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SUMMARY
Phase separation can concentrate biomolecules and accelerate reactions. However, the mechanisms and
principles connecting this mesoscale organization to signaling dynamics are difficult to dissect because of
the pleiotropic effects associated with disrupting endogenous condensates. To address this limitation, we
engineered new phosphorylation reactions within synthetic condensates. We generally found increased
activity and broadened kinase specificity. Phosphorylation dynamics within condensates were rapid and
could drive cell-cycle-dependent localization changes. High client concentration within condensates was
important but not the main factor for efficient phosphorylation. Rather, the availability of many excess
client-binding sites together with a flexible scaffold was crucial. Phosphorylation within condensates was
alsomodulated by changes inmacromolecular crowding. Finally, the phosphorylation of the Alzheimer’s-dis-
ease-associated protein Tau by cyclin-dependent kinase 2 was accelerated within condensates. Thus, con-
densates enable new signaling connections and can create sensors that respond to the biophysical proper-
ties of the cytoplasm.
INTRODUCTION

Eukaryotic cells use membrane bound organelles for spatiotem-

poral control of complex biochemical reactions, and there is

increasing evidence for the importance of membraneless sub-

cellular compartments, such as nucleoli or stress granules (Ba-

nani et al., 2017). These biomolecular condensates can be highly

dynamic and sometimes form through liquid-liquid phase sepa-

ration (LLPS) (Shin and Brangwynne, 2017). Recent research has

revealed mechanisms of condensate formation, but it has been

more difficult to demonstrate the importance of LLPS for the

modulation of biochemical reactions.

It is difficult to understand the impact of condensation on bio-

logical regulation because mutations that disrupt LLPS or that

perturb recruitment of clients to condensates can have pleio-

tropic effects. For example, although it is possible to mutate a

protein sequence such that it fails to undergo LLPS, any associ-

ated loss of activity could be due to this loss of condensation or

equally could be due to an unrelated loss of intrinsic protein func-

tion. A handful of studies have attempted to address this prob-

lem through orthogonal reconstitution of the condensation

behavior. For example, chimeras of NELF condensates that
Molecular Cell 82, 3693–3711, Oc
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recovered condensate formation and basic function but lost

stress inducibility (Rawat et al., 2021). However, there are few

examples, and they failed to fully rescue biological functions,

illustrating our incomplete understanding of principles.

Synthetic biology is a powerful approach to investigate gen-

eral principles while avoiding pleiotropic effects that can

confound interpretation. For example, synthetic optogenetic

systems, including ‘‘OptoDroplets’’ and ‘‘Corelets,’’ were devel-

oped to exert spatiotemporal control of phase transitions in cells,

permitting quantitative mapping of intracellular phase diagrams

(Bracha et al., 2019; Shin et al., 2017).

The complex cellular environment can strongly affect LLPS.

The cell interior is crowded, both in the cytosol and nucleus.

Up to 40% of the cell volume is excluded by macromolecules

(Delarue et al., 2018; Ellis and Minton, 2003; Luby-Phelps,

1999). Recent studies revealed that mTORC1 modulates cyto-

plasmic crowding by tuning ribosome concentration, and this

has strong effects on phase separation (Delarue et al., 2018).

In the nucleus, the chromatin network can mechanically sup-

press the coalescence of OptoDroplets, impacting condensate

number, size, and placement (Lee et al., 2021; Zhang et al.,

2021b). Since the crowded, active cell interior modulates phase
tober 6, 2022 ª 2022 The Authors. Published by Elsevier Inc. 3693
C-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 1. Recruitment into synthetic condensates increases phosphorylation rates

(A) Schematic of chemical dimerization approach. Mixture of SUMO10 and SIM6 leads to condensate formation. Rapamycin induces recruitment of MAPK3

(kinase) and ELK1 (substrate) into condensates.

(B) Structure MAPK3: R84 constitutive activation mutation, red; docking sites, green.

(C) Structure of the ELK1 C terminus. Blue circles are known phosphorylation sites targeted by MAPK3; phosphoepitope at S383, orange; docking motifs, green.

(D) ELK1 can be recruited to condensates. Total fraction of client that partitions into SUMO10 + SIM6 condensates ± rapamycin. n = 2.

(E) Recruitment to condensates increases phosphorylation in vitro. The C termini of ELK1 (ELK1WT) or an ELK1 docking motif mutant (ELK1DM) were used as

substrates. n = 3.

(F) Schematic showing the approach to recruit clients into condensates in S. cerevisiae. SUMO10-SIM6 formed condensates. MAPK3 and ELK1 (clients) were

tagged with SIM for recruitment into condensates.

(legend continued on next page)
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separation, it follows that condensates should be capable of

sensing crowding and transducing this information to chemical

signals such as protein phosphorylation. However, there is little

direct evidence of this biophysical sensing phenomenon.

Protein kinases regulate most aspects of eukaryotic cell

biology. Kinase activity is strictly regulated, and kinases must

discriminate between numerous proteins to find appropriate

substrates. Defects in kinase activity regulation or loss of spec-

ificity can lead to human diseases such as cancer (Cicenas et al.,

2018). Kinases exploit multiple mechanisms to achieve speci-

ficity, including subcellular localization, docking motif interac-

tions, and recognition of consensus phosphorylation sites (Alex-

ander et al., 2011; Howard et al., 2014;Mok et al., 2010; Reményi

et al., 2006). For example, mitogen-associated protein kinases

(MAP kinases) and cyclin-dependent kinase (CDK) family ki-

nases prefer consensus phosphorylation motifs with a proline

residue C-terminal to the phospho-acceptor site (Howard

et al., 2014; Mok et al., 2010). Kinases can also use docking in-

teractions for additional selectivity (Faustova et al., 2021; Ho-

ward et al., 2014; Miller and Turk, 2018; Örd and Loog, 2019;

Örd et al., 2019). Several recent studies showed that a large

number of kinases reside in condensates (Wippich et al., 2013;

Zhang et al., 2021a), but it remains poorly understood how ki-

nase activity is modified by recruitment to these structures.

Therefore, it is of great interest to understand how kinase reac-

tion specificity and activity can be affected within condensates.

Here, we use synthetic biology approaches to begin to un-

cover principles of condensed-phase signaling. We recruited

the MAP kinases, MAPK3 and Fus3, and the cyclin-dependent

kinase 1 (Cdk1) into multiple types of synthetic condensates

formed of multivalent ‘‘scaffolds.’’ We found that phosphoryla-

tion was increased by client recruitment into condensates both

in vitro and in vivo. Kinase specificity was expanded in conden-

sates, indicating that condensation can facilitate the creation of

new links in phosphoregulatory networks. Substrates were

phosphorylated in the absence of a docking motif and on non-

consensus phospho-acceptor sequences. Phosphorylation

within condensates could respond to dynamic changes in kinase

activity within minutes. Systematic variation of scaffold and

client properties revealed that beyond increasing client concen-

tration (mass action), the availability of excess client-binding

sites within the condensates and the flexibility of scaffolds

strongly impacted reaction acceleration in condensates. We

also found that phosphorylation within condensates can

respond to molecular crowding, thus creating a biophysical

sensor. Finally, we found that phosphorylation of the microtu-

bule-binding protein, Tau, by cyclin-dependent kinase 2 (Cdk2)

was accelerated in the condensed phase at sites associated

with Alzheimer’s disease, thus relating our insights from syn-
(G) Recruitment to condensates increased phosphorylation levels in vivo. Top: m

ELK1 (red), and scaffold controls or SUMO10-SIM6 condensates (no fluorescent

phosphoepitope; total ELK1; activation-loop phosphates on the MAPK3 kinase

shifted bands. Quantification of ELK1 S383 phosphorylation (pS383) and the hyp

phosphorylation, band intensities of total phosphorylated ELK1were normalized to

level of ELK1 in the control strain (leftmost). For hyperphosphorylation (hypershif

anti-p-ELK1-S383) was normalized to tubulin levels in the bottom graph, and the v

3). Statistical comparisons are by Tukey-Kramer test: *p < 0.05, **p < 0.01, ***p
thetic biology to possible new mechanisms for neurodegenera-

tive disease.

RESULTS

Recruitment to synthetic condensates increases
phosphorylation in vitro

Initially, we recruited a kinase and substrate to a synthetic

condensate in vitro. The synthetic condensate was based on

multivalent interactions between a tandem repeat of ten small

ubiquitin-like modifier (SUMO) domains (SUMO10) and a second

polypeptide with six repeats of a SUMO Interacting Motif (SIM6)

(Figure 1A). SUMO10 and SIM6 readily undergo LLPS when

mixed (Banani et al., 2016). Throughout this paper, we refer to

proteins that form condensates as ‘‘scaffolds,’’ proteins that

are recruited to synthetic condensates as ‘‘clients.’’

The first clients we tested were the human Mitogen-Activated

Protein kinase, MAPK3 (also called ERK1), and aC-terminal frag-

ment of one of its substrates, ELK1. We took advantage of a

constitutively active R84S mutant of MAPK3 (Figure 1B; Levin-

Salomon et al., 2008) to simplify the system. The ELK1 C termi-

nus contains multiple MAPK3 consensus phosphorylation motifs

(Mylona et al., 2016) and two docking motifs (D site and F site)

that bind to the surface of MAPK3. We tested the wild-type

(WT) ELK1 C terminus (Figure 1C; residues 206–428, hereafter

referred to as ELK1) and a version in which these two docking

motifs were mutated (hereafter referred to as ELK1DM; Fig-

ure S1A). To enable rapid recruitment of clients into conden-

sates, we fused an FKBP12 domain to the N terminus of SIM6

and an FRB domain and fluorescent protein (green fluorescent

protein [GFP], or mCherry, for visualization) to the N terminus

of each client. Dimerization of FKBP12 and FRB can be chemi-

cally induced by rapamycin. Initially, there was low binding of cli-

ents to the surface of condensates, but addition of rapamycin re-

cruited FRB-GFP-ELK1 and FRB-mCherry-MAPK3 into the

condensates (Figures 1A, 1D, and S1B).

Upon ELK1 and MAPK3 recruitment into condensates, phos-

phorylation of ELK1WT increased by 22% compared with control

(Figure 1E). The ELK1DM mutant had lower baseline phosphory-

lation, as expected, but the relative increase rate upon recruit-

ment into condensates nearly doubled (Figures 1E and S1C).

Together, these results indicate that recruitment of MAPK3 ki-

nase and the ELK1 substrate into a condensed phase acceler-

ates phosphorylation, especially for substrates that lack docking

motifs. The reaction acceleration in this experiment appears

relatively small (22% for ELK1WT, 91% for ELK1DM); however,

the condensate phase only constituted a tiny fraction of the total

reaction volume (less than 3%). Therefore, as previously re-

ported, for similar experiments (Peeples and Rosen, 2021), we
icrographs S. cerevisiae cells with various combinations of MAPK3DM (green),

tag). Scale bars, 5 mm. Bottom: representative western blots for ELK1-S383

(pT202/pY204), and tubulin loading control. Red arrowheads indicate hyper-

erphosphorylation (hypershift/tubulin) are shown in bottom graphs. For S383

total ELK1 levels, and this value was further normalized to the phosphorylation

t/tubulin) quantification, the intensity signal of hypershifted band (detected by

alues were further normalized to the control strain. Error bars indicate ± SD (n =

< 0.001, N.S., not significant.
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believe the actual acceleration in condensates is far greater than

apparent in the bulk reaction.

Recruitment to synthetic condensates increases
phosphorylation in vivo

We next used the budding yeast Saccharomyces cerevisiae as a

model system to see if synthetic condensates could potentiate

phosphorylation in vivo. We expressed a single polypeptide con-

sisting of SUMO10 fused to SIM6 (SUMO10-SIM6) (Banani et al.,

2016). This approach ensures that there are excess SUMO do-

mains available as client-binding sites within the condensate.

Rapamycin changes the biophysical properties of S. cerevisiae

(Delarue et al., 2018); therefore, we did not use the FKBP12/

FRB system to recruit clients. Instead, we recruited the constitu-

tively active MAPK3R84S kinase (henceforth simply referred to as

MAPK3) and its substrate ELK1 by fusion of a single SIMmotif to

their C termini (Figure 1F). We expressed combinations of SIM-

tagged ELK1WT or ELK1DM (henceforth ELK1WT-SIM or

ELK1DM-SIM) with SUMO10-SIM6 in S. cerevisiae and analyzed

phosphorylation levels by western blotting using an ELK1

Serine-383-phospho-specific antibody. We observed basal

phosphorylation of ELK1-SIM without MAPK3-SIM expression,

indicating that yeast kinases can phosphorylate ELK1-SIM at

low levels. Co-expression of MAPK3-SIM slightly increased

ELK1WT-SIM phosphorylation (Figure S1D) but did not increase

ELK1DM-SIM phosphorylation levels in the absence of the

SUMO10-SIM6 condensate (Figure 1G). However, ELK1WT-SIM

and ELK1DM-SIM phosphorylation at S383 was substantially

increased when co-recruited withMAPK3-SIM into condensates

(3.8-fold and 4.9-fold, respectively, p < 0.001; Figure 1G, top

graph, Figure S1D). Consistent with in vitro experiments,

ELK1DM-SIM showed a greater relative increase in phosphoryla-

tion upon condensate recruitment. To control for scaffolding ef-

fects (i.e., the simultaneous binding of MAPK3-SIM and ELK1-

SIM to adjacent SUMO domains in the dispersed solute phase),

we also used a SUMO dimer (SUMO2) that did not form conden-

sates. SUMO2 expression did not significantly increase ELK1WT-

SIM or ELK1DM-SIM phosphorylation, indicating that recruitment

to a condensed phase was required for increased phosphoryla-

tion. Taken together, and combined with the in vitro results

above, these experiments indicate that recruitment to conden-

sates increases phosphorylation rates in vivo.

Interestingly, we observed an increase in ELK1-SIM phos-

phorylation in the presence of SUMO10-SIM6 even without

MAPK3-SIM expression (Figure 1G), suggesting the possibility

that endogenous yeast kinases may be recruited into these con-

densates. We searched for SIM motifs in yeast CMGC family

members, which are primarily proline-directed serine/threonine

kinases. Surprisingly, most of these kinases harbor putative

SIMmotif (Table S1; Beauclair et al., 2015). We focused on yeast

MAPK family members and a CDK family member Pho85. We

found that deletion of the MAP kinases FUS3 or KSS1, and the

CDK PHO85 partly reduced phosphorylation. A fus3D, kss1D,

and pho85D triple knockout mutant completely lost the increase

in ELK1-SIM phosphorylation in the presence of SUMO10-SIM6

condensates (Figure S1E). These results suggest that Fus3p,

Kss1p, and Pho85p acquire the ability to phosphorylate ELK1-

SIM upon recruitment to SUMO10-SIM6 condensates.
3696 Molecular Cell 82, 3693–3711, October 6, 2022
Recruitment to synthetic condensates leads to novel
multi-site phosphorylation in vivo

In addition to increased intensity of phospho-ELK1 bands, we

noticedprominent slowermigrating specieswhen clientswere re-

cruited to condensates. ELK1 is known to be phosphorylated at

multiple sites by MAPK3. Therefore, we hypothesized that the

slowly migrating bands on the western blot were due to multi-

site phosphorylation. Lambda phosphatase treatment resulted

in almost complete lossof the hypershiftedbands,whereasphos-

phatase inhibitor additionmaintained the hypershifted band, con-

firming that phosphorylation caused the slow migration pattern

(Figure S1F). ELK1 contains eleven serines or threonines immedi-

ately followed by proline, corresponding to consensus MAPK3

phosphorylation sites (Cruzalegui et al., 1999). Substitution all of

these serines/threonines (Figure S1G) with alanine (ELK1-11A

mutant) led to the loss of almost all hypershifted bands (Fig-

ure S1H). Quantification of slow-migrating bands indicated a

220-fold increase in hyperphosphorylation when ELK1DM-SIM

was recruited to condensates (Figure 1G, bottom graph,

p < 0.001) and a 380-fold increase in the hypershifted band for

ELK1WT-SIM (Figure S1D, bottom graph, p < 0.001). ELK1 was

previously shown to be phosphorylated at different sites with

different kinetics (Mylona et al., 2016). Serine 383 (Serine 384 in

mouseElk-1) is themost rapidly phosphorylated residue, perhaps

leading to partial reaction saturation even when ELK1WT-SIM and

MAPK3-SIM are co-expressed without SUMO10-SIM6 and ex-

plaining the modest increase in phosphorylation of this residue

when ELK1WT-SIM is recruited to condensates. On the other

hand, condensate recruitment seems to have a far more pro-

nounced effect on the phosphorylation of residues that are nor-

mally inefficiently phosphorylated (Mylona et al., 2016). Therefore,

we focused on these hypershifted bands for our study.

Condensates facilitate dynamic new links between
kinases and substrates
We hypothesized that recruitment into condensates might create

a permissive environment for phosphorylation, potentially ex-

panding kinase specificity. To test this idea, we investigated

whether other kinases that did not evolvewithELK1asa substrate

could phosphorylate ELK1-SIM when recruited to SUMO10-SIM6

condensates. We first selected Fus3, the yeast kinase most

closely evolutionarily related to MAPK3 (Figure 2A). The addition

of the a-factor mating peptide activates a signaling pathway that

greatly increases Fus3 kinase activity (Elion, 2000).We first added

a single SIM tag to the endogenous FUS3 gene and found that a-

factor caused a slight increase in ELK1-SIM phosphorylation as

predicted (Figures S2A–S2D). However, recruitment to conden-

sates was weak. We therefore tagged the FUS3 gene with a dou-

ble SIM tag (gene product hereafter, Fus3-2xSIM) to more

strongly recruit it into SUMO10-SIM6 condensates (Figures 2B

andS2A–S2D).Westernblot results showed that ELK1-SIMphos-

phorylationonS383 increased�7-foldwhenFus3-2xSIMwasco-

localized in SUMO10-SIM6 condensates even prior to addition of

a-factor (Figure 2B, top graph, third lane, p < 0.01). This result in-

dicates that basal activity of Fus3-2xSIM can drive significant

phosphorylation of a novel substrate in condensates. However,

the level of ELK1-SIM S383 phosphorylation was further

increased to �15-fold above background upon activation of
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(A) Schematic of ELK1 phosphorylation by Fus3 in condensates.

(B) Phosphorylation of ELK1 by Fus3 is accelerated in the condensed phase. Cells were treated with 2 mM a-factor to activate Fus3. Top: representative mi-

crographs; bottom: representative western blots. Antibodies, quantification, and normalization of ELK1 S383 phosphorylation (pS383) and hyperphosphorylation

(hypershift/tubulin) are as in Figure 1. n = 3.

(C) Phosphorylation of ELK1 by Cdk1 is accelerated in the condensed phase. Micrographs, western blots, and quantification are as in (B).

(D) The NLS-GFP-2xWW reporter dynamically changes localization during mitosis. Average projections of representative micrographs (GFP-2xWW, green;

mCherry-ELK1, red) are shown. White dotted line indicates the position of the nucleus as detected by a 2xNLS-BFP reporter. White arrowheads indicate

condensates. Mean intensities of GFP in condensates and in the nucleus are plotted. n = 10. Scale bars, 5 mm. Error bars indicate ± SD. Statistical comparisons

are by Tukey-Kramer test, *p < 0.05, **p < 0.01, ***p < 0.001, N.S., not significant.

ll
OPEN ACCESSArticle

Molecular Cell 82, 3693–3711, October 6, 2022 3697



ll
OPEN ACCESS Article
Fus3 by addition of a-factor for 5 min (Figure 2B, top graph,

p < 0.001). Furthermore, the hypershifted bands were even

more strongly induced by a-factor (�600-fold, p < 0.001, Fig-

ure 2B, bottom graph). Expression of ELK1-SIM and Fus3-

2xSIM together with a simple SUMO2 scaffold did not result in

significantly increased phosphorylation of ELK1-SIM, regardless

of a-factor addition. These results indicate that a novel kinase-

substrate connection canbe induced by recruitment to a conden-

sate and that information from upstream signaling can still be

received within this condensed phase within 1 min.

In processive phosphorylation, multiple phosphorylation

events occur in a single kinase/substrate interaction (where a

scaffold can also be considered part of the interaction), whereas

in distributive phosphorylate, phosphates are added to the sub-

strate over the course of several interactions. The prediction of

processive phosphorylation is that, in a time-course, the upper-

most hyper-phosphorylated bands should appear immediately

and then get more abundant with time (Kõivom€agi et al., 2011).

The prediction of distributive phosphorylation is that intermedi-

ate bands should appear first and then higher and higher bands

appear over time in a ‘‘ladder-like’’ fashion. We found that Fus3

activation led to immediate appearance of a completely hyper-

shifted band (after 1 min) that proceeded to gets darker. There

was no significant accumulation of intermediate phosphorylated

forms after a-factor addition at 1 or 3 min, indicating that ELK1-

SIM phosphorylation in SUMO10-SIM6 condensates was proc-

essive (Figures 2B, S2D, and S2E).

Next, we tested if a more evolutionarily distant kinase could

phosphorylate ELK1-SIM within condensates. We chose the

CDK Cdk1 (encoded by the CDC28 gene in S. cerevisiae).

Cdk1 is still proline directed but is structurally and functionally

distinct fromMAP kinases and recognizes different docking mo-

tifs (Howard et al., 2014; Mok et al., 2010; Schulman et al., 1998).

We tagged the endogenous Cdk1 with a single SIM peptide

(Cdk1-SIM) and observed robust recruitment into SUMO10-

SIM6 condensates (Figure 2C, top). Co-recruitment of ELK1-

SIM and Cdk1-SIM led to high levels of phosphorylation of

ELK1-SIM, both in terms of S383 phosphorylation (�10-fold in-

crease, p < 0.001; Figure 2C, top graph) and levels of hyper-

shifted bands (�300-fold increase, p < 0.01; Figure 2C, bottom

graph). Expression of ELK1-SIM and Cdk1-SIM together with a

simple SUMO2 scaffold did not increase ELK1-SIM phosphory-

lation over background levels.

To gain insight into the kinetics of this reaction, we engi-

neered an induced dimerization system based on plant gibber-

ellic acid (GA) signaling (Miyamoto et al., 2012) to recruit cli-

ents into SUMO10-SIM6 condensates in S. cerevisiae cells

(Figure S2F). GA addition induced mCherry-ELK1 recruitment

into SUMO10-SIM6 condensates in which Cdk1-GFP-SIM

was localized (Figure S2G) and increased ELK1 phosphoryla-

tion (Figure S2H). The GA-induced reaction was slower than

Fus3, and hypershifted bands were only significantly induced

after 30 min. Nevertheless, as for the Fus3 system, there

was no ladder-like accumulation of intermediate phosphory-

lated forms detected after GA addition but rather the hyper-

shifted band appeared immediately and grew more intense

with time, consistent with a processive multi-site phosphoryla-

tion reaction.
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Cdk1 regulates the cell division cycle (Malumbres, 2014).

Cdk1 is most active during mitosis and is inactivated during

mitotic exit by degradation of cyclins (Enserink and Kolodner,

2010). In addition, the CDC14 phosphatase that counteracts

Cdk1 is specifically activated during mitotic exit (Stegmeier

and Amon, 2004). Therefore, substrates of Cdk1 are dynamically

phosphorylated and dephosphorylated as the cell cycle pro-

gresses. To further investigate the ability of synthetic conden-

sates to create novel kinase connections while allowing dynamic

regulation, we built a reporter system to visualize phosphoryla-

tion of ELK1-SIM by Cdk1 in real time in single cells.

To create a live-cell reporter of ELK1-SIM phosphorylation, we

fused two WW domains from the Homo sapiens PIN1 protein to

GFP (GFP-2xWW). The WW domain specifically interacts with

phosphorylated serine-proline motifs (Verdecia et al., 2000).

We hypothesized that ELK1-SIM phosphorylation within syn-

thetic condensateswould createWW-domain binding sites lead-

ing to reporter recruitment to the condensates (Figure S3A).

Indeed, we found that co-expression of MAPK3-SIM and

ELK1-SIM led to the translocation of the GFP-2xWW reporter

into SUMO10-SIM6 condensates (Figure S3B, top). As a control,

we expressed a catalytically dead MAPK3 mutant (MAPK3-

K71R) and found very little recruitment of the reporter into

SUMO10-SIM6 (Figures S3B, bottom and S3C). These results

suggested that the reporter was recruited to synthetic conden-

sates in a phosphorylation-dependent manner.

We next modified the reporter to attempt to reveal dynamic

phosphorylation of ELK1-SIM by Cdk1. We added an SV40 nu-

clear localization signal (NLS) to the N terminus (NLS-2xWW-

GFP), such that when the reporter and ELK1-SIM were co-ex-

pressed with SUMO10-SIM6 but Cdk1 was not tagged with SIM,

most of the reporter was nuclear, and very little was recruited

to condensates (Figure S3D). However, when Cdk1 was tagged

with SIM, a significant number of cells had strong reporter recruit-

ment to condensates (Figure S3E). We next examined the dy-

namics of reporter recruitment to condensates during the cell cy-

cle by time-lapse imaging (Figure 2D). Reporter intensity within

condensates was highest immediately prior to anaphase, the

point at which Cdk1 activity is highest (Enserink and Kolodner,

2010). Approximately 20–30 min after anaphase, reporter signal

was reduced within condensates and relocalized to the nucleus

(Figure 2D; Video S1). This corresponds to the timing of mitotic

exit, when Cdk1 is rapidly inactivated by cyclin degradation and

expression of the Cdk1 inhibitor Sic1 (Enserink and Kolodner,

2010). In addition, the phosphatase Cdc14 is activated at this

time, leading to rapid dephosphorylation of phosphorylated S-P

and T-P motifs (Visintin et al., 1998). Subsequently, after 10–

20 min, a time when Cdk1 activity is rising, the reporter intensity

in condensates also started to increase (Figures 2D and S3F).

Collectively, these results suggest that recruitment of Cdk1-SIM

to a synthetic condensate can create a new kinase-substrate

connection, with dynamics that closely follow the cell cycle.

We next wondered if recruitment to condensates would relax

the primary specificity of kinases, enabling phosphorylation of a

broader range of peptides. First, we used a short peptide flanking

serine383 inELK1asa substrate (residues370–394, referred to as

min383 hereafter) to completely remove the D box and F box

docking sites. We fused this peptide and MAPK3 to a 5xSIM tag



ll
OPEN ACCESSArticle
to obtain strong enrichmentwithin condensates (FigureS4A). This

resulted in strong phosphorylation (Figures S4B–S4D), suggest-

ing that docking motifs are not required for MAPK3 phosphoryla-

tion within condensates. Interestingly, condensates were also

formed when 5xSIM-tagged-clients were co-expressed with

SUMO2 (Figure S4C), resulting in increasedmin383 phosphoryla-

tion, and these condensates also drove phosphorylation.

We noticed that there were multiple hypershifted bands, ac-

counting for almost 50% of total min383 (Figure S4D) within

SUMO10-SIM6 condensates. These bands disappeared after

lambda phosphatase treatment (Figure S4E), suggesting that

phosphorylation caused this slow migration pattern. There is

only one additional MAPK3 consensus phospho-acceptor site

(S/T-Pmotif, serine389) in min383 (Figure S4F); therefore, we hy-

pothesized that other non-consensus sites could also be phos-

phorylated. We generated point mutant and truncation con-

structs to identify the residues responsible for the hypershifted

bands (Figure S4G). Deletion of four consecutive serines at the

N terminus almost completely abolished slowly migrating bands

(Figure S4H), suggesting that these four non-consensus serines

were phosphorylated by MAPK3. Thus, MAPK3 can phosphory-

late non-consensus sequences when within condensates.

We next investigated the ability of Cdk1 to phosphorylate non-

canonical substrates within condensates. Cdk1 is also a proline-

directed kinase; hence, we generated a synthetic construct that

fused short peptides from the human P53 and RPS6 proteins

(Figures S4I and S4J, referred to PR hereafter), none of which

contain any known primary specificity determinants for Cdk1

(Mok et al., 2010). Western blot results showed that peptides

from serine9 and serine37 in P53 were more highly phosphory-

lated by Cdk1 when recruited to condensates (Figures S4K–

S4M). Serine235/236 in RPS6 was also phosphorylated by

Cdk1 in condensates. Note, in some cases, we believe that

recruitment into synthetic condensates stabilizes clients, for

example, leading to the high anti-HA signal in lanes 3 and 5 of

Figure S4L. To control for these effects, we normalized the phos-

phorylation signal to the total anti-HA signal. Collectively, these

results show that the primary specificity of MAPK3 and Cdk1 is

relaxed when recruited to condensates.

Multiple factors contribute to hyperphosphorylation in
condensates
A major advantage of synthetic biology is the possibility of sys-

tematically varying parameters in an attempt to understand gen-

eral principles. Therefore, we varied the properties of both the

condensate scaffold proteins and the clients to investigate which

factors impact phosphorylation of ELK1 by MAPK3 within con-

densates (Figures 3A and 3B).

First, we characterized the effect of client-binding affinity on

phosphorylation in condensates. A single substitution in the

SIM peptide (substitution of Isoleucine 9 with proline, referred

to as SIMI9P hereafter) decreases the affinity of the interaction be-

tween SIM and SUMO (Namanja et al., 2012). We tagged the

ELK1 substrate with either WT SIM (SIMWT) or SIMI9P, whereas

the MAPK3 kinase was always tagged with SIMWT. The concen-

tration of ELK1-SIMI9P-tagged substrate was dramatically

reduced in SUMO10-SIM6 condensates (Figures 3B and S5A).

Western blotting showed that hyperphosphorylation of ELK1-
SIMI9P in condensates was reduced by almost 80% compared

with ELK1-SIMWT (Figures 3B and S5B). We hypothesized that

the reduced substrate concentration led to the decreased hyper-

phosphorylation. To test this idea, we used a stronger promoter

to increase the expression level of ELK1-SIMI9P and restore the

concentration of ELK1-SIMI9P in condensates. Indeed, this higher

substrate concentration within condensates partly restored

ELK1-SIMI9P hyperphosphorylation. However, when ELK1-

SIMI9P was present at equivalent concentration to ELK1-SIMWT,

there was still a 2-fold decrease in hyperphosphorylation. One

possible explanation is that the binding kinetics of client SUMO

domains within the condensate plays an important role. The un-

binding rate (koff) of ELK1-SIMI9P is likely to be higher than

ELK1-SIMWT. Therefore, we speculated that lower koff might favor

hyperphosphorylation. Increasing valency can also reduce koff
(Tang et al., 2012). We therefore fused both kinase and substrate

with two SIM-tags (2xSIM) to investigate the effect of client

valence on hyperphosphorylation in condensates. The 2xSIM-

tag led to a slightly higher (�20%) MAPK3 concentration in con-

densates compared the single SIM tag but had no effect on ELK1

concentrations (Figures 3B and S5A). However, western blotting

showed that ELK1 hyperphosphorylation almost doubled

(Figures 3B and S5B).We compared the 2xSIM-tagged substrate

phosphorylation to strongly overexpressed kinase and substrate

with a single SIM tag. This strong overexpression led to higher

client concentrations in condensates and slightly higher ELK1 hy-

perphosphorylation. Together, these results suggest that both

client concentration and binding kinetics modulate the degree

of hyperphosphorylation within condensates.

The number of excess client-binding sites strongly
impacts hyperphosphorylation
We next investigated how the properties of synthetic conden-

sates could impact hyperphosphorylation. The presence of

excess SUMO domains within the SUMO10-SIM6 condensates

has been shown to be important for client recruitment (Banani

et al., 2016). We therefore tested the effect of reducing the num-

ber of free SUMO domains by comparing SUMO7-SIM6 to

SUMO10-SIM6 condensates. We screened for cells with client

recruitment into SUMO7-SIM6 condensates that were similar to

SUMO10-SIM6 condensates (Figures 3B and S5A). However,

ELK1-SIM hyperphosphorylation within SUMO7-SIM6 conden-

sates was reduced by almost 90% (Figures 3B and S5B). Next,

we asked whether we could restore hyperphosphorylation in

SUMO7-SIM6 condensates by increasing client concentration

in condensates. Interestingly, hyperphosphorylation was still

�3-fold lower in strains expressing SUMO7-SIM6 condensates

when the expression of both clients was increased such that

client concentration in SUMO7-SIM6 was higher than in

SUMO10-SIM6 condensates. This suggests that the excess

SUMO domains in condensates potentiates hyperphosphoryla-

tion through a mechanism beyond simple mass action.

Condensate scaffold flexibility is crucial for
hyperphosphorylation
The SUMO-SIM condensates are based on highly flexible poly-

mers that can assemble in many conformations. We wondered

whether this flexibility, which appears to be a frequent feature
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Figure 3. Multiple factors contribute to hyperphosphorylation in condensates

(A) Schematic of SUMOn-SIMn condensates in S. cerevisiae cells.

(B) Affinity: interaction strength altered using SIM variants with low Kd (higher affinity, ++) or high Kd (lower affinity, +). Client # SIM: one or two SIMs on clients.

Excess SUMO: SUMO10-SIM6 has 4 excess SUMO per scaffold, and SUMO7-SIM6 has 1 excess SUMO per scaffold. MAPK3 expression; ELK1 expression:

different promoters for high (+++), medium (++), or low expression levels (+). Relative concentrations of clients within condensates are shown in red and green bar

graphs, where each point is the quantification of one condensate. Bottom: blue bar graph shows the quantification of hyperphosphorylation levels from western

blots. Values normalized to the median of the leftmost strain.

(C) Schematic of a synthetic two-component condensate. One component consists of a homodimerizing scaffold fused to one or more SUMO to recruit SIM-

tagged client proteins and an Im2 domain. The other component consists of a homohexamerizing scaffold fused to BFP and an E9 domain. The Im2 and E9

domains interact with one another.

(D) One, two, or three SUMO domains were inserted into the dimer-forming component. Client concentrations within condensates were estimated as above and

normalized to leftmost strain. Bottom: blue bar graph shows the quantification of hyperphosphorylation levels from western blots.

(E) Characterization of the effect of the affinity of the Im2/E9 interaction. Client concentrations and hyperphosphorylation quantified as above. n = 3 for all ex-

periments. Error bars indicate ± SD; statistics in 3B and 3D by Tukey-Kramer test, statistics in 3E by Student’s t test, *p < 0.05, **p < 0.01, ***p < 0.001; N.S., not

significant.
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of biological condensates (Alberti and Hyman, 2021; Hastings

and Boeynaems, 2021; Li et al., 2012), was important for the

potentiation of phosphorylation. We took advantage of a recently

described design strategy (Heidenreich et al., 2020) based on a

well-structured synthetic two-component system (Figure 3C).

One component consists of a homo-hexamer. The other

component is a homo-dimer consisting of a long (18 nm), rigid,

antiparallel coiled-coil domain from the TRIM25 protein. Interac-

tion between these two components was engineered using a

well-characterized heterodimeric interaction between the colicin

E9 (henceforth simply E9) and the immunity protein, Im2 (Li et al.,

1998). We fused E9 to the C terminus of the hexamer and Im2 to

the N terminus of the dimer. An important design feature is that

the dimer is too long to bind twice to the same hexamer, thereby

making lattice assembly within the condensate more predict-

able. We additionally fused a SUMO domain to the N terminus

of the dimer. The topology of the dimer is such that the N termini

are distant from one another at the opposite ends of each dimer.

This synthetic condensate is predicted to assemble in a limited

set of local geometries from rigid components that hold individ-

ual SUMO domains relatively distant from one another.

When expressed in yeast, the synthetic two-component-sys-

tem-formed condensates that recruited ELK1-SIM and

MAPK3-SIM clients (Figure S5C). We screened for yeast strains

that recruited clients to these two-component-system-formed

condensates at similar levels as SUMO-SIM condensates (Fig-

ure S5D). We found that recruitment of ELK1-SIM and MAPK3-

SIM to SUMO domains within this ordered condensate led to

a slight increase in total phosphorylation levels at S383 (�50%)

and a similar increase hyperphosphorylation (�35-fold) (Fig-

ure S5E) to SUMO7-SIM6, but �10-fold less than in SUMO10-

SIM6 condensates. Thus, scaffold flexibility appears to be impor-

tant for efficient phosphorylation within condensates.

Three adjacent client-binding sites are insufficient for
efficient phosphorylation in rigid condensates
A major feature of the two-component system is that the SUMO

binding sites are held at a slight distance from one another within

a relatively rigid network. This is distinct from the SUMO-SIM

condensates, where multiple adjacent SUMO domains can be

available for client binding in a single polymer, and the scaffold

flexibility potentially allows for even more extensive clusters of

SUMOs to occur. Indeed, the fact that the availability of excess

SUMO domains has the largest effect on the efficiency of hyper-

phosphorylation (Figure 3B, right) suggests that the availability of

local clusters of client-binding sites is crucial for efficient

condensed-phase signaling. Control experiments demonstrate

that dimers ofSUMO in solution are insufficient for reaction accel-

eration (Figures 1G, 2B, 2C, and S1D) Hence, we investigated if

adding pairs or triads of SUMO domains to the dimer in the

two-component condensate could better drive condensed-

phase phosphorylation. We screened for cells with similar client

concentrationswithin condensates to simplify interpretation (Fig-

ure S5E). We fused the dimer component to 2xSUMO and

3xSUMO.Again, each 2xSUMOor 3xSUMO is held 18 nmdistant

from its partner by the rigid antiparallel coiled-coil of the dimer

and can be within 9–12 nm of a set of SUMO sites on an adjacent

dimer head (Figure 3C). We found no increase in S383 phosphor-
ylation or hyperphosphorylation of ELK1-SIM with 2xSUMO or

3xSUMO relative to 1xSUMO within these rigid condensates

(Figures 3D and S5F). These results suggest that even with a

huge concentration of 3xSUMOdomains, the inability of the rigid

scaffold network to generate larger SUMO clusters may limit the

efficiency of this condensate as a catalyst of hyperphosphoryla-

tion. Therefore, local pockets of high client-binding site concen-

tration (>3 SUMO sites), and perhaps scaffold polymer dynamics

per se, may play an important role in condensed-phase signaling.

Scaffold material properties do not greatly affect
phosphorylation within ordered condensates
A useful feature of the two-component system is the availability

of Im2 variants with varying affinity to E9 (Heidenreich et al.,

2020; Li et al., 1998). We engineered two interaction strengths

between the two scaffold components, either in the micromolar

(Kd � 33 10�5 M) or nanomolar (Kd � 1.23 10�8 M) range. This

approach was previously shown to create liquid- and solid-like

condensates, respectively (Heidenreich et al., 2020). We

screened for yeast strains expressing each of these variants

that had similar condensate sizes and client concentrations in

the condensates (Figures 3E and S5G). Western blotting showed

a slight increase (�2-fold) in hyperphosphorylation in the strain

expressing the high-affinity (10�8M) Im2 variant over that of the

lower affinity (10�5M) variant (Figures 3E, VG, and S5H). This

result suggests the material states and dynamics of the

condensed scaffold only play a minor role in condensed-phase

phosphorylation within these well-structured networks.

Synthetic condensed-phase signaling can respond to
osmotic compression
Osmotic compression reduces cell size, increases macromolec-

ular crowding, and decreases molecular diffusion. On a micro-

scopic scale, the assembly, dynamics, and network structure

of condensates could all be impacted by macromolecular

crowding, as could the dynamics of client interactions and mo-

tion within the condensed phase. We speculate that client mole-

cules exist in two states within condensates: some in the fluid

phase that permeates the condensate, others bound to the

condensate scaffolds. As macromolecular crowding alters the

condensate network, both the motion through the fluid phase

and the binding kinetics of clients could be impacted. Thus, it

is possible that phosphorylation within condensates could be

sensitive to changes in the biophysical properties of the cell

and provide a mechanism to convert physical states such as

macromolecular crowding to chemical signals. We took advan-

tage of our synthetic condensates to test this idea and investi-

gate factors important for this physical sensing.

We used hog1D strains that are deleted for the main osmotic

stress response kinase. This mutation prevents osmoadaption

and mitigates changes in signaling due to Hog1p activation

upon osmotic stress (Hohmann, 2002). We tested condensates

that varied in the two factors that we previously determined to

have the greatest effect on phosphorylation efficiency: conden-

sate network flexibility, and the availability of excess SUMO (i.e.,

SUMO10-SIM6 versus SUMO7-SIM6).

First, we tested the effect of osmotic compression of SUMO10-

SIM6 condensates. We osmotically compressed cells with 1M
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sorbitol for 1 h and quantified client recruitment, condensate

size, and hyperphosphorylation of ELK1-SIM. Average conden-

sate area decreased by around 35%, likely due to oncotic

compression, and recruitment of GFP-MAPK3-SIM increased

�70% (Figures S6A and S6B), but ELK1-SIM hyperphosphoryla-

tion was only increased about 10% (Figure S6C, lanes 3 and 4).

We reasoned that this could be because SUMO10-SIM6 conden-

sates already give the most efficient hyperphosphorylation of

any synthetic condensate; therefore, the reaction is essentially

saturated and difficult to further accelerate. We therefore next

tested the effect of osmotic compression of SUMO7-SIM6 con-

densates. The change in condensate area and client concentra-

tion was similar to that in SUMO10-SIM6 condensates (35% area

decrease and �70% increase in GFP-MAPK3-SIM; Figures S6A

and S6B). However, the degree of ELK1-SIM hyperphosphoryla-

tion in SUMO7-SIM6 condensates was increased �2-fold (Fig-

ure S6C, lanes 1 and 2). In conclusion, hyperphosphorylation

within the efficient SUMO10-SIM6 condensates is relatively

insensitive to osmotic compression, but hyperphosphorylation

becomes sensitive to osmotic stress within the less efficient

SUMO7-SIM6 condensates.

When HOG1 is deleted, crosstalk from osmotic stress

pathway to the Fus3 kinase has been reported (O’Rourke and

Herskowitz, 1998). We demonstrated above that Fus3 can phos-

phorylate ELK1-SIM when recruited to condensates (Figure 2B).

Therefore, it was important to rule out the possibility that osmotic

stress leads to activation of Fus3 and its recruitment to conden-

sates. However, ELK1-SIM hyperphosphorylation increased

similarly upon osmotic shock in hog1D; fus3D double-mutant

strains and hog1D strains (Figure S6D). Therefore, Fus3 does

not appear to play a role in the change in hyperphosphorylation

that we observe after osmotic compression.

In a control strain containing a soluble SUMO2 scaffold con-

trol without condensates, osmotic shock led to reduced levels

of mCherry-ELK1-SIM (Figure S6E). In cases with significant

changes in ELK1-SIM levels, we normalized phosphoELK1-

SIM levels to total ELK1-SIM levels to allow for meaningful

comparisons. ELK1-SIM S383 phosphorylation was almost

undetectable upon sorbitol treatment in the SUMO2 scaffold

control strain. Additionally, we tested a SUMO2 scaffold

control in which SUMO was fused the coiled-coil domain

from TRIM25. The levels of ELK1-SIM S383 phosphorylation

relative to total ELK1-SIM protein were decreased by almost

80% in this soluble SUMO2 dimer scaffold strain (Figure S6F).

This decrease may be caused by reduced molecular diffusion

upon the increase in macromolecular crowding. There was

less change in ELK1-SIM levels in all strains that recruited

mCherry-ELK1-SIM to condensates. ELK1 is known to be

regulated through proteolysis (Evans et al., 2011); therefore,

we speculate that condensates can protect ELK1 from

proteolysis.

The initial client concentration was higher in SUMO10-SIM6

condensates than in SUMO7-SIM6 condensates (Figure S6A).

This led to the hypothesis that the hyperphosphorylation is

almost saturated in SUMO10-SIM6 condensates, whereas

SUMO7-SIM6 condensates remain sensitive to concentration

changes. To test this idea, we used stronger promoters to in-

crease client concentration in SUMO7-SIM6 condensates.
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Consistent with the hypothesis, there was no significant change

in ELK1-SIM hyperphosphorylation upon osmotic compression

in these strains (Figure S6C, lanes 5 and 6). Therefore,

condensed-phase signaling can respond to osmotic compres-

sion when the system is appropriately tuned; hyperphosphoryla-

tion responds to osmotic compression within SUMO7-SIM6 con-

densates that contain a low enough client concentration that

reaction rates are not saturated.

Next, we investigated the effect of osmotic compression on

phosphorylation within the more rigid two-component conden-

sates. We used the lower affinity Im2 variant that creates a

more liquid-like condensate, which we reasoned would be

more likely to respond to compression (Heidenreich et al.,

2020). Upon osmotic compression, condensate area was only

slightly decreased (�10%; Figure 4C), but the concentration of

GFP-MAPK3-SIM clients increased in the condensates to a

similar degree as in SUMO7-SIM6 condensates, by �60% (Fig-

ure 4B). Strikingly, osmotic compression did not increase hyper-

phosphorylation in the two-component condensates but rather

the degree of ELK1-SIM hyperphosphorylation was decreased

by �50% upon osmotic compression (p < 0.05; Figures 4D

and 4E). We screened for colonies with a lower concentration

of clients in two-component condensates to rule out the possibil-

ity that the phosphorylation rates were initially saturated. The de-

gree of hyperphosphorylation in these strains was still reduced

upon osmotic compression (Figures S6G and S6H). We also

compared client recruitment between flexible SUMO7-SIM6

and the more rigid two-component condensates. The recruit-

ment difference is small between the two condensates:

mCherry-ELK1-SIM recruitment was similar, whereas GFP-

MAPK3-SIM was recruitment to SUMO7-SIM6 condensates

was �65% that of two-component condensates (Figures S7A

andS7B). Together, these results suggest that rigid condensates

respond to osmotic compression in the opposite way to flexible

condensates and suggest that the flexibility of SUMO-SIM con-

densates is important for their ability to transduce osmotic stress

to changes in hyperphosphorylation.

To further investigate the hypothesis that structural rigidity ex-

plains the opposite response of the two-component conden-

sates to osmotic compression, wemodified this two-component

system to connect each hexamer subunit with a flexible SUMO10

polypeptide. In place of the Im2-E9 interaction, we simply placed

a SIM peptide at the C terminus of the hexamer subunits, such

that the network was crosslinked by SUMO-SIM interactions

(Figure S7C). Co-expression of the hexamer-SIM with SUMO10

led to condensate formation and client recruitment (Figure S7D).

The area of these condensates area was reduced by 25% upon

sorbitol treatment, significantly more than that for rigid two-

component condensates (p < 0.001; Figures 4C and S7E). This

increase in condensate compression is consistent with the

idea that polymer flexibility is important for mesoscale structural

changes to synthetic condensates upon changes to the physical

environment. Western blotting showed that the relative amount

of ELK1-SIM hyperphosphorylation in the hexamer-SIM +

SUMO10 condensate slightly increased, but not significantly

(Figures 4D and 4E). Therefore, thismixed systemwith one struc-

tured and one flexible component shows intermediate behavior.

These results further support the hypothesis that condensate
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Figure 4. Synthetic condensed-phase signaling can respond to os-

motic compression

(A) Schematic showing three different types of synthetic condensate: (left) rigid

two-component condensate, (middle) flexible SUMO7-SIM6 condensate, and

(right) mixed system.

(B) GFP intensity in condensates before and after 1 h osmotic compression

with 1 M sorbitol.

(C) Condensate volumes decrease to varying degrees upon osmotic

compression, depending on scaffold flexibility. Same condensates were

measured before and after 1 h osmotic compression with 1 M sorbitol.

(D) Representative western blots.

(E) Osmotic compression increases hyperphosphorylation in flexible con-

densates and decreases hyperphosphorylation in rigid condensates. Quanti-

fication of degree of hyperphosphorylation from western blots, normalized as

in previous figures. hog1D strains were used to prevent osmoadaptation. Error

bars indicate ± SD (n = 3). Statistical comparisons are by Tukey-Kramer test:

*p < 0.05, **p < 0.01, ***p < 0.001, N.S., not significant.
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compressibility and scaffold linker flexibility are important for the

response of condensed-phase phosphorylation to osmotic

compression.

Synthetic condensed-phase signaling responds to
changes in macromolecular crowding
We next investigated macromolecular crowding as a possible

mechanism osmotic sensing by SUMO7-SIM6 condensates.

We previously found that the mTORC1 pathway influenced the

phase separation of SUMO10-SIM6 synthetic condensates

through modulation of the concentration of ribosomes in the

cytosol (Delarue et al., 2018). Ribosomes are the main meso-

scale crowder in the cytosol.WhenmTORC1 is inhibited by rapa-

mycin, the concentration of ribosomes decreases �2-fold, and

the phase separation of SUMO10-SIM6 is substantially reduced

(Delarue et al., 2018). A similar effect is observed in the sfp1D

mutant, which lacks the Sfp1p transcription factor that drives

high levels of ribosome biogenesis downstream of active

mTORC1; this mutant has low baseline crowding and therefore

low SUMO10-SIM6 phase separation. Rapamycin has no further

effect on ribosome concentration in this mutant, but crowding

and condensation can be rescued by osmotic compression.

We explored these conditions andmutants to test the hypothesis

that condensed-phase signaling in SUMO7-SIM6 condensates

respond to changes in macromolecular crowding.

We took advantage of 40-nm diameter genetically encoded

multimeric nanoparticles (40nm-GEMs) to quantify macromolec-

ular crowding (Delarue et al., 2018). We imaged cells at 100 Hz to

obtain tracks of the motion of 40nm-GEMs (Figures 5A and 5B;

Video S2). From the effective diffusion coefficient of 40 nm

GEMs, we can infer properties of the intracellular environment,

including the degree of macromolecular crowding at the

length-scale of ribosomes. The Doolittle equation can be adapt-

ed to predict 40nm-GEM Deff as a function of relative ribosome

concentration and vice versa (Delarue et al., 2018; Doolittle,

1951). Using the same method (Figure S8A), we found that the

baseline Deff for W303 hog1D was 0.157 mm2 s�1 (predicting

23 mM ribosomes) and that this value increased to �0.462 mm2

s�1 upon 2 h treatment with 1 mM rapamycin (Figure 5C), consis-

tent with an almost one third reduction of ribosome concentra-

tion to 15.5 mM (Figure 5C). Deletion of SFP1 (sfp1D mutant)
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gave a similar decrease in ribosome concentration, to 16.4 mM,

but in this case, without perturbation to mTORC1 kinase activity

(Figure 5C). Osmotic compression of cells with 1M sorbitol for 1 h

led to more than 10-fold decrease in 40nm-GEMDeff in all condi-

tions (Figures 5B and 5C), consistent with increased macromo-

lecular crowding to � 32 mM ribosome concentration.

To prevent loss of condensates from dominating our results,

we expressed sufficient SUMO7-SIM6 to favor condensate for-

mation even when cytosolic crowding is reduced (Figure S8B).

We then quantified hyperphosphorylation of ELK1-SIM in con-

densates in cells with different levels of crowding (Figures 5D

and S8C). Note, total ELK1 levels were affected by rapamycin,

osmotic compression, andSFP1 deletion (Figure S8D); to control

for this effect, phosphorylated ELK1 and hypershifted bands

were normalized to total ELK1 levels. Hyperphosphorylation

was reduced in conditions with decreased macromolecular

crowding (e.g., 5-fold decease after rapamycin treatment) and

increased in conditions with increased macromolecular crowd-

ing (e.g., >4-fold increase after osmotic compression). Plotting

hyperphosphorylation as a function of ribosome concentration

showed a significant positive correlation (Figure 5E; Spearman’s

rank r = 0:826; p = 0:008< 0:01).

We considered mechanisms by which SUMO7-SIM6 conden-

sates could sensecrowding.Our first hypothesiswas that thepar-

titioning of clients into condensates could respond to macromo-

lecular crowding, either due to changes in the condensate per

se, or due to changes in interactions between the clients and scaf-

folds (Nakashimaetal., 2019). Insupport of thismodel, therewasa

significant positive monotonic correlation between GFP-MAPK3-

SIM concentration in condensates and ribosome concentration

(rGFP�MAPK3 = 0:826; pGFP�MAPK3 = 0:008< 0:01; Figure 5F),

and a corresponding correlation between GFP-MAPK3-SIM con-

centration and fraction hyperphosphorylation (rGFP�MAPK3 =

0:711; pGFP�MAPK3 = 0:028< 0:05; Figure 5G). There was also

a slight, but not significant positive correlation between

mCherry-ELK1-SIM concentration and ribosome concentration

(rmCherry�ELK1 = 0:347; pCherry�ELK1 = 0:198> 0:05; Figure S8E)

or hyperphosphorylation (rmCherry�ELK1 = 0:615; pCherry�ELK1 =

0:056> 0:05; Figure S8F). Together, these results support the hy-

pothesis that macromolecular crowding tunes GFP-MAPK3-SIM

kinase concentration in condensates, leading tomodulationof hy-

perphosphorylation of ELK1-SIM.
Figure 5. Synthetic condensed-phase signaling responds to changes
(A) Representative micrographs of cells with 40 nm GEMs.

(B) Projections of GEM trajectories. Scale bars, 5 mm.

(C) Median effective diffusion coefficients Deff of GEMs (left) and estimated ribos

mean (SEM).

(D) ELK1 hyperphosphorylation levels of each strain are normalized to the mean

(E) ELK1 hyperphosphorylation shows a significant positive correlation with ribos

(F) GFP-MAPK3-SIM intensity in condensates of each strain are normalized to th

tween GFP-MAPK3-SIM intensity in condensates and ribosome concentration. V

(G) Significant positive Spearman’s rank correlation between ELK1 hyperphosp

horizontal error bars are SD.

(H) Fold change of SUMO7-SIM6 condensate areawasmeasured for the same dro

mean value of DMSO condition of each strain. Left: mean value ± SD of normaliz

(I) Significant negative Spearman’s rank correlation between droplet area fold ch

bars are SEM. All statistical comparisons are performed using pairwise Tukey-K
We considered compression of condensates as a second

mechanism that might couple macromolecular crowding to hy-

perphosphorylation. We quantified the area of condensates in

the same cells before and after 2 h treatment with DMSO (solvent

control) or rapamycin (Figures 5H and S8G). Macromolecular

crowding impacted both the degree of phase separation of

SUMO7-SIM6 and the area of condensates. The most striking ef-

fect was that condensate area was substantially reduced when

macromolecular crowding was increased. Increased macromo-

lecular crowding is predicted to increase phase separation and

thus increase condensate area. The fact that condensate area

is decreased upon osmotic compression suggests that

increased macromolecular crowding actually compresses

condensates. This hypothesis predicts that condensate area

should be negatively correlated with macromolecular crowding.

Indeed, we see a significant negative correlation (rarea = �
0:707; parea = 0:03< 0:05; Figure 5I). Together, these results

support the hypothesis that macromolecular crowding leads

to condensate compression, which could increase the density

of client-binding sites and therefore drive more efficient

hyperphosphorylation.

Phosphorylation of the Alzheimer’s disease protein Tau
is accelerated in condensates
Aggregation of the microtubule-associated protein, Tau, is

tightly linked to the development of Alzheimer’s and other neuro-

degenerative diseases termed tauopathies (Kovacs, 2017; Soria

Lopez et al., 2019). The pathological hallmark of tauopathies are

neurofibrillary tangles of hyper-phosphorylated Tau (Ihara et al.,

1986). Phosphorylation destabilizes the interaction of Tau with

microtubules causing mislocalization of Tau from axons to the

somatodendritic compartment in neurons (Zempel and Mandel-

kow, 2015). It has been suggested that the concentration of Tau

into liquid-like condensates could promote its conversion into

fibrillar structures and thus be a critical step in Tau-induced

neurotoxicity (Ambadipudi et al., 2017; Wegmann et al., 2018;

Zhang et al., 2017). Multiple kinases have been reported to phos-

phorylate Tau (Wesseling et al., 2020), including the CDK2/Cyclin

A1 complex (CDK2/CycA1) (Lee et al., 2017). However, little is

known about the ability of kinases to phosphorylate Tau inside

condensates and whether Tau condensation might promote

Tau phosphorylation. Based on our results from synthetic
in macromolecular crowding

ome concentrations (right) of each condition. Error bars are standard error of

value in DMSO; bar graphs show mean ± standard deviation (SD) (n = 3).

ome concentrations. Vertical error bars, SD; horizontal error bars, SEM.

e mean value of DMSO condition. There is significant positive correlation be-

ertical error bars, SD; horizontal error bars, SEM.

horylation and GFP-MAPK3-SIM intensity in condensates. Both vertical and

plet before and after each treatment, and then the valueswere normalized to the

ed area fold change; each point represents a single droplet (n > 30).

ange and ribosome concentration. Vertical error bars are SD; horizontal error

ramer test: *p < 0.05, **p < 0.01, ***p < 0.001, N.S., not significant.
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Figure 6. Phosphorylation of the Alzheimer’s disease protein Tau is accelerated in condensates
(A) Domain organization of 2N4R Tau protein. Phosphorylation sites targeted by CDK2/CyclinA1 are indicated. Phosphorylated residues analyzed are displayed

in red.

(B) Schematic of sample preparation. Phase separation only occurs in samples with dextran crowding agent.

(C) Fluorescence microscopy demonstrating recruitment of CDK2/CyclinA1-Alexa 488 into Tau droplets. Phase separation of Tau (40 mM) was promoted with

10% dextran. Tau and CDK2/CyclinA1-Alexa 488 were mixed using the identical molar ratio as used for the NMR experiments. The partition coefficient of CDK2/

CycA1-Alexa 488 inside the tau droplets was 9.9 ± 0.54 based on fluorescence intensity analysis. Scale bars, 10 mm.

(D) Two-dimensional 1H-15N NMR spectroscopy. 1H-15N correlation spectra of Tau immediately after centrifugation are displayed in black (left panel: dispersed

phase; right panel: Tau condensate). The last recorded spectrum (after �40 h) is displayed in green (left panel, dispersed phase) or red (right panel, tau

condensate). Cross-peaks of phosphorylated S235 and S199 are boxed and labeled as pS235 and pS199.

(E) Phosphorylation kinetics of S199 and T205 inside Tau condensates (red: S199; magenta: T205) and in the dispersed phase (light green: S199; green: T205).

Note that the fit is extrapolated to a negative time value as a consequence of the temperature difference between sample preparation (T: 298 K) and NMR data

acquisition (T: 278 K) and the phosphorylation that occurs during the centrifugation period.
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condensates, we hypothesized that Tau phosphorylation might

be accelerated in the condensed phase.

We used high-resolution NMR spectroscopy to compare Tau

phosphorylation rates in the dispersed and condensed phases.

We prepared 15N-labeled 4R Tau (Figure 6A) without or with the

molecular crowding agent dextran (Figure 6B). In our buffer con-

ditions, which include approximately physiological levels ofmag-

nesium and ATP (5.6 mMMgCl2, 5.6 mMATP), phase separation

only occurred in the sample with 10% dextran (Ukmar-Godec

et al., 2019). CDK2/CycA1 was then added to both samples.

CDK2/CycA1 phosphorylates Tau in vitro at phosphoepitopes

associated with Alzheimer’s disease (Kovacs, 2017; Savastano

et al., 2021; Soria Lopez et al., 2019). We labeled CDK2/CycA1

with Alexa 488 and found strong enrichment in the condensed

phase of the dextran-containing sample (partition coefficient
3706 Molecular Cell 82, 3693–3711, October 6, 2022
9.9 ± 0.54, Figure 6C). Prior to NMRmeasurement both samples

were centrifuged for 1 h to sediment the Tau condensate in the

dextran-containing sample at the bottom of the NMR tube (Fig-

ure 6B). The identical protocol in the absence of dextran created

a sample without condensate allowing us to evaluate the influ-

ence of Tau condensation on Tau phosphorylation.

We recorded two-dimensional 1H–15N correlation spectra to

quantify phosphorylation of specific Tau residues in real time

(Figure 6D). Without dextran, the NMR cross-peaks displayed

line shapes previously reported for Tau in the dilute phase (Fig-

ure 6D, left) (Mukrasch et al., 2009). Comparison of the first spec-

trum recorded after the one 1 h centrifugation period (black

spectrum Figure 6D, left) with previously reported NMR spectra

of unmodified Tau revealed a phosphorylation-specific cross

peak for the serine residue S235 (labeled as pS235). Tau was
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thus already mostly phosphorylated at S235 during sample

preparation; therefore, we did not further analyze S235. In

contrast, we were able to analyze phosphorylation kinetics at

S199 and T205 (see green spectrum in Figure 6D, left). Cdk2/

CycA1 thus rapidly phosphorylates Tau at S235, followed by

phosphorylation at T205 and S199. Notably, the NMR experi-

ments were performed at 278K (4.85�C) to improve spectral

quality (due to decreased solvent exchange at low temperature)

and to slow down the kinetics of phosphorylation. The changes

of NMR signal position and intensity of all nonoverlapping resi-

dues indicated that CDK2/CycA1-phosphorylation only induces

small, mostly local changes near the phosphorylation sites to the

ensemble of Tau conformations (Figures S9A and S9B), that this

lower temperature did not disrupt condensation, and that con-

densates did not age detectably during the experiment

(Figures S9A and B). Continuous repetition of the NMR experi-

ments over a time period of 40 h allowed the site-specific quan-

tification of Tau phosphorylation.

Two-dimensional 1H–15N correlation spectra were also ob-

tained for the sample containing the Tau condensate (right panel

of Figure 6D). In agreement with previous NMR studies of con-

densates of intrinsically disordered proteins (e.g., Burke et al.,

2015), the NMR signals were broadened due to the altered phys-

icochemical environment (Abyzov et al., 2022). Nevertheless, we

still observed the phosphorylation-specific cross peak of S235 in

the spectrum recorded immediately after the 1 h centrifugation

period (marked as pS235 in the black spectrum in Figure 6D,

right). Thus, both in the dispersed and condensed phase,

S235, which is part of the AT180 epitope, is most rapidly phos-

phorylated by CDK2/CycA1.

Next, we quantified the rate of phosphorylation of S199 and

T205 from 40 h of repetitive 1H–15N correlation spectra measure-

ments (Figure 6E). All four kinetic curves (S199 and T205 in the

dispersed and condensed states) were simultaneously fit to a

mono-exponential function. The fit includes a fixed phosphoryla-

tion level of 0.0 at a ‘‘negative’’ time point, which accounts for the

1 h of sample preparation time before the first 1H–15N correlation

spectrum could be collected. Kinetic traces (Figure 6E) clearly

showed that rates of phosphorylation of both sites were

increased in the condensed phase (�3.8-fold at S199 and

�2.6-fold at T205). Thus, phosphorylation of S199 and T205,

part of the Alzheimer’s-disease-characteristic AT8 epitope, is

accelerated in Tau condensates.

DISCUSSION

Condensates facilitate phosphoregulatory network
rewiring
We found that new, dynamic kinase-substrate connections can

be generated more easily within condensates than in solution,

including at non-consensus phospho-acceptor motifs. It will be

interesting to investigate whether the activity and substrate

specificity of endogenous kinases is altered in natural conden-

sates. The consensus sequences that are often used to predict

kinase substrates may be less important in the context of

condensed-phase signaling, and a larger number of possible

phosphorylation sites may need to be investigated. For example,

it has been shown that the crucial regulatory sites of some kinase
substrates are actually at non-canonical sites; for example,

degradation of the yeast cell cycle regulator Sic1 is triggered

by multi-site phosphorylation including non-consensus Cdk1

sites (Kõivom€agi et al., 2011; Nash et al., 2001). By extension, ki-

nase-substrate interactions within condensates could lead to

unexpected modes of phosphoregulation.

A further prediction of the ease with which we generated dy-

namic phosphorylation within condensates is that recruitment

to condensates may facilitate the evolution of new links in phos-

phoregulatory networks. Phosphorylation can occur in conden-

sates even in the absence of any obvious docking or consensus

sites. It is possible that these initial phosphorylation events could

provide a starting point from which useful regulation could

evolve.

When mutations lead to new recruitment of kinases or sub-

strates into condensates, more promiscuous phosphorylation

could lead to gain or loss of function. For example, useful new

links in phosphoregulatory networks could increase fitness, or

toxic, off-target phosphorylation events, could decrease fitness.

Intuitively, it seems that loss of fitness would be very likely, but in

fact, we previously demonstrated that expansion of kinase spec-

ificity can be surprisingly well tolerated (Howard et al, 2014). On

the other hand, our results in this study show that phosphoryla-

tion events associated with Alzheimer’s disease are accelerated

within Tau condensates.

Beyond mass action: Condensate flexibility and high
densities of client-binding sites are important for
efficient condensed-phase signaling
Recently, a number of studies have reported acceleration of

biochemical activities in condensates (Huang et al., 2019; Pee-

ples and Rosen, 2021; Poudyal et al., 2019). A recent study (Pee-

ples and Rosen, 2021) found that reactions were accelerated by

mass action. In addition, they found that certain scaffolds

decreased the effective KM of the reaction, suggesting that mo-

lecular organization was important for strong activity enhance-

ment. Our results suggest that a flexible scaffold molecule and

a large excess of client-binding sites are the most important de-

terminants of hyperphosphorylation. We speculate that dense

local clusters of binding sites organize clients within local reac-

tion crucibles that enable processive multi-site phosphorylation.

Synthetic condensed-phase signaling can respond to
biophysical changes
Recently, we found that macromolecular crowding can strongly

affect biomolecular condensation (Delarue et al., 2018). Several

recent examples of endogenous condensates have been re-

ported to respond to macromolecular crowding (Cai et al.,

2019). This leads to the hypothesis that there is an axis of control

spanning from the global biophysical state of the cell, to meso-

scale phase separation, and finally to molecular-scale biochem-

ical reactions.We found that the degree of hyperphosphorylation

in condensates responded to changes in macromolecular

crowding. The ability of condensed-phase chemical reactions

to respond to macromolecular crowding presents exciting new

possibilities for both synthetic biology and the elucidation of

new mechanisms of biological regulation and homeostasis. For

example, the mechanisms that sense mechanical compression
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remain poorly understood (Delarue et al., 2018), but mechanical

compression leads to increases in macromolecular crowding

(Alric et al., 2022); we have now demonstrated that the macro-

molecular crowding can modulate phosphorylation rates within

condensates.

Condensed-phase phosphorylation could contribute to
disease
Finally, we investigated whether naturally occurring condensates

could modulate phosphorylation kinetics. Our synthetic conden-

sates greatly increased the hyperphosphorylation of proteins. We

therefore sought endogenous proteins that are associated with

both condensates and hyperphosphorylation. The microtubule-

associated protein Tauwas a strong candidate: neurofibrillary tan-

gles (aggregates) of hyper-phosphorylated Tau are a pathological

hallmark of Alzheimer’s disease (Ihara et al., 1986). Furthermore, it

has been suggested that the concentration of Tau into liquid-like

condensates could be an initial step in the conversion to neurofi-

brillary tangles (Ambadipudi et al., 2017; Wegmann et al., 2018;

Zhang et al., 2017). We found phosphorylation of the Alzheimer’s

disease-associated AT8 epitope was accelerated 3-fold within

the condensed phase. Notably, molecular crowding was required

to see these effects in our reconstituted in vitro system. This result

relates our insights from synthetic biology to possible newmecha-

nisms for neurodegenerative disease.

Limitations of the study
In our in vitro experiments, we initially tried to pre-form conden-

sates and then start reactions by addition of ATP. However, it

was difficult to mix the reactions properly without disrupting

the condensates. Therefore, to get reproducible results, we

simultaneously formed droplets and started the kinase reaction.

This approach conflates droplet formation kinetics with the ki-

nase reaction kinetics, but condensation was similar between

all conditions, allowing meaningful comparisons.

We found that p53, RPS6, and non-consensus Ser in ELK1

could all be phosphorylated by MAPK3 within synthetic conden-

sates. The sequences surrounding the phosphorylation sites are

all distinct. We currently do not understand if there are rules or

patterns for kinase specificity in condensates or whether kinases

like MAPK3 phosphorylate any exposed serine or threonine.

However, in Figure S4H, we are able to mostly abrogate slowly

migrating species in the western blot by mutating four of 100

possible phosphor-acceptor residues (77 serines, 23 threoninies)

in the sequence, suggesting that phosphorylation of the min383

substrate in the condensed phase is not completely promiscu-

ous. In futurework, itwill be interesting toundertakephosphopro-

teomics studies to get a sense of the degree to which kinase

specificity is expanded.

We attempted fluorescence recovery after photobleaching

(FRAP) and photoconversion experiments to quantify diffusion

of clients within synthetic condensates. However, the small

size of the condensates and rapid diffusion dynamics made it

very difficult for us to get reliable results.

We would have liked to gain information about non-canonical

phosphorylation events within Tau condensates, but the peak

broadening in the condensed phase limited our ability to quantify

phosphorylation of additional sites.
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Compared with our synthetic systems, we have limited under-

standing of the mechanisms of reaction acceleration in Tau con-

densates, and whether mass action is sufficient to explain the

effect.

Differences in in vivo hyperphosphorylation in vivowere on the

order of 100-fold, whereas in vitro effects were smaller (2-fold to

3-fold).We speculate that systems-level effects, such as compe-

tition with phosphatases, magnify differences in vivo.
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Zweckstetter, M. (2019). Lysine/RNA-interactions drive and regulate biomole-

cular condensation. Nat. Commun. 10, 2909. https://doi.org/10.1038/s41467-

019-10792-y.

Verdecia, M.A., Bowman, M.E., Lu, K.P., Hunter, T., and Noel, J.P. (2000).

Structural basis for phosphoserine-proline recognition by group IV WW do-

mains. Nat. Struct. Biol. 7, 639–643.

Visintin, R., Craig, K., Hwang, E.S., Prinz, S., Tyers, M., and Amon, A. (1998).

The phosphatase Cdc14 triggers mitotic exit by reversal of Cdk-dependent

phosphorylation. Mol. Cell 2, 709–718.

Wegmann, S., Eftekharzadeh, B., Tepper, K., Zoltowska, K.M., Bennett, R.E.,

Dujardin, S., Laskowski, P.R., MacKenzie, D., Kamath, T., Commins, C., et al.

(2018). Tau protein liquid-liquid phase separation can initiate Tau aggregation.

EMBO J 37.

Wesseling, H., Mair, W., Kumar, M., Schlaffner, C.N., Tang, S., Beerepoot, P.,

Fatou, B., Guise, A.J., Cheng, L., Takeda, S., et al. (2020). Tau PTM profiles

identify patient heterogeneity and stages of Alzheimer’s disease. Cell 183,

1699–1713.e13.

Wippich, F., Bodenmiller, B., Trajkovska, M.G., Wanka, S., Aebersold, R., and

Pelkmans, L. (2013). Dual specificity kinase DYRK3 couples stress granule

condensation/dissolution to mTORC1 signaling. Cell 152, 791–805.

http://refhub.elsevier.com/S1097-2765(22)00805-X/sref36
http://refhub.elsevier.com/S1097-2765(22)00805-X/sref36
http://refhub.elsevier.com/S1097-2765(22)00805-X/sref37
http://refhub.elsevier.com/S1097-2765(22)00805-X/sref37
http://refhub.elsevier.com/S1097-2765(22)00805-X/sref38
http://refhub.elsevier.com/S1097-2765(22)00805-X/sref38
http://refhub.elsevier.com/S1097-2765(22)00805-X/sref38
http://refhub.elsevier.com/S1097-2765(22)00805-X/sref39
http://refhub.elsevier.com/S1097-2765(22)00805-X/sref39
http://refhub.elsevier.com/S1097-2765(22)00805-X/sref39
http://refhub.elsevier.com/S1097-2765(22)00805-X/sref40
http://refhub.elsevier.com/S1097-2765(22)00805-X/sref40
http://refhub.elsevier.com/S1097-2765(22)00805-X/sref40
http://refhub.elsevier.com/S1097-2765(22)00805-X/sref40
http://refhub.elsevier.com/S1097-2765(22)00805-X/sref41
http://refhub.elsevier.com/S1097-2765(22)00805-X/sref41
http://refhub.elsevier.com/S1097-2765(22)00805-X/sref41
http://refhub.elsevier.com/S1097-2765(22)00805-X/sref41
http://refhub.elsevier.com/S1097-2765(22)00805-X/sref42
http://refhub.elsevier.com/S1097-2765(22)00805-X/sref43
http://refhub.elsevier.com/S1097-2765(22)00805-X/sref43
http://refhub.elsevier.com/S1097-2765(22)00805-X/sref44
http://refhub.elsevier.com/S1097-2765(22)00805-X/sref44
http://refhub.elsevier.com/S1097-2765(22)00805-X/sref44
http://refhub.elsevier.com/S1097-2765(22)00805-X/sref44
http://refhub.elsevier.com/S1097-2765(22)00805-X/sref45
http://refhub.elsevier.com/S1097-2765(22)00805-X/sref45
http://refhub.elsevier.com/S1097-2765(22)00805-X/sref45
http://refhub.elsevier.com/S1097-2765(22)00805-X/sref45
http://refhub.elsevier.com/S1097-2765(22)00805-X/sref46
http://refhub.elsevier.com/S1097-2765(22)00805-X/sref46
http://refhub.elsevier.com/S1097-2765(22)00805-X/sref46
http://refhub.elsevier.com/S1097-2765(22)00805-X/sref47
http://refhub.elsevier.com/S1097-2765(22)00805-X/sref47
http://refhub.elsevier.com/S1097-2765(22)00805-X/sref47
http://refhub.elsevier.com/S1097-2765(22)00805-X/sref48
http://refhub.elsevier.com/S1097-2765(22)00805-X/sref48
http://refhub.elsevier.com/S1097-2765(22)00805-X/sref49
http://refhub.elsevier.com/S1097-2765(22)00805-X/sref49
http://refhub.elsevier.com/S1097-2765(22)00805-X/sref49
http://refhub.elsevier.com/S1097-2765(22)00805-X/sref49
http://refhub.elsevier.com/S1097-2765(22)00805-X/sref50
http://refhub.elsevier.com/S1097-2765(22)00805-X/sref50
http://refhub.elsevier.com/S1097-2765(22)00805-X/sref50
http://refhub.elsevier.com/S1097-2765(22)00805-X/sref50
http://refhub.elsevier.com/S1097-2765(22)00805-X/sref51
http://refhub.elsevier.com/S1097-2765(22)00805-X/sref51
http://refhub.elsevier.com/S1097-2765(22)00805-X/sref52
http://refhub.elsevier.com/S1097-2765(22)00805-X/sref52
http://refhub.elsevier.com/S1097-2765(22)00805-X/sref52
http://refhub.elsevier.com/S1097-2765(22)00805-X/sref53
http://refhub.elsevier.com/S1097-2765(22)00805-X/sref53
http://refhub.elsevier.com/S1097-2765(22)00805-X/sref53
http://refhub.elsevier.com/S1097-2765(22)00805-X/sref54
http://refhub.elsevier.com/S1097-2765(22)00805-X/sref54
http://refhub.elsevier.com/S1097-2765(22)00805-X/sref54
http://refhub.elsevier.com/S1097-2765(22)00805-X/sref55
http://refhub.elsevier.com/S1097-2765(22)00805-X/sref55
http://refhub.elsevier.com/S1097-2765(22)00805-X/sref55
http://refhub.elsevier.com/S1097-2765(22)00805-X/sref55
http://refhub.elsevier.com/S1097-2765(22)00805-X/sref56
http://refhub.elsevier.com/S1097-2765(22)00805-X/sref56
http://refhub.elsevier.com/S1097-2765(22)00805-X/sref56
http://refhub.elsevier.com/S1097-2765(22)00805-X/sref56
http://refhub.elsevier.com/S1097-2765(22)00805-X/sref57
http://refhub.elsevier.com/S1097-2765(22)00805-X/sref57
http://refhub.elsevier.com/S1097-2765(22)00805-X/sref58
http://refhub.elsevier.com/S1097-2765(22)00805-X/sref58
http://refhub.elsevier.com/S1097-2765(22)00805-X/sref58
http://refhub.elsevier.com/S1097-2765(22)00805-X/sref58
http://refhub.elsevier.com/S1097-2765(22)00805-X/sref59
http://refhub.elsevier.com/S1097-2765(22)00805-X/sref59
http://refhub.elsevier.com/S1097-2765(22)00805-X/sref59
http://refhub.elsevier.com/S1097-2765(22)00805-X/sref60
http://refhub.elsevier.com/S1097-2765(22)00805-X/sref60
http://refhub.elsevier.com/S1097-2765(22)00805-X/sref60
http://refhub.elsevier.com/S1097-2765(22)00805-X/sref61
http://refhub.elsevier.com/S1097-2765(22)00805-X/sref61
http://refhub.elsevier.com/S1097-2765(22)00805-X/sref61
http://refhub.elsevier.com/S1097-2765(22)00805-X/sref62
http://refhub.elsevier.com/S1097-2765(22)00805-X/sref62
http://refhub.elsevier.com/S1097-2765(22)00805-X/sref62
http://refhub.elsevier.com/S1097-2765(22)00805-X/sref63
http://refhub.elsevier.com/S1097-2765(22)00805-X/sref63
http://refhub.elsevier.com/S1097-2765(22)00805-X/sref64
http://refhub.elsevier.com/S1097-2765(22)00805-X/sref64
http://refhub.elsevier.com/S1097-2765(22)00805-X/sref64
http://refhub.elsevier.com/S1097-2765(22)00805-X/sref65
http://refhub.elsevier.com/S1097-2765(22)00805-X/sref65
http://refhub.elsevier.com/S1097-2765(22)00805-X/sref65
http://refhub.elsevier.com/S1097-2765(22)00805-X/sref66
http://refhub.elsevier.com/S1097-2765(22)00805-X/sref66
http://refhub.elsevier.com/S1097-2765(22)00805-X/sref67
http://refhub.elsevier.com/S1097-2765(22)00805-X/sref67
http://refhub.elsevier.com/S1097-2765(22)00805-X/sref68
http://refhub.elsevier.com/S1097-2765(22)00805-X/sref68
http://refhub.elsevier.com/S1097-2765(22)00805-X/sref68
http://refhub.elsevier.com/S1097-2765(22)00805-X/sref68
http://refhub.elsevier.com/S1097-2765(22)00805-X/sref69
http://refhub.elsevier.com/S1097-2765(22)00805-X/sref69
http://refhub.elsevier.com/S1097-2765(22)00805-X/sref69
http://refhub.elsevier.com/S1097-2765(22)00805-X/sref69
https://doi.org/10.1038/s41467-019-10792-y
https://doi.org/10.1038/s41467-019-10792-y
http://refhub.elsevier.com/S1097-2765(22)00805-X/sref71
http://refhub.elsevier.com/S1097-2765(22)00805-X/sref71
http://refhub.elsevier.com/S1097-2765(22)00805-X/sref71
http://refhub.elsevier.com/S1097-2765(22)00805-X/sref72
http://refhub.elsevier.com/S1097-2765(22)00805-X/sref72
http://refhub.elsevier.com/S1097-2765(22)00805-X/sref72
http://refhub.elsevier.com/S1097-2765(22)00805-X/sref73
http://refhub.elsevier.com/S1097-2765(22)00805-X/sref73
http://refhub.elsevier.com/S1097-2765(22)00805-X/sref73
http://refhub.elsevier.com/S1097-2765(22)00805-X/sref73
http://refhub.elsevier.com/S1097-2765(22)00805-X/sref74
http://refhub.elsevier.com/S1097-2765(22)00805-X/sref74
http://refhub.elsevier.com/S1097-2765(22)00805-X/sref74
http://refhub.elsevier.com/S1097-2765(22)00805-X/sref74
http://refhub.elsevier.com/S1097-2765(22)00805-X/sref75
http://refhub.elsevier.com/S1097-2765(22)00805-X/sref75
http://refhub.elsevier.com/S1097-2765(22)00805-X/sref75


ll
OPEN ACCESSArticle
Zempel, H., and Mandelkow, E.M. (2015). Tau missorting and spastin-induced

microtubule disruption in neurodegeneration: Alzheimer disease and heredi-

tary spastic paraplegia. Mol. Neurodegener. 10, 68.

Zhang, H., Cao, X., Tang, M., Zhong, G., Si, Y., Li, H., Zhu, F., Liao, Q., Li, L.,

Zhao, J., et al. (2021a). A subcellular map of the human kinome. eLife 10,

e64943.
Zhang, X., Lin, Y., Eschmann, N.A., Zhou, H., Rauch, J.N., Hernandez, I.,

Guzman, E., Kosik, K.S., and Han, S. (2017). RNA stores Tau reversibly in com-

plex coacervates. PLoS Biol 15, e2002183.

Zhang, Y., Lee, D.S.W., Meir, Y., Brangwynne, C.P., and Wingreen, N.S.

(2021b). Mechanical frustration of phase separation in the cell nucleus by chro-

matin. Phys. Rev. Lett. 126, 258102.
Molecular Cell 82, 3693–3711, October 6, 2022 3711

http://refhub.elsevier.com/S1097-2765(22)00805-X/sref76
http://refhub.elsevier.com/S1097-2765(22)00805-X/sref76
http://refhub.elsevier.com/S1097-2765(22)00805-X/sref76
http://refhub.elsevier.com/S1097-2765(22)00805-X/sref77
http://refhub.elsevier.com/S1097-2765(22)00805-X/sref77
http://refhub.elsevier.com/S1097-2765(22)00805-X/sref77
http://refhub.elsevier.com/S1097-2765(22)00805-X/sref78
http://refhub.elsevier.com/S1097-2765(22)00805-X/sref78
http://refhub.elsevier.com/S1097-2765(22)00805-X/sref78
http://refhub.elsevier.com/S1097-2765(22)00805-X/sref79
http://refhub.elsevier.com/S1097-2765(22)00805-X/sref79
http://refhub.elsevier.com/S1097-2765(22)00805-X/sref79


ll
OPEN ACCESS Article
STAR+METHODS
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

anti-Elk1 9182 Cell signaling; RRID: AB_2277936

anti-p-Elk1(Ser383) 9181 Cell signaling; RRID: AB_2099016

anti-p-Erk1(T202/Y204) 4377 Cell signaling; RRID: AB_331775

anti-HA 12CA5 Roche; RRID: AB_2920713

anti-p-P53(S37) 9289 Cell signaling; RRID: AB_2210689

anti-p-P53(S9) 9288 Cell signaling; RRID: AB_331470

anti-Rps6(S235/236) 2211 Cell signaling; RRID: AB_331679

Bacterial and virus strains

Rosetta (DE3) Competent Cells - Novagen Millipore Sigma Cat# 70954-3

E.coli XL-1 Blue Agilent Cat# 200249

Chemicals, peptides, and recombinant proteins

Gibson Assembly Master mix NEB Cat# E2611S

[g-32P]ATP Perkin Elmer Cat# BLU002250UC

Ni-NTA Beads Qiagen Cat# 30210

PD-10 desalting column GE Cat# 17085101

Rapamycin Tocris Bioscience Cat# 1292

Sorbitol Sigma-Aldrich Cat# S1876

Lambda Protein Phosphatase NEB Cat# P0753S

GA3-AM Tocris Bioscience Cat. No. 5407

Experimental models: Organisms/strains

S.cerevisiae: W303 MATa leu2-3,

112 trip1-1 can1-100 ura3-1

ade2-1 ade2-1 his3-11-,15

DOM0090 David Morgan Lab

W303 + HIS3::PRpl18-mCherry-

Elk1WT-1SIM

LH-DJ001 Holt lab

W303 + HIS3::PRpl18-mCherry-

Elk1WT-1SIM, LEU2::PPAB1-GFP-

ERK1R84S-1SIM

LH-DJ002 Holt lab

W303 + HIS3::PRpl18-mCherry-

Elk1WT-1SIM, URA3::PTDH3-SUMO2

LH-DJ003 Holt lab

W303 + HIS3::PRpl18-mCherry-

Elk1WT-1SIM, URA3::PTDH3-SUMO10-SIM6

LH-DJ004 Holt lab

W303 + HIS3::PRpl18-mCherry-

Elk1WT-1SIM, LEU2::PPAB1-

GFP-ERK1R84S-1SIM, URA3::

PTDH3-SUMO2

LH-DJ005 Holt lab

W303 + HIS3::PRpl18-mCherry-

Elk1WT-1SIM, LEU2::PPAB1-

GFP-ERK1R84S-1SIM, URA3::

PTDH3-SUMO10-SIM6

LH-DJ006 Holt lab

W303 + HIS3::PRNR2-mCherry-

Elk1DM-1SIM

LH-DJ007 Holt lab

W303 + HIS3::PRNR2-mCherry-

Elk1DM-1SIM, LEU2::PPAB1-

GFP-ERK1R84S-1SIM

LH-DJ008 Holt lab

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

W303 + HIS3::PRNR2-mCherry-

Elk1DM-1SIM, URA3::PTDH3-SUMO2

LH-DJ009 Holt lab

W303 + HIS3::PRNR2-mCherry-

Elk1DM-1SIM, URA3::PTDH3-

SUMO10-SIM6

LH-DJ010 Holt lab

W303 + HIS3::PRNR2-mCherry-

Elk1DM-1SIM, LEU2::PPAB1-

GFP-ERK1R84S-1SIM, URA3::

PTDH3-SUMO2

LH-DJ011 Holt lab

W303 + HIS3::PRNR2-mCherry-

Elk1DM-1SIM, LEU2::PPAB1-

GFP-ERK1R84S-1SIM, URA3::

PTDH3-SUMO10-SIM6

LH-DJ012 Holt lab

W303 + HIS3::PRpl18-mCherry-

Elk1WT11APMU-1SIM

LH-DJ013 Holt lab

W303 + HIS3::PRpl18-mCherry-

Elk1WT11APMU-1SIM, LEU2::

PPAB1-GFP-ERK1R84S-1SIM,

URA3::PTDH3-SUMO10-SIM6

LH-DJ014 Holt lab

W303 + HIS3::PRpl18-mCherry-

Elk1WT-1SIM, LEU2::PPAB1-

GFP-ERK1R84S-1SIM, URA3::

PTDH3-SUMO10-SIM6

LH-DJ015 Holt lab

W303 + HIS3::PRNR2-mCherry-

Elk1DM-1SIM,FUS3-GFP-2SIM::

KANMX, URA3::PTDH3-SUMO2

LH-DJ016 Holt lab

W303 + HIS3::PRNR2-mCherry-

Elk1DM-1SIM,FUS3-GFP-2SIM::

KANMX, URA3::PTDH3-SUMO10-SIM6

LH-DJ017 Holt lab

W303 + HIS3::PRNR2-mCherry-

Elk1DM-1SIM,CDC28-GFP-1SIM::KANMX

LH-DJ018 Holt lab

W303 + HIS3::PRNR2-mCherry-

Elk1DM-1SIM,CDC28-GFP-1SIM::

KANMX, URA3::PTDH3-SUMO2

LH-DJ019 Holt lab

W303 + HIS3::PRNR2-mCherry-

Elk1DM-1SIM,CDC28-GFP-1SIM::

KANMX, URA3::PTDH3-SUMO10-SIM6

LH-DJ020 Holt lab

W303 + HIS3::PRpl18-mCherry-Elk1WT-

1SIM,TRP::PRNR2-2XNES-GFP-2XWW,

LEU2::PPAB1-GFP-ERK1R84S-1SIM,

URA3::PTDH3-SUMO10-SIM6

LH-DJ021 Holt lab

W303 + HIS3::PRpl18-mCherry-Elk1WT-

1SIM,TRP::PRNR2-2XNES-GFP-2XWW,

LEU2::PPAB1-GFP-ERK1K71R-1SIM,

URA3::PTDH3-SUMO10-SIM6

LH-DJ022 Holt lab

W303 + HIS3::PTDH3-mCherry-2xElk1DM-

3SIM,TRP::PRPL18-1xNLS-GFP-2XWW,

LEU2::PTDH3-2xNLS-BFP, URA3::PTDH3-

SUMO10-SIM6

LH-DJ023 Holt lab

W303 + HIS3::PTDH3-mCherry-2xElk1DM-

3SIM,TRP::PRPL18-1xNLS-GFP-2XWW,

LEU2::PTDH3-2xNLS-BFP, CDC28-mCherry-

1SIM::KANMX, URA3::PTDH3-SUMO10-SIM6

LH-DJ024 Holt lab

W303 + HIS3::PRPL18-mCherry-EPCT383-5SIM LH-DJ025 Holt lab
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W303 + HIS3::PRPL18-mCherry-EPCT383-5SIM,

LEU2::PPAB1-GFP-ERK1R84S-5SIM

LH-DJ026 Holt lab

W303 + HIS3::PRPL18-mCherry-EPCT383-

5SIM, URA3::PTDH3-SUMO10-SIM6

LH-DJ027 Holt lab

W303 + HIS3::PRPL18-mCherry-EPCT383-

5SIM, LEU2::PPAB1-GFP-ERK1R84S-5SIM,

URA3::PTDH3-SUMO2

LH-DJ028 Holt lab

W303 + HIS3::PRPL18-mCherry-EPCT383-

5SIM, LEU2::PPAB1-GFP-ERK1R84S-5SIM,

URA3::PTDH3-SUMO2

LH-DJ029 Holt lab

W303 + LEU2::PPAB1-GFP-ERK1R84S-5SIM,

URA3::SUMO10-SIM6 HIS3::PRPL18-mCherry-

EPCT383-5SIM,

LH-DJ030 Holt lab

W303 + LEU2::PPAB1-GFP-ERK1R84S-5SIM,

URA3::SUMO10-SIM6, HIS3::PRPL18-mCherry-

EPCT383-5SIM truncation

LH-DJ031 Holt lab

W303 + LEU2::PPAB1-GFP-ERK1R84S-5SIM,

URA3::SUMO10-SIM6, HIS3::PRPL18-mCherry-

EPCT383-5SIM S394Del

LH-DJ032 Holt lab

W303 + LEU2::PPAB1-GFP-ERK1R84S-5SIM,

URA3::PSUMO10-SIM6, HIS3::PRPL18-mCherry-

EPCT383-5SIM S375A

LH-DJ033 Holt lab

W303 + LEU2::PPAB1-GFP-ERK1R84S-5SIM,

URA3::SUMO10-SIM6, HIS3::PRPL18-mCherry-

EPCT383-5SIM 4SDel

LH-DJ034 Holt lab

W303 + LEU2::PPAB1-GFP-ERK1R84S-5SIM,

HIS3::PRPL18-mCherry-EPCT383-5SIM

LH-DJ035 Holt lab

W303 + LEU2::PPAB1-GFP-ERK1R84S-5SIM,

HIS3::PRPL18-mCherry-EPCT383-5SIM truncation

LH-DJ036 Holt lab

W303 + HIS3::PRpl18-mCherry-PR-3SIM LH-DJ037 Holt lab

W303 + HIS3::PRpl18-mCherry-PR-3SIM,CDC28-

GFP-1SIM::KANMX

LH-DJ038 Holt lab

W303 + HIS3::PRpl18-mCherry-PR-3SIM,URA3::

PTDH3-SUMO10-SIM6

LH-DJ039 Holt lab

W303 + HIS3::PRpl18-mCherry-PR-3SIM,CDC28-

GFP-1SIM::KANMX,URA3::PTDH3-SUMO10-SIM6

LH-DJ040 Holt lab

W303 + HIS3::PRpl18-mCherry-PR-3SIM,CDC28-

GFP-1SIM::KANMX,URA3::PTDH3-SUMO2

LH-DJ041 Holt lab

W303 + HIS3::PRNR2-mCherry-Elk1DMI9P-1SIM,

LEU2::PPAB1-GFP-ERK1R84S-1SIM, URA3::PTDH3-

SUMO10-SIM6

LH-DJ042 Holt lab

W303 + HIS3::PRNR2-mCherry-Elk1DM-1SIM, LEU2::

PPAB1-GFP-ERK1R84S-1SIM, URA3::PTDH3-SUMO10-SIM6

LH-DJ043 Holt lab

W303 + HIS3::PRPL18-mCherry-Elk1DM-1SIMI9P,

LEU2::PPAB1-GFP-ERK1R84S-1SIM, URA3::PTDH3-

SUMO10-SIM6

LH-DJ044 Holt lab

W303 + HIS3::PRNR2-mCherry-Elk1DM-2SIM, LEU2::

PPAB1-GFP-ERK1R84S-2SIM, URA3::PTDH3-SUMO10-SIM6

LH-DJ045 Holt lab

W303 + HIS3::PRPL18-mCherry-Elk1DM-1SIM, LEU2::

PRPL18-GFP-ERK1R84S-1SIM, URA3::PTDH3-SUMO10-SIM6

LH-DJ046 Holt lab

W303 + HIS3::PRNR2-mCherry-Elk1DM-1SIM, LEU2::

PPAB1-GFP-ERK1R84S-1SIM, URA3::PTDH3-SUMO7-SIM6

LH-DJ047 Holt lab

W303 + HIS3::PRPL18mCherry-Elk1DM-1SIM, LEU2::

PRPL18-GFP-ERK1R84S-1SIM

LH-DJ048 Holt lab

(Continued on next page)

ll
OPEN ACCESS Article

e3 Molecular Cell 82, 3693–3711.e1–e10, October 6, 2022



Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

W303 + HIS3::PRPL18mCherry-Elk1DM-1SIM, LEU2::

PRPL18-GFP-ERK1R84S-1SIM, URA3::PTDH3-SUMO7-SIM6

LH-DJ049 Holt lab

W303 + HIS3::PRpl18-mCherry-Elk1WT-1SIM, LEU2::

PRPL18-GFP-ERK1R84S-1SIM, URA3::PTDH3-Dimer-1SUMO

LH-DJ050 Holt lab

W303 + HIS3::PRpl18-mCherry-Elk1DM-1SIM, LEU2::

PRPL18-GFP-ERK1R84S-1SIM, URA3::PTDH3-Dimer-

1SUMO, TRP::PTDH3-Hexamer

LH-DJ051 Holt lab

W303 + HIS3::PRpl18-mCherry-Elk1DM-1SIM, LEU2::

PRPL18-GFP-ERK1R84S-1SIM, URA3::PTDH3-Dimer-

2SUMO, TRP::PTDH3-Hexamer

LH-DJ052 Holt lab

W303 + HIS3::PRpl18-mCherry-Elk1DM-1SIM, LEU2::

PRPL18-GFP-ERK1R84S-1SIM, URA3::PTDH3-Dimer-

3SUMO, TRP::PTDH3-Hexamer

LH-DJ053 Holt lab

W303 + HIS3::PRpl18-mCherry-Elk1DM-1SIM, LEU2::

PRPL18-GFP-ERK1R84S-1SIM, URA3::PTDH3-Dimer-

weak08-1SUMO, TRP::PTDH3-Hexamer

LH-DJ054 Holt lab

W303 + HIS3::PRNR2-mCherry-Elk1DM-1SIM, LEU2::

PPAB1-GFP-ERK1R84S-1SIM, URA3::PTDH3-SUMO7-

SIM6, hog1D::KANMX

LH-DJ055 Holt lab

W303 + HIS3::PRNR2-mCherry-Elk1DM-1SIM, LEU2::

PPAB1-GFP-ERK1R84S-1SIM, URA3::PTDH3-Dimer-

weak08-1SUMO, TRP::PTDH3-Hexamer, hog1D::KANMX

LH-DJ056 Holt lab

W303 + HIS3::PRNR2-mCherry-Elk1DM-1SIM, LEU2::

PPAB1-GFP-ERK1R84S-1SIM, URA3::PTDH3-Dimer-

weak08-1SUMO, hog1D::KANMX

LH-DJ057 Holt lab

W303 + HIS3::PRNR2-mCherry-Elk1DM-1SIM, LEU2::

PPAB1-GFP-ERK1R84S-1SIM, URA3::PTDH3-SUMO2,

hog1D::KANMX

LH-DJ058 Holt lab

W303 + HIS3::PRNR2-mCherry-Elk1DM-1SIM, LEU2::

PPAB1-GFP-ERK1R84S-1SIM, URA3::PTDH3-SUMO10,

TRP::PTDH3-Hexamer-1SIM, hog1D::KANMX

LH-DJ059 Holt lab

W303 + HIS3::PRNR2-mCherry-Elk1DM-1SIM,

LEU2::PPAB1-GFP-ERK1R84S-1SIM, URA3::PTDH3-

SUMO10-SIM6, hog1D::KANMX

LH-DJ060 Holt lab

W303 + HIS3::PRpl18-mCherry-Elk1DM-1SIM,

LEU2::PRPL18-GFP-ERK1R84S-1SIM, URA3::PTDH3-

SUMO7-SIM6, hog1D::KANMX

LH-DJ061 Holt lab

W303 + HIS3::PRNR2-mCherry-Elk1DM-1SIM,

LEU2::PPAB1-GFP-ERK1R84S-1SIM, URA3::PTDH3-

Dimer-weak08-1SUMO, TRP::PTDH3-Hexamer, hog1D::KANMX

LH-DJ062 Holt lab

W303 + HIS3::PRNR2-mCherry-Elk1DM-1SIM,

LEU2::PPAB1-GFP-ERK1R84S-1SIM, URA3::PTDH3-

SUMO7-SIM6, hog1D::KANMX, sfp1D::KANMX

LH-DJ063 Holt lab

W303 + HIS3::PRNR2-mCherry-Elk1DM-1SIM,

LEU2::PPAB1-GFP-ERK1R84S-1SIM, URA3::PTDH3-

SUMO7-SIM6, hog1D::KANMX, fus3D::NATMX

LH-DJ064 Holt lab

BY4741 + LEU2::PINO4-PFV-GS-Sapphire LH4258 Holt lab

BY4741 + sfp1D::HPHNT1 + LEU2::PINO4-PFV-GS-Sapphire LH4259 Holt lab

Recombinant DNA

pAV103-PRpl18-mCherry-Elk1WT-1SIM pLH-DJ001 Holt lab

pAV103-PRNR2-mCherry-Elk1DM-1SIM pLH-DJ002 Holt lab

pAV103-PRpl18-mCherry-Elk1DM-1SIM pLH-DJ003 Holt lab

pAV103-PRpl18-mCherry-Elk1WT11APMU-1SIM pLH-DJ004 Holt lab
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pAV103-PRNR2-mCherry-Elk1DMI9P-1SIM pLH-DJ005 Holt lab

pAV103-PRPL18-mCherry-Elk1DMI9P-1SIM pLH-DJ006 Holt lab

pAV103-PRPL18-mCherry-EPCT383-5SIM pLH-DJ007 Holt lab

pAV103-PRPL18-mCherry-EPCT383Trncation-5SIM pLH-DJ008 Holt lab

pAV103-PRPL18-mCherry-EPCT383S394Del-5SIM pLH-DJ009 Holt lab

pAV103-PRPL18-mCherry-EPCT383S375A-5SIM pLH-DJ010 Holt lab

pAV103-PRPL18-mCherry-EPCT3834SDEL-5SIM pLH-DJ011 Holt lab

pAV103-PRpl18-mCherry-PR-3SIM pLH-DJ012 Holt lab

pAV103-PTDH3-mCherry-2xElk1DM-3SIM pLH-DJ013 Holt lab

pAV103-PRNR2-mCherry-Elk1DM-1SIMI9P pLH-DJ014 Holt lab

pAV103-PRPL18-mCherry-Elk1DM-1SIMI9P pLH-DJ015 Holt lab

pAV103-PRNR2-mCherry-Elk1DM-2SIM pLH-DJ016 Holt lab

pAV105-PPAB1-GFP-Erk1R84S-1SIM pLH-DJ017 Holt lab

pAV105-PRPL18-GFP-Erk1R84S-1SIM pLH-DJ018 Holt lab

pAV105-PPAB1-mCherry-Erk1R84S-3SIM pLH-DJ019 Holt lab

pAV105-PPAB1-mCherry-Erk1K71R-3SIM pLH-DJ020 Holt lab

pAV105-PPAB1-GFP-Erk1R84S-5SIM pLH-DJ021 Holt lab

pAV105-PPAB1-GFP-Erk1R84S-2SIM pLH-DJ022 Holt lab

pAV105-PPAB1-GFP-Erk1R84S-3SIM pLH-DJ023 Holt lab

pAV105-PTDH3-2xNLS-BFP pLH-DJ024 Holt lab

pRS306-PTDH3-SUMO2 pLH-DJ025 Holt lab

pRS306-PTDH3-SUMO10 pLH-DJ026 Holt lab

pRS306-PTDH3-SUMO10-6SIM pLH-DJ027 Holt lab

pRS306-PTDH3-Dimer-1SUMO pLH-DJ028 Holt lab

pRS306-PTDH3-Dimer-2SUMO pLH-DJ029 Holt lab

pRS306-PTDH3-Dimer-3SUMO pLH-DJ030 Holt lab

pRS306-PTDH3-Dimer-weak08-1SUMO pLH-DJ031 Holt lab

pRS306-PTDH3-SUMO7-6SIM pLH-DJ032 Holt lab

pRS3304-PRNR2-2XNES-GFP-2XWW pLH-DJ033 Holt lab

pRS3304-RPL18-1xNLS-GFP-2XWW pLH-DJ034 Holt lab

pRS3304-PTDH3-HEXAMER pLH-DJ035 Holt lab

pRS3304-PTDH3-HEXAMER-1SIM pLH-DJ036 Holt lab

pET28b-SUMO10 pLH-DJ037 Holt lab

pET28b-FKBP12-6SIM pLH-DJ038 Holt lab

pET28b-FRB-mCherry-Erk1 pLH-DJ039 Holt lab

pET28b-FRB-GFP-Elk1 pLH-DJ040 Holt lab

pFA6a-CDK-GFP-1SIM pLH-DJ041 Holt lab

pFA6a-FUS3-GFP-2SIM pLH-DJ042 Holt lab

Software and algorithms

FIJI (FIJI is just image J) Schindelin et al., 2012 http://www.nature.com/nmeth/journal/

v9/n7/full/nmeth.2019.html

Image J2 Schindelin et al., 2015 http://onlinelibrary.wiley.com/

https://doi.org/10.1002/mrd.22489/full

MOSAIC for ImageJ Shivanandan et al.,

2013

https://bmcbioinformatics.biomedcentral.

com/articles/10.1186/1471-2105-14-349

MATLAB 2019a MathWorks, Inc. https://www.mathworks.com/products/

matlab.html

Nikon Elements Nikon Instruments,

Inc.

https://www.nikoninstruments.com/

Products/Software
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pcrma package Borchers and Borchers, 2021 https://cran.r-project.org/web/packages/

pracma/index.html

Scripts for droplet properties analysis and GEM &

Ribosome concentration analysis

This article https://doi.org/10.5281/zenodo.6979049
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources aCnd reagents should be directed to and will be fulfilled by the lead contact, Liam J.

Holt (liam.holt@nyulangone.org).

Materials availability
All materials will be made available on request.

Data and code availability
d All data reported in this paper will be shared by the lead contact upon request.

d All code is available at: https://doi.org/10.5281/zenodo.6979049.

d Any additional information required to reanalyze the data reported in this work paper is available from the Lead Contact upon

request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Escherichia coli strains
XL-1 blue competent bacterial strains were grown in lysogeny broth (LB) containing antibiotic selection in a shaking incubator at

220 rpm, 37�C.
Rosetta2 DE3 competent cells were grown in LB containing antibiotic selection in a shaking incubator at 220 rpm for 18 h at 16�C.

Recombinant protein expression was induced by addition of 100 mM IPTG.

Yeast strains
Plasmids were transformed intoW303 strain and grown in a rotating drum incubator in synthetic dropout (SD) media –Leu, -His, -Trp,

or –Ura, respectively at 30�C.

METHOD DETAILS

Yeast transformation
Yeast strains were created by transforming with a LiAc based approach according to Cold Spring Harbor Protocols (Amberg et al.,

2006). All strains were constructed in the W303 strain background (MATa leu2-3, 112 trip1-1 can1-100 ura3-1 ade2-1 ade2-1

his3-11-,15). A list of strains built is provided in Table S1. To tag Cdk1 and Fus3 with GFP-SIM, pFA6a-CDK-GFP-SIM or pFA6a-

FUS3-GFP-2xSIM, the plasmid was cut within the coding sequences of Cdk1 or Fus3, and the linearized plasmid was then trans-

formed, leading to recombination into the endogenous locus. As the plasmids do not contain a promoter, this leads to a tagged allele,

and inactivation of the endogenous allele.

Plasmid construction
The open reading frames encoding SUMO10-SIM6 condensates, GFP-MAPK3-1SIM and mCherry-ELK1-1SIM were chemically syn-

thesized (Qinglan, China). The SUMO10-SIM6 condensate expression plasmid in yeast was constructed by fusion 5’ end of the ORF

with the strong promoter from TDH3 by Gibson assembly (Gibson et al., 2009) into the pRS306 vector (Sikorski and Hieter, 1989).

Plasmids for kinase expression in yeast were constructed with either a weak (from the PAB1 gene), or medium promoter (from

theRPL18 gene) by Gibson assembly into the pAV105 vector (Agmon et al., 2015). Substrate expression plasmids were similarly con-

structed with either yeast weak (from the RNR2 gene), or medium (from the RPL18 gene) promoters in the pAV103 vector (Agmon

et al., 2015). To express the rigid synthetic condensate components in yeast, the dimer and hexamer components were amplified

by PCR and assembled into pRS306 vector or pRS304 vector (Sikorski and Hieter, 1989) by Gibson assembly. The WW reporter

was generated by fusion of GFP to a tandem repeat of the WW domain from Peptidyl-prolyl cis-trans isomerase NIMA-interacting

1, Homo sapiens. This protein was expressed from the promoter of the RPL18 gene and assembled into the pRS304 vector (Sikorski

andHieter, 1989). To tag Cdk1 and Fus3with GFP-SIM, Cdk1/Fus3 CDS, GFP and SIM tagwere amplified and assembled into pFA6a
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vector (Sikorski and Hieter, 1989) by Gibson (B€ahler et al., 1998). All yeast plasmids were integrated into the host genome. pET28b

vectors were used for bacterial expression. Open Reading Frames (ORFs) of the SUMO10, FKBP12-SIM6, FRB-mCherry-MAPK3 and

FRB-GFP-ELK1 proteins were fused at the N terminus to the 6x histidine tag for purification. The ORFs and the vectors were Gibson

assembled. A list of plasmids constructed is provided in Table S2.

Protein purification
Protein purification from E. coli cells was performed as previously described (Howard et al., 2014). Briefly, proteins were expressed in

Rosetta2 DE3 competent cells by induction with 100 mM IPTG for 18 hr at 16�C. Bacterial culture were collected and centrifuged at

4000 rpm for 20 min at 4�C. The cell pellet was resuspended in cold lysis buffer (50 mM NaH2PO4, 300 mM NaCl, 10 mM imidazole

pH7.6, 1 mM PMSF). After sonication, the lysate was centrifuged at 12000 rpm for 20 min at 4�C. The supernatant was mixed with

magnetic Ni-NTA beads (Qiagen) and incubated for 2 hr at 4�C. The bound beads were collected and rinsed 3 3 with wash buffer

containing (50 mM NaH2PO4, 300 mM NaCl, 20 mM imidazole pH7.6). The bound proteins were eluted with elution buffer

(50 mMNaH2PO4, 300mMNaCl, 500mM imidazole pH7.6). The eluted proteins were concentrated using Amicon�Ultra Centrifugal

Filters (Millipore Sigma). The concentrated proteins were dialyzed into SUMO-SIM protein buffer (150 mM KCl, 20 mM HEPES pH 7,

1 mM MgCl2, 1 mM EGTA, 1 mM DTT) with 10% glycerol using PD10 columns (GE Healthcare), followed by further concentration

using an Amicon Ultra 30K device (Millipore) at 4C, and finally flash frozen in aliquots with liquid nitrogen and stored at -80�C.

In vitro kinase assays
For phosphorylation in condensates, the components for kinase reaction and condensate formation were divided into two halves,

each with a 10 ml volume. Combination of these two mixtures initiated the kinase reaction. The first half contained 30 mM

FKBP12-SIM6, 40 nM FRB-GFP-MAPK3, 8 mM FRB-mCherry-ELK1, 50 mM Rapamycin (or same volume of DMSO), 10 mM MgCl2
and 75 mM KCl. Components were equilibrated for 20 minutes. The phosphorylation was started by addition of the second half,

which contained 24 mM SUMO10, 200 mM ATP, 10 mM MgCl2, 75 mM KCl and 0.1 mCi of [g-32P]ATP. The two halves were mixed

thoroughly by gentle pipetting. Reactions were carried out at room temperature for 5 minutes and terminated by addition of 10 ml

5x SDS loading buffer (10% SDS, 0.5 M DTT, 50% glycerol, 0.25% Bromophenol blue). All samples were separated on 4–12%

Bis-Tris gels (ThermoFisher Scientific). The gel was dried and exposed to a phosphor screen. Phosphor screens were analyzed

with a Typhoon 9500 scanner (GE) using ImageQuant software (GE).

MAPK3-GFP total partition calculation
While the reaction proceeded, the other half of the solution was transferred to a 384-well glass bottomed imaging plates and imaged

using an Andor Yokogawa CSU-X confocal spinning disc on a Nikon TI Eclipse microscope. Fluorescence was recorded with a

sCMOS Prime95B camera (Photometrics) with a 100x objective (pixel size: 0.11um). A stack of 50 images were acquired at 1mM in-

tervals from the bottom of the plate upwards. A blank well with buffer was imaged to determine the camera background value. This

background value was subtracted from every image. The fluorescence integrated density of ‘drops’ or ‘solvent’ in the 488 and 561

channels was calculated using a classifier mask derived from contrast adjusted imaged segmentedwith the trainableWeka Segmen-

tation package on default settings. The condensates are denser than the solution and sediment near the bottom of the well. There-

fore, the reaction is asymmetrically distributed along the z axis and symmetric along the x & y axes. We reasoned that it would be

necessary to calculate the total protein in the solvent and condensates along the entire vertical stack to calculate the total partition

of a given volume. It was calculated that given the volume of reaction added to the well, there would be an additional 2490 ‘slices’

spaced out every 1uM on top of the 50 mM imaged. It was observed that condensates never formed in slices 48-51 as the conden-

sates had sedimented below this point. It should also be noted that carefully controlling temperature and evaporation are required to

prevent solution turbidity. Therefore, the average solvent protein concentration was determined by finding the mean integrated den-

sity per slice in this ‘top of the well’ equivalent from slices 48-51. Next, the condensate and solvent protein concentrations across the

entire well were calculated by integrating along the slices using the ‘trapz’ function from the pcrma package (Borchers and Borchers,

2021). To calculate total MAPK3-GFP partition , the total protein in condensates was divided by the total concentration in solution

across the entire y dimension. The scripts used for partition coefficient calculation are provided in supplementary files as QC1

and QC2.

Western blots
Cell cultures were grown to OD 0.6–0.8. Cells were collected and treated with 1M LiAc for 5min on ice. After centrifugation cell pellets

were treated with 0.4M NaOH for 5 min. Then cells were centrifuged again, and were suspended in SDS-PAGE sample buffer and

boiled for 5min. Supernatant samples were separated on 10% SDS-PAGE gels and transferred to Immobilon-FL PVDF membrane

(Millipore). Membranes were probed with primary antibodies, including anti-p-ELK1-S383, anti-ELK1, anti-p-MAPK3, anti-ERK2,

anti-Tubulin, anti-HA, anti-p-P53-S37, anti-p-P53-S9, anti-p-RPS6-S235/236 and anti-p-Sata3-Y705 (key resources table in

STAR Methods), and corresponding secondary IRDye 800CW antibodies (LI-COR Biosciences). Band intensities were quantified

with Image Studio� analysis software (LI-COR Biosciences).
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For hyperphosphorylation (Hypershift/Tubulin) quantification, the intensity signal of hypershifted phosphorylated band (detected

by anti-p-ELK1-S383, which is indicated by the red arrowheads in the western blot gel figure) was normalized to the intensity signal

of tubulin band (detected by anti-Tubulin).

Cell perturbations
For a factor experiments, cells were grown to log phase (OD 0.2 - 0.8) and then treated with 2 mM a factor for up to 1 h, then collected

by centrifugation for 3min at 3000g and lysed for western blot.

For sorbitol treatments, log phase cells were collected by centrifugation for 3min at 3000g. Cells were then suspended in media

with or without 1 M sorbitol, grown for 1h, and then collected and lysed as above.

For rapamycin treatment, log phase cells were incubated with DMSO (solvent control) or 1 mM rapamycin for 2h. Then cells were

collected as above for western blot.

For treatment with rapamycin combinedwith sorbitol, cells were first incubated with 1 mM rapamycin for 1 h or 1 mMDMSO (solvent

control), then collected by centrifugation for 3min at 3000g. Cells were next resuspended in media with 1 mM rapamycin or 1 mM

DMSO, with or without 1 M sorbitol for an additional 1 h. Then cells were collected and lyses as above.

Phosphatase treatment of yeast lysates
Yeast cell were collected when the culture OD reach 0.8. Cells were pretreated with 0.4MNaOH for 2 min on ice. After centrifugation,

cell pellets were suspended in lysis buffer with protease inhibitor tablet (Pierce) and lysed by bead beating. Then samples were centri-

fuged at 800g for 2 minutes. The supernatants were incubated with lambda protein phosphatase (NEB) according to the manufac-

turer’s protocol. For treatment with phosphatase inhibitor, NaF (final 50 mM), b-glycerol phosphate (final 50 mM), and Na3VO4 (final

1 mM) were added. The lysates were incubated at 30�C for 30 minutes and terminated by addition of 5x SDS loading buffer followed

by boiling for 5 minutes.

Imaging and quantification of fluorescence intensity inside condensates and condensate size
Cells were imaged using TIRFNikon TI Eclipsemicroscope in epifluorescencemode, and fluorescencewas recordedwith an sCMOS

camera (Zyla, Andor) with a 100x objective. GFP and mCherry channel images were generated by average projection of 13 z-slices

with 0.4 mmspacing (4.8 mm total). Condensate properties within cells were characterized using the TrackMate ImageJ plugin (Schin-

delin et al., 2012; Schindelin et al., 2015; Tinevez et al., 2017). Due to relatively higher intensity and higher contrast in GFP fluorescent

signals, condensates in GFP channel were first detected using LoG (Laplacian of Gaussian filter) detector with onemicron ‘Estimated

blob diameter’ and a fixed ‘Threshold’ across all experimental conditions. For each individual image with both GFP and mCherry

channels, the number of detected condensates within the GFP channel was then recorded and was used as a criterion for choosing

the ‘Threshold’ parameter for condensate detection in the mCherry channel. The ‘Estimated blob diameter’ parameter for mCherry

condensate detection still maintained as one. Using this method, the majority of condensates detected in both channels overlapped

with each other. Particle detection results from TrackMate were saved as xml files. We then extracted and compiled particle prop-

erties in both channels, especially condensatemean pixel intensity, using home-writtenMATLAB code. In addition, we also extracted

the background mean pixel intensity by randomly selecting 20 circles in each image from areas away from cellular condensates.

Thus, the final condensate mean pixel intensity were calculated by subtracting the backgroundmean pixel intensity from condensate

mean pixel intensity identified above.

For calculation of condensate area and client concentration changes, log-phase cells were immobilized in 384-well imaging plates

coated with concanavalin A (ConA). GFP and mCherry channel images were generated by average projection of 13 z-slices with

0.4 mm spacing (4.8 mm total). For experiments with sorbitol treatment only, immobilized cells were imaged, then media was carefully

removed and replaced with media containing 1M sorbitol, and the same cells were imaged again after 1h. For experiments under

various conditions, such as rapamycin treatment, cells were immobilized, imaged and then media was carefully changed, and cells

were imaged again after 2h with 1 mM rapamycin. For treatment with rapamycin and sorbitol, cells were imaged, then were treated

sequentially with 1mM rapamycin for 1h, then old medium was removed and incubated with fresh SCM with 1mM rapamycin and 1M

sorbitol for a further 1h, and cells were imaged again. Condensates were identified manually based on their GFP signal, and the area

of the same condensate before and after treatment was calculated by measurement in Image J (Schindelin et al., 2012; Schindelin

et al., 2015).

HILO imaging of GEMs
GEMparticles in S. cerevisiae yeast cells were imaged using Highly inclined thin illumination (HILO) TIRF Nikon TI Eclipsemicroscope

in partial TIRF mode under 100% power of 488nm excitation laser. The emitted fluorescent signals were transmitted through a 100x

objective (100x Phase, Nikon, oil NA = 1.4, part number = MRD31901) and recorded with a sCMOS camera (Zyla, Andor, part num-

ber = ZYLA-4.2p-CL10). The GFP filter set (ET-EGFP (FITC/Cy2), Chroma, part number = 49002) was embedded within the light path,

which includes an excitation filter (Excitationwavelength/ Bandwidth (FWHM) = 470/40 nm), a dichroicmirror (long pass beamsplitter,

reflecting < 495 nm and transmitting > 495 nm wavelength) and an emission filter (Emission wavelength/ Bandwidth (FWHM) = 525/

50 nm). EachGEMmoviewas recorded at a single focal planewith 10ms frame rate with no delay (100Hz) for a total of 4 s (400 frames
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total), using Nikon NIS-Elements Advanced Research software. Trajectories of GEM particles from each GEM movie were subse-

quently analyzed using Mosaic plugin in ImageJ/FIJI (Schindelin et al., 2012; Schindelin et al., 2015; Shivanandan et al., 2013).

Calculation of effective diffusion constant
For every 2D GEM trajectory, we calculated the time-averaged mean-square displacement (MSD) at different time intervals:

<Dr2ðtÞ> T = < ½xðt + tÞ � xðtÞ�2 + ½yðt + tÞ � yðtÞ�2> T (Equation 1)

where ‘<> T ’ represents time averaging for each trajectory of all displacements for time interval t.

To reduce statistical error, we limited our analyses to particle trajectories with longer than 10 time points. The time-averaged MSD

for each trajectory was then fitted for the first 10 time intervals:

MSDðtÞT = 4Defft (Equation 2)

where Deff is effective diffusion coefficient for each trajectory (units of mm2=s).

For each experimental condition, we then used themedian value ofDeff from all trajectories (typically thousands of trajectories from

hundreds of cells) and plotted bar graphs with error bars as standard error of the mean.

Relative ribosome concentration calculation
We inferred ribosome concentration based on a model derived from the phenomenological Doolittle equation (Doolittle, 1951; De-

larue et al., 2018).

log

�
D

D0
0

�
= z

40=4m

1 � 40=4m

1 � cribo� rela

1 � crib0� rela�40=4m

(Equation 3)

where D represents the experimentally observed effective diffusion coefficient, D0’ represents the effective diffusion coefficient in

control conditions, 40 is the volume fraction of macromolecules in control conditions, 4m is the maximum volume fraction of macro-

molecules when it no longer possible to remove water from the cell, z is a dimensionless parameter, representing the interaction

strength between the probe particle and its surrounding environment, cribo� rela is the relative ribosomal concentration compared

to control conditions.

When cells are exposed to an instantaneous osmotic pressure, the number of macromolecules can be approximated as un-

changed. Thus, cribo� rela would become the inverse of the normalized cell volume compared to control condition, i.e. 1= ~v, where
~v is the normalized cell volume. By observing the effective diffusion coefficient of GEMs under different osmotic pressures, and

measuring the corresponding cell volume (approximating the cell as prolate ellipsoid in brightfield images), the equation parameters:

z, 40=4m were obtained by fitting equation (4).

log

�
D

D0
0

�
= z

40=4m

1 � 40=4m

~v � 1

~v � 40=4m

(Equation 4)

NMR Methods
Sample preparation for Tau phosphorylation experiment
15N-labeled Tau protein (2N4R Tau; hTau40) was expressed in Escherichia coli strain BL21(DE3) from a pNG2 vector (a derivative of

pET-3a, Merck-Novagen, Darmstadt) in presence of an antibiotic. Cells were grown, centrifuged at low speed, washed with M9 salts

(Na2HPO4, KH2PO4 and NaCl) and resuspended in minimal mediumM9 supplemented with 15NH4Cl as the only nitrogen source and

induced with 0.5 mM IPTG. Subsequently, cells were disrupted with a French pressure cell press in lysis buffer (20 mMMES pH 6.8,

1 mM EGTA, 2 mMDTT) complemented with protease inhibitor mixture, 0.2 mMMgCl2, lysozyme and DNAse I. NaCl was added to a

final concentration of 500 mM and boiled for 20 minutes. Denaturated proteins were removed by ultracentrifugation at 4 �C. Salt was

removed by dialysis and the sample was filtered and purified by ion exchange and gel filtration chromatography. Finally, the protein

was dialyzed against HEPES buffer, pH 6.8.

NMR samples were prepared by adding 1 mM TCEP, 5.6 mMMgCl2, 0.1 mM PMSF, 5.6 mM ATP, 5.6% D2O and 1 mM DSS. The

reference sample volumewas 180 ml and the LLPS sample, supplemented with 10%dextran T500, reached a final volume of 770 ml in

order to get a good amount of the condensate phase that fills the NMR coil. The final protein concentration was 168 mM in both cases.

After introducing the sample into a 3mmShigemi NMR tube the CDK2/CycA3 enzymewas addedwith a final concentration of 6.4 mg/

ml. The samples weremixed followed by centrifugation at�1500 g for one hour at room temperature. The reference sample received

the same treatment in order to start the experiment in an equivalent condition.

NMR experiments and kinetics analysis

Two-dimensional 1H-15N heteronuclear single quantum coherence (HSQC) experiments were acquired at 278 K on a Bruker 900MHz

spectrometer equipped with a triple-resonance 5mm cryogenic probe. Spectra were processed with NMRPipe (Delaglio et al., 1995)

and analyzed using Sparky (Lee et al., 2015). Despite increased signal overlap in the condensed phase, careful analysis of the suf-

ficiently separated cross-peaks of T205 and S198 (which is neighboring the phosphorylated S199; Figure 6C, right panel) provided
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single-residue access to the phosphorylation kinetics inside the Tau condensate (Figure 6D). Peak intensities were extracted from a

series of two-dimensional 1H-15N HSQC data sets at one-hour time intervals. After peak assignment using the previously established

resonance assignment (Mukrasch et al., 2009), the peak intensities were normalized with respect to the peak intensity of the C-ter-

minal residue (L441). The resulting values were then normalized to the reference intensity values (non-phosphorylated sample) for

each phosphorylated residue and analyzed with GraphPad Prism by fitting to first-order decay kinetics. As the temperature during

sample preparation was around 298 K (faster phosphorylation kinetics) and the experiment was measured at 278 K, the zero time of

the analyzed 278 K kinetics is expected to be negative. This problemwas solved by global fitting of the starting point t0 for all analyzed

residues according to:

P = Að1 � expð � Kobsðt � t0ÞÞ
The four phosphorylation kinetic traces, i.e. S199 in the dispersed phase, T205 in the dispersed phase, S199 in the Tau condensate

and T205 in the Tau condensate, were simultaneously fitted to a single value of t0.

CDK2/CyclinA1-ALEXA 488 LABELLING

CDK2/CyclinA1 was labeled with Alexa Fluor 488 on lysine residues employing Microscale Protein Labeling Kit (Thermo Fisher Sci-

entific). DIC and fluorescence images were recorded using a Leica DM6000B microscope with a 63x objective (water immersion).

Imaging analyses were performed using FIJI software ((Schindelin et al., 2012), NIH).

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses were performed using MATLAB R2019a. Statistical differences between samples within a group were assessed

using one-way analysis of variance (ANOVA) and subsequently pairwise post-hoc Tukey-Kramer test, with *: p<0.05, **: p<0.01, ***:

p<0.001, N.S.: pR0.05. Correlation statistics between two variables were performed using Spearman’s rank correlation (r), which

assesses monotonic relationships whether linear or not. P values were generated based on the null hypothesis of either there is

no positive correlation or there is no negative correlation. All quantitative data are presented as the mean ± SEM or ± SD of biolog-

ically independent samples (n), unless stated otherwise. Statistical analysis was carried out using MATLAB R2019a software. Sta-

tistical differences between samples within a group were assessed using one-way analysis of variance (ANOVA) and subsequently

pairwise post-hoc Tukey-Kramer test, *p<0.05, **p<0.01, **p<0.001, N.S. (not significant) pR0.05. Spearman’s rank correlation was

used to assess correlation statistics between two variables.
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