the serine at position 149 (Ser-149) was the critical residue that elicits the 

accumulation of SGs and G3BP1-induced SGs (5). Follow-up studies show that Ser-149 is 

an important factor in SG assembly (5,8); however, its phosphorylation status may not be 

the defining factor for it (9). We previously showed that MK-STYX interacts with G3BP1 

and decreases the formation of SGs (10). Furthermore, MK-STYX decreases SG formation 

independently of the phosphorylation status of G3BP1 at serine 149 (11).

The present study focuses on how MK-STYX interacts with G3BP1 to decrease stress 

granule formation. MK-STYX is a catalytically inactive member of MAPK phosphatase 

(MKP) subfamily (10,12-17). MKPs possess an N-terminal non-catalytic domain composed 

of two CDC25 (cell division cycle 25)/rhodanese homology domains and a C-terminal 

catalytic DUSP domain (15-19). The DUSP domain of MK-STYX does not possess 

critical histidine and cysteine residues required for catalysis, resulting in its inability to 

dephosphorylate residues, and therefore it is classified as a pseudophosphatase (14,20). 

We demonstrate that SGs are significantly decreased in the presence of the DUSP domain 

of MK-STYX. Intriguingly, we also show that the CH2 domain of MK-STYX increases 

the number of stress granules within in a cell relative to wild-type MK-STYX and its 

DUSP domain. In addition, coimmunoprecipitation demonstrated that the DUSP domain of 

MK-STYX interacts with both endogenous G3BP1 and overexpressed G3BP1. Furthermore, 

the tyrosine phosphorylation of G3BP1 is increased in the presence of the CH2 domain, 

but decreased in the presence of MK-STYX and the DUSP domain. Taken together these 

data provide a platform of how MK-STYX may interact with G3BP1 to decrease stress 

granules–serving as the framework to understanding the mechanism. Our findings highlight 

that pseudophosphatase MK-STYX decreases SGs through its DUSP domain. Moreover, 

this specificity demonstrates that the DUSP domain is very important for protein interaction 

and function of this pseudophosphatase as a regulator in the stress response pathway.
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Results

The DUSP domain of MK-STYX inhibits endogenous G3BP1 stress granules

To determine how MK-STYX decreases stress granules, we investigated whether its CH2 

domain, DUSP domain, or both domains are required for its effects on stress granules. 

We used wild-type MK-STYX and truncated mutants (Figure 1) to determine whether 

MK-STYX decreases stress granules. The CH2 domain consists of residues 1-150, which 

contains the kinase interaction motif (KIM) (Figure 1B) and is referred to as MK-STYX-

CH2 (Figure 1B). The DUSP domain consists of residues 151-313 (Figure 1C) and is 

referred to as MK-STYX-DUSP (Figure 1C). The protein tyrosine phosphatase (PTP) active 

signature motif (HCX5R), which is essential for catalysis, is within this region. However, the 

HC is replaced with FS in MK-STYX (Figure 1A and 1C) (16,17,20).

The assembly of stress granules is triggered following stimulation of cells with arsenite (5). 

This process can be visualized by the change in intracellular localization of endogenous 

G3BP1 from a diffuse distribution throughout the cytoplasm to the large stress granule 

structures. To test whether each domain of MK-STYX could affect this process, we 

compared the effects of arsenite on localization of endogenous G3BP1 in both HEK/293 

cells and HeLa cells transfected with mCherry-MK-STYX, mCherry-MK-STYX-CH2 or 

mCherry-MK-STYX-DUSP. These two different cell types were chosen both to avoid any 

cell line bias in our present study of the interaction and because they had been used 

previously by others (2,3) and our initial studies of G3BP1 (10). To determine whether the 

effects of MK-STYX was solely on G3BP1 induced stress granules, the poly (A)-binding 

protein 1 (PABP1), which is another marker for stress granules (3,21), was also visualized. 

The expression of endogenous G3BP1 was visualized by staining with anti-G3BP1 and 

FITC-conjugated secondary antibody and analyzed by fluorescence microscopy (Figure 1). 

Exposure to arsenite induced stress granule formation, which was determined by G3BP1 

accumulation) in approximately 87% (HEK/293) (Figure 2A and D) or 75% (HeLa) (Figure 

2B and E) of control (mCherry expressing) cells, whereas expression of MK-STYX resulted 

in a significant (p < 0.05) decrease in stress granule formation; only approximately 54% 

(p < 0.005) of HEK/293 or 60% (p < 0.05) of HeLA cells transfected with the MK-STYX 

expression plasmid formed stress granules (Figure 2). Furthermore, the cells expressing 

DUSP demonstrated a similar pattern as wildtype MK-STYX, decreasing the SGs (Figure 

2).

The expression of G3BP1 was used to score the cells for SGs; however, the poly (A)-binding 

protein 1 (PABP1) was impacted by cells expressing MK-STYX and DUSP plasmids. 

PABP1 is cytoplasmic in non-stressful conditions; however, it locates to the stress granules 

or nucleus under stressful conditions such as UV, heat shock, or arsenite stress (21). When 

stressed cells are in a recovery stage, in which mRNA can be inhibited from translation, 

PABP1 locates to the nucleus to protect mRNAs. In contrast, when stressed cells are in 

a toxic stage, the PABP1 forms stress granules (21). These studies show that PABP1 is 

cytosolic in non-stressed HEK/293 cells (Figure 2A) and whole cell in HeLa cells (Figure 

2D). In both arsenic stressed HEK/293 and HeLa cells PABP1 became mostly nuclear with 

SG starting to form in the presence of mCherry and mCherry-MK-STYX-CH2 expressing 
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plasmids (2B and E), indicating cells are beginning to exit the recovery period. Furthermore, 

HeLa, cells that were near dying or becoming toxic consisted of more pronounced PABP1 

SGs, which overlapped with G3BP1 SGs (Figure 2 PABP1 granules).

The DUSP domain of MK-STYX inhibits G3BP1-induced stress granules

Stress granule formation has also been shown to be induced by overexpression of G3BP1 

alone (5). Therefore, we tested whether expression of wild-type MK-STYX, CH2, or DUSP 

affected stress granule formation by excess G3BP1. G3BP1-GFP and mCherry-MK-STYX, 

mCherry-MK-STYX-CH2 or mCherry-MK-STYX-DUSP were ectopically expressed in 

both HEK/293 and HeLa cells. As anticipated from our previous reports with pMT2-

FLAG-MK-STYX-FLAG and pMT2-FLAG-MK-STYXactive-FLAG mammalian expression 

constructs (10,11), wild-type MK-STYX resulted in a significant decrease in cells 

expressing stress granules in both HEK/293 (Figure 3) and HeLa (Figure 4) cells. 

The overexpressed G3BP1-GFP was diffuse through the cell instead of in the hallmark 

accumulation of aggregates, which form in the presence of G3BP1-GFP. Cells co-expressing 

GFP and mCherry or mCherry-MK-STYX constructs significantly decreased the number 

of granules (Figure 3B and 4B). Thus, cells expressing GFP and mCherry served as 

the control in a comparison for cells expressing G3BP1-GFP and mCherry-MK-STYX 

constructs (Figures 3A and 4A). To validate further that it is wild-type G3BP1-GFP that 

induces granules, G3BP1-S149E-GFP, represented as G3BP1 149E in figures, was used as 

a negative control. Cells expressing G3BP1-S149E-GFP have been reported to dramatically 

decrease stress granules (11). Dephosphorylation of serine 149 was initially reported as 

the only residue essential for stress granule assembly. The G3BP1-S149E mimics, which 

mimic phosphorylation, were a critical component of these studies (5). Cells were scored 

for granules, and these data were analyzed for statistical analysis (Figures 3B and 4B). 

G3BP-1-GFP was used to score cells with granules. The PABP1 did not show pronounced 

granules, but they were distributed between cytosolic and nuclear compartments. Because 

these cells were not stressed with arsenite, these results are rationale and align with previous 

studies of the localization of PABP1. HeLa cells heat shocked and probed for PABP1 as 

a stress granule marker did not accumulate stress granules; only cells treated with arsenite 

formed stress granules (21). There was a significant (p < 0.005) difference between the 

cells co-expressing G3BP1-GFP and mCherry in HEK/293 (~62%) and HeLa (~58%) and 

cells co-expressing G3BP1-GFP or mCherry-MK-STYX (~42% in HEK/293 and ~24% 

in HeLa) or mCherry-MK-STYX-DUSP (~34% in HEK/293 and ~29% in HeLa) (Figure 

3B and 4B, respectively), indicating that it is the DUSP domain of MK-STYX that is 

responsible for decreasing stress granules. Intriguingly, cells expressing G3BP1-GFP and 

mCherry-MK-STYX-CH2 (~59% in HEK/293 and ~60% HeLa) appeared to form stress 

granules (Figure 3B and 4B) similar to cells co-expressing G3BP1 and mCherry for both 

HEK/293 (~62%) and HeLa (~58%).

Cells expressing G3BP1-GFP and mCherry-MK-STYX-CH2 appeared to form SG 

similar to cells expressing G3BP1-GFP and mCherry; however, these granules appeared 

phenotypically different. We characterized cells with SG formation for all conditions. To 

ascertain whether G3BP1 displayed a different distribution throughout the cytoplasm to 

form stress granule organelles, large, small, or dispersed G3BP1-GFP, we compared the 

Smailys et al. Page 5

Arch Biochem Biophys. Author manuscript; available in PMC 2024 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



effects of mCherry-MK-STYX, mCherry-MK-STYX-CH2, and mCherry-MK-STYX-DUSP 

on G3BP1 induced SG in HeLa cells (Figure 4C and D). These cells were chosen because 

they were used in our (10,11) and other previous studies for characterization of granules 

(5); Tourriere et al used them and Cos-7 in the initial studies with G3BP1-GFP (5). It is 

important to note that studies performed to obtain data analyzed in Figures 2, 3, and 4A 

and B scored all cells whether granules formed or not. However, to determine whether 

G3BP1 displayed a different distribution throughout the cytoplasm to form stress granule 

organelles, large, small, or dispersed G3BP1-GFP, only cells expressing stress granules 

could be appropriately analyzed to address this question and obtain data. Characterization 

of cells that only displayed stress granules showed that granules in the presence of G3BP1-

GFP and mCherry-MK-STYX (WT) or mCherry-MK-STYX-DUSP formed typical large 

perinuclear G3BP1-GFP induced granules (Figure 4C). Whereas the stress granules in 

the presence of G3BP1-GFP and mCherry or mCherry-MK-STYX-CH2 were dispersed 

throughout cells. Furthermore, mCherry-MK-STYX-CH2 significantly increased the number 

of stress granules per cell compared to wild-type mCherry-MK-STYX or mCherry-MK-

STYX-DUSP (Figure 4D). This indicates that each domain of MK-STYX may affect the 

accumulation of G3BP1-GFP independently of altering its (CH2 or DUSP) role on G3BP1-

GFP to form (or not form) granules, respectively. The domains together do not affect the 

expression of G3BP1-GFP to decrease SG; we previously reported that MK-STYX does not 

affect the expression of G3BP1 (10). This variation of the number of stress granules in cells 

in the presence of wild-type MK-STYX or DUSP domain and CH2 domain provides more 

avenues to explore how MK-STYX decreases SGs.

The DUSP domain interacts with G3BP1

To determine how MK-STYX and G3BP1 interact, we co-transfected HEK/293 cells 

with expression vectors for GFP or GFP-tagged G3BP1 and either mCherry tagged MK-

STYX, the CH2 domain of MK-STYX, or its DUSP domain. The initial interaction and 

mass spectrometry study that identified MK-STYX and G3BP1 as binding partners was 

performed in HEK/293s (10). We immunoprecipitated G3BP1 with anti-G3BP antibodies 

and observed, by immunoblotting with mCherry antibodies, that wild-type MK-STYX or 

MK-STYX-DUSP co-precipitated with G3BP1 (Figure 5). The CH2 domain of MK-STYX 

did not co-precipitate with G3BP1 (Figure 5). Furthermore, it appeared that more MK-

STYX-DUSP co-precipitated than the wild-type MK-STYX (Figure 5A; low expression and 

5B). This strong binding of the DUSP domain (47kD) was also observed in the reciprocal 

experiment, which we immunoprecipitated with anti-mCherry antibodies (Figure 5A) and 

immunoblotted for the presence of G3BP1 (Figure 5B). Immunoprecipitation assays are 

sensitive and there could have been a blockage of the binding site by antibody and/or a 

different folding between wild-type MK-STYX and the DUSP domain, which is why the 

reciprocal study did not demonstrate an interaction between G3BP1 and wild-type mCherry-

MK-STYX when immunoprecipitated with mCherry antibodies. Nevertheless, the DUSP 

domain of MK-STYX bound with G3BP1 (both endogenously and ectopically expressed in 

both co-immunoprecipitation experiments), whereas the CH2 domain did not (Figure 5A-B). 

Taken together, these experiments demonstrate that MK-STYX and G3BP1 interact through 

the DUSP domain of MK-STYX, to decrease stress granules. Furthermore, each domain 
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of MK-STYX has a distinct function similar to those of its active homologs, MKPs, of 

MK-STYX (15,16,18,19).

G3BP1 tyrosine phosphorylation is increased in the presence of the CH2 domain of MK-
STYX

Because G3BP1 has several phosphorylation sites and MK-STYX is a member of the 

protein tyrosine phosphatase family, obtaining a phosphotyrosyl profile of proteins in 

the presence of MK-STYX and its domain would help us understand the function of 

MK-STYX. Thus, tyrosine phosphorylation assays were performed (Figure 6A). The 

immunoblots of HEK/293 cells coexpressing GFP or GFP-tagged G3BP1 and either 

mCherry-tagged MK-STYX, CH2 domain of MK-STYX, or DUSP domain of MK-STYX 

demonstrated a change in the tyrosine phosphorylation pattern of proteins at ~ 75 Kd, 

37 Kd, and higher molecular weight proteins, which are labeled with black arrows for 

ECL and Merged images (Figure 6A). No-Stain (Invitrogen, Thermofisher) was used to 

assure normalization of the total protein in the lysate samples. The changes of the tyrosine 

phosphorylation of several proteins between the wild-type MK-STYX, CH2, or DUSP 

indicates that MK-STYX has a role in the phosphorylation signaling cascade–serving as a 

platform for future studies to identify these molecules.

Phosphorylation of G3BP1 at tyrosine 40 (Y-40) was recently reported to be essential 

for the formation of SG (22). To determine whether MK-STYX, CH2, or DUSP affects 

the tyrosine phosphorylation of G3BP1, the immunoprecipitated G3BP1 was analyzed for 

tyrosine phosphorylation. Immunoblots of the IP with G3BP1 antibodies were probed with 

anti-phosphotyrosine, clone 4G10 (pY4G10) antibodies. The tyrosine phosphorylation of 

G3BP1 increased in the presence of CH2 (Figure 6B) but not in the presence of DUSP 

(Figure 6B). G3BP1 tyrosine phosphorylation is required for SG formation (22); therefore, 

its increased tyrosine phosphorylation in the presence of the CH2 domain, which increases 

SG, was expected, and supports the other data presented. G3BP1 tyrosine phosphorylation 

is not altered in the presence of the DUSP domain– suggesting that the mechanism that 

MK-STYX uses to reduces SG is through regulating the tyrosine phosphorylation of G3BP1.

Discussion

MK-STYX is a pseudophosphatase member of the PTP family (10,20,23,24). 

Pseudophosphatases have emerged as key regulators in signal transduction cascades by 

serving as competitors, signaling integrators, modulators, and anchors in cellular processes 

(14,16,24,25). These molecules are perceived as enzymatically inactive due to mutations 

of critical residues important to their catalytic function (14,16,17,23-25), but may maintain 

a three-dimensional fold (14,20,24,26,27). In particular, pseudophosphatases of the PTP 

family have mutations within their signature active site motif (HCX5R) that render them 

inactive (14,16,17,23-25,27). Focused attention on investigating pseudophosphatases has 

resulted in better understanding of these molecules as important players in physiology and 

pathophysiology, revealing their roles in diseases (24,25,28). Thus, their dysregulation may 

result in various diseases such as diabetes, cancer, neurological diseases, etc. (25,28).
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Over the past two decades, we have investigated the pseudophosphatase MK-STYX, 

which is a regulator in the cellular stress response, apoptosis, and neuronal differentiation 

(24,28-34). In addition, MK-STYX has been shown to alter the localization of histones 

and change the post-translational modifications of tubulin (35). Evolutionary computational 

analysis demonstrates that MK-STYX diverges from its active MKP homologs (36); this 

plasticity may explain its roles in numerous pathways (36). There have been significant 

contributions to understanding MK-STYX as a signal regulator. However, the molecular 

mechanism, which is a major goal of the pseudoenzyme fields, remains elusive. This 

study serves an important framework towards elucidating the molecular mechanism for MK-

STYX in the stress response pathway. We demonstrate that the DUSP domain interacts with 

G3BP1 and significantly decreases stress granules. In addition, we demonstrate that the CH2 

domain of MK-STYX significantly increases the number of stress granules within a cell. 

Taken together this demonstrates that each domain of MK-STYX has very distinct functions 

such as its active MKP homologs, where the CH2 domains serve as a docking domain for 

MAPKs to assist in efficient catalysis by the DUSP domain (15,18,19). Moreover, these data 

serve as the initial platform to understand the intricate role of MK-STYX in regulating stress 

granules.

G3BP1 is a stress granule nucleator (10,37,38). It is a 52 kDa (resolving at 68 kDa) 

(5,10,39) protein that is ubiquitously expressed and contains several distinct domains that 

enable it to interact with multiple protein and RNA binding partners (40,41). Several 

studies with G3BP1and phosphorylated mutants have revealed important insights into 

the dynamic assembly of stress granules (3,5,29,42,43). G3BP1 has many residues that 

may be phosphorylated and play a critical role in SG assembly (10). For example, our 

previous studies revealed that MK-STYX decreases the phosphorylation state of serine 

149. Furthermore, a more recent report highlights key residues and structural dynamics of 

G3BP1 that are critical for its ability to serve as a hub for a multicomplex with cytosolic 

phosphoproteins (39). Mutations of G3BP1 resulted in less affinity to binding partners 

USP10 and Caprin 1 (39). The specificity of G3BP1 to bind the DUSP domain of MK-

STYX but not the CH2 domain supports the selectivity of G3BP1 as an intrinsically disorder 

protein capable of forming homotypic and heterotypic complexes.

The non-catalytic N-terminal CH2 domains serve as docking domains for the substrate 

specificity of MAPKs (15-19,23). This study shows that the DUSP serves as the docking 

domain for G3BP1. Reports have shown that MK-STYX does not regulate ERK/MAPK 

phosphorylation (16,17,31). Bioinformatic analysis of MK-STYX demonstrates that it also 

has mutations within the KIM motif of the CH2 domain (16,17), preventing MAPK/ERK 

from interacting at this domain (16). However, the prototypical pseudophosphatase STYX 

has only a DUSP domain, to which ERK1/2 binds (25,44). Thus, the pseudophosphatase 

“STYX” domains may serve as docking domains and as signaling regulators. Furthermore, 

in this study the DUSP domain serves as a docking domain for G3BP1.

Considering that the CH2 domain increases the number of cells that form stress granules and 

significantly increases the number of stress granules within a cell, it may interact with other 

molecules such as RNA or RNA binding proteins (RBPs) in addition to, instead of G3BP1. 

The PABP1 redistribution to the nucleus in the presence of MK-STYX constructs supports 
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such a possibility. Under stressful conditions PABP1 locates to the nucleus and interacts 

with mRNA to regulate RNA stability and translation for cell recovery; PABP1 localization 

to the nucleus prevents RNA transport (21). This could explain the effects of wild-type 

MK-STYX and truncated DUSP on decreasing stress granule assembly. Furthermore, the 

DUSP domain may bind G3BP1, preventing it from serving as the hub for a multicomplex 

of RNAs and RNA binding proteins. Such proteins may bind the CH2 domain independently 

of G3BP1 to form stress granules; stress granules consist of many molecules and do not 

always include G3BP1 (2). However, G3BP1 induces more smaller granules. We previously 

showed that wild-type MK-STYX interacts with G3BP1 and decreases stress granules (10), 

as confirmed in the present study. This implies that the function of the DUSP domain role 

in stress granule assemblies suppresses the action of the CH2 domain when full length 

MK-STYX folds.

This study is a significant contribution to a potential model by which MK-STYX interacts 

with G3BP1 to decrease stress granules (Figure 7). Intriguingly, a recent report identified a 

protein tyrosine kinase, Bruton’s tyrosine kinase (BTK), as an essential signaling regulator 

of G3BP1 induced stress granules (22). The N-terminus of the G3BP1 consists of a NTF 

(nuclear transport factor) 2-like domain and a segment rich in acidic residues. The central 

segment contains proline-rich PXXP motifs, and the C-terminal portion of the protein 

contains an arginine- and glycine-rich RGG box, which recognizes and binds RNA binding 

proteins (45) (Figure 7A). Furthermore, truncated NTF and/or RGG drastically alters the 

formation of stress granules (5). BTK binds G3BP1 and phosphorylates its tyrosine residue 

at position 40, which is located in the NTF-like domain, to induce stress granule aggregates 

under stressful conditions (22) (Figure 7A). This is a major finding demonstrating that 

G3BP1’s tyrosine phosphorylation status is critical in regulating the formation of stress 

granules (22). Furthermore, tyrosine phosphorylation by BTK shows that a PTP is involved 

in stress granule formation. Interestingly, this study demonstrates that a non-catalytically 

active member of PTPs uses its DUSP domain to interact with G3BP1 and decreases stress 

granules. Perhaps, MK-STYX binds G3BP1 through its DUSP domain, blocking the action 

of BTK and preventing stress granule formation (Figure 7B). The existence of several 

phosphorylated residues of G3BP1 indicate that there may be other PTPs involved in the 

stress granule life cycle; an active homolog (MKP) of MK-STYX has been shown to induce 

SG (unpublished data).

The expression of G3BP1 is increased in tumors [34]. Furthermore, the phosphorylation of 

G3BP1 has resulted in tumors and cancer [33], revealing the importance of understanding 

proteins of the phosphorylation cascade that interacts with G3BP1 and positively or 

negatively regulates stress granules. Since it is the tyrosine phosphorylation that positively 

regulates the formation of stress granules, it will be insightful to understands the impact of 

proteins that are involved in dephosphorylating and/or negatively regulating the formation of 

stress granules. Intriguingly, the phosphorylation of G3BP1 at Ser-149 by casein kinase 2α 
triggers granule disassembly, releasing axonal mRNAs to participate in axonal growth (46). 

We previously reported that MK-STYX induces neurite outgrowths in PC12 cells (29,34). 

In addition, MK-STYX alters the morphology of hippocampal primary neurons in rats. The 

axons and dendrites are not visually distinctive, and there is an increase in the number of 

neurites (33).

Smailys et al. Page 9

Arch Biochem Biophys. Author manuscript; available in PMC 2024 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Stress granules are transient structures, but when prolonged may become toxic, resulting 

in neurodegeneration (2,47,48). G3BP1 phosphorylation is crucial regardless of whether 

stress granules form (phosphorylation at tyrosine 40) (22) or disassemble (phosphorylation 

at serine 149) (46). This linkage between MK-STYX and stress granules through tyrosine 

phosphorylation of G3BP1 and that MK-STYX induces neurites is exciting. It validates 

the continued pursuit of studying the dynamic between MK-STYX and G3BP1 and further 

investigation of this pseudophosphatase. For instance, MK-STYX has been implicated in 

aggregates beyond SGs such as aggresomes (49), accumulation of misfolded protein. These 

studies show that in HEK/293 cells expressing wild-type MK-STYX or the DUSP domain 

forms aggregates that also resemble aggresomes (Figure 2A-B and Figure 3) – providing 

other avenues to study MK-STYX.

The pseudophosphatase MK-STYX has always provided complexity to the phosphorylation 

cascade and the life cycle of stress granules. Our key finding is that the DUSP domain 

of MK-STYX is responsible for its interaction with G3BP1. This interaction inhibits 

SG formation and so introduces a new level of nuance to the multifaceted and complex 

phenomenon of stress granules.

Experimental Procedures

Plasmid constructs

pmCherry-MK-STYX, pmCherry-MK-STYX-CH2, pmCherryMK-STYX-DUSP, and 

pmCherry-MK-STYX(active mutant) encode functional, N-terminal red fluorescent protein 

(mCherry)-tagged human MK-STYX fusion protein. cDNAs for the truncated CH2 domain 

(CH-2-MK-STYX), and DUSP domain (MK-STYX-DUSP) were synthesized by Invitrogen 

GeneArt Gene Synthesis (ThermoFisher Scientific), and subcloned into mCherry-C1 vectors 

(N-terminal tag, Clontech Laboratories, Inc.). The integrity of all constructs derived from 

PCR was confirmed by DNA sequencing. pGFP was purchased from Clontech Laboratories. 

The G3BP1-GFP constructs were kindly provided by Jamai Tazi (Institut de Génétique 

Moléculaire, France) and previously used (10).

Antibodies

The following antibodies were used: Anti-G3BP antibody (BD 611127 2); anti-GFP 

antibody (ThermoFisher; MA5-15256); anti-mCherry antibody (SAB2702291); antiPABP-

Cy5 (Bioss BS-3836R-Cy5 antibody; anti-mouse-FITC antibody (Abcam AB6785)). 

(ThermoFisher; anti-phosphotyrosine, clone 4G10 (Millipore; 05-321); and anti- beta tubulin 

polyclonal antibody (ThermoFisher; PA1-21153).

Cell culture and transient transfection

HEK/293 (ATCC) cells were maintained at 37°C, 5% CO2 Dulbecco’s Modified 

Eagle medium (DMEM, Invitrogen) supplemented with 10% fetal bovine serum (FBS). 

Transfections were performed using Lipofectamine 2000 Reagent (Invitrogen); cells 

were transfected with expression plasmids pGFP, GFP-G3BP1, mCherry, mCherry-MK-

STYX, mCherry-MK-STYX-CH2, or mCherry-MK-STYX-DUSP. Cells were analyzed by 

fluorescence microscopy, immunoprecipitation and/or immunoblotting.
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For experiments examining the effect of MK-STYX on stress-induced stress granule 

formation, at 23 h post-transfection, HeLa cells were treated with 500 μM sodium arsenite 

(Sigma Millipore 1.062777) for 30 minutes, then processed as above. To visualize stress 

granule formation, endogenous G3BP1was used as the marker and visualized with anti-

G3BP and FITC - conjugated goat anti-mouse Zymed Laboratories) antibodies. In addition, 

PABP1 was used as a marker and visualized with anti-PABP1-conjugated to Cy5. The 

normal goat serum was purchased from Invitrogen (31872).

Transient transfection and cell imaging

For immunofluorescence assays, HEK/293 or HeLa cells were grown to 80-90% confluence 

and 2 X 105 cells were plated onto glass coverslips in 6-well dishes (Nunc). Twelve 

to eighteen hr post-plating, cells at 40-60% confluence were co-transfected with 2 μg 

of pGFP or pGFP-G3BP1 and mCherry, mCherry-MK-STYX, mCherry-MK-STYX-CH2 

or mCherry-MK-STYX-DUSP expression plasmid DNA and 4 μl of Lipofectamine 2000 

Reagent (Invitrogen) per well, according to the manufacturer’s protocol. The medium was 

replaced 5 hr after transfection. Twenty-four hr post-transfection, cells were washed with 

PBS and fixed with 3.7% formaldehyde. The coverslips were mounted to a slide using 

GelMount containing 4′, 6-diamidino-2′-phenylinodole dihydrochloride (DAPI, Sigma) (0.5 

mg/ml). Coverslips used for HEK/293 cells were treated with Poly-D-Lysine according to 

the Invitrogen Poly-D-Lysine Solution protocol.

Cells were scored for stress granule assembly, which forms when G3BP1-GFP is 

overexpressed (5). Samples were scored blind with regard to treatment and were scored 

independently by two different individuals. Cells were scored into two categories: no 

stress granules and stress granules. At least three replicate transfections were performed 

and approximately 100 cells were scored per replicate. Counting and image collection 

were performed on a Nikon ECLIPSE Ti inverted fluorescence microscope. NIS-Elements 

Basic Research software (version 5.21.02) was used for image acquisition and primary 

image processing, and Adobe Photoshop, and Illustrator were used for secondary image 

processing.

Stress granule automated live cell imaging and quantitation

HeLa cells were grown to 80-90% confluence and 2 X 105 cells were plated onto 6-well 

dishes (Nunc). Twelve to eighteen hours post-plating, cells at 40-60% confluence were 

co-transfected with 2 μg of pGFP or pGFP-G3BP1 and mCherry, mCherry-MK-STYX, 

mCherry-MK-STYX-CH2 or mCherry-MK-STYX-DUSP expression plasmid DNA and 

3 μl of Lipofectamine 2000 Reagent (Invitrogen) per condition/well, according to the 

manufacturer’s protocol. Six-hour post-transfection, cells were seeded onto 96 well-plates 

using the Biomek i5 Automated Workstation.

Eighteen hours post-seeding, cells were stained with Hoecsht nuclear stain (1:1000) and 

analyzed by confocal microscopy. Only cells expressing stress granules were analyzed and 

imaged for all conditions, with each condition represented in eight replicate wells and ~250 

cells counted. A Cytiva INCell 6500 HS Confocal microscope with a 20x 0.45 NA objective 

was used. Three channels (Hoechst, GFP, mCherry) and 30 fields per well were imaged. 
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Incarta was used for cell tracing and secondary image processing, followed by analysis with 

Spotfire, big data software for quantification. The Laser Autofocus Module was used during 

the experiment. Data from eight biologically independent replicate wells were recorded.

Immunoblotting

HEK/293 cells were transfected with pGFP, pGFP-G3BP1, mCherry, mCherry-MK-STYX, 

mCherry-MK-STYX-CH2, or mCherry-MK-STYX-DUSP expression plasmids, lysed, and 

analyzed by western blotting. Cells were harvested in lysis buffer (50 mM HEPES, pH 7.2, 

150 mM NaCl, 10% glycerol, 10 mM NaF, 1 mM Na3VO4, 1% Nonidet P-40 alternative 

[Calbiochem], phosphotablet (Roche) and protease inhibitor cocktail tablets [Roche]). 

Lysates were sonicated, centrifuged at 14,000 X g for 10 min, and the supernatant protein 

concentration was determined by NanoDrop quantification. Lysates were resolved by 10% 

SDS-PAGE and transferred to PVDF membrane by TransBlot (Biorad) for immunoblot 

analysis with anti-G3BP1, anti-GFP; anti-mCherry antibody; anti-phosphotyrosine, clone 

4G10; anti- beta tubulin polyclonal antibodies, followed by chemiluminescent detection. No-

Stain labeling reagent (Invitrogen-ThermoFisher; A44449) was used to visualize, normalize, 

and/or quantify proteins. When warranted, blots were stripped (200 mM glycine, 3.5 mM 

SDS, 1% Tween 20), and re-probed.

Immunoprecipitation and Immunoblotting

Forty-eight hours post-transfection, HEK/293 cells were harvested in lysis buffer (50 mM 

HEPES, pH 7.2, 150 mM NaCl, 10% glycerol, 10 mM NaF, 1% Nonidet P-40 alternative 

[Calbiochem], and protease inhibitor cocktail tablets (Roche). Lysates were centrifuged at 

14,000 X g for 10 min, and the supernatant protein concentration was determined by Pierce 

660nm Protein Assay Reagent. For immunoprecipitation, the lysates were precleared, and 

incubated with anti-G3BP (Sigma) or anti-mCherry (Thermo) for 1 h at 4°C, followed by 

incubation with Protein G beads (GE Healthcare). Samples were washed three times in lysis 

buffer and boiled in Laemmli sample buffer. Lysates were resolved by 10% SDS-PAGE and 

transferred to a PVDF membrane (GE Healthcare) for immunoblot analysis with anti-G3BP 

(BD Bioscience), anti-mCherry, anti-GFP, anti-phosphotyrosine, clone 4G10, or anti- β 
tubulin (ThermoFisher) antibodies, followed by chemiluminescent detection with the iBright 

Imager FL-500 (Invitrogen).

Statistical Analysis

Analysis of variance (ANOVA) was used to compare all samples to each other. To further 

determine the statistical significance of differences between cells not expressing and 

expressing stress granules Tukey’s post-hoc analysis was applied to determine significance 

between groups, where a p < 0.05 was considered statistically significant. All data are 

expressed as mean ± SD. ANOVA and Tukey’s post-hoc test also was used to determine 

significant differences for the quantitative analysis of stress granules of each condition.
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Abbreviations

BTK Bruton’s tyrosine kinase

CH2 cell division cycle 25 phosphatase homology 2

CReP constitutive repressor of eIF2α phosphorylation

DNA deoxyribonucleic acid

DUSP dual-specificity phosphatase or the dual-specificity phosphatase 

domain

eIF2α eukaryotic initiation factor 2 alpha

ERK extracellular signal-regulated kinases ½

G3BP1 Ras-GTPase activating protein SH3 domain binding protein-1

GFP green fluorescent protein

IB immunoblotting

IDR1/3 intrinsically disordered region 1/3

IP immunoprecipitated

KIM kinase interaction motif

MAPK mitogen-activated protein kinase

mCherry monoclonal Cherry

MEK mitogen-activated protein kinase kinase

MM/GBSA molecular mechanics generalized Born surface area

MKP# MAP kinase phosphatase with an assigned number

MK-STYX mitogen-activated protein kinase phosphoserine/threonine/tyrosine-

binding protein

mRNA messenger ribonucleic acid

PABP1 poly (A)-binding protein 1
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pERK phospho-ERK

pSer phospho-serine

pThr phospho-threonine

pTyr phospho-tyrosine

PTEN phosphatase and tensin homology

PTP protein tyrosine phosphatase

PTPM1 PTP localized to the mitochondrion

RCSB Research Collaboratory for Structural Bioinformatics

SD standard deviation

STYX phosphoserine/threonine/tyrosine-interacting protein

STYXL1 STYX-like-1

SG stress granules

ssRNA single stranded RNA

TIA-1 T-cell intracellular antigen-1
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Highlights

• MK-STYX interacts with G3BP1 through its dual-specificity (DUSP) 

domain.

• The DUSP domain is required for MK-STYX-mediated decrease of stress 

granules.

• Tyrosine phosphorylation of G3BP1 is decreased in the presence of the DUSP 

domain.

• Stress granules appear morphological different with various domains of MK-

STYX.
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Figure 1. Schematic diagram of MK-STYX functional domains.
(A) Full length MK-STYX consists of the N-terminus CH2 domain with the kinase 

interacting motif (KIM) and the C-terminus DUSP domain signature active motif that exists 

as FSX5R, instead of the HCX5R required for catalysis. (B) The truncated CH2 domain from 

residues 1-150. (C) The truncated DUSP domain from residues 152-313.
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Figure 2. The DUSP Domain of MK-STYX inhibits arsenite-induced stress granule formation.
Representative examples are presented to illustrate the subcellular distribution of 

endogenous G3BP1 without arsenite treatment. (A) unstimulated HEK/293 cells or (B) 
following stimulation with 500 μM sodium arsenite in the absence (No Treatment) or 

presence of MK-STYX constructs. Cells were fixed, stained with anti-G3BP and FITC-

conjugated goat anti-mouse antibodies, anti-PABP1-Cy5-conjugated antibodies and DAPI, 

and analyzed 24 h post-transfection for arsenite-induced stress granule formation by 

fluorescence microscopy. Merged images show the location of endogenous G3BP (green) 
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and PABP1 (purple) relative to the DAPI-stained nucleus (blue). D) HeLa cells or following 

stimulation with 500 μM sodium arsenite in the absence (No Treatment) or (E) presence of 

MK-STYX constructs. Cells were fixed, stained with anti-G3BP and FITC-conjugated goat 

anti-mouse antibodies, anti-PABP1-Cy5-conjugated antibodies and DAPI, and analyzed 24 h 

post-transfection for arsenite-induced stress granule formation by fluorescence microscopy. 

(C and F) Cells were scored for the presence and absence of stress granules. Bars 

represent the mean ± SEM. Asterisks indicate significant (*; p , 0.05 or ** p < 0.005) 

decrease compared to control cells (G3BP1-GFP and mCherry expressing cells), where ± 

3.8 (HEK) or ± 4.6 (HeLA) standard deviation (SD) for G3BP1 and (mCherry); ± 3.5 SD 

(HEK) or ± 7.09 SD (HeLa) (mCherry-MK-STYX); ± 1.4 SD (HEK) or ± 6.6 SD (HeLa) 

(mCherry-MK-STYX-CH2) or ± 4.04 SD (HEK) or ± 2.6 SD (HeLa) (mCherry-MK-STYX-

DUSP). ANOVA and Tukey’s post-hoc also was used to calculate the statistically significant 

difference of each condition. Scale bar, 10 μm. (Three replicate experiments were performed 

(n = 100 cells for each experiment); the results are ± SD.
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Figure 3. The DUSP domain of MK-STYX decreases G3BP1-induced stress granule formation.
(A) Representative examples of the subcellular distribution patterns of G3BP1. (A) 
HEK/293 cells co-transfected with expression vectors for G3BP1 and either wild-type or the 

DUSP domain of MK-STYX (mCherry-MK-STYX-DUSP) showed fewer cells with fully 

formed stress granules. The coexpression of G3BP1 and mCherry or G3BP1 and the CH2 

domain of MK-STYX (mCherry-MK-STYX-CH2) resulted in mostly complete perinuclear 

stress granule formation. Cells co-transfected with G3BP1 and MK-STYX or the DUSP 

domain showed G3BP1 dispersed throughout the cells. Co-transfection with GFP and wild-
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type MK-STYX, CH2 domain or DUSP domain showed no accumulation of granules. Co-

transfection with G3BP1-S149E and mCherry also showed no accumulation. Merged images 

show the location of GFP-tagged G3BP1 (green) relative to mCherry-tagged MK-STYX or 

its domains (red) and the DAPI-stained nucleus (blue). Scale bar, 10 μm. (B) Quantitative 

analysis of HEK/293 cells represented in panel A. Data with cells co-expressing GFP and 

MK-STYX constructs formed no granules thus data was not plotted. Cells were analyzed 24 

h post-transfection for G3BP1-induced stress granule formation, expression of MK-STYX 

constructs, and PABP1 by fluorescence microscopy, after staining with anti-PABP1-Cy5 and 

the DNA stain DAPI to reveal the nucleus. Cells were scored for the presence or absence 

of G3BP1 induced stress granules. Three replicate experiments were performed (n=100); 

the results are the ± SD Bars indicate the percentage of cells with stress granule formation. 

**p<0.005; n.s., p>0.05 decrease compared to control cells (G3BP1-GFP and mCherry 

expressing cells), where ± 3.2 standard deviation (SD) for G3BP1 and (mCherry); ± 6.1 

SD (mCherry-MK-STYX); ± 3.1 SD (mCherry-MK-STYX-CH2) or 2.8 SD (mCherry-MK-

STYX-DUSP); ± 0.5 SD for G3BP1-S149E and mCherry. ANOVA and Tukey’s post-hoc 

also was used to calculate the statistically significant difference of each condition.

Smailys et al. Page 23

Arch Biochem Biophys. Author manuscript; available in PMC 2024 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. Representative examples of the subcellular distribution patterns of G3BP1.
(A) HeLa cells co-transfected with expression vectors for G3BP1 and either wild-type or the 

DUSP domain of MK-STYX (mCherry-MK-STYX-DUSP) showed fewer cells with fully 

formed stress granules. The coexpression of G3BP1 and mCherry or G3BP1 and the CH2 

domain of MK-STYX (mCherry-MK-STYX-CH2) resulted in mostly complete perinuclear 

stress granule formation (arrow). Cells co-transfected with G3BP1 and MK-STYX or the 

DUSP domain showed G3BP1 dispersed throughout the cells. Co-transfection with GFP 

and wild-type MK-STYX, CH2 domain or DUSP domain showed no accumulation of 
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granules. Co-transfection with G3BP1-S149E and mCherry also showed no accumulation. 

Merged images show the location of GFP-tagged G3BP1 (green) relative to mCherry-tagged 

MK-STYX or its domains (red) and the DAPI-stained nucleus (blue). Scale bar, 10 μm. (B) 
Quantitated analysis of HeLa cells represented in panel A. Data with cells co-expressing 

GFP and MK-STYX constructs formed no granules thus data was not plotted. Cells were 

analyzed 24 h post-transfection for G3BP1-induced stress granule formation, expression 

of MK-STYX constructs, and PABP1 by fluorescence microscopy, after staining with anti-

PABP1-Cy5 and the DNA stain DAPI to reveal the nucleus. Cells were scored for the 

presence or absence of G3BP1 induced stress granules. Three replicate experiments were 

performed (n=100); the results are the ± SD Bars indicate the percentage of cells with stress 

granule formation. **p<0.005; n.s., p>0.05. decrease compared to control cells (G3BP1-

GFP and mCherry expressing cells), where ± 8.1 standard deviation (SD) for G3BP1 and 

(mCherry); ± 4.7 SD (mCherry-MK-STYX); ± 6.9 SD (mCherry-MK-STYX-CH2) or 6.1 

SD (mCherry-MK-STYX-DUSP); ± 5.7 SD for G3BP1-S149E and mCherry. ANOVA and 

ad hoc Tukey was also used to calculate the statistically significant difference of each 

condition. (C-D) The CH2 domain of MK-STYX increases the number of stress granules 

per cell. (C) Representative examples of live HeLa cells showing the subcellular distribution 

patterns of G3BP1-GFP when co-transfected with mCherry, mCherry-MK-STYX, mCherry-

MK-STYX-CH2 or mCherry-MK-STYX-DUSP. Only cells with stress granules were 

analyzed, which is appropriate to analyze the number of stress granule per cells. Stress 

granules cannot be counted in cells that do not express granules. (C) Merged images show 

the localization of GFP-tagged G3BP1 aggregates (white) as well as GFP-tagged G3BP1 

dispersion within the nucleus (blue) in relation to the Hoechst-stained nucleus (red). Scale 

bar is 25 μm. (D) Bar chart showing the average number of G3BP1-induced stress granules 

normalized to control per cell, which is why the y-axis is at 2 and not the exact number 

stress granules per cell. Cells were plated with an automated liquid handler, grown for 24 

hours, then stained and imaged with a confocal microscope and traced with the software 

InCarta. Eight replicate experiments were performed and cells (n=~250) were scored.
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Figure 5. The DUSP domain of MK-STYX interacts with G3BP1.
HEK/293 cells co-transfected with expression vectors for G3BP1 of GFP and either 

mcherry (control), mCherry-tagged wild-type or the DUSP domain of MK-STYX (mCherry-

MK-STYX-DUSP). (A) G3BP1 was immunoprecipitated (IP) from cell lysates with anti-

G3BP1 antibodies or mCherry (middle panel) antibodies and in each case followed 

by immunoblotting (IB) with anti-mCherry or anti-G3BP1 (middle panel) antibodies 

to investigate the extent of binding. Wild-type MK-STYX and the DUSP domain 

co-immunoprecipitated with G3BP1 and in reciprocal studies endogenous G3BP1and 

G3BP1-GFP co-precipitated with the DUSP domain MK-STYX (mCherry-DSUP-MK-

STYX). Similar results were obtained from multiple replicate experiments. (B) The 
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immunoprecipitation was validated by probing with anti-G3BP antibodies and anti-mCherry 

antibodies. (C-F) Lysates used to perform the IP experiments were analyzed with (C) 
anti-G3BP1 antibodies; (D) anti-GFP antibodies; (E) anti-mCherry antibodies; and (F) 
anti-β tubulin antibodies to detect the presence of protein and determine the equal loading 

of lysates. The expected kD for CH2 domain and DUSP domain is 46kD and 47 kD, 

respectively. DUSP resolved at the expected molecular weight; however, CH2 resolved at 

a higher molecular weight, above 50 kD. The CH2 domain consists of more residues that 

make up the “loop”, which separates the CH2 and DUSP domains (18) that may alter its 

charge and/or folding to interfere with its migration. It is common for proteins to resolve 

at higher expected weights due to net charge, post-translation modification, isoforms, etc. 

(50,51).
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Figure 6. The DUSP domain of MK-STYX increases the phosphotyrosine phosphorylation of 
G3BP1.
HEK/293 cells co-transfected with expression vectors for G3BP1or GFP and either 

mcherry (control), mCherry-tagged wild-type or the DUSP domain of MK-STYX (mCherry-

MK-STYX-DUSP) were lysed with buffer treated with phosphoprotein inhibitors and 

sodium orthovandate and analyzed by immunoblotting. Blots were probed with anti- 

phosphotyrosine, clone 4G10 antibodies and No-Stain for total protein lysate. (A) A change 

in tyrosine phosphorylation patten was observed such as proteins at ~ 75 Kd, 37 Kd, and 
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higher molecular weight, which are labeled with black arrows for ECL and Merged images. 

(B) G3BP1 was IP from cell lysates with anti-G3BP antibodies and in each case followed by 

IB with anti-G3BP1 antibodies to determine the tyrosine phosphorylation pattern of G3BP1. 

These anti-phosphotyrosine, clone 4G10 blots were performed on IPs used to determine 

interaction of G3BP1 and the domains of MK-STYX (Figure 4). Therefore, the blots with 

anti-G3BP1 antibodies for the IP and lysates were not re-probed and part of it were used 

for this figure. Tyrosine phosphorylation is required for G3BP1 induced stress granules (22). 

The phosphorylation of G3BP1 was increased in the presence of CH2 domain. Whereas 

the pG3BP1 was not in the presence of wild-type MK-STYX or the DUSP domain of 

MK-STYX.
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Figure 7: Speculative model of how MK-STYX decreases stress granules.
(A) BTK phosphorylates G3BP1 at tyrosine 40, enabling G3BP1 oligomerization. The 

dimer remains in a closed state due to the intramolecular interaction between the acidic 

IDR1 and basic IDR3, rendering it unable to bind single stranded (ssRNA). Increased 

ssRNA concentration within the cytosol displacing the interaction between ssRNA IDR1 and 

IDR3, preventing G3BP1 from serving as a seed for SG formation (nucleation). The G3BP1-

ssRNA seed matures into a stress granule with the inclusion of additional RNA-binding 

proteins and ribosomal subunits such as PAPB1, T-cell intracellular antigen-1 (TIA-1), 
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eukaryotic initiation factor-2α. eIF2, etc. (B) MK-STYX through its DUSP domain masks 

the tyrosine 40 residue within the NTF2L domain of G3BP1, preventing phosphorylation by 

BTK. G3BP1 is unable to oligomerize and serve as a seed, impeding the formation of SGs. 

ssRNA. IDR1/3 is the intrinsically disordered region 1/3 of G3BP1.
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