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Abstract

Stress granules (SGs) and processing-bodies (PBs, P-bodies) are ubiquitous and widely studied
ribonucleoprotein (RNP) granules involved in cellular stress response, viral infection, and the
tumor microenvironment. While proteomic and transcriptomic investigation of SGs and PBs

have provided insights into molecular composition, chemical tools to probe and modulate RNP
granules remain lacking. Herein, we combine an immunofluorescence-based phenotypic screen
with chemoproteomics to identify sulfonyl-triazoles (SUTEX) capable of preventing or inducing
SG and PB formation through liganding of tyrosine and lysine sites in stressed cells. Liganded
sites were enriched for RNA-binding and protein-protein interaction domains, including several
sites found in RNP granule-forming proteins. Among these, we functionally validate G3BP1 Y40,
located in the NTF2 dimerization domain, as a ligandable site that can disrupt arsenite-induced
SG formation in cells. In summary, we present a chemical strategy for the systematic discovery of
condensate-modulating covalent small molecules.
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INTRODUCTION

Cellular RNA and protein accumulate in membraneless subcellular compartments referred
to collectively as biomolecular condensates?. Condensate formation is proposed to involve
liquid-liquid phase separation (LLPS) of proteins and nucleic acids, can occur in response to
cellular stimuli, and is associated with the regulation of RNA metabolism, translation, and
signal transductionl—2, Stress granules (SGs) and processing bodies (PBs) are widely studied
cytoplasmic ribonucleoprotein (RNP) granules that are implicated in post-transcriptional
control of gene expression and cellular fitness although their specific functions remain to be
fully elucidated??,

SG and PB formation is driven by key granule-forming RNA-binding proteins (RBPs).
These RNPs can self-organize into granule structures through protein-RNA, protein-protein
and RNA-RNA interactions to mediate multiphase condensation?? 3. Cells form SGs under
stress conditions while PBs exist constitutively but can increase in size and number with
stress?2 4, SG formation is triggered by the integrated stress response through activation

of kinases that phosphorylate elF2a., resulting in translational arrest and accumulation of
untranslated mRNA that promote protein and RNA condensation?? ®, The SG-associated
proteome includes proteins involved in RNA metabolism, mRNA translation and essential
SG-nucleating RBPs22 32.b. 6 (e 9. Ras GTPase-activating protein-binding protein or
G3BP). PBs are enriched for proteins involved in mRNA decay including mRNA-decapping
enzymes (DCP1A and DCP2) and enhancer of mRNA-decapping proteins (EDC3 and
EDC4)’.

Aberrant regulation of RNP granules has been associated with an increasing number of
disease states®. Cancer resistance to radiation or chemotherapeutics has been linked to
formation of pro-survival SGs°. PBs are reported to be regulated by alpha-synuclein, an
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aggregating protein genetically linked to Parkinson’s diseasel®. More generally, the ability
to pharmacologically modulate disease-relevant condensates may provide new therapeutic
opportunities but has so far proven challenging to identify compounds that directly engage
granule forming proteins or RNALL One of the barriers is the difficulty in targeting the
RNA binding interface of granule forming RBPs using small molecules because of the
large, buried surface area and prevalence of positively charged amino acids in RNA-binding
domains!? (RBDs). RBPs also contain intrinsically disordered regions (IDRs) involved in
RNA binding that have been historically difficult to target with small molecules?3,

Pharmacological modulation of RNP granules has been primarily achieved through
perturbation of major upstream biological processes leading to condensation. As such,

these compounds affect multiple cellular pathways and are often unsuitable as specific
modulators of RNP condensates due to off-target effects and cytotoxicity. General inhibitors
of translational elongation (e.g., emetine and cycloheximide) have been used to disassemble
SGs and stress-induced PBs3": 14, Toxins including pateamine A and hippuristanol can
induce SGs in an elF2a-independent manner by inactivating the RNA helicase elF4A3. 15,
Chemotherapy can trigger PB16 and SG formation’2 8f. 9. € High-throughput screening
(HTS) has been pursued and while promising, the mode of action for these condensate-
modulating compounds remains ill-defined!’. Compounds that target SG proteins have been
reported but direct binding remains to be demonstrated!®. Thus, apart from approved drugs
with condensate modifying activity discovered after the fact!®, RNP granule modulators
consist largely of toxic compounds or lead hits from HTS that lack known direct binding
targets.

Here, we discovered a suite of electrophilic sulfonyl-triazole (SUTExX) compounds that
modulate SG and PB levels in cells through covalent binding to central granule-forming
RBPs. Active compounds from phenotypic screening were subjected to competitive activity-
based protein profiling (ABPP) and quantitative proteomics to identify a collection of ~300
protein targets replete with ligandable tyrosine and lysine sites (>770 in aggregate). A
substantial fraction of liganded proteins (~38%) were previously identified in proteomic
analyses of RNP granules that included SG-nucleating (G3BP1) and PB-enhancing (EDC3)
components. Importantly, we functionally validated G3BP1 Y40 as a ligandable site
necessary for the SG-inhibitory activity of HHS-166 in oxidatively stressed cells. Our
findings support covalent binding at tyrosine and lysine residues as a global strategy for
discovery of RNP granule modifiers.

Phenotypic screening for RNP-granule-modulating SUTEx compounds

We reasoned screening of tyrosine (Tyr)- and lysine (Lys)-reactive electrophiles would
facilitate discovery of RNP granule modulators due to the prevalence of these residues

in protein-RNA interfaces (PRI; 2 and 6 residues/PRI, respectivelyl?). Cysteines (Cys),

by contrast, are found at a much lower frequency in PRIs (<1 residue/PRI), which

further supports exploration of Tyr/Lys- vs Cys-targeting for the initial electrophile screen.
Although sulfonyl-fluorides (SUFEx?%) and -triazoles (SUTEX) both function as Tyr/Lys-
binding electrophiles, we chose the latter because of capabilities for tuning reactivity
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and affinity though leaving group (LG) modifications?! (Figure 1A and S1). Importantly,
SUTEX probe binding activity in cells identified enrichment for RBD and protein-protein
interaction (PPI) domains that are commonly found on RNP granule proteins (e.g., RRM
and SH3 domains, respectively)’? 22, HEK293T and HeLa cells were chosen for screening
and downstream analyses because these cell lines have served as model systems for cell
biological and proteomic evaluation of PBs and SGsb: 8. 10.23,

We used immunofluorescence (IF) detection for phenotypic screening of SUTEx compound
activity on stress-induced PB and SG levels in cells (Figure 1B). PBs were induced

through glucose deprivation of HEK293T cells and detected by immunofluorescence with
anti-enhancer of mRNA-decapping protein 4 (EDC4) as previously described3f 232 (~4

vs 2 PBs/cell in -glucose and +glucose conditions, respectively; Figure S2). EDC4 is an
established PB marker for mammalian cells and is important for PB formation3®: 40, SGs
were induced in HeL a cells by arsenite treatments and detected by fluorescent staining with
anti-Ras GTPase-activating protein-binding protein 1 (G3BP1) antibody (75 uM arsenite, 30
min; Figure S3). G3BP1 foci have been used in previous IF studies to identify SGs in cells3f.
See Supporting Methods for additional details of the PB and SG phenotypic screening
workflow and data analysis.

SUTEx compounds were selected for phenotypic screening based on fragment-like size
(median MW of 343 g/mol), physicochemical properties (hydrophobicity, polar surface area,
prevalence of sp centers) and LG diversity (1,2,3- and 1,2,4-triazoles; Figure S1 and Table
S1). We also included SUTEx fragments with alkyl substituents (e.g., EKT158, AHL-006
and HHS-166), which can temper reactivity and improve stability24. We identified several
compounds that reproducibly decreased the number of PBs per cell in compound treated,
glucose-deprived cells (=50% reduction in PBs/cell, 25 uM SuTEx fragment, 2 h; Figure

2 and S2). These PB inhibitors were enriched for 1,2,3-sulfonyl-triazoles containing alkyl-
and aryl-substituents on both the adduct- and leaving-group (Figure 2 and S2). Several of
these compounds showed a similar magnitude of PB blockade as the control compound

and general protein translation inhibitor emetine3f 140 (AHL-006, EKT231, and EKT132 vs
emetine (50 nM, 2 h); Figure S2C). Intriguingly, treatment of cells with AMC-001 resulted
in a statistically significant increase in PBs per glucose-deprived cell (>2-fold increase in
PBs/cells with AMC-001 pretreatment, Figure 2 and S2B-C).

Next, we evaluated SUTEx compound effects on cellular SG levels to determine if this
class of electrophiles can modulate different types of RNP granules (Figure S3). Several
of the tested SUTEx compounds reduced cellular SG levels by >70% (EKT166, AHL-003)
while other compounds displayed moderate, but statistically significant inhibitory activity
(e.g., ~50% inhibition of SGs/cell by HHS-166, Figure 2 and S3B-D). When compared
with PB modulators, we detected compounds that could block both types of RNP granules
(AHL-003) as well as SUTEX ligands with enriched activity for PBs (EKT132) and SGs
(EKT166, HHS-166; Figure 2 and S2-3). We also identified AHL-030 as an SG enhancer;
treatment of cells with AHL-030 resulted in a ~2-fold increase in SGs per arsenite-treated
cell (Figure 2 and S3C). Quantification and representative images from IF studies can be
found in Table S2-3 and Figure S2-3.
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In summary, our findings establish SUTEX ligands as a new class of electrophiles that

can modulate cellular RNP granules in response to stress. The identification of distinct
compounds for inhibiting or enhancing PBs and SGs in stressed cells should prove useful for
functional investigation of these dynamic structures.

Features of protein sites liganded by SUTEx RNP granule modulators

An advantage of using covalent small molecules for ligand discovery is rapid target and
binding site identifications using quantitative chemical proteomics. Target deconvolution
represents an important, but often challenging, first step towards understanding mode

of action for condensate-modifying compounds!?: 19, The binding profiles obtained

from chemical proteomics enable global selectivity profiling and bioinformatics-mediated
discovery of enriched protein functions and domains underlying the PB- and SG-modulating
activity of hit compounds.

We performed quantitative liquid-chromatography tandem mass spectrometry (LC-MS/MS)
chemical proteomic studies to identify the target protein and binding site(s) of SUTEx
fragments with RNP granule modulating activity. Inactive SUTEx compounds were also
included as negative controls for direct comparison. SILAC light and heavy cells (HEK293T
and HeL a) were treated with experimental conditions used for phenotypic screening
including the SUTEX ligand pretreatment (25 uM, 2 h) followed by PB (glucose-deprivation,
15 min) and SG induction (75 uM arsenite, 30 min). Afterwards, cells were lysed, soluble
proteomes treated with HHS-465 SUTEx probe (100 pM, 1 h), a global Tyr/Lys-reactive
probe used previously for RNP granule investigations232, and samples processed to probe-
modified peptides for LC-MS/MS analysis as previously reported?®, shown in Figure S4,
and described in Supporting Methods.

We detected ~8,700 probe-modified sites (Tyr and Lys) in our aggregate HelLa and
HEK293T chemical proteomic analyses. Organization of SG and PB modulators by
hierarchical clustering of SILAC ratios (SR) of detected Tyr and Lys sites from SUuTEx
ligand competition of probe labeling revealed evidence of grouping based on active vs
inactive hits for each respective RNP granule type (Figure 3A). We identified reproducibly
liganded Tyr and Lys sites using the following criteria: 1) an average SILAC ratio (SR)

> 2 across biological replicates, and 2) a SR > 2 in at least two biologically independent
replicates. Using these criteria, a collection of 598 and 203 liganded sites (SR > 2) from
compound-treated, stress-induced HeLa and HEK293T cells, respectively, emerged for
further bioinformatic analysis. SUTEXx electrophile reactivity in proteomes was comparable
to hit rates (i.e., fragment-competed residues/total sites quantified) from ABPP screens

of cysteine-directed electrophile libraries (~3-9% for SUTEx compared with ~4-7% for
cysteine-directed electrophiles25). Interestingly, the median Tyr/Lys ratio for all liganded
sites was ~0.8, which supports a moderate preference for lysine binding of SUTEx ligand
hits (Figure S5). A complete list of liganded sites from chemoproteomic evaluation of
SUTEx compounds can be found in Table S4-6.

Domain enrichment analyses of liganded sites identified statistically significant binding
of SUTEx compounds at RBDs (KH, Helicase ATP-binding), ubiquitin-like, and YjeF
N-terminal domains, which are reported to be involved in RNP granule regulation or
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liquid-liquid phase separation (UBL?7, YjeF N-terminal?32, KH domains28; Figure 3B

and Table S7). Comparison of liganded proteins (311 proteins) to annotated RNP granule
proteins’: 220 revealed substantial overlap (118 proteins, ~38% overlap; Figure 3C). The
remaining proteins without prior RNP granule annotation were enriched for functions
involving cytoskeletal structures including intermediate filament proteins associated with the
stress response and SG regulation?® (Table S8). A comparison of liganded proteins against
the Pharos database® showed differing levels of functional annotation and pharmacological
tractability (Figure 3D). Gene Ontology (GO) analysis of liganded proteins identified
protein folding along with structural, nucleotide, and energetic cellular processes as enriched
functions that were also prominently observed in GO analyses of the RNP granule proteome
(Figure 3E and F).

A more detailed evaluation of liganded RNP granule proteins™: 220 jdentified SUTEx
compounds targeting key protein families including chaperones (HSPB1, STIP1,
calreticulin), nucleases (SND1, XRN2) and RNA-binding proteins (RBPs; PCBP1/2,
HNRPK, hnRNPA/B). Several of these target proteins have demonstrated roles in phase
separation (hnRNPAZY) or maintenance of the liquid state of phase-separated droplets (e.g.,
HSPB1 maintenance of phase-separated, cytoplasmic TDP-43 droplets3L). The liganded
sites mapped to expected protein regions involved in RNP granule biology including RBDs
(Y197 and K369 in the helicase domain of IF4A1; K23 in the KH domain of PCBP1) but
also included domains mediating carbohydrate recognition (Y109 in the TNase-like domain
of SND1) and dimerization (Y39 in the Phosphagen kinase N-terminal domain on KCRB;
Table S6). Many of the liganded residues are sites for post-translational regulation including
phosphorylation (IF4A1-Y197, SND1-Y109, KCRB-Y39) and ubiquitination/sumoylation
(PCBP1-K23, IF4A1-K369, HSPB1-K123, PARK7-K130) as annotated by PhosphoSitePlus
(HTP >10 or LTP >3 cutoffs). Importantly, we found ~12% of RNP granule proteins
liganded by SUTEx SG/PB modulators were not targeted by cysteine-reactive fragment
electrophiles evaluated in large-scale, cell-based screens26P (Table S9).

AHL-030 covalently binds the stress responsive EDC3 Y475 site

Next, we compared the collection of liganded sites with Tyr and Lys residues previously
reported to couple stress response to RNP granule formation (i.e., RISKY sites232; Figure
4A). We reasoned this comparison would facilitate prioritization of sites with prior
annotation in the stress response of cells. From this list we identified a set of liganded
RISKY sites that included the hyper-reactive tyrosine (Y475) on EDC3 that is a component
of PBs involved in removal of the 7MG 5 mRNA cap?® 40. 70 The Y475 site is located in
the YjeF_N domain, which has been reported to function in EDC3 self-dimerization3? and
recently annotated as a arsenite-sensitive site that regulates PB formation through regulation
of EDC3 phosphorylation state and PPIs232,

Among the candidate PB-modulating SUTEx compounds, we focused on AHL-030 because
of its PB-inhibitory, SG-enhancing activity in stressed cells and ability to ligand the

EDC3 Y475 site (SR >2; Figure 4B—C and Table S6). Importantly, we identified a
restricted number of reproducibly liganded sites (7 in total) in addition to EDC3 Y475

in chemoproteomic profiling studies of AHL-030 (Figure S6 and Table S6). We further
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confirmed AHL-030 as an EDC3 ligand using competitive activity-based protein profiling
(ABPP)2l, Recombinant EDC3-expressing HEK293T cells were treated with a panel of
RNP granule modulators including AHL-030 and the negative control compound EKT235
to evaluate structure-activity relationships (SAR, 25 uM compounds, 2 h). Cells were lysed
and soluble proteomes labeled with HHS-465 (100 uM, 1 h, RT) followed by CUAAC

with rhodamine-azide, SDS-PAGE and in-gel fluorescence scanning. By gel-based ABPP,
we found that AHL-030 blocked HHS-465 probe labeling of EDC3 in a concentration-
dependent manner as determined by reductions in fluorescent labeling of recombinant
protein (ICsq = 6 UM, Figure 4D and E). Using the /n vitro 1Csq, we calculated the lipophilic
efficiency (LipE) of AHL-030 to be ~7, which falls in the range of acceptable lipophilicity in
relation to potency33. We showed the control compound (EKT235), additional PB (EKT231)
and PB/SG modulators (AHL-003) were largely inactive against recombinant EDC3, which
supports AHL-030 as a lead compound for future development of potent and selective
EDC3-targeted ligands (Figure 4F).

Covalent binding of G3BP1 Y40 mediates the SG-modulating activity of HHS-166

RNP granule assembly and dissolution can be regulated through post-translational
modifications3* (PTMs). Protein phosphorylation, for example, regulates condensate
formation through rapid and reversible modification of protein function, localization and
interactions3®. Reported examples include phosphorylation of the RNA-binding protein
fused in sarcoma (FUS) and fragile X mental retardation protein (FMRP), which results

in reduced3%2 and increased condensate formation3°C, respectively. We compared liganded
sites from reported SG proteins with assigned PTMs from PhosphoSitePlus (HTP score =10
or LTP score =1; Table S10). We surmised this comparison would identify PTM sites that
are amenable for developing targeted condensate-modulating compounds.

Our prioritization strategy identified key liganded PTM sites on SG proteins including
G3BP1 (Y4038, phosphorylation), HSPB1 (K123; acetylation, ubiquitination), and HNRPK
(Y7237, phosphorylation; Figure 5A and S7). A complete list of liganded PTM sites can

be found in Table S10. The identification of G3BP1 was particularly interesting given its
role as a nucleating protein for SGs and the identification of HHS-166 as a ligand for

Y40 from our chemical proteomic studies (SR >2, Figure 5A-B and S8). Importantly, the
SG-inhibitory activity of HHS-166 was demonstrated to be dose dependent (ECgy = 8 UM,
LipE of ~3; Figure S9). The Y40 site is located in the nuclear transport factor 2 domain
(NTF2) of G3BP1, which has been shown to be important for G3BP1 dimerization, a key
event for SG formation /n vitroand in cells3& ? (Figure 5C). Interestingly, G3BP1 Y40 was
not detected by global phosphoproteomic analysis of condensates3>? but was reported as a
critical BTK-regulated phosphotyrosine for SG formation in response to viral infection3.

To determine whether the cell biological effects mediated by HHS-166 were Y40-dependent,
we expressed recombinant G3BP1 WT or Y40 mutant in previously established G3BP1/2
double knockout U20S (G3BP KO) cells3 38 and evaluated the resulting effects on SG
response to arsenite. We compared SG response of G3BP KO cells expressing a G3BP1 Y40
covalent binding- and phospho-deficient mutant (Y40F) with a phosphomimetic counterpart
(Y40E). G3BP KO cells were previously shown to be deficient in arsenite-induced SG
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formation3a, Expression of G3BP1 WT rescued this deficiency and restored cellular SG
response to arsenite [1.6 vs 11 SGs/cell in (-)arsenite vs (+)arsenite, respectively; Figure
6A and B]. These G3BP1 WT-rescued cells responded to HHS-166 treatment, resulting in a
statistically significant decrease in SGs (57% reduction in SGs/cell) that was not observed
with pretreatment of a G3BP1 Y40- and SG-inactive compound (EKT231) or broad-reactive
SUTEXx probe (HHS-465, 9-13% reduction in SGs/cell for inactive compounds, respectively;
Figure 6B). Notably, expression of G3BP1 Y40F resulted in cells that were deficient

in arsenite-induced SG formation and insensitive to SUTEX compound treatments. Stress-
induced SG formation of G3BP1 Y40E-rescued cells was comparable to WT counterpart
but insensitive to HHS-166 treatment, demonstrating the importance of Y40 for SUTEx
ligandability and SG inhibition (Figure 6A and B).

In summary, our studies identify G3BP1 Y40 as a key regulatory site for arsenite-induced
SG formation and show that covalent modification of this residue by the SUTEx ligand
HHS-166 inhibits SG assembly.

CONCLUSIONS

Aberrant condensate regulation is associated with a growing number of disease states

(e.g., neurodegeneration, viral infection, cancer) and several therapeutic targets (TDP-43,
FUS) are known to localize to these subcellular compartments®. Targeting disease-relevant
condensates offers unique opportunities for therapeutic discovery but has so far proven
challenging due to the compositional diversity and dynamic nature of these evolutionarily
conserved structures 39, Here, we describe a covalent approach to discover condensate-
modulating small molecules. The selection of SUTEx chemistry for our screening platform
enabled access to ligandable Tyr/Lys residues, which are frequent in RNA-binding interfaces
and can serve as sites for post-translational regulation, to perturb function of known RNP
granule proteins as well as reveal new candidate targets proteome-wide.

We deployed a phenotypic screen for condensate-modulating small molecules by monitoring
SG and PB formation in cells using established immunofluorescence markers3f. Our
previous chemical proteomic studies identified sulfonyl-triazoles (SUTEX) as a cell-

active electrophile for covalent targeting of RNA-binding and protein-protein interaction
domains223, which are known to facilitate high valency interactions for assembly of
condensed RNP networks32, We pursued a fragment-based ligand discovery (FBLD)
approach because of the ability to survey a larger fraction of chemical space with a smaller
number of fragments#0. SUTEx was chosen for FBLD because LG diversification with
binding groups permitted integration of the sulfone into fragment design as opposed to
appending this electrophile to existing ligands (e.g., using SUFEx202),

Our screen identified SUTEx compounds that inhibited SGs (EKT166, HHS-166), PBs
(EKT132), and both types of RNP granules in stressed cells (AHL-003; Figure 2 and
S2-3). Unexpectedly, we also identified SUTEX ligands that enhanced stress-induced RNP
granule levels in compound-treated cells. Pretreatment of cells with AMC-001 resulted

in a statistically significant increase in PBs of glucose-deprived cells (>200% increase;
Figure 2 and S2). These effects appeared specific for PBs as analogous pretreatments in
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arsenite-stressed cells resulted in negligible effects on the number of SGs per cell (Figure
S3).

We performed competitive LC-MS/MS ABPP studies to establish covalent binding profiles
for active SUTEx compound hits. The outcome of these studies established, to the best of
our knowledge, the first comprehensive map directly connecting RNP granule modulating
activity with protein sites engaged by bioactive compounds in cells. In aggregate, we
quantified >770 Tyr and Lys sites that are ligandable for developing covalent binders with
RNP granule-modulating activity in cells. The proteomic reactivity of SUTEX electrophiles
in cells (~3-9%) was comparable to hit rates previously reported for screening electrophile
libraries2® (Figure 3).

Among the list of liganded RNP-granule proteins, we identified key RBPs (nnRNPA)

and chaperone proteins (HSPB1) that have demonstrated roles in phase separation? or
maintenance of condensates3L. The liganded sites mapped to functional domains of
proteins that are reported sites for post-translational phosphorylation, ubiquitination, and
sumoylation (Table S6-8 and S10). By expanding the ligandable RNP granule proteome,
the pharmacological tractability of individual proteins and sites within functional domains
can be further explored to develop condensate-modulating compounds in future studies.
Importantly, a subset of RNP granule proteins liganded by SUTEx fragments (~12%, Table
S9) were not detected in cell-based screens of large electrophile libraries of cysteine-reactive
compounds (280+ members26). These findings highlight the need for Tyr/Lys-targeting
chemistry for accessing RNP granule proteins that can be difficult to target with cysteine-
reactive electrophiles.

Compared with previous Tyr-directed FBLD reports using 1,2,4-SuTEx compounds?4, the
current study identified a moderate preference for Lys compared with Tyr binding among
the 1,2,3-SuTEx fragment hits (Y/K ratio of ~0.8, Figure S5). This finding was important
because it positions the largely underexplored 1,2,3-triazole LG as a feasible starting

point for advancing SUTEx chemistry towards development of Lys-targeted ligands. The
increased frequency of Lys among the liganded sites of SG/PB modulators was perhaps not
surprising given that protein-RNA interfaces are abundant with Tyr and Lys residues and
typically enriched for the latter to presumably mediate RNA phosphate recognition2, Thus,
LG selection is an important criterion for guiding the future expansion of sulfone-based
electrophile libraries to fully assess opportunities for chemical biology of RNP granules.

We demonstrated the utility of our integrated phenotypic screening and chemoproteomic
approach through follow-up studies on compounds that affected dimerization domains of
known RNP granule proteins. We identified AHL-030 as a unique hit compound because of
its opposing activity to enhance SGs while modestly inhibiting PBs in stressed cells (Figure
2). Competitive ABPP studies localized AHL-030 site of binding to Y475 in the YjeF_N
domain of EDC3, which has been reported to function in self-dimerization3? and mediate PB
response to stress232 (Figure 4). While additional studies are needed to understand AHL-030
mode of action, we demonstrated concentration-dependent binding to recombinant EDC3
that was specific for AHL-030 compared with other PB (EKT231) and PB/SG (AHL-003)
modulators identified (Figure 4D-F).
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We provide evidence in support of site-specific activity for the SG-modulating compound
HHS-166. This compound showed dose-dependent inhibition of arsenite-induced SG
formation, and liganded G3BP1 Y40 in the NTF2 dimerization domain of this essential
nucleating protein for SG regulation32 P (Figure 5 and S9). The SG modulating activity of
HHS-166 was lost when covalent binding-deficient mutants (Y40E or Y40F) of G3BP1 were
expressed in G3BP KO cells (Figure 6). Further, the phosphodeficient Y40F G3BP1 mutant
was impaired in arsenite-induced SG formation indicating that the Y40 phosphosite is a
general regulatory site for both viral3® and oxidative stress response of cells (Figure 6).

There are a few limitations in our study that can be addressed in future studies. Our
conclusions rely on counting RNP granules that are detectable by IF microscopy. There

is some evidence that RNP granules exert cellular effects at sizes that do not provide a
measurable optical phenotype. Additionally, the presence of microscopically visible RNP
granules may depend on the IF protein marker utilized. In our studies, we selected G3BP1
and EDC4 — both of which have been shown to be critical for RNP granule formation3 - as
biomarkers of SG and PB structures, respectively. The inclusion of additional functional
markers could further refine the evaluation of compositionally distinct RNP granules.

We chose arsenite and glucose deprivation to induce RNP granules because these are
widely adopted model systems3' but additional experimental conditions that capture disease-
relevant condensate biology should be explored in future studies!. Our cellular screening
conditions (25 uM SuTEXx ligand treatment for 2 h) were chosen based on previous

SuTEx compound screens in cells#! that also matched conditions reported for cell-based
screens of cysteine-reactive fragment electrophile libraries?6?, Future screening efforts
using SUTEX libraries, and fragment electrophiles in general, should identify appropriate
compound concentrations and treatment times to address off-target activity and stability of
reactive molecules in biological systems. Future work could also evaluate whether SUTEx
chemoproteomics can be deployed for functional profiling of condensates found in different
subcellular locations including the plasma membrane and nucleus?.

In summary, we present a systematic approach for discovering condensate-modulating
covalent small molecules with defined protein interaction profiles to serve as chemical
probes for investigating biomolecular condensate regulation and pharmacological
tractability.
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Figure 1. Phenotypic screening for condensate-modulating SuTEx electrophiles.
(A) Sulfonyl-triazoles are Tyr/Lys-reactive electrophiles with activity enriched for covalent

binding to RNA-binding (RBD) and protein-protein interaction (PP1) domains via sulfur-
triazole exchange (SUTEX) chemistry. (B) Phenotypic screening by immunofluorescence (IF)
to identify SUTEX electrophile compounds that can function as PB and/or SG inhibitors

or enhancers. SUTEX ligand-protein interactions of condensate-modulating compounds are
deconvoluted by quantitative chemical proteomics.
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Figure 2. SUTEX electrophiles function as different classes of PB and SG modulators.
(A) Representative immunofluorescence images depicting effects of SUTEx compound

treatments on stress granules (a-G3BP1, red) and P-bodies (a-EDC4, green) in arsenite-
treated HelLa and glucose-deprived HEK293T cells, respectively. No treatment [(=)SUTEX]
or treatment with a negative control SUTEx compound (JWB180) results in negligible
effects on RNP granules in stressed cells. Data are representative of 7= 2-3 biologically
independent replicates. (B) Heat map for P-bodies and stress granules as a percentage of
control for the complete SUTEx compound library screened. Heatmap is sorted by PBs. Data
are representative of 7= 2-3 biologically independent replicates. Chemical structures of lead
SUTEX hit molecules are shown.
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Figure 3. Expanding the ligandable proteome for RNP granule modulation.
(A) Heat map depicting Tyr- and Lys-probe-modified sites detected by LC-MS/MS sorted

by compound (columns, named below) and hierarchically clustered based on competition
ratios (high SR = greater competition) for each probe-modified site (rows). Heat maps

are separated by SG-modulators in arsenite-treated HeLa cells (left) and PB-modulators in
glucose-deprived HEK293T cells (right). Data are representative of 7= 2-5 biologically
independent replicates. (B) Domain enrichment analysis222 of liganded sites (SR >2) for SG-
(left) and PB-modulating (right) SUTEx compounds. (C) Venn diagram comparing liganded
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proteins (SR >2) in stressed cells with the reported RNP granule proteome. See Supporting
Tables for the complete list of proteins used for comparison. (D) Target development level
of liganded proteins based on the Pharos database3C. (E) Plot of fold-enrichment (‘FE’,
x-axis, log2-scale) as a function of P-value (y-axis, —log10-scale) for Gene Ontology (GO)
enrichment analysis (PANTHER#2) for biological processes overrepresented in liganded
proteins from stressed cells. Significantly changed GO terms are highlighted (red box, log2
(FE) > 2 and —logg(P-value) > 10). (F) Top 10 GO terms by FE for SUTEX liganded
proteins compared with GO analysis of the RNP granule proteome. Several GO terms were
found to be enriched for both SUTEXx liganded- and reported RNP granule-proteins.
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Figure 4. Discovery of a SUTEX ligand for the hyper-reactive EDC3 Y 475 site.
(A) Overlap of liganded sites from SuTEx PB modulators with reported RNA granule

induction-sensitive lysine and tyrosine sites (RISKYs233). The five overlapping sites were
further compared to previously reported hyper-RISKY sites232 resulting in the identification
of the tyrosine-475 (Y475) site on EDC3. (B) Representative immunofluorescence images
depicting decreased PBs and increased SGs in AHL-030-treated cells under stress
conditions. EKT235 is shown as a negative control. See Figure S2 and S3 for additional
details. (C) Representative MS1 extracted ion chromatograms (EICs) showing EDC3 Y475
is liganded by AHL-030 but not EKT235 [SILAC ratio or SR >2 for DMSO vehicle (light,
red) / SUTEx fragment ligand (heavy, blue) treatment conditions]. Enrichment (HHS-465/
DMSO) and 1:1 (HHS-465/HHS-465) controls are shown. SRs are calculated as the
integrated area under the curve ratio of light-to-heavy peptide. SR values listed in Table
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S4-6 are normalized to the 1:1 control for each respective probe-modified peptide. Data are
representative of 7= 2-3 biologically independent replicates. (D) Dose dependent inhibition
of recombinant EDC3 probe labeling by AHL-030 /n situ. EDC3-expressing HEK293T cells
were pretreated with varying concentrations of AHL-030 (0.1 — 100 pM, 2 h) followed

by lysis and probe labeling of soluble proteomes with HHS-465 (100 uM, 1 h, RT). The

in situ 1Csq for EDC3 probe labeling inhibition by AHL-030 was estimated to be ~6 pM.
Comparable expression of recombinant EDC3 across treatment conditions was confirmed
by western blots (a-FLAG). Data shown are mean = SEM and representative of 7= 3
biologically independent replicates. (E) Chemical structures of AHL-030 (left) and inactive
control EKT235 (right). (F) Competitive gel-based ABPP analysis verifying AHL-030 (25
UM, 2 h) competition of HHS-465 probe labeling (100 uM, 1h, RT) of recombinant EDC3-
HEK?293T expressing cells under glucose-deprived conditions. SAR was demonstrated by
lack of activity of other SUTEx compounds tested under the same treatment conditions.
Western blots comparing recombinant expression of EDC3 (a-FLAG) and loading controls
(a.-GAPDH) are shown. Data are representative of 7= 2 biologically independent replicates.
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Figure5. Discovery of a G3BP1-targeting SUTEX ligand.
(A) The SG-modulating SUTEx compounds HHS-166 and EKT179 ligand G3BP1 (Y40)

and HSPB1 (K123), respectively, as determined by a SILAC ratio (SR) >2 for DMSO
vehicle (light, red) compared with SUTEXx fragment ligand (heavy, blue) treatment
conditions. The lack of binding activity of structurally related compounds (EKT231

and JWB514) provide evidence for structure-activity relationship. A 1:1 SILAC mixing
control (HHS-465/HHS-465) is shown and used for normalization. Representative MS1
extracted ion chromatograms (EICs) are shown. (B) The chemical structure of G3BP1 Y40
SUTEXx ligand (HHS-166) and matching inactive control compound (EKT231). (C) G3BP1
domains showing the liganded Y40 site located in the NTF2 dimerization domain. Data are
representative of /7= 2-3 biologically independent replicates.
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Figure 6. G3BP1 Y40 mediatesthe SG-modulating activity of HHS-166.
(A) G3BP1 and G3BP2 knockout (G3BP KO) cells rescued with G3BP1 wild-type (WT)

or mutants exhibit differential sensitivity to SUTEX fragment treatment in arsenite-induced
SG formation (a-G3BP1) as determined by immunofluorescence analysis. Expression

of WT recombinant G3BP1 and Y40E mutant but not the Y40F mutant rescued the
deficient arsenite-induced SG formation phenotype of G3BP KO cells. Arsenite-mediated
SG formation was blocked by pretreatment with HHS-166 but not the inactive control
compound EKT231 in G3BP1 WT- but not Y40E-, which lacks a tyrosine for covalent
binding at this site, rescued G3BP KO cells. (B) Box and whisker plot of the number
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of stress granules per cell from immunofluorescence images of G3BP KO rescue with
G3BP1 WT/mutant + SUTEX fragment ligand treatments in arsenite-stressed cells from A
(“x” indicates the mean; the center line is the median). Pretreatment with HHS-166 in
G3BP1 WT-expressing G3BP KO cells resulted in a statistically significant decreases in SG
formation (***p < 0.001, n.s.: not significant). A two-sample Student’s #test was performed
for statistical comparison. Data shown are representative of 7= 3 biologically independent
replicates.
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