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Abstract

Cellular condensates often consist of 10s to 100s of distinct interacting molecular
species. Because of the complexity of these interactions, predicting the point at which
they will undergo phase separation into discrete compartments is daunting. Using
experiments and computation, we therefore studied a simple model system consisting
of 2 proteins, polySH3 and polyPRM, designed for pentavalent heterotypic binding. We
tested whether the peak solubility product, the product of dilute phase monomer
concentrations, is a predictive parameter for the onset of phase separation. Titrating up
equal total concentrations of each component showed that the maximum solubility
product does approximately coincide with the threshold for phase separation in both the
experiments and models. However, we found that measurements of dilute phase
concentration include contributions from small oligomers, not just monomers; therefore,
a quantitative comparison of the experiments and models required inclusion of small
oligomers in the model analysis. We also examined full phase diagrams where the
model results were almost symmetric along the diagonal, but the experimental results
were highly asymmetric. This led us to perform dynamic light scattering experiments,
where we discovered a weak homotypic interaction for polyPRM; when this was added
to the computational model, it was able to recapitulate the experimentally observed
asymmetry. Thus, comparing experiments to simulation reveals that the solubility
product can be predictive of phase separation, even if small oligomers and low affinity

homotypic interactions preclude experimental measurement of monomer concentration.
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Introduction

Biomolecular condensate formation by the biophysical process of phase
separation is an important modulator of membrane, cytosolic, and nuclear organization
in cells (1-3). Phase separation of specific sets of biomolecules underlies the formation
of membraneless compartments (4) with unique biochemical environments that
organize specific cellular functions much like their membrane-bound organelle
counterparts (5-8). For instance, T cell signaling clusters composed of LAT and binding
partners promotes local actin polymerization (9), specific interactions with dynamic actin
networks at the T cell immune synapse (10), and Ras activation (11). A recent study
also highlights functional coupling of lipid and protein phase separation in T cell
activation (12). Likewise, nephrin clusters control local actin polymerization by
modulating the dwell-time of the Arp2/3 complex at the membrane (13). Aberrant phase
separation of biomolecules is implicated in disease, including cancer and neurological
disorders (14, 15).

Extensive theoretical and experimental work have been performed to
understand the biophysical principles that control the phase separation of biopolymers,
including multivalent proteins and nucleic acids (16—20). Many of these studies used
model proteins, protein fragments, nucleic acids, or other biomolecules in simplified in
vitro biochemical reconstitution assays to investigate phase separation (17, 21-25). Key
insights into the role of phase separation in the formation and function of biomolecular
condensates, and how aberrant phase transitions may underlie disease, emerged from

these studies.
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Initially, the thermodynamic understanding of liquid-liquid phase separation of
polymers, originally described by Flory, was applied to all instances of biological phase
separation (26). In the single component (homotypic) version of the model,
concentration of a polymer increases to a saturation concentration, above which the
solution will demix into a dense phase and dilute phase. Additional polymers added to
the solution will then partition into the dense phase. In this model, the concentration of
both the dilute and dense phase will remain constant; only the volume fraction of the
dense phase will increase as polymers are added to the solution. However, this self-
interacting homotypic model cannot capture the complexities of multi-component
biological condensates. Recently, cellular experiments showed that not all cellular
condensates follow strict Flory-Huggins phase separation principles derived from simple
homotypic systems (27).

Indeed, computational simulations (28) predict that saturation concentrations for
multi-component condensates may not always remain fixed. Especially for heterotypic
interaction-driven systems, dilute phase concentrations of constituent molecules do not
reach a plateau beyond the phase transition threshold. A carefully conducted cellular
experiment investigating the effect of increased nucleolar scaffold nucleophosmin 1
(NPM1) concentration demonstrated that, instead of fixed dilute and dense phase
concentrations with increasing volume fraction as more NPM1 was expressed,
concentrations of dense and dilute phases and the volume fraction all increased as the
concentration of NPM1 increased in the nucleolus (29). These results illustrate the need
for continued development and improvement of models that can be used to predict and

dissect biological phase separation in complex systems.
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98 We have previously proposed the concept of solubility product, the product of
99 monomer concentrations (SP), in explaining the saturation concentration of multi-
100 component heterotypic systems (30, 31). In these modeling studies, when SP reaches a
101  maximal level, the system tends to form large multi-molecular clusters, commonly
102  known as percolation or gelation. Beyond this concentration, SP in the dilute phase
103 gradually decreases at the expense of growing clusters. In other words, the modeling
104  studies predict that the maximal SP may characterize the phase transition point for a
105 multi-component system.
106 In the current study, we combine quantitative biochemical assays and Langevin
107 dynamics simulations to see if the SP concept could be helpful in analyzing the
108 condensation of a simple heterotypic system. We used a 5X tandem repeat of the
109 second Src Homology 3 domain of Nck (polySH3 hereafter), and a 5X tandem repeat of
110 the Abl tyrosine kinase proline-rich motif (polyPRM hereafter), which were previously
111 used to investigate biological phase separation (16, 17, 32), to quantitatively assess
112 dilute and dense phase concentrations of each component. We found that, although
113 experimental data were broadly consistent with our previous proposal that the solubility
114  product predicts phase separation, we identified several factors that complicate the
115 analysis of experimental systems. Importantly, deviations from the expected, ideal
116  behavior of polySH3 and polyPRM predicted by our model enabled the discovery of
117 additional weak interactions between polyPRM proteins that contribute to the phase
118 behavior of our system.
119

120 Methods and Materials
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121 Cloning, expression, purification, and labeling of polySH3 and polyPRM proteins

122 5X repeat Nck SH3 domain 2 (polySH3) and 5X repeat Abl PRM (polyPRM)
123 codon-optimized genes were purchased from GenScript and cloned into a pMal plasmid
124  to generate fusion proteins with an N-terminal Maltose Binding Protein (MBP) and C-
125 terminal Hisg used for affinity chromatography. Each gene contains a single cysteine
126 residue for maleimide conjugated dye labeling. PolySH3 and polyPRM were expressed
127  in E. coli strain BL21 DE3™F by induction with 1 mM IPTG. Cells were lysed using an
128 Avestin Emulsiflex C3 Cell Homogenizer and lysates were centrifuged at 14,000 g for
129 30 minutes at 4 °C to clear the lysate. Lysates were passed over Ni-NTA Agarose resin
130 (QIAGEN) to purify polySH3 and polyPRM from the solution. MBP and Hise tags were
131 removed using TEV protease for 16 hours at 4 °C. Following TEV protease treatment,
132  solutions containing polySH3 and cleaved MBP- and Hisg-tags were passed over

133 Amylose resin (New England Biolabs) to remove excess MBP. TEV-cleaved polySH3
134  and polyPRM were further purified using anion exchange chromatography (for polySH3,
135 Source 15Q resin (Cytiva)) or cation exchange chromatography (for polyPRM, Source
136  15S resin (Cytiva)), and size exclusion chromatography using Superdex 200 Increase
137 resin (Cytiva). PolySH3 was labeled using Alexa Fluor 488 (AF488) Cs Maleimide

138 (Molecular Probes). PolyPRM was labeled using Alexa Fluor 647 (AF647) C, Maleimide
139 (Molecular Probes) using the manufacturer protocol.

140

141 In vitro phase separation assays

142 Fluorescence microscopy and dynamic light scattering (DLS) were used to

143 evaluate phase separation of polySH3 and polyPRM. Briefly, purified unlabelled poly-
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144  SH3 and AF488-polySH3 and unlabelled polyPRM and AF647-polyPRM at

145 concentrations and percentages corresponding to those listed in the results section
146  were mixed in buffer containing 150 mM NaCl, 50 mM HEPES pH 7.3, 1 mM TCEP, and
147 1 mg/ ml BSA at room temperature in an Eppendorf tube and incubated for 2 hours to
148 allow for the equilibration of phase separation. Samples were mixed well and

149 transferred to either a 384 well glass bottom microscopy plate (Greiner) that was

150 previously blocked with 10 mg / ml BSA for 30 min and washed with sample buffer

151 described above to remove excess BSA or 384 well polystyrene bottom plate (Corning)
152  for fluorescence microscopy or dynamic light scattering, respectively.

153

154  Microscopy

155 Images of polySH3 and polyPRM containing samples were captured using a
156 Diskovery Scanhead with selective pinhole sizing mounted on a Leica DMi8 microscope
157 base equipped with a Hamamatsu C9100-13 EM-CCD camera, 488 nm and 637 nm
158 Spectral Borealis lasers, an ASI motorized XY stage, and Leica and ASI Piezo Z focus
159 drives with a 40 X 1.3 NA oil objective. Images were acquired using Volocity software.
160 In our initial assays, we found that the partition coefficient (fluorescence

161 intensity inside condensates / fluorescence intensity outside condensates) was ~100,
162 meaning that the intensity inside condensates was 100X higher than outside

163 condensates. These data were consistent with previous reports (32). However, upon
164  quantifying the low-intensity dilute phase concentration, we noted that the measured
165 intensities were outside the linear range of fluorescence just above the lower detection

166 limit of the EMCCD camera used for image acquisition. Because dilute phase
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167 concentrations are the key parameter for calculating the SP of polySH3 and polyPRM,
168 we performed additional imaging of both experimental samples and control

169 concentration curves. Images used for measuring condensate intensity were captured
170 using low laser power and a short exposure time; these settings were used to capture
171 images for the high concentration curve (Figure S1A). The same sample was then

172 imaged again using high laser power and a longer exposure time to capture images
173 used for calculating the concentration of protein in the dilute phase; these settings were
174  used for capturing images for the low concentration curve (Figure S1B).

175

176  Generation of fluorescence concentration curves

177 AF488-polySH3 or AF647-polyPRM were serially diluted from initial

178 concentrations of 106 uM for AF488-polySH3 and 128 uM for AF647-polyPRM.

179  Fluorescence images of known AF488-polySH3 and AF647-polyPRM concentrations
180 were captured using identical settings to those used to capture images of phase

181 separation assays. Fluorescence intensity was measured using FIJI. Fluorescence

182 intensity was correlated with protein concentrations to generate standard concentration-
183 fluorescence curves (Figure S1) that were used to calculate polySH3 and polyPRM in
184 the dense and dilute phases of images of phase separation assays.

185

186 Quantitative analysis of microscopy images

187 All images were analyzed using FIJI. To obtain concentration of condensates,
188 condensates larger than 10 um were selected and the fluorescence intensity of the

189 central region was measured to avoid confounding effects of the point-spread-function
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190 (17, 33, 34). The intensities of condensates across five images from each of three

191 technical repeats were averaged for each experimental condition and concentration
192  curves were used to calculate the concentration of polySH3 and polyPRM inside the
193 condensates, as we’ve previously done for other quantitative biochemical assays (9,
194  10). To obtain concentration of the dilute phase, samples containing condensates were
195 centrifuged at 700 g for 7 min at RT to pellet condensed protein. Condensate-free

196 supernatant was removed from the sample, imaged, and fluorescence was measured.
197  Fluorescence-concentration curves were used to calculate concentration of polySH3 or
198 polyPRM in the dilute phase.

199

200 Dynamic light scattering

201 Samples of polySH3 and polyPRM were analyzed by DLS using a DynaPro
202 Plate Reader (Waters Wyatt Technologies). 0 uM, 20 uM, and 80 uM of either polySH3
203  or polyPRM were prepared, incubated at room temperature for 2 hours, added to wells
204 in a 384 well plate, centrifuged at 100 g for 1.5 min at RT to remove air bubbles, and
205 analyzed using auto-adjusted laser power.

206

207 Computational simulations

208 We used the SpringSalLaD simulation platform (35) to carry out Langevin dynamics
209 simulations. We previously employed SpringSaLaD (30, 31) to study molecular
210 clustering in the context of phase transition. This type of coarse-grained simulations are

211 routinely used (19, 36, 37) in studying phase transitions of proteins and nucleic acids.
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212 In this framework, a biopolymer is modelled as a collection of spherical sites connected
213 by stiff springs. The sites are divided into two types — “binders” and “linkers”.

214 We modelled poly-SH3 and poly-PRM with 15 sites (Figure 2B). Five SH3

215 domains are interspersed with 10 linker sites; linear molecular length = 42 nm. Similarly,
216 poly-PRM contains five PRM sites linked by 10 linker sites; linear molecular length = 28
217 nm. For all sites, radius = 1 nm, diffusion constant = 2 pm?/ s. A dissociation constant of
218 Kd =350 uM (Kon = 10 pM™.s™, Koff = 3500 s™) was used to describe SH3 to PRM
219  binding. Simulation time constants, dt (step size) = 10® s, dt_spring (spring relaxation
220 constant) =107 s.

221 We start the simulations by randomly placing N number of molecules in the 3D
222  simulation volume. We titrate N to increase the molecular concentrations. Once the

223 system reaches steady state, we compute the cluster size distribution across multiple
224 stochastic trials.

225 We construct the model using the graphical interface of the SpringSaLaD

226  software and then run multiple simulations in parallel using the High Performance

227  Computing facility at UConn Health_(https://health.uconn.edu/high-performance-

228 computing/). A typical 20 ms simulation (time step = 10 ns) of a system consisting of
229 3000 sites (200 molecules) takes about 4 hours on a Xeon processor. The execution
230 time, of course, is very sensitive to the simulation conditions like number of molecules,
231  structural constraints within molecules etc.

232

233 Results

234  Experimental quantification of polySH3 and polyPRM in the dense and dilute phases

10
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235 We used a 5X repeated SH3 domain (SH3 domain number two of Nck)

236  connected by GGS linkers of equal length, referred to here as polySH3 (molecular

237 weight = 43 kDa), and 5X repeated proline rich motif (Proline rich motif from Abl tyrosine
238 kinase) connected by GGS linkers of equal length, referred to here as polyPRM

239 (molecular weight = 12 kDa), experimental system to test the model predictions when
240 evaluating multi-component condensate formation. We calculated the concentration of
241  Alexa Fluor 488 labeled polySH3 (AF488-polySH3) and Alexa Fluor 647 labeled

242  polyPRM (AF647-polyPRM) in dilute and dense phases by comparing measured

243 fluorescence with a standard concentration curve produced from images of increasing
244  concentrations of dye-conjugated polySH3 or polyPRM (Figure S1) (33, 34). Because
245  we doped labeled protein at 0.25 % to 5 % depending on the experiment, we divided the
246  calculated concentration of AF labeled protein by the percent labeling to calculate the
247  total concentration of protein in the dilute phase. Protein concentrations in solution were
248  verified by measuring the A280 and A488 (AF488-polySH3) or A647 (AF647-polyPRM)
249 absorbance and calculating the concentration using the extinction coefficient of each
250 protein or dye.

251 To detect phase separation and determine the concentrations in the dilute and
252 dense phases, we performed quantitative fluorescence measurements on microscope
253 images. Images from titrations of equimolar concentrations of AF488-polySH3 and

254  AF647-polyPRM are shown in Figure 1A. Consistent with previously published reports
255 (16, 32), we observed phase separation at ~40 uM polySH3 and polyPRM (Figure 1A).
256  We observed that concentrations of both proteins in dilute and dense phases changed

257  as their total concentrations were increased (Figure 1B, C). Dilute phase concentrations

11


https://doi.org/10.1101/2024.01.23.576869
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.01.23.576869; this version posted January 26, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

258 of polySH3 and polyPRM increased as they approached a peak at 50 uM and then
259 decreased at higher total concentrations. The concentrations of polyPRM and polySH3
260 diverged from each other at 60 pM, after which the dilute phase concentration of

261 polyPRM was significantly below the concentration of polySH3 (Figure 1B). This

262 indicates that polyPRM preferentially partitions into the dense phase at higher

263  concentrations (Figure 1C).

264

265 Experimental and computational solubility product trends are qualitatively similar

266 We used dilute phase concentrations from our experiments where equimolar
267 polySH3 and polyPRM are added in solution to calculate the SP (dilute phase [polySH3]
268 x dilute phase [polyPRM]) and found that the maximum occurred near 40 uM of each
269 component (Figure 2A), coincident with the onset of phase separation (Figure 1A).
270 Beyond the threshold, SP decreases slowly as we increase the total concentrations.
271  (Figure 2A).

272 To computationally predict the phase behaviour of our model system, we used
273 the SpringSalLaD simulation platform (35) to generate two pentavalent molecules

274  (Figure 2B); one contains five SH3 domains while the other consists of five PRM

275 domains. The lengths of each model molecule approximate the lengths of the actual
276  proteins, with polyPRM being shorter than polySH3. Each SH3 can interact with each
277  PRM with an affinity of 350 uM, derived from the measured binding affinity of the

278 second SH3 domain of Nck and PRM of Abl (16). The experimental solubility product
279  (Figure 2A) is qualitatively captured by our simulations (Figures 2C-E) where the

280 predicted SP, including clusters containing five or fewer molecules, reaches to the

12
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281 maximal level and then decreases (Figure 2C). We chose to include small oligomers < 5
282  molecules in our solubility product calculations because of previous reports that

283 demonstrate the existence of small oligomers in the dilute phase of a phase separated
284  system (38—40).

285 To identify phase transitions, we compute the cluster size distribution at each
286 concentration. At a total concentration of 100 uM, molecules were found in small

287 clusters containing less than 15 molecules (Figure 2D, left). However, larger clusters
288  containing more than 20 molecules were observed at a total concentration of 200 yM
289  (Figure 2D, right). The distribution is characterized by a quantity called average cluster
290 occupancy or ACO (Figure S2A, and thoroughly described in (31)). The ACO measures
291 the proportion of molecules residing in large clusters. Since we are titrating up the

292  molecular counts, we normalize ACO by the total molecules (Nitar). When we

293 systematically compute the normalized ACO as a function of total concentration (Figure
294  2E), it shows a minimum around ~133 uM. Beyond this point, normalized ACO goes up
295 steadily, indicating that as molecules are being added to the system, they are more and
296  more likely to funnel into large clusters. Thus, the minimum in normalized ACO (ACO /
297  Nuwta) Serves as the phase transition predictor (31) The histograms produced by the
298 SpringSaLaD simulations above the point of phase separation (Figure 2D) show that a
299 distribution of small oligomers consistently persist in the presence of just 1 or 2 large
300 clusters. These histograms also reveal that below the point of phase separation, the
301 system consists of a distribution of small oligomers, consistent with recent reports (38—
302 40). The oligomer-adjusted SP reaches to a maximal level (Figure 2C) when normalized

303 ACO shows a minimum. Similarly, in the experiment (Figures 1A and 2A) maximal SP

13
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304 coincides with the onset of phase separation. Thus, the notion that maximum SP

305 coincides with the phase transition appears to qualitatively hold for both simulation and
306 experiment.

307 However, simulated dilute phase concentrations of polySH3 and polyPRM

308 concentrations are similar (Figure S2B), unlike in experiments (Figures 1B, C). Also, we
309 note that a comparison of concentrations at which phase separation occurs are

310 approximately 2-fold higher for simulations than for experiments. This prompted us to
311 further explore both the assumptions underlying our model system to see if we could
312 uncover causes contributing to these quantitative discrepancies.

313

314 SPs of non-equimolar polySH3 and polyPRM concentrations are asymmetrically

315 distributed across the phase diagram

316 To further explore the utility of the SP parameter, we performed assays from 0
317 M to 80 uM at 10uM intervals for the full matrix of combinations of polySH3 or

318 polyPRM. Surprisingly, the experimental phase behavior (Figure 3A) is markedly

319 asymmetric, with a clear bias above the diagonal, indicating that more polyPRM than
320 polySH3 is required for phase separation. When we measured the concentration of
321 polySH3 and polyPRM in the dense and dilute phases, we found that both dilute and
322 dense phase concentrations vary depending on the total concentration of each

323 component used for the assay (Figure S3). These data are consistent with previous
324  observations of measured nucleolar protein concentrations (29). We observe that

325 polyPRM has a greater tendency to partition into condensates; correspondingly, in the

326 2-phase region, the polyPRM is generally lower in the dilute phase than PolySH3

14
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327  (Figure S3). This produces an experimental SP pattern that is opposite to the

328 experimental phase diagram (Figure 3B).

329 Concomitantly, we performed simulations across the same range of polySH3
330 and polyPRM concentrations. In contrast to the experiment (Figure 3B) these resulted in
331 an approximately symmetric pattern of condensate formation on either side of the

332 diagonal (Figure 3C) and a symmetric distribution of SPs calculated using monomer and
333 small oligomer concentrations (Figure 3D). These differences between our simulation
334 and experimental results indicate that the computational model needs to account for
335 additional interactions that might be present in the experimental system. Therefore, we
336 experimentally investigated potential causes of the asymmetry observed in our system.
337

338 PolyPRM self-association contributes to the asymmetry of SPs across polySH3 and

339 polyPRM concentrations

340 In our simulations, only heterotypic binding of the 2 pentavalent species (SH3 + PRM) is
341 considered. We reasoned that if polySH3 or polyPRM self-associated (homotypic

342 interactions), this could generate situations where molecules are unequally funnelled
343 into condensates resulting in asymmetric concentrations in the dense and dilute phases.
344  Using dynamic light scattering (DLS) we probed the propensity for polyPRM and

345 polySH3 to self-associate. Indeed, polyPRM self-associated in the concentration range
346 used in our experiments; when we performed DLS on polyPRM-containing solutions
347  below (20 uM) or above (80 uM) the threshold for heterotypic (polyPRM + polySH3)

348 phase separation, two peaks were observed (Figure 4A). We did not observe

349 macroscopic phase separation for these concentrations of polyPRM (Figure 3A),
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350 consistent with polyPRM forming relatively small oligomers below microscopic

351 resolution. In other words, polyPRM displays a tendency to self-associate (homotypic
352 interactions), which is not strong enough to result in phase separation within the

353 concentration range explored here. In contrast, as we increased the concentration of
354  polySHS3 in solution from 20 uM to 80 uM, we did not observe any changes in its

355 dispersity indicating that polySH3 did not form small oligomers in solution (Figure 4B).
356 These data indicate that polyPRM can self-associate in solution while polySH3 remains
357 monodisperse.

358 To model this self-association, we introduced a weak interaction with a binding
359 affinity of 1750 uM (5 times weaker than SH3-PRM binding) between the yellow linker
360 sites in the polyPRM structure (Figure 4C). While these parameters are estimates and
361 not based on experimental data, we felt they would help test the idea that weak self-
362 association of the PolyPRM might allow the model to recapitulate the asymmetric

363 patterns evident in the experiments of Figures 3A and 3B. Indeed, simulations using
364 these parameters showed significantly improved agreement with our experimental data,
365 notably the asymmetry of the phase diagram (Figure 4D vs. Figure 3A). We also

366 observe an asymmetric distribution of SPs across the phase diagram that mirrors our
367 experimentally calculated SPs (Figure 4E vs. Figure 3B). Thus, the inclusion of

368 polyPRM homotypic self-association in simulations recapitulates the asymmetry

369 observed in our experimental data and contributes to more accurate simulations. Also
370 satisfyingly, the simulated phase diagram of Figure 4D is shifted to lower threshold

371 concentrations, compared to Figure 3D, where the additional homotypic interactions had

372 not been considered. Thus, simulations that include the polyPRM homotypic
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373 interactions revealed by the DLS measurements are much more quantitatively in line
374  with the experiments for both SP and phase diagrams.
375

376 Extraction of the monomeric SP reveals a symmetric pattern

377 The correlation between our experimental SP data (Figure 3B) and simulation (Figure
378 4E) informs us about the validity of our model predictions when we properly account for
379 both small oligomers and the self-association of the polyPRM. We then sought to

380 perform a virtual experiment that examines the behavior of the system based on the
381 monomeric SP. From our simulations, we extract the monomeric concentrations of

382 polySH3 and polyPRM, and compute a monomeric SP (SPmonomer). Figure 5 reveals that
383  SPmonomer iS surpisingly symmetric even in the presence of polyPRM self-association.
384 The range at which SPmonomer maintains its maximal level decreases in the presence of
385 homotypic interaction, but the pattern remains symmetric around the diagonal line (i.e.
386 the equal concentration line)._It is important to note that experimentally resolving

387 monomers using common techniques, including fluorescence microscopy and DLS, is
388 not currently feasible as monomers lie below the resolution limit for these techniques.
389  Although the inherent resolution limit prevents us from experimentally measuring the
390 monomer concentration, our computational model highlights the key interplay of

391 monomers and small oligomers in shaping the composition of the dilute phase.

392

393 Discussion

394 In homotypic phase separating systems, increasing the concentration of protein

395 or nucleic acid above the critical concentration for phase separation will result in the
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396 formation of coexisting dilute and dense phases. Increasing salt, temperature, or pH will
397 alter the critical concentration at which phase separation occurs. In these systems at a
398 given temperature, pH, or salt concentration, each phase will maintain a single

399 concentration as the overall concentration of protein or RNA increases above the critical
400 concentration while the volume fraction of the dense phase will increase. However,

401 biomolecular condensate formation in cells often depends on multivalent binding

402 between multiple heterotypic components. The lack of a threshold saturation

403 concentration for any individual component of a multi-component heterotypic

404 condensate has been problematic for the formulation of a coherent thermodynamic

405 picture of the concentration dependence for phase transition (29). We previously

406 proposed that instead of looking at the individual components, if we consider the

407  stoichiometry-adjusted product of monomeric concentrations (“Solubility product” or
408 SP), this joint quantity converges to a maximal level when the system undergoes a

409 percolation transition (30, 31). In other words, when these multivalent molecules start to
410 form very large clusters, SP of the system saturates, even though monomer

411  concentrations of individual molecular types may continue to increase. Beyond this

412  point, SP gradually goes down as more and more monomers are funnelled into the

413 large clusters. In this current work, we wanted to test our computational predictions

414  using quantitative biochemical assays.

415 We have previously used spatial Langevin dynamics simulations to show that
416 heterotypic phase separation can be predicted by calculating the SP of heterotypic

417 monomers at equimolar concentrations of model proteins (30, 31). In our initial

418 publication, we found that the SP plateaued at total concentrations that coincided with
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419 the formation of mesoscale condensates in our simulations. Using non-spatial

420 simulations, we found that intra-cluster binding, or interactions between molecules that
421 result in the formation of bi-molecular rings is a strong contributor to modeled phase
422  separation (41). More recently, we showed that intra-cluster binding will result in a peak
423  SP at the point where proteins demix into phase separated condensates, followed by a
424  decrease in the SP as the concentration of heterotypic interactors increases (31). In the
425 present study (Figures 1 and 2), experimental results for titrations of equal

426  concentrations of polyPRM and polySH3 are qualitatively similar to simulations that
427  accounted for SH3-PRM interactions and intra-cluster binding. The SP increases with
428 increasing equimolar concentrations and then decreases with increasing polySH3 and
429 polyPRM concentrations above the critical concentration for condensation.

430 Experimentally, the observed decrease in the dilute phase is accompanied by an

431 increase in the dense phase, indicating that more molecules are funneled into the

432 condensates as the total concentration increases.

433 However, determination of SP across the entire phase diagram revealed a
434  divergence between computational predictions and experiments. We experimentally
435 observed an asymmetrical patterns of SPs and phase separation in our experiments,
436  while our simulations predicted a symmetrical patterns (Figure 3). We hypothesized
437 that this may be caused by self-association interactions between polySH3 or polyPRM.
438 Our DLS analysis of polyPRM in solution experimentally confirmed that polyPRM does
439 self-associate at concentrations at and above 20 uM. Consequently, we included

440 polyPRM self-association in our simulations using a weak binding constant (1750 uM).

441  Accounting for this self-interaction resulted in computational predictions that more
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442  accurately predicted experimental results (Figure 4). This is especially relevant because
443  quantitative experiments typically used to study biological phase separation, such as
444  quantitative fluorescence light microscopy, cannot distinguish between monomers and
445  small oligomers that remain in the dilute phase. Therefore, any calculations of dilute
446 phase concentration from fluorescence necessarily include small oligomers as well as
447  monomers. Computational SP that includes small oligomers and homotypic polyPRM
448 interactions (SPoigomer) demonstrates asymmetry across the phase diagram, similar to
449 that calculated from experiments (Figures 3B, 4F). Additionally, computationally derived
450  SPuigomer and dilute phase concentrations (Figures 4E, S4A, S4B) showed a similar

451 trend to experimental results (Figures 1B and 2A).

452 The agreement between experimental and simulated SPjigomer gave us

453  confidence that our computational model accurately described the interactions driving
454  the corresponding experimental system. This allowed us to parse our simulations to
455  obtain the true monomeric SP across the phase diagram. It is through this analysis that
456 the power of our computational model becomes readily apparent and provides

457  mechanistic insight that confirms our previous predictions that the maximal monomeric
458 SP exists at the phase boundary and is therefore predictive of phase separation.

459 Figure 6 summarizes our working model (hypothesis) unveiled in the current
460 study. For a system undergoing phase separation, there exists a three-state equilibrium.
461 From a macroscopic point of view, there are two phases — dilute and dense that can be
462 observed and measured via experimental techniques. However, within the dilute phase,
463 there is another equilibrium between monomers and small oligomers, which is difficult to

464  detect experimentally. Based on our simulations, we observe monomeric SP achieves a
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465 maximum along the diagonal, even if the weak homotypic interactions of the polyPRM
466 are accounted for (Figure 5B). This principle, manifested in the form of a symmetric

467 phase diagram, is obscured in the presence of small oligomers. Not surprisingly, small
468 oligomers affect the off-diagonal elements (where stoichiometric ratio does not equal 1)
469 more than the on-diagonal elements. The composition of small oligomers can be heavily
470 influenced by weak homotypic interactions. These interactions yield a confounding trend
471 in the experimental SP level. Overall, the interplay between quantitative experimentation
472 and computational modeling enables us to recognize a three-component system,

473 monomer-oligomer-condensate, that governs the phase behavior of the model proteins.
474 Despite the presence of homotypic interactions, we used a SP expression that
475  only includes heterotypic interactions. Since the homotypic interactions are not strong
476  enough to initiate a PRM-only phase separation, we feel this approximation is justified.
477  This also allows us to extend the SP idea into more complex multi-component systems.
478 Condensate forming biomolecules can be broadly classified into two categories —

479  “Scaffolds” and “Clients” (4). Scaffolds are required components that drive the phase
480 separation, while clients are auxiliary components that are recruited to the condensates
481  but cannot phase separate on their own. While thinking about the threshold

482  concentration of such complex systems, SP should more strongly depend on the

483 scaffold monomers, and minimally on the client monomers. Overall, mechanistic

484  insights revealed in the current study support the usefulness of the SP idea in

485  explaining the threshold concentration of multi-component biological condensates.

486
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498 Figure Legends

499 Figure 1. Concentration of polySH3 and polyPRM in dense and dilute phase changes
500 with the increasing total concentration. A) Equimolar concentrations of polySH3 (green)
501 and polyPRM (magenta) undergo phase separation above 40 uM each (total

502 concentration of protein = 80 uM). Brightness and contrast for each image were

503 adjusted for visualization and to account for differences in percent labeling. n = 3. Scale
504 bar = 20 um. B) Dilute phase concentrations of polySH3 and polyPRM as a function of
505 total concentration. C) Dense phase concentrations of polySH3 and polyPRM as the
506 total concentration increases. In (B, C) dilute and dense phase concentrations were
507 calculated from the images obtained for the phase diagram using fluorescence

508 concentration curves (Figure S1A, S1B). The green and magenta lines represent

509 polySH3 and polyPRM, respectively. Shaded regions represent error corresponding to

510 the standard deviation.
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511 Figure 2. Accounting for small oligomers in our simulated dilute phase results in more
512 accurate quantitative predicted dilute phase concentrations and SP. A) Experimentally
513 calculated SP of equimolar polySH3 and polyPRM concentrations. Concentration on X
514  axis is per component, i.e., 20 uM Total Concentration = 20 JM polyPRM - 20 uM

515 polySH3. B) SpringSaLaD representation of polySH3 and polyPRM. In polySH3, five
516 (green) SH3 domains are interspersed with 10 linker sites (pink); linear molecular length
517 =42 nm. Similarly, polyPRM contains five (magenta) binding sites linked by 10 (orange)
518 linker sites; linear molecular length = 28 nm. For all sites, radius = 1 nm, diffusion

519 constant = 2 uym?/ s. C) Solubility product (SPgiue) profile where SPgiue = [Dilute SH3] *
520 [Dilute PRM], derived from simulation results when clusters including up to five

521 molecules are included in dilute phase calculations. D) Molecular clusters at 100 uM
522 and 200 uM, respectively. We randomly place N molecules of each type in a 3D

523  reaction volume of 100*100*100 nm®. We then titrate up N to increase the molecular
524  concentrations and quantify the cluster size distribution at steady state. For this system,
525 N =[20, 40, 60, 80, 100, 120, 140, 160]. We run 50 stochastic trials for each condition
526 and sample 2 steady state timepoints for each trial. So, each free concentration data
527 point is an average over 100 independent realizations. E) Extent of molecular clustering
528 as a function of concentration. Average of the cluster size distribution is referred to as
529 the average cluster occupancy (ACO) which is then divided by the total number of

530 molecules (Nita) present in the system. In (A) and (C), circle represents the mean, and
531 the fluctuation envelope visualizes standard deviations.

532 Figure 3. Experimental SPs are asymmetrically distributed across the phase diagram

533 contrary to symmetrically distributed simulated SPs. A) Phase diagram obtained using

23


https://doi.org/10.1101/2024.01.23.576869
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.01.23.576869; this version posted January 26, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

534 poly SH3 and polyPRM concentrations ranging from 0 uM to 80 M. n = 3. Scale bar =
535 20 um. B) Experimental SPs are asymmetrically distributed across concentrations.

536  Color scale indicates the experimentally calculated SP. C) Binary classification of phase
537 transition tendency based on the SpringSalLaD simulated cluster size distribution. Red
538 points indicate phase transition while cyan points do not predict phase transition. For
539 the classification, we inspect each steady state timeframe and look for a cluster that
540 contains at least 10% of the total molecules. This thresholding yields a series of “yes”
541 and “no”. If fraction of “yes” > 0.5, then the system has a phase transition tendency.
542  SH3 and PRM counts are 20, 40, 60, 80, 100, 120, 140, 160 and reaction volume is
543  100*100*100 nm*. Number of steady state timeframes = 100. D) Solubility product (SP)
544  profile from simulations along the phase diagram where SP = [Dilute polySH3] * [Dilute
545 polyPRM]. As described earlier (Figure 2C), dilute phase includes clusters up to size 5.
546  Number of steady state timeframes = 150.

547 Figure 4. PRM-PRM self-association causes SP to be asymmetrical across the phase
548 diagram. A) Dynamic Light Scattering (DLS) analysis of solutions containing polyPRM
549 at concentrations of 0 uM (buffer only, black), 20 uM (cyan), and 80 uM (magenta). B)
550 DLS analysis of solutions containing polySH3 at concentrations of O uM (buffer only,
551 black), 20 uM (cyan), and 80 uM (magenta). C) Illustration of our modified model where
552 PRMs can self-associate. We enabled binding (5x weaker than the canonical SH3-PRM
553 interaction) between linkers of PRM molecules. D) Binary classification of phase

554 transition tendency based on the cluster size distribution, as described in Figure 3C.
555 SH3 and PRM counts are 20, 40, 60, 80, 100, 120, 140, 160 and reaction volume is

556  100*100*100 nm?. Number of steady state timeframes = 100. E) Simulated SPoligomer
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557 (SP that includes small oligomers and homotypic polyPRM interactions) profile across
558 the phase diagram. Number of steady state timeframes = 150.

559  Figure 5. The maximal simulated monomer solubility product occurs at the critical

560 concentrations for phase separation across the phase diagram. A) Simulated SPmonomer
561 profile across the phase diagram when only heterotypic interactions between polySH3
562 and polyPRM are modeled. Number of steady state timeframes = 150. B) Simulated
563  SPmonomer Profile across the phase diagram when heterotypic interactions between

564 polySH3 and polyPRM and homotypic interactions between polyPRM and polyPRM are
565 modeled. Number of steady state timeframes = 150.

566 Figure 6. A picture of equilibrium for multicomponent phase separating systems at

567 equilibrium. Experimentally measured dilute phase concentration includes both

568 monomers and small oligomers, allowing us to calculate the SPgjigomer 8Cross

569 concentrations in the phase diagram. We can also calculate this parameter using

570 computational modeling to determine agreement between experimental and

571 computational systems. When the computational and experimental SPgjigomer are in

572 agreement, the model can be parsed for the SPmonomer. Phase separation occurs at the
573  maximal SPmonomer-

574

575 Supplemental Figure Legends

576 Figure S1. A) AF488-polySH3 (left) and AF647-polyPRM (right) dilution curves used for
577 calculating the dense phase concentrations of each protein. B) AF488-polySH3 (left)
578 and AF647-polyPRM (right) dilution curves used for calculating the dilute phase

579 concentrations of each protein.
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580 Figure S2. A) Simulated fractions of molecules at each size cluster when the

581 concentrations of polySH3 and polyPRM are 120 uM (left) or 240 uM (right). Data used
582  for calculating the ACO in Figure 2E. B) Simulated concentrations of polySH3 (green)
583 and polyPRM (magenta) along the concentration diagonal when clusters containing five
584  or fewer molecules are quantified. Simulations only are performed considering

585 heterotypic polySHS3 - polyPRM interactions.

586 Figure S3. A) Experimentally measured dense phase concentrations of polySH3 across
587 the phase diagram. B) Experimentally measured dense phase concentrations of

588 polyPRM across the phase diagram. C) The ratio of polySH3: polyPRM in the dense
589 phase across the experimental phase diagram. D) Experimentally measured dilute

590 phase concentrations of polySH3 across the phase diagram. E) Experimentally

591 measured dilute phase concentrations of polyPRM across the phase diagram. F) The
592 ratio of polySH3: polyPRM in the dilute phase across the experimental phase diagram.
593 Figure S4. A) Simulated concentrations of polySH3 (green) and polyPRM (magenta)
594  along the concentration diagonal when clusters containing five or fewer molecules are
595 quantified. Simulations are performed with heterotypic polySH3 - polyPRM and

596  homotypic polyPRM — polyPRM interactions. B) Simulated SPgjigomer from simulations
597 performed with heterotypic polySH3 - polyPRM and homotypic polyPRM — polyPRM
598 interactions.

599

600 References

601 1. S.F.Banani, H. O. Lee, A. A. Hyman, M. K. Rosen, Biomolecular condensates:
602 organizers of cellular biochemistry. Nat Rev Mol Cell Biol 18, 285-298 (2017).

603 2. Y. Shin, C. P. Brangwynne, Liquid phase condensation in cell physiology and
604 disease. Science 357 (2017).

26


https://doi.org/10.1101/2024.01.23.576869
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.01.23.576869; this version posted January 26, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

605 3. A.S.Lyon, W.B. Peeples, M. K. Rosen, A framework for understanding the

606 functions of biomolecular condensates across scales. Nature Reviews Molecular
607 Cell Biology (2020) https:/doi.org/10.1038/s41580-020-00303-z.

608 4. J.A. Ditlev, L. B. Case, M. K. Rosen, Who’s In and Who’s Out—Compositional
609 Control of Biomolecular Condensates. Journal of Molecular Biology (2018)

610 https:/doi.org/https://doi.org/10.1016/}.jmb.2018.08.003.

611 5. J.Sheu-Gruttadauria, I. J. MacRae, Phase Transitions in the Assembly and

612 Function of Human miRISC. Cell 173, 1-12 (2018).

613 6. A.S. Holehouse, R. V. Pappu, Functional Implications of Intracellular Phase
614 Transitions. Biochemistry 57, 2415-2423 (2018).

615 7. W. Peeples, M. K. Rosen, Mechanistic dissection of increased enzymatic rate in a
616 phase-separated compartment. Nature Chemical Biology 17, 693—-702 (2021).
617 8. D. Sang, et al., Condensed-phase signaling can expand kinase specificity and
618 respond to macromolecular crowding. Molecular Cell 82, 3693-3711.e10 (2022).
619 9. X Su, etal., Phase separation of signaling molecules promotes T cell receptor
620 signal transduction. Science 352, 595-599 (2016).

621 10. J. A. Ditlev, et al., A composition-dependent molecular clutch between T cell
622 signaling condensates and actin. eLife 8, e42695 (2019).

623 11. W.Y.C. Huang, et al., A molecular assembly phase transition and kinetic

624 proofreading modulate Ras activation by SOS. Science 363, 1098 LP — 1103
625 (2019).

626 12. H.-Y.Wang, et al., Coupling of protein condensates to ordered lipid domains
627 determines functional membrane organization. Science Advances 9, eadf6205
628 (2023).

629 13. L. B. Case, X. Zhang, J. A. Ditlev, M. K. Rosen, Stoichiometry controls activity of
630 phase-separated clusters of actin signaling proteins. Science 363, 1093-1097
631 (2019).

632 14. S. Spannl, M. Tereshchenko, G. J. Mastromarco, S. J. Ihn, H. O. Lee, Biomolecular
633 condensates in neurodegeneration and cancer. Traffic 20, 890-911 (2019).

634 15. S. Alberti, A. A. Hyman, Biomolecular condensates at the nexus of cellular stress,
635 protein aggregation disease and ageing. Nature Reviews Molecular Cell Biology
636 22, 196-213 (2021).

637 16. P.Lli, etal., Phase transitions in the assembly of multivalent signalling proteins.
638 Nature 483, 336—340 (2012).

27


https://doi.org/10.1101/2024.01.23.576869
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.01.23.576869; this version posted January 26, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

639 17. S.F.Banani, et al., Compositional Control of Phase-Separated Cellular Bodies.
640 Cell 166, 651-663 (2016).

641 18. J.Wang, et al., A Molecular Grammar Governing the Driving Forces for Phase

642 Separation of Prion-like RNA Binding Proteins. Cell 174, 688-699.e16 (2018).

643 19. T.S.Harmon, A. S. Holehouse, M. K. Rosen, R. V. Pappu, Intrinsically disordered
644 linkers determine the interplay between phase separation and gelation in

645 multivalent proteins. eLife 6, €30294 (2017).

646 20. E.W. Matrtin, et al., Valence and patterning of aromatic residues determine the
647 phase behavior of prion-like domains. Science 367, 694 LP — 699 (2020).

648 21. A. Patel, et al., A Liquid-to-Solid Phase Transition of the ALS Protein FUS
649 Accelerated by Disease Mutation. Cell 162, 1066—1077 (2015).

650 22. A.Jain, R. D. Vale, RNA phase transitions in repeat expansion disorders. Nature
651 advance on (2017).

652 23. A. Patel, et al., ATP as a biological hydrotrope. Science 356, 753 LP — 756 (2017).

653 24. M. Zeng, et al., Reconstituted Postsynaptic Density as a Molecular Platform for

654 Understanding Synapse Formation and Plasticity. Cell 174, 1172-1187.e16 (2018).
655 25. T.H.Kim, et al., Phospho-dependent phase separation of FMRP and CAPRIN1
656 recapitulates regulation of translation and deadenylation. Science 365, 825 LP —
657 829 (2019).

658 26. P.J. Flory, Thermodynamics of High Polymer Solutions. The Journal of Chemical
659 Physics 10, 51-61 (1942).

660 27. D.T.McSwiggen, M. Mir, X. Darzacq, R. Tjian, Evaluating phase separation in live

661 cells: diagnosis, caveats, and functional consequences. Genes & Development 33,
662 1619-1634 (2019).

663 28. J.-M. Choi, F. Dar, R. V. Pappu, LASSI: A lattice model for simulating phase

664 transitions of multivalent proteins. PLoS computational biology 15, 1007028

665 (2019).

666 29. J. A. Riback, et al., Composition-dependent thermodynamics of intracellular phase
667 separation. Nature 581, 209-214 (2020).

668 30. A. Chattaraj, M. L. Blinov, L. M. Loew, The solubility product extends the buffering
669 concept to heterotypic biomolecular condensates. eLife 10, e67176 (2021).

670 31. A.Chattaraj, L. M. Loew, The maximum solubility product marks the threshold for
671 condensation of multivalent biomolecules. Biophysical Journal 122, 1678-1690
672 (2023).

28


https://doi.org/10.1101/2024.01.23.576869
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.01.23.576869; this version posted January 26, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

673 32. A. Ghosh, K. Mazarakos, H.-X. Zhou, Three archetypical classes of

674 macromolecular regulators of protein liquid—liquid phase separation. Proceedings
675 of the National Academy of Sciences 116, 19474-19483 (2019).

676 33. C. Fink, F. Morgan, L. M. Loew, Intracellular fluorescent probe concentrations by
677 confocal microscopy. Biophys J 75, 1648—-1658 (1998).

678 34. J. A Ditlev, et al., Stoichiometry of Nck-dependent actin polymerization in living
679 cells. J Cell Biol 197, 643-658 (2012).

680 35. P.J. Michalski, L. M. Loew, SpringSaLaD: A Spatial, Particle-Based Biochemical
681 Simulation Platform with Excluded Volume. Biophys J 110, 523-529 (2016).

682 36. Y.Zhang, B. Xu, B. G. Weiner, Y. Meir, N. S. Wingreen, Decoding the physical
683 principles of two-component biomolecular phase separation. eLife 10, €62403
684 (2021).

685 37. S. Ranganathan, E. I. Shakhnovich, Dynamic metastable long-living droplets
686 formed by sticker-spacer proteins. eLife 9, e56159 (2020).

687 38. M. Kar, et al., Phase-separating RNA-binding proteins form heterogeneous

688 distributions of clusters in subsaturated solutions. Proceedings of the National
689 Academy of Sciences 119, e2202222119 (2022).

690 39. I. Seim, et al., Dilute phase oligomerization can oppose phase separation and
691 modulate material properties of a ribonucleoprotein condensate. Proceedings of
692 the National Academy of Sciences 119, e2120799119 (2022).

693 40. C. Lan, et al., Quantitative real-time in-cell imaging reveals heterogeneous clusters
694 of proteins prior to condensation. Nature Communications 14, 4831 (2023).

695 41. C. V. Falkenberg, M. L. Blinov, L. M. Loew, Pleomorphic ensembles: formation of
696 large clusters composed of weakly interacting multivalent molecules. Biophys J
697 105, 2451-2460 (2013).

698
699
700
701

29


https://doi.org/10.1101/2024.01.23.576869
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.01.23.576869; this version posted January 26, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

A 10pM 20puM 30pM 40pM 50 pM 60 pM 70 pM 80 uM
PolySH3
PolyPRM
Merge
50
- < 30001 -®- SH3 -e- PRM
= =
540 E - 3 d
- | i .
8530 LD 8§ 2000 i s
- o . % ] / N .
I N e
255 85 e
S / EE i
3 g '/ 8 g 1000 0
E10|@ s i
o -®- SH3 -®- PRM o i
0 0{e-—o-—-o--—-4
20 40 60 80 0 20 40 60 80
Total concentration (uM) Total concentration (uM)

Figure 1


https://doi.org/10.1101/2024.01.23.576869
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.01.23.576869; this version posted January 26, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

T 1600 g
Clusters<5
i - ® ® ® ® @ rrm, % 5000 - o0
g 1200 (o) 4 o - O O - O - O s é A e
L - S &
2 a0 » & ° 10 20 30 a0 g2 .
o nm 4
z & H o
: w 3 10007 4
E o 3 L
20 40 60 80 50 100 150 200 250
Total concentration (upM) Total concentration (uM)
SH3 = PRM ~ 100 pM SH3 = PRM ~ 200 pM 03
Run 1 Run 1
02 | | 02 A
g 00 | | [ g oo \‘\Hu I | _ 02
] Run2 S Run2 o| &
R | 2 o2 g zs i A
S 0o [loiayall S qollibt | o1l i
E Run3 5 Run3 A A A
2 02 | 2 02
5 00 (I 5 00 T | 00
g oz Rund g 02 Run4 : 50 100 150 200 250
g | | £ ‘ ‘ Total concentration (uM)
S o0 | I 1 2 0o Ll
w Runs w Run5
02 | 02 |
00 | Loy 1 00 a1 |
5 1 1 0 2

Cluster size (molecules)

Figure 2

60
Cluster size (molecules)



https://doi.org/10.1101/2024.01.23.576869
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.01.23.576869; this version posted January 26, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

A PolySH3 (uM) B
Experimental Solubility Product
80 3000
~70
=
EX
60 °
= c
H S 1000
2 % 50 o e
= =
x €
5 840 .
[ c
= 8
s30 ' 300
o
820 e
108 o
100
10 20 30 40 50 60 70 80
SH3 concentration (uM)
C D
Simulation Solubility Product
10000
L] L] L] L] L] @ L] L] . L] L] L]
~ 250 _.250
E_ o . . . . . . . § e o o o
52000 e o e e e o ’g'goo T e o o it
® =
2150 ° ° ° o . ° ] . E Ny
= -
8 o o o o & o o £ 180 3000
g b L] . .
S 1001 » . . ° . . . . §100 T
Z s
e . o . . . o B ° 2
& 5 & s o o
. . ° ° . . ° o 50
50 100 150 200 250 &l 1000
SH3 concentration (uM) 50 100 150 200 250

SH3 concentration (pM)

No Phase Transition «
Phase Transition e

Figure 3


https://doi.org/10.1101/2024.01.23.576869
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.01.23.576869; this version posted January 26, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

A PolyPRM B PolySH3
50 50
= — Buffer = — Buffer
340 PolyPRM20pm 3 40 PolySH3 20 pM
= 30 — PolyPRM 80 uM = 30 — PolySH3 80 M
2 2
5 20 5 20
c c
8 10 8 10
£ 0 I \ £ 0
1 10 100 1000 10000 1 10 100 1000 10000
Diameter (nm) Diameter (nm)
C

{SH3} + {PRM}, Kd = 350 pM
+ ,Kd = 1750 pM

00000000000000 (PRV)
-9-0-0-0-0-0-0-0-0-0-0-0-0-95:
o 10 20 30 40
nm
D E Simulation
Oligomer Solubility Product
° ° . ° . ° . ° 10000
~ 250
E_ e o o o e o o o 250
= =
g 2001 ° . ° . ° . . 5
= 200
o e e o o o o e o o
+ 150 ®
[ . ° ° . . o ° .
g £ 150 , 3000
S100{¢ o o o o o o o g :
o
E |l e oA W S 100 &
& 5 Z
. B e o e o o . o ¢ -
50
50 100 150 200 250 . -
SH3 concentration (pM) 1000

50 100 150 200 250
No Phase Transition o SH3 concentration (pM)
Phase Transition e

Figure 4


https://doi.org/10.1101/2024.01.23.576869
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.01.23.576869; this version posted January 26, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

N
a
o

200

PRM concentration (uM)
1) @
o o

o
o

Simulation
Monomeric Solubility Product
Heterotypic Interactions

° . o o ®
. . e o .
. . . e o .
o . ° © e
° . ° ]

° .

50 100 150 200 250
SH3 concentration (pM)

Figure 5

300

100

30

N
a
o

N
o
o

PRM concentration (pM)
=) @
o o

o
o

Simulation
Monomeric Solubility Product
Heterotypic and Homotypic
Interactions

50 100 150 200 250
SH3 concentration (pM)

300

100

30


https://doi.org/10.1101/2024.01.23.576869
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.01.23.576869; this version posted January 26, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Oligomer Solubility Product (dilute phase: monomers + small oligomers)
(Easy to measure experimentally)

ot =l
P %

Monomers Small Oligomers Condensates

True Solubility Product
(Hard to experimentally measure)

Figure 6


https://doi.org/10.1101/2024.01.23.576869
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.01.23.576869; this version posted January 26, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

A
. 45000 45000
D —_—
< 2 .
g <
g z
£ 30000 ° 2 30000
E ‘“-l’
- £ .
3 @
[ N g
& 15000 @ 15000
n 3 .
a :
- . @
S S
32 ” E] -
B e S
0 30 60 9% 120 5 20 P = .
Concentration of polySH3 (uM) Concentration of polyPRM (uM)
B
3000 6000
5 3
32 S
2 . 24500 )
@ 2000 2
2 2
£ £
r @ 3000
Q Q
[ c
3 1000 8
2 8 1500
o o
3 3
i [ "
0 b 0
0 2 4 6 0 0.5 1 15 2 25
Concentration of polySH3 (uM) Concentration of polyPRM (kM)

Figure S1


https://doi.org/10.1101/2024.01.23.576869
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.01.23.576869; this version posted January 26, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

A
Ntotar = 120 Ntotal = 240
8 1 8 0.15 1
3 i --- ACO =4.60 3 i --- ACO = 1461
b} )
= i SH3 = PRM ~ 100 uM = 0.101 i SH3 = PRM ~ 200 uM
kS ! ACO_ oo e H
“60'1' 1 mfl).l), "6 [
c H c :
] K=l 1
© ©
£o0 £ 0.00-
5 10 15 20 25 0 20 40 60 80 100
Cluster size (molecules) Cluster size (molecules)
B
360 Clusters<5
'.§; PV S e o
240 y
g 20
3 e -e- SH3 -e- PRM

50 100 150 200 250
Total concentration (uM)

Figure S2


https://doi.org/10.1101/2024.01.23.576869
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.01.23.576869; this version posted January 26, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

PRM concentration (pM)
N w S (o)) (o)) ~ @
o o o= o o o o

-
o

PRM concentration (pM)
N w S a [0 ~ o]
o o o o o o o

=3
o

available under aCC-BY-NC-ND 4.0 International license.

Condensate
[PolySH3] (uM)

10 20 30 40 50 60 70 80
SH3 concentration (pM)
Dilute
[PolySH3] (M)

10 20 30 40 50 60 70 80

SH3 concentration (pM)

Figure S3

1750

1500

1250

1000

750

500

250

100

80

60

40

20

PRM concentration (pM)
N w S (4, (2] b | ©
o o o= o o o o

o

PRM concentration (pM)
N w S (4. (o2} ~ @
o o o o o o o

o

Condensate
[PolyPRM] (uM)

10 20 30 40 50 60 70 80
SH3 concentration (pM)

Dilute
[PolyPRM] (uM)
10 20 30 40 50 60 70 80

SH3 concentration (pM)

3000

2500

2000

1500

1000

500

100

80

60

40

20

PRM concentration (pM)
N w P o D ~
o o o o o o

o

PRM concentration (pM)
N w B o [=2] ~ o]
o o o o o o o

o

[SH3]dense

[PRM]dense
e o o o o

.
.

.
.
.

10 20 30 40 50 60 70 80
SH3 concentration (pM)
[SH3]diIute
[PRM]dilute
. L L] . . . . .
. . L] L] L] . L .
. . ° . ° ° . °
° o . . . ° . °
L L L] L L] L L] L

L] ° L] L] L] L]

L] ° L] L] °

. ° E . .
10 20 30 40 50 60 70 80

SH3 concentration (pM)

0.8

0.6

0.4

0.2

0.0


https://doi.org/10.1101/2024.01.23.576869
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.01.23.576869; this version posted January 26, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

@
=]

40

20

Dilute concentration (uM)

Clusters<5
B sauoe Nl qubnn N
P o Tl
o <
l/'
/
&
-®- SH3 -®- PRM
50 100 150 200 250

Total concentration (pM)

Figure S4

s 2500

EX Clusters<5s

© 2000 o Sy

S - Ty
- ° ,—" .
@ 2 1500 % e
Ea
o b
22 1000 bd
oz

El /

S 500

[}

» L

50 100 150 200 250

Total concentration (pM)



https://doi.org/10.1101/2024.01.23.576869
http://creativecommons.org/licenses/by-nc-nd/4.0/

