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Abstract 30 

Development of an understanding of membrane nanodomains colloquially known 31 

as “lipid rafts” has been hindered by a lack of pharmacological tools to manipulate rafts 32 

and protein affinity for rafts. We screened 24,000 small molecules for modulators of the 33 

affinity of peripheral myelin protein 22 (PMP22) for rafts in giant plasma membrane 34 

vesicles (GPMVs). Hits were counter-screened against another raft protein, MAL, and 35 

tested for impact on raft , leading to two classes of compounds. Class I molecules 36 

altered the raft affinity of PMP22 and MAL and also reduced raft formation in a protein-37 

dependent manner. Class II molecules modulated raft formation in a protein-38 

independent manner. This suggests independent forces work collectively to stabilize 39 

lipid rafts. Both classes of compounds altered membrane fluidity in cells and modulated 40 

TRPM8 channel function. These compounds provide new tools for probing lipid raft 41 

function in cells and for furthering our understanding of raft biophysics. 42 

 43 
Teaser 44 

Compounds have been discovered that modulate the affinity of membrane 45 
proteins for lipid rafts as well as raft formation. 46 
 47 
 48 

 49 
  50 
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MAIN TEXT 51 
 52 
Introduction 53 
 54 

Lipid rafts are dynamic phase-separated nanodomains of the plasma membrane 55 

that are thicker and more rigid than the bulk membrane and are typically enriched in 56 

cholesterol and in phospholipids with saturated acyl chains, often sphingolipids (1–4). It 57 

has long been theorized that cells utilize lipid rafts as sorting and signaling platforms (5–58 

10). Specific proteins are thought to partition into rafts under cellular conditions where 59 

they facilitate a variety of biological functions. Lipid rafts have been implicated in 60 

immune signaling, neural development, host-pathogen interactions, caveolae, 61 

cytoskeletal-membrane contacts, and other cellular phenomena (11–15). Under 62 

physiological conditions lipid rafts in cells are believed to be nanoscale and highly 63 

dynamic, severely limiting traditional microscopic studies (16–18).  64 

Giant plasma membrane vesicles (GPMVs) derived from the plasma membranes 65 

of live cells are a well-established tool for studying lipid rafts and for quantitating the raft 66 

affinity of membrane proteins (19). GPMVs are easy to prepare and will spontaneously 67 

phase separate into micron-scale liquid ordered (Lo, raft) and liquid disordered (Ld, non-68 

raft) domains. Assorted fluorescent dyes or protein markers are available to label 69 

ordered and disordered phases in GPMVs, enabling imaging-based analysis of phases 70 

and resident proteins. GPMVs also retain the lipid and protein composition of the cell 71 

plasma membrane from which they are derived (20, 21). 72 

The affinity of a number of membrane proteins for lipid rafts relative to the 73 

surrounding disordered phase has been assessed in GPMVs. GPMVs have also been 74 

used to elucidate the characteristics that drive raft affinity (22–24). A majority of the 75 
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membrane proteins thought to preferentially partition into lipid rafts are single-span 76 

proteins. Studies of single-span raft-avid proteins enabled the identification of structural 77 

criteria for raft affinity. Palmitoylation, transmembrane domain length, and surface area 78 

are the main drivers of raft partitioning for single-pass membrane proteins (22). No such 79 

rules have been determined for multispan proteins, in large part because only a small 80 

number of raft-favoring multispan proteins have been unambiguously identified, and the 81 

rules for single-pass proteins do not seem to apply (23, 25). 82 

 Peripheral myelin protein 22 (PMP22) is a tetraspan membrane protein that 83 

preferentially partitions into ordered domains in GPMVs. PMP22 is highly expressed in 84 

myelinating Schwann cells and is a major component of myelin in the peripheral 85 

nervous system (PNS). Duplication of the PMP22 gene causes the most common type 86 

1A form of Charcot-Marie-Tooth (CMT) disease (26), a peripheral neuropathy that is a 87 

top 10 most common genetic disorder. More severe forms of CMT are caused by 88 

inherited point mutations in PMP22 (27). While the biophysical properties that drive 89 

PMP22 into lipid rafts are unknown, an analysis of disease-associated PMP22 90 

mutations in GPMVs revealed that most of the mutations resulted in reduced protein 91 

preference for the raft phase versus the disordered phase (25). The fact that the tested 92 

disease mutants are known to destabilize protein folding suggests raft affinity is 93 

dependent on the fold of PMP22 (28). Given that PMP22 is thought to be involved in 94 

supporting cholesterol homeostasis and trafficking in Schwann cells, it is very possible 95 

that its affinity for lipid rafts is closely related to one of its key physiological functions in 96 

forming healthy myelin (29). These considerations motivated us to seek compounds that 97 
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alter PMP22 raft affinity, thereby providing tools for use in investigating the drivers and 98 

physiological consequences of PMP22 raft partitioning. 99 

We conducted high throughput screening (HTS) to discover molecules that  100 

alter PMP22 phase partitioning between ordered and disordered domains. Our primary 101 

assay reports not only on PMP22 phase partitioning, but also on whether compounds 102 

alter raft formation. Here we report the discovery of small molecules falling into two 103 

classes. Class I compounds decreased the affinity for lipid rafts of PMP22 and myelin 104 

and lymphocyte protein (MAL) [another raft-preferring tetraspan membrane protein 105 

(23)]. Class I compounds also reduced raft formation in a protein-dependent manner. 106 

Class II compounds altered raft formation independent of proteins. Both classes of 107 

compounds were seen to alter membrane fluidity in GPMVs and live cells. We further 108 

explored their activities by examining their effects on the activity of the human cold-109 

sensing TRPM8 channel and on signaling by the epidermal growth factor receptor 110 

(EGFR). These compounds provide new tools for investigating raft-dependent 111 

phenomena in cells. Additionally, the differing modes of action of these compounds 112 

expand our understanding of raft biophysics. 113 

 114 
Results  115 
 116 
A high-throughput screen identifies compounds that alter PMP22 raft affinity  117 

To identify compounds that alter the ordered domain partitioning of PMP22 we 118 

conducted a high-throughput screen adapted from our recent method (Fig. 1) (25). 119 

Briefly, the goal was to use GPMVs from cells expressing PMP22 to screen for small 120 

molecules that alter the proportion of PMP22 in the ordered phase. GPMVs were made 121 

from transfected HeLa cells expressing PMP22. We employed the N41Q (glycosylation 122 
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deficient) variant of PMP22 since it traffics to the plasma membrane with much higher 123 

efficiency than wild type (WT) but exhibits the same ordered domain preference (25, 124 

31). The disordered phase was labeled with the lipophilic stain DiI while PMP22 was 125 

immunolabeled with AlexaFluor 647. GPMVs were deposited into 96 or 384-well plates 126 

containing compounds at a final concentration of 10 µM. A 23,360 compound sub-set of 127 

the >100,000 compound Vanderbilt Discovery Collection and a library of FDA approved 128 

drugs (1,184) were screened. The Discovery collection compounds represents a cross-129 

section in terms of the chemical diversity of the master library. Plates were imaged 130 

using a high-content spinning disc confocal imaging system. VesA software was used to 131 

analyze images (30). The power of this approach is in the number of vesicles that can 132 

be imaged and analyzed in an unbiased manner. A typical well results in images 133 

containing thousands of GPMVs which are then analyzed automatically, independent of 134 

investigator bias or foreknowledge. Hits from the screen were picked using strictly 135 

standardized mean difference (SSMD) values on a plate-by-plate basis (typical cutoff 136 

was an SSMD value ³90% of the positive control) based on compound impact on 137 

PMP22 Pordered (32). Pordered is the fraction of protein in the ordered phase and is a 138 

measure of the affinity of a particular protein for rafts. An initial hit rate of 1.06% was 139 

observed, resulting in 267 preliminary hits. Hits were then confirmed in triplicate 140 

experiments using compounds from the library. Compounds of interest were then 141 

reordered from the manufacturer and their effects confirmed. Validated compounds 142 

were then tested in GPMVs from cells expressing the MAL protein, another lipid raft-143 

preferring tetraspan protein (23), to test whether their activity is protein-specific.  144 
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Effects of all hits on raft formation were also measured. Here we used the 145 

fraction of phase-separated GPMVs (vs non phase-separated) in our images as a 146 

measure of raft formation. For all confirmed compound hits (above), we also completed 147 

measurements in GPMVs from untransfected cells. Hits fell into several distinct 148 

categories based on these data criteria. In this work, we focus on two interesting 149 

functional classes of compounds. 150 

  151 

Protein-dependent modulators of raft affinity and raft stability (Class I molecules) 152 

Among the validated hits, two compounds were found to have unique effects on 153 

both protein raft affinity and raft formation. VU0615562 and VU0619195 significantly 154 

decreased Pordered for both PMP22 and MAL by ~18-20% (Figs. 2A and 2B). While 155 

PMP22 and MAL are tetraspan myelin proteins with a known affinity for lipid rafts they 156 

have little-or-no sequence homology. These compounds thus reduce Pordered for two 157 

non-homologous tetraspan membrane proteins. 158 

Dose-response experiments indicated that EC50 values for the impact of the two 159 

compounds on each protein are in the ~1 µM range (Figs. 2C and 2D). To verify the 160 

effects of the compounds are not specific to HeLa cells we confirmed similar activities in 161 

GPMVs derived from rat basophilic leukemia (RBL) cells which also produce GPMVs 162 

that phase separate at temperatures that are feasible for our microscopes (fig. S1).  163 

We next examined the effects of VU0615562 and VU0619195 on raft stability in 164 

GPMVs derived from untransfected cells and from cells expressing either PMP22 or 165 

MAL. We used the fraction of phase-separated vesicles from images (c.f., Fig. 2E) as a 166 

proxy for raft formation. The compounds decreased the fraction of phase-separated 167 
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GPMVs in all cases (Figs. 3A and 3B, gray bars). However, when PMP22 or MAL were 168 

overexpressed, this reduction in phase-separated vesicles was significantly more 169 

pronounced compared with GPMVs from untransfected cells (Figs. 3A and 3B) and was 170 

observed across a range of concentrations (Fig. 3C, curve does not approach 0 as in 171 

Figs. 3D and 3E). For both compounds the EC50 values were in the vicinity of 1 µM. 172 

This led us to speculate that these compounds reduce raft stability via a mechanism 173 

that is not specific to a single protein but is dependent on the presence of proteins. We 174 

hypothesize that the activity of the compounds observed in GPMVs from untransfected 175 

cells is because the compounds exploit endogenous membrane proteins in HeLa cells 176 

to exert their effects.   177 

We know that PMP22 expression stabilizes ordered domains (25) so the 178 

augmented effect size of raft destabilization observed in GPMVs + PMP22 seems to be 179 

the consequence of an intrinsic property of VU0615562 and VU0619195 that is 180 

somehow enhanced when PMP22 is present. To determine if MAL has a similar effect 181 

on raft formation in the absence of Class I compounds we used data from within the 182 

same images and compared the fraction of phase-separated vesicles from MAL positive 183 

(GFP+) and MAL negative (GFP-) GPMVs (a feature of the VesA software allows us to 184 

make this distinction). We used DMSO treated control wells from dose-response 185 

experiments for this comparison. In contrast to PMP22 (25), in compound-free samples 186 

we found that MAL expression has very little impact on phase separation (fig. S2). 187 

These data indicate that the enhancement of Class I compound raft destabilization by 188 

PMP22 or MAL reflects an intrinsic activity of these compounds that is enhanced by the 189 

presence of the proteins via an unknown mechanism. 190 
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To further investigate this apparent protein dependence, we tested the impact of 191 

these compounds on GPMVs treated with proteinase K. Proteinase K is a broad-192 

spectrum serine protease capable of cleaving proteins preferentially after hydrophobic 193 

residues. Note that it has been previously shown that GPMVs can be porous, so it is 194 

likely both intracellular and extracellular loops and segments are cleaved by the 195 

protease (33). We applied this treatment to GPMVs from untransfected cells because 196 

the protease activity would eliminate our ability to label or detect PMP22 or MAL (by 197 

cleaving the myc tag or GFP fusion), obviating our ability to differentiate GPMVs 198 

containing either protein. We found that proteinase K treatment significantly reduced the 199 

effects of the compounds (Fig. 3F). This supports the conjecture that the changes 200 

induced by the compounds are not specific to any one protein but are dependent on the 201 

presence of multiple proteins (overexpressed and/or endogenous). The incomplete 202 

effect of proteinase K in reducing the raft-lowering activities of these compounds may 203 

be due to its inability to digest all membrane proteins present completely. However, 204 

these data, combined with the results seen with PMP22 and MAL led us to conclude 205 

that multiple proteins have the trait of being able to enhance the ordered phase 206 

destabilizing effects of VU0615562 and VU0619195.   207 

To be certain that the compounds were not remodeling the GPMVs we examined 208 

the size of GPMVs and the size of the ordered phases when treated with the 209 

compounds. Neither GPMV radii nor relative sizes of ordered phase domains were 210 

changed by VU0615562 or VU0619195 (figs. S3A and S3B), even though they 211 

decrease the raft affinities of PMP22 and MAL, as well as raft formation.  212 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(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 

The copyright holder for this preprintthis version posted December 12, 2024. ; https://doi.org/10.1101/2024.10.28.620521doi: bioRxiv preprint 

https://doi.org/10.1101/2024.10.28.620521
http://creativecommons.org/licenses/by-nc-nd/4.0/


Manuscript Template                                                                           Page 10 of 45 
 

An examination of the chemical structures of VU0615562 and VU0619195 (Table 213 

1) reveals a Tanimoto coefficient (a metric of chemical similarity ranging from 0-1) of 214 

0.7778 (34). This chemical similarity is unsurprising in light of their similar effects on 215 

Pordered for PMP22 and MAL, as well as raft formation. Since these compounds were 216 

similar, structure-activity relationship (SAR) studies were conducted on chemically 217 

similar compounds available in the VU Discovery Collection (fig. S4). For VU0615562, 218 

seven additional compounds with similar structures (similarity integer value of 97) were 219 

tested. For VU0619195, six additional compounds with similar structures (similarity 220 

integer value of 85) were tested. None of the compounds tested had a greater impact 221 

on PMP22 ordered partitioning or raft stability than VU0615562 and VU0619195 (fig. 222 

S4). It is interesting, however, that for both compounds, analogs were found that 223 

maintained the capacity of the parent compound to reduce the raft affinity of PMP22 224 

while largely losing their ability to reduce raft formation, suggesting that these two 225 

activities are incompletely coupled.    226 

 227 

Protein-independent raft modulators (Class II) 228 

 It is reasonable to wonder if the protein-dependent raft modulating effects 229 

described above for VU0615562 and VU0619195 are unique to these compounds or if 230 

all raft modulating compounds would show a similar dependence in their activities on 231 

proteins. This turned out not to be the case based for three other compounds 232 

discovered in the initial screen for compounds that altered Pordered for PMP22. These 233 

compounds have variable effects on the ordered partitioning of PMP22. VU0615562 234 

and VU0619195 have little-or-no effect on the partitioning of MAL (fig. S5A), but lower 235 
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Pordered for PMP22 in RBL cells (fig. S1A) and possibly in HeLa cells (albeit without 236 

statistical rigor, see Fig. 4A). The third compound, primaquine diphosphate, increases 237 

Pordered for both MAL (Fig. 4A and fig. S5B) and PMP22 in HeLa cells (Fig. 4A), but not 238 

in RBL cells (fig. S1A). 239 

Two of these compounds—VU519975 and VU607402— decreased raft formation 240 

in GPMVs (Fig. 4B, fig. S5C) while the FDA-approved drug, primaquine diphosphate 241 

(PD), increases raft formation (Fig. 4B, figs. S1B and S5D). These compounds are 242 

chemically dissimilar (Table 2). Importantly, unlike the case for Class I compounds, the 243 

presence of PMP22 (Fig. 4B) or MAL (fig. S5C) did not dramatically alter the effects of 244 

these compounds on raft formation. The independence of the activity of the compounds 245 

on proteins is supported by experiments with GPMVs from untransfected cells treated 246 

with proteinase K. The activities of these compounds were not sensitive to proteolysis 247 

(Fig. 4C). Taken together, we conclude that these compounds are raft modulators that 248 

likely interact with the membrane in a protein-independent manner. EC50 values for 249 

impact on raft stability in GPMVs could not be reliably determined for VU519975 and 250 

VU607402 since they were seen to be insoluble in GPMV buffer at concentrations 251 

above 15 µM (Fig. 4D), whereas the EC50 for the effect of PD on raft stability in GPMVs 252 

was determined to be roughly 2.1 µM (Fig. 4E).  253 

Neither VU519975, VU607402, nor PD affect GPMV size or the relative size of 254 

ordered domains in GPMVs (fig. S6A-D). PD does induce a small but significant 255 

decrease in the size of PMP22-containing ordered domains (figs. S6D-bottom panel and 256 

S6E).  257 
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 When interpreting any effect on raft formation it is important to factor in the 258 

impact of temperature. For example, we found that the impact of PD treatment on raft 259 

stability at 27 °C compared to 23 °C was significantly larger (a 125% increase vs a 12% 260 

increase) (fig. S5D). See Methods for additional details about this effect and 261 

considerations for data interpretation.  262 

 263 

Class I and II compounds alter membrane fluidity in GPMVs and live cells 264 

We examined the effects of all five compounds (both classes, biophysical effects 265 

summarized in Table 3) on membrane fluidity to potentially shed light on how they 266 

impact on raft stability. Because fluidity experiments can be conducted in live cells this 267 

approach also provided an opportunity to connect GPMV findings with raft behavior of 268 

plasma membranes in living cells. For this, we used the environmentally sensitive dye 269 

Di-4-ANEPPDHQ (Di-4) to report on membrane fluidity (35). Increased membrane 270 

fluidity causes a red-shift of the Di-4 emission spectrum; whereas, blue-shifted spectra 271 

arise from decreased fluidity.  272 

First, we treated GPMVs derived from HeLa cells incubated with each compound 273 

and Di-4 and then measured emission spectra. For the four raft destabilizing 274 

compounds, a pronounced red-shift from vehicle was observed in micrographs (Fig. 5A) 275 

and in measured emission spectra (Fig. 5B). To quantify these changes, generalized 276 

polarization (GP) values were determined (Fig. 5C). GP values provide a relative means 277 

of comparing spectral shifts. For Di-4 emission, lower values correspond to a more fluid 278 

(red-shifted) environment. Decreased GP values for the four raft destabilizing 279 
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compounds indicate a significant increase in membrane fluidity. While there was a small 280 

increase in GP from PD treatment the change in fluidity was not statistically significant.  281 

 All data presented thus far were collected in GPMVs and, therefore do not inform 282 

whether the compounds exert effects in living cells. To address this, we repeated the 283 

fluidity measurements with Di-4 in live cells. HeLa cells were treated with compounds 284 

~15 min before a brief incubation with Di-4 to limit internalization of the dye and ensure 285 

primarily plasma membrane labeling. Cells were then imaged via laser scanning 286 

confocal microscopy using a spectral detector, allowing images from multiple emission 287 

wavelengths to be simultaneously acquired (Fig. 5D and fig. S7A. GP values were then 288 

calculated from the confocal microscopy data. We found that the changes in GP were 289 

very similar to those from GPMVs, with more variability in living cells (Fig. 5E). Two 290 

compounds, VU0619195 (Class I) and VU0607402 (Class II), produced statistically 291 

significant increases in membrane fluidity. We also added methyl-β-cyclodextrin 292 

(MBCD) to HeLa cells to deplete membranes of cholesterol and increase membrane 293 

fluidity. In comparison to addition of VU0619195 and VU0607402, the effect of MBCD 294 

treatment was modest. While not statistically significant, the effects of VU0615562, 295 

VU0519975, and PD on Di-4 emission in live cells show similar changes relative to each 296 

other as in the GPMV Di-4 experiments (Fig. 5, compare C and E). 297 

Qualitatively, the MBCD-treated cells also appeared rounded (fig. S7, bottom 298 

row) compared to the hit compound-treated cells, which retained the well spread 299 

appearance of untreated cells, suggesting that the compounds reported here are better 300 

tolerated by live cells than MBCD treatment. Trypan blue cell viability experiments 301 

confirmed that MBCD shows toxicity in cells while none of the 5 compounds of this work 302 
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were cytotoxic (fig. S7B) at the concentrations and timescales used in the live cell 303 

experiments of this study. These compounds provide improved tools for manipulating 304 

lipid rafts in living cells in studies of the functional relevance of lipid rafts in different 305 

biological processes, both by being more effective at increasing membrane fluidity and 306 

also by being less toxic. Knowing that the effects of the compounds discovered in this 307 

work extend to the plasma membranes of living cells, we were motivated to investigate 308 

their impact on putative raft-dependent functions of selected membrane proteins. 309 

  310 

Compounds alter TRPM8 channel activity but not autophosphorylation of EGFR 311 

To test if Class I and Class II compounds could alter a reported lipid raft-312 

dependent biological outcome, we examined their effects on the human TRPM8 ion 313 

channel function. TRPM8 is a cold and menthol sensing ion channel (36, 37). Many ion 314 

channels, including TRPM8, are thought to associate with lipid rafts and have signaling 315 

properties that are thought to be sensitive to being in or out of rafts (38–40). We 316 

conducted automated patch clamp (APC) electrophysiology experiments (Fig. 6A, fig. 317 

S8A) to determine if compound treatment altered TRPM8 function. TRPM8-expressing 318 

cells were equilibrated to 30 °C (41) and treated with the canonical TRPM8 agonist 319 

menthol before and after 15 minutes of continuous perfusion with the lipid raft 320 

modulating compounds. Comparisons of the pre- and post-menthol-stimulated currents 321 

were used to evaluate the effects of the raft-modulating compounds on TRPM8 function. 322 

As with the fluidity experiments, MBCD was included for comparison since previously 323 

published studies used MBCD to deplete cholesterol and disrupt lipid rafts. We found 324 

that perfusion with VU0619195 (Class I), VU0607402 (Class II), and MBCD reduced the 325 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(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 

The copyright holder for this preprintthis version posted December 12, 2024. ; https://doi.org/10.1101/2024.10.28.620521doi: bioRxiv preprint 

https://doi.org/10.1101/2024.10.28.620521
http://creativecommons.org/licenses/by-nc-nd/4.0/


Manuscript Template                                                                           Page 15 of 45 
 

TRPM8 current responses to menthol stimulation (Fig. 6B, fig. S8B). This result 326 

supports the notion that TRPM8 function is dependent on lipid rafts and/or changes in 327 

membrane fluidity. PD, (class II, increases raft stability) did not significantly alter TRPM8 328 

activity. These results are similar to those seen in the live-cell fluidity experiments and 329 

provides important cross-validation.  330 

The addition of VU0619195, VU0607402, and PD did not alter cell surface levels 331 

of TRPM8 as quantified by flow cytometry (fig. S8C). Interestingly, MBCD increased the 332 

level of surface TRPM8, which may be a consequence of its known activity as an 333 

inhibitor of endocytosis (42).  334 

We also examined the impact of compounds on the activation of the epidermal 335 

growth factor receptor (EGFR) by epidermal growth factor (EGF). Previous studies have 336 

shown changes in EGFR activation following disruption of lipid rafts by MBCD treatment 337 

(43–45). We treated HeLa cells with VU0619195, VU0607402, or PD for 15 minutes (as 338 

in the TRPM8 experiments) prior to a brief (1 min) treatment with EGF. Cells were then 339 

lysed and levels of EGFR phospho-tyrosine 1173 and phospho-ERK (which is 340 

phosphorylated downstream of EGFR phosphorylation) were quantified via Western blot 341 

analysis. We did not see significant effects on either EGFR or ERK phosphorylation 342 

(Fig. 6C, fig. S9), indicating that these signaling processes are not sensitive to short-343 

term changes in membrane fluidity or raft modulation. These data also indicate that not 344 

all plasma membrane signaling events are sensitive to the changes in lipid raft stability 345 

induced by these compounds. These EGFR data provide a useful counterexample to 346 

the findings that TRPM8 function is altered by these raft-modulating compounds. 347 

 348 
 349 
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Discussion  350 
 351 
     HTS led to the discovery of five novel lipid raft modulating small molecule 352 

compounds falling into two classes that modulate different features of lipid raft stability. 353 

Two compounds function as protein-dependent raft destabilizers that also reduced the 354 

lipid raft affinity of both PMP22 and MAL (Class I). This a novel class of small molecules 355 

whose modality, to our knowledge, has never previously been reported. We also 356 

identified two protein-independent raft destabilizers and one protein-independent raft 357 

stabilizer that also enhance the lipid raft affinity of both PMP22 and MAL (Class II). That 358 

lipid rafts can be manipulated via protein-dependent and protein-independent 359 

interactions is notable. This suggests that there are independent lipid and protein-based 360 

stabilizing forces that work together to promote ordered domain formation. The 361 

compounds exerted effects both in isolated plasma membrane vesicles and in live-cell 362 

plasma membranes. They also altered the signaling of a raft-sensitive ion channel, 363 

TRPM8.  364 

Commonly used methods for altering lipid rafts in cells include removal or 365 

delivery of cholesterol via MBCD and use of alcohols of varying chain lengths (46–48). 366 

These approaches each have limitations. MBCD efficiently removes cholesterol, but this 367 

is ultimately lethal to cells. MBCD is also not specific and can remove phospholipids as 368 

well as cholesterol (47). Hexadecanol and octanol can be used to decrease or increase 369 

membrane fluidity, respectively (46), but they have low miscibility in aqueous buffers 370 

and media, making them challenging to work with in cell-based assays. We also 371 

recently described bioactive compounds that promote and reduce raft formation, but the 372 

previously-reported compounds are all known to have effects on various cellular 373 
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functions for which they were originally described (for example, one is a protease 374 

inhibitor) (30). Here we have presented new small molecules, two of which induce a 375 

more robust increase in membrane fluidity than MBCD, all of which were observed to be 376 

non-toxic under experimental conditions. These compounds should therefore be useful 377 

tools for manipulating lipid raft formation and raft-partitioning of membrane proteins in 378 

biophysical and cell biological studies. 379 

   Potential applications for these compounds are exemplified in our studies with 380 

TRPM8 and EGFR. Prior studies implicated lipid raft localization as having regulatory 381 

effects on the activities of both TRPM8 and EGFR (43, 44, 49). Our results showed that 382 

compounds that decrease raft formation robustly decrease TRPM8 signaling. We note 383 

that previous studies reported an increase in rat TRPM8 channel activity after treatment 384 

with MBCD (41, 50). The difference in phenotype is likely the result of speciation 385 

difference between the human TRPM8 used in this study compared to the rat TRPM8 386 

used in the previous studies (51, 52). Speciation differences have also been seen in 387 

various other TRP channels, including TRPA1, TRPV3, and TRPV1 (53, 54) 388 

Reduced raft formation induced by treatment with the same compounds that 389 

affected TRPM8 had little to no effect on EGFR phosphorylation, in contrast to the 390 

reported impact of lipid raft disruption by MCBD treatment (43, 44, 55). This suggests 391 

that EGFR activity may be more sensitive to the cholesterol concentration in the 392 

membrane than it is to lipid rafts. Examples of membrane proteins that sense and are 393 

regulated by lipids are replete in the literature. Some G protein-coupled receptors are 394 

known to be allosterically regulated by direct binding of cholesterol (56). Another 395 

example is provided by prior work on the yeast transcriptional regulator Mga2, which 396 
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demonstrated that some proteins sense acyl chain composition rather than overall 397 

fluidity and respond with a rotational conformational change that regulates their activity 398 

(57).  399 

Further studies will need to be conducted to establish the exact mechanisms by 400 

which the five compounds reported in this work exert their effects. The data suggest that 401 

the two Class I protein-dependent compounds work to change protein raft affinity and 402 

phase separation by altering protein-lipid interactions in a manner that may be partly but 403 

incompletely coupled to changes in membrane fluidity. They may intercalate into the 404 

membrane at protein lipid-interfaces and disrupt raft promoting interactions. The 405 

discovery of these compounds supports previous assertions that proteins play a critical 406 

role in regulating lipid rafts (58, 59). The three Class II protein-independent compounds 407 

likely work by inserting into the membrane and altering lipid packing and changing 408 

membrane fluidity (60, 61). We have no reason to suspect that these compounds 409 

change the lipid composition (as MBCD does) on the short time scales (15 minutes) 410 

they were tested, and given their structures. However, future lipidomic analyses will test 411 

this possibility. We speculate that a long-term incubation of live cells with the 412 

compounds could result in some level of membrane remodeling as cells respond to the 413 

changes in raft stability and membrane fluidity. Cells have adapted mechanisms to 414 

sense and respond to these changes that result from natural temperature changes 415 

which are believed to keep their membranes near the miscibility critical point (62–65). 416 

Further experiments with the compounds can broaden our understanding of these 417 

mechanisms.  418 
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Finally, we note that two of the Class II compounds altered the phase partitioning 419 

of PMP22 in GPMVs derived from at least some cell types, while Pordered for MAL 420 

remained unperturbed (see Table 3 for summary). While this is a very preliminary result 421 

and will require further exploration and testing, it does suggest that it should be possible 422 

to discover modulators of raft affinity that are protein-specific. This would be a very 423 

welcome development both for studies of how the function of specific proteins are 424 

altered by raft association and potentially even for therapeutic applications. 425 

Overall, the discovery of first in class molecules in this work present new tools for 426 

interrogating lipid rafts and raft proteins in cells. Moreover, our initial results using these 427 

compounds shed light on the fact that both protein-lipid and lipid-lipid interactions 428 

combine to stabilize lipid rafts and that these can be independently manipulated.  429 

 430 
Materials and Methods 431 
 432 
Cell culture 433 
 434 
HeLa and RBL-2H3 cells and were acquired from the American Tissue Culture 435 

Collection (ATCC, Manassas Va, cat #CCL-2 and CRL-2256). T-REx-293 cells were 436 

acquired from Invitrogen (Cat # R71007). Cells were grown at 37 °C in 5% CO2 in a 437 

humidified incubator. HeLa cells were cultured in low glucose DMEM (Gibco # 438 

11885084) supplemented with 10% fetal bovine serum (FBS, Gibco, #26140-079) and 439 

1% penicillin/streptomycin (P/S, Gibco, #15140-122). RBL-2H# cells were cultured in 440 

MEM (Gibco 11095808) with 10% FBS and 1% penicillin/streptomycin. T-Rex-293 cells 441 

were cultured in high glucose DMEM (Gibco cat # 11965092) supplemented with 10% 442 

tetracycline free fetal bovine serum (Corning cat # 35-075-CV) with 1% 443 

penicillin/streptomycin. 444 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(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 

The copyright holder for this preprintthis version posted December 12, 2024. ; https://doi.org/10.1101/2024.10.28.620521doi: bioRxiv preprint 

https://doi.org/10.1101/2024.10.28.620521
http://creativecommons.org/licenses/by-nc-nd/4.0/


Manuscript Template                                                                           Page 20 of 45 
 

 445 

GPMV formation and imaging 446 

HeLa cells were plated at ~1.4 x 106 cells total in a 150 mm plate. For PMP22 447 

experiments: 24 hrs later cells were transfected with 15 ug of pSF PMP22 N41Q-myc 448 

using Fugene 6 (Promega cat # E2691) following the manufacturers protocol. Cells 449 

were grown for an additional 48 hrs post transfection. In counterscreening experiments, 450 

cells were transfected with a MAL-GFP construct (gift from the Levental lab (23)). 451 

GPMVs were generated using a standard protocol (19), cells were first rinsed twice with 452 

10 ml of inactive GPMV buffer (150 mM NaCl, 10 mM HEPES, 2 mM CaCl2, pH7.4). To 453 

label the disordered phase, cells were stained with DiIC12(3) (1,1'-Didodecyl-3,3,3',3'-454 

Tetramethylindocarbocyanine Perchlorate) (DiI, Invitrogen cat # D383) for 10 minutes. 455 

Cells were then rinsed twice again with inactive GPMV buffer then subsequently 456 

incubated in 8.5-10 ml of active GPMV buffer (GPMV buffer + 2 mM DTT, 25 mM 457 

formaldehyde) at 37°C for 1.5 hrs. After incubating, GPMVs in solution were collected 458 

from the dish and allowed to settle at room temperature for 1 hr. 8-9 mL of GPMVs were 459 

then collected by pipetting from neither the top nor the bottom of the tube to leave 460 

behind both floating and settled debris. A mouse anti-myc antibody (Cell Signaling, 461 

9B11) was then added at a ratio of 1:1500 and incubated for 1 hr. This was followed by 462 

incubation with an anti-mouse antibody conjugated to AlexaFluor647 (Cell Signaling, cat 463 

# 4410) at 1:15000. GPMVs were added to multi-well plates with compounds from 464 

DMSO stocks and allowed to incubate for 1.5 hrs. Plates were then imaged on an 465 

ImageXpress Micro Confocal High Content Screening System (Molecular Devices, San 466 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(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 

The copyright holder for this preprintthis version posted December 12, 2024. ; https://doi.org/10.1101/2024.10.28.620521doi: bioRxiv preprint 

https://doi.org/10.1101/2024.10.28.620521
http://creativecommons.org/licenses/by-nc-nd/4.0/


Manuscript Template                                                                           Page 21 of 45 
 

Jose CA) with a Nikon 40X 0.95 NA Plan Apo Lambda objective and an Andor Zyla 467 

4.2MP 83% QE sCMOS camera, and an 89-North LDI 5 channel laser light source. 468 

 469 

High-throughput screen and GPMV image analysis 470 

A pilot screen was conducted with an FDA approved drug library (1,184 compounds) by 471 

testing the library plated in triplicate. Primaquine diphosphate (PD) was found to have 472 

significant effects on promoting PMP22 ordered partitioning and increasing raft stability. 473 

It was carried through the larger screen as a positive control. Compounds were 474 

obtained from the Vanderbilt Discovery collection at the VU HTS core. This library 475 

contains over 100,000 compounds with the first 20,000 representing the greatest 476 

structural diversity. Compounds were dispensed via a Labcyte Echo 555 into 384-well 477 

plates such that final the final screening concentration for all compounds was 10 µM. 478 

GPMVs were made and labeled as described above and added to the plates containing 479 

compounds. The first and last columns of the plates were filled with positive and 480 

negative controls. Plates were incubated for at least 1.5 hours at room temperature prior 481 

to imaging. 16 images per well were collected using an IXMC as described above. 482 

Images were then analyzed using VesA. Strictly standardized mean differences 483 

(SSMDs) were used to calculate effect sizes for the PMP22 ordered phase partition 484 

coefficient (Pordered), for every well (32, 66). The SSMDs for positive (PD) and negative 485 

(DMSO) controls were used as a benchmark to select hits from each plate. A typical 486 

cutoff for selecting hits was a SSMD value of >90% of the positive control SSMD for 487 

PMP22 ordered partitioning. These criteria resulted in a 1-3% hit rate. SSMD values for 488 

PMP22 ordered partitioning were used to pick hits. For each hit we also noted the 489 
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fraction of phase-separated vesicles (also calculated by VesA). A minimum of 100 490 

GPMVs expressing PMP22 per well was required to be included as a hit. Hits were then 491 

screened by qualitatively assessing the images from screening. Hits that showed 492 

significant visible compound precipitation or extreme changes in GPMV size/shape 493 

were discarded. After screening 23,360 compounds 267 hits were identified following 494 

the above criteria, reflecting a 1.06% hit rate. These hits were then tested in triplicate 495 

against library compound. From hits that were validated at this phase, those with the 496 

largest effects were selected and reordered from a commercial vendor (20 compounds, 497 

vendor list below).  498 

Experiments using reordered compounds were conducted in 96-well plate with 499 

duplicate or triplicate wells (technical replicates) in each plate (biological replicate). For 500 

experiments with PMP22 or MAL, GPMVs containing the overexpressed construct were 501 

analyzed. For follow-up and dose response experiments, a minimum of 10 phase-502 

separated GPMVs per biological replicate were required for ordered partitioning 503 

measurements (determination of Pordered). For experiments without PMP22 or MAL, 504 

(untransfected cells) all GPMVs were analyzed.  505 

 506 

Compound repurchasing 507 

Compounds from the Vanderbilt Discovery Collection were reordered from Life 508 

Chemicals (VU0615562, Cat. No. F3382-6184) (VU0619195, Cat. No. F3398-2024) 509 

(VU0519975, Cat No. F5773-0110) (VU0607402, Cat. No. F3255-0148) (Niagara on the 510 

Lake, Ontario, Canada). PD was acquired from Selleckchem (Cat. No. S4237) 511 

(Houston, TX, USA). 512 
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 513 

Dose-response experiments 514 

GPMVs from cell expressing or not expressing PMP22 or MAL were prepared and 515 

labeled as described above. Doses of hit compounds or DMSO were made by serial 516 

dilution and deposited into wells of a 96-well plate for a final concentration from 0.01 to 517 

15 µM. The measured fraction of phase-separated GPMVs and Pordered were normalized 518 

to DMSO controls and averaged. Curves were fit in GraphPad Prism10 and half 519 

maximal effective concentrations (EC50) were determined using a non-linear sigmoidal 520 

model.  521 

 522 

Proteinase K treatment  523 

Protease treatment of GPMVs was conducted as previously described (67). GPMVs 524 

were made from untransfected HeLa as described above and labeled with DiD and 525 

NBD-PE. GPMVs were then separated into 2 tubes. One tube was treated with 20 526 

µg/mL of proteinase K (Macherey-Nagel cat #740506). Proteinase K and untreated 527 

GPMVs were incubated for 45 min at 37° C. 2 mM PMSF was added to quench the 528 

proteinase K treatment. GPMVs were then added to wells in a 96-well plate containing 529 

compounds for a final concentration of 10 µM. GPMVs were imaged and analyzed as 530 

described above. 531 

 532 

Temperature considerations when working with GPMVs 533 

With the following exception, all of the work presented thus far was carried about at 21-534 

23 °C. Phase separation is highly temperature dependent and previous work found that 535 
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the temperature at which half of GPMVs from HeLa cells phase separate is roughly 25 536 

°C (25). The instrument used for most of this work is limited at low end of temperature to 537 

about 21°C. So, we could not easily probe the effect size of raft destabilizing 538 

compounds by further decreasing the temperature (which would increase phase 539 

separation). Our ability to heat samples was less restricted. In addition to the altered 540 

effects on raft stability in response to PD treatment, there was also a more modest 541 

increase in MAL ordered partitioning at 27 °C vs 23 °C (fig. S5C). This illustrates that 542 

temperature is a crucial variable to consider when interpreting the effects of these 543 

compounds on raft stability and ordered partitioning.  544 

 545 

Plate reader membrane fluidity assay 546 

For fluidity measurements in GPMVs, GPMVs were made as described above without 547 

any staining prior to vesiculation. Once collected and settled, GPMVs were stained with 548 

Di-4-ANEPPDHQ (Invitrogen, cat # D36802). To optimize the concentration of each 549 

stain a pilot study was conducted with 0.1% DMSO and single compound and dye 550 

concentrations ranging from 0.5 µM to 10 µM. From this, 1 µM as determined to give the 551 

best effect sizes for Di-4. For experiments with all compounds GPMVs were treated with 552 

dye then deposited in wells of a 96-well plate with compounds (10 µM final for each 553 

compound) and incubated at room temperature for about 40 minutes. After incubation 554 

the plate was read on a SpectraMax iD3 plate reader (Molecular Devices). Data were 555 

acquired using SoftMax Pro 7 version 7.1.0 (Molecular Devices). Di-4 was excited at 556 

470 nm and emission spectra were collected from 550 to 800 nm using 2 nm steps. The 557 

photomultiplier tube gain was set to automatic with an integration time of 140 ms. 558 
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(1) 𝐺𝑃 = 	 !!"!"
!!#!"

 559 

From the spectra, generalized polarization values were calculated with Equation 1. 560 

Where IB is a value in the blue end of the emission spectra and IR is a value at the red 561 

end. For Di-4 565 nm and 605 nm were selected for IB and IR respectively.  562 

 563 

Image-based membrane fluidity assays 564 

For imaging, GPMVs were prepared, treated with compounds, and labeled with Di-4 in 565 

the same manner as described in the previous section. They were seeded in an 8-well 566 

chamber slide with a coverslip on the bottom (Ibidi cat # 80806). Images were acquired 567 

on a Zeiss LSM 880 laser scanning confocal using a spectral detector and a 40X oil 568 

immersion objective. Images were collected at emission wavelengths from 410 nm to 569 

689.5 nm at an interval of 8.9 nm.  570 

Live-cell experiments were conducted by first seeding 10,000 cells per well in 8-571 

well chamber slides. The following day, 1 hr prior to imaging, cells treated to deplete 572 

cholesterol were first rinsed with serum-free media then incubated with 10 mM methyl-573 

ß-cyclodextrin (MBCD) in serum-free DMEM. After 30 minutes at 37 C, cells were 574 

removed from the incubation and treated with 10 µM compounds in serum-free CO2 575 

independent media (Gibco L15 media, # 2108302) for 30 min. (MBCD treated well was 576 

also swapped from 10 mM MBCD in serum-free CO2 independent media). Prior to 577 

imaging, Di-4 was added to a final concentration of 2 µM. Imaging and Di-4 addition 578 

were staggered to ensure less than 30 min passed after addition of the dye and 579 

imaging. This is in line with previous observations that Di-4 begins to accumulate in 580 

endosomes after 30 min. Additionally, images were acquired at room temperature to 581 
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slow internalization of the dye. Imaging was conducted on the LSM 880 as described in 582 

the previous section. Fluorescence intensities of individual cells were measured in 583 

ImageJ across all 32 wavelengths. 2 to 3 cells were measured using Fiji (68) from 5 584 

fields of view per condition. GP values were calculated as they were in the plate reader 585 

assay with intensities 561.5 nm and 605.8 nm used at the blue and red values 586 

respectively. 587 

 588 

Trypan blue cell viability  589 

To ensure that effects seen in Di-4 live cell fluidity experiments and APC experiments 590 

were not due to inherent toxicity of the compounds trypan blue experiments were 591 

conducted. HeLa cells were collected and treated with 10 µM compound or 10 mM 592 

MBCD as in the Di-4 assay. Live-dead staining was then conducted with trypan blue as 593 

previously described (69). Cells were mixed in a 50:50 ratio with trypan clue reagent 594 

then immediately quantified on an automated Countess 3 cell counter (Fisher Scientific). 595 

Experiments were conducted on three separate days with measurements taken in 596 

duplicate.  597 

 598 

Automated patch clamp electrophysiology 599 

HEK293 cells stably expressing full-length human TRPM8 were grown in DMEM media 600 

(Gibco 11960077) with 10% fetal bovine serum (Gibco 16000), 4 mM L-glutamine 601 

(Gibco 25030), 100 U/mL penicillin-streptomycin (Gibco 15140), 100 µM non-essential 602 

amino acid solution (Gibco 11140050), 4 mM glutaMax (Gibco 35050061), 200 µg/mL 603 

G418 (Sigma-Aldrich A1720), and 0.12% sodium bicarbonate (Gibco 25080094) at 37 604 
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°C and 8% CO2 in 100 mm dishes, as previously (70). After growing to 75% confluency 605 

(3-4 days), the cells were washed twice with 2 mL per dish of phosphate buffer saline 606 

solution (PBS), pH 7.4 (Gibco 10010031) followed by incubation of accutase (2 mL per 607 

dish, Gibco A1110501) for 5 minutes at 37 °C. Cells were then triturated and transferred 608 

to a conical tube and centrifuged at 200 ×g for 1.5 min to remove the accutase. The 609 

cells were resuspended with serum-free media (Gibco 11686029) and transferred into a 610 

T25 flask. The cells recovered for at least 30 mins at room temperature by gentle 611 

shaking (50 rpm). Following recovery, the cells were centrifuged (200 x g for 1.5 612 

minutes) and resuspended in extracellular buffer (10 mM HEPES, 145 mM NaCl, 4 mM 613 

KCl, 1 mM MgCl2, 2 mM CaCl2, 10 mM glucose, pH 7.4) to a cell density of 3-7 × 106 614 

cells/mL. The osmolality of the extracellular buffer was adjusted using a Vapro 5600 615 

vapor pressure osmometer (Wescor) with sucrose to 315-330 mOSm and pH using 616 

NaOH. 617 

Data was collected using IonFluxMercury HT (Cell Microsystems) automated 618 

patch clamp electrophysiology instrument with Ionflux HT v5.0 software using ensemble 619 

IonFlux Plate HT (Cell Microsystems 910-0055). The ensemble microfluidic plates 620 

enable 32 parallel experiments with aggregate currents from 20 cells per experiment. 621 

Intracellular solution was composed of 10 mM HEPES, 120 mM KCl, 1.75 mM MgCl2, 622 

5.374 mM CaCl2, 10 mM EGTA, 4 mM NaATP, pH 7.2. The intracellular solution 623 

osmolality was adjusted with sucrose to 305-315 mOsm and the pH was adjusted using 624 

KOH. Class I or II compounds were dissolved into DMSO before adding to extracellular 625 

solution, where the DMSO concentration was kept consistent at 0.03% v/v across all 626 

compounds and controls. Prior to experiments the plates were washed as suggested by 627 
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the manufacturer. The protocol for the experiment is divided into four steps: prime 628 

(priming microfluidics with solutions), trap (trap cells and obtain membrane seals), break 629 

(access to intracellular by breaking membrane), and data acquisition. Each step also 630 

has multiple channels: main channel (positive pressure allows solutions to flow towards 631 

the cells and waste), trap channel (negative pressure to provide a vacuum to keep the 632 

cells in the traps and break the cell membrane to access intracellular), and compound 633 

channel (positive pressure to flow compounds to main channel). During the prime step: 634 

(1) the main channel was applied 1 psi for t = 0-25 s and 0.4 psi for t = 25-60 s (2) the 635 

trap and compound channels were applied at 5 psi for t = 0-20 s and then 1.5 psi for t = 636 

20-55 s followed by only the traps at 2 psi for t = 55-60 s. For the voltage during the 637 

prime step, a pulse was applied every 150 ms, where the 0 mV holding potential was 638 

applied during t = 0-50 ms, 20 mV was applied during the t = 50-100 ms, and 0 mV 639 

during the t = 100-150 ms. During the trap step: (1) the main channel is applied 0.1 psi 640 

for t = 0-5 s before applying 0.5 s pulses of 0.2 psi every 5 s during t = 5-135 s (2) the 641 

trap channel is applied 6 inHg for t = 0-135 s. For the voltage during the trap step, a 642 

pulse was applied every 70 ms, where the -80 mV holding potential was applied 643 

between t = 0-20 ms, -100 mV for t = 20-50 ms, -80 mV for t = 50-70 ms. During the 644 

break step: (1) the main channel is applied 0.1 psi for t = 0-100 s (2) the trap channel 645 

was applied 6 inHg between t = 0-10 s, vacuum ramp from 10 to 14 inHg from t = 10-40 646 

s, and 6 inHg for t = 40-100 s. For the voltage during the break step, a pulse was 647 

applied every 150 ms, where -80 mV holding potential was applied between t = 0-50 648 

ms, -100 mV for t = 50-100 ms, and -80 mV for t = 100-150 ms. During the data 649 

acquisition: (1) the main channel is applied at 0.15 psi for t = 0-1350 s and 0 psi for 650 
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1350-2450 s, (2) the traps channel is applied 5 inHg for t = 0-3 s, 3 inHg for t = 3-1350 651 

s, and 0 inHG for t = 1350-2450 s. For the voltage during the data acquisition, a pulse 652 

was applied every 625 ms, where the -60 mV holding potential was applied between t = 653 

0-100 ms, -70 mV for t = 100-200 ms, -60 mV for t = 200-300 ms, a voltage ramp from -654 

120 mV to 160 mV for t = 300-525 ms and -60 mV for t = 525-625 ms. The cells/plates 655 

were equilibrated to 30 °C for 5 minutes. Prior to application of a Class I or Class II 656 

compound, menthol was perfused for 75 s four times to measure initial current 657 

responses. Compounds were then applied by continuous perfusion for 15 minutes 658 

followed by measurement of two 75 s applications of menthol in in the presence of 659 

compound. 660 

Ionflux Data Analyzer v5.0 was used to analyze the data. Leak subtraction was 661 

performed on the data based on the -60 mV initial holding potential and -70 mV voltage 662 

steps from the data acquisition. Each point of the current trace is from the difference of 663 

the current at 120 mV and the holding potential at -60 mV. The data was averaged from 664 

7 points after 25 s of perfusion of menthol without or with the compound. The last two 665 

menthol stimulated currents before compound application were averaged and compared 666 

to the two menthol-stimulated currents after compound application to determine a ratio 667 

of menthol response. 668 

 669 

TRPM8 cell surface measurements 670 

TRPM8 stable cells were cultured as described above. Cells were collected by 671 

dissociation with 0.5 mM EDTA in PBS and resuspended in media. Cells were then 672 

incubated in 100 µl of media with 10 µM compound or 10 mM MBCD for 15 minutes as 673 
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in the electrophysiology experiments. Cells were then fixed with 100 µl Buffer A from a 674 

Fix & Perm kit for flow cytometry (Invitrogen, Cat. No. GAS004). Cells were then rinsed 675 

3 times in flow cytometry buffer (PBS + 5% FBS + 0.1% NaN3). Cells were then labeled 676 

with either of two TRPM8 primary antibodies targeted to an extracellular epitope 677 

(Alomone, Cat. No. ACC-049 Abcepta, Cat. No. AP8181D). The Alomone antibody was 678 

used at a dilution of 1:100 while the Abcepta antibody was used at a dilution of 1:50 for 679 

1 hr in the flow cytometry buffer. Cells were rinsed 3 times again then labeled with an 680 

anti-Rabbit-AlexaFlour488 secondary at a 1:1000 dilution (Cell Signaling, Cat. No. 681 

4412) for 45 min. Cells were rinsed 3× again and resuspended in a final volume of 300 682 

µl. Single cell fluorescence intensities were measured on a BD Fortessa 5-laser 683 

analytical cytometer. Geometric means of the resulting intensity distributions were 684 

calculated in FlowJo (version 10). Statistical comparisons were made in GraphPad 685 

Prism (version 10). 686 

 687 

Immunoblotting to detect EGFR activation 688 

For EGFR activation studies, adherent HeLa cells at 70 % confluency in a 60 mm dish 689 

were starved overnight (~18 hr) with starvation media - serum free DMEM/F12 (Gibco) 690 

media supplemented with only Pen-Step. Starved cells were exposed to small 691 

molecules of interest by replacing the overnight starvation media with 4 mL of pre-692 

warmed starvation media containing 10 µM of Class I or II molecule of interest and 0.1 693 

% DMSO (Cell Signaling Technologies) for noted times at 37 °C. After incubation, 694 

EGFR was activated with the addition of 1 mL of pre-warmed starvation media 695 

containing 500 ng/mL EGF (R&D Systems) for 1 minute. Due to the speed of EGFR 696 
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activation kinetics in HeLa cells, treated plates were then flash frozen in liquid nitrogen 697 

after media removal. Frozen plates were then placed on ice and lysed with scraping in 698 

ice-cold RIPA lysis buffer supplemented with PhosStop phosphatase inhibitor and 699 

Complete protease inhibitor (Roche). Lysates were clarified by centrifugation and 700 

subjected to immunoblotting using NuPage Novex 4 % - 12 % Bis-Tris Protein Gels 701 

(ThermoFisher Scientific). After electrophoresis, intact gels were transferred to 702 

Immoblion-P PVDF (Millipore) membranes and cut into three horizontal strips guided by 703 

Precision Plus molecular weight ladder (Bio-Rad) and incubated overnight in blocking 704 

buffer - 20 mM Tris, 150 mM NaCl, 0.1 % Tween-20 (Bio-Rad) pH 7.6 (TBST) with 3 % 705 

w/v Bovine Serum Albumin Fraction V (Fisher Bioreagents). Primary rabbit antibodies 706 

against EGFR pY1173 (53A5, 3972S), phospho-p44/42 MAPK – also known as ERK 707 

1/2 (9101S), and GRB2 (3972S) were purchased from Cell Signaling Technology and 708 

used at a dilution of 1:1000 in TBST for 1 hr at RT with gentle agitation. Goat anti-rabbit 709 

IgG (H+L) conjugated to horse radish peroxidase (ThermoFisher Scientific, 31460) with 710 

glycerol was used at a dilution of 1:5000 for 1 hr in blocking buffer with gentle agitation. 711 

Blots were detected using SuperSignal West Pico Chemiluminescent Substrate 712 

(ThermoFisher Scientific) on a LI-COR 2800 using the chemiluminescent and 700 nm 713 

channels to detect antibody and molecular weight bands signals, respectively. 714 

Chemiluminescent signal was checked for saturation and bands of interest were 715 

integrated with Image Studio (LI-COR, version 3.1).   716 
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Figure 1.  High-throughput screening approach to identify modulators of PMP22 raft affinity.  Pipeline 
used to screen 24,000+ compounds that identified hits described here.  
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Figure 2.  Class I modulators affect the affinity of PMP22 and MAL for ordered domains.  A) Hit 
compounds VU0615562 and VU0619195 decrease ordered partitioning of PMP22 (n = 4) and B) MAL (n = 3) 
at 10 μM, Bars are means ± SD. P-values are from Mann-Whitney tests. C) Dose-response experiments 
determined EC50 for the impact of VU0615562 and VU0619195 on PMP22 ordered partitioning and D) MAL 
ordered partitioning. Points are mean ± SD, n = 3. Curves and EC50 values are from non-linear, sigmoidal fits, 
± SE. E) Representative images of GPMVs treated with 0.5 μM compound. Scale bars are 50 μm. 
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Figure 3.  Class I compounds decrease raft formation in a protein-dependent manner.  A) Effects of 10 μM 
VU0615562 and VU0619195 on the fraction of phase separated GPMVs with PMP22 expression (magenta bars) 
or from untransfected cells (gray bars) (n = 4-5). B) Effects of VU0615562 and VU0619195 on the fraction of phase 
separated GPMVs with MAL expression (navy bars) or from untransfected cells (gray bars) expression 10 μM (n = 
3-5). The middle three panels present dose response experiments used to determine EC50 values of 
compounds on phase separation in GPMVs from C) cells not expressing PMP22 or MAL, D) cells expressing 
PMP22, and E) cells expressing MAL. n = 3, points are means ± SD. Curves and EC50 values ± SE are from non-
linear, sigmoidal fits. F) Effects of 10 μM compounds on the fraction of phase separated GPMVs with (dark gray 
bars) and without proteinase K treatment from untransfected cells (n = 3). Bars are means ± SD. P-values are from 
unpaired student’s t-tests.  
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Figure 4.  Screening identified raft modulators that are protein-independent.  A) Effects of 10 μM 
VU0519975, VU06107402, and primaquine diphosphate on ordered partitioning of PMP22. Bars are means 
± SD (n = 3), p-values are from Dunnett’s test. B) Effects of 10 μM VU0519975, VU06107402, and 
primaquine diphosphate on raft formation in GPMVs with PMP22 (magenta bars) or from untransfected cells 
(gray bars) PMP22 expression. Bars are means ± SD (n = 3-5) C) Effects of 10 μM VU0519975, 
VU06107402, and primaquine diphosphate on GPMV phase separation with (dark gray bars) and without 
(gray bars) proteinase K treatment from untransfected cells (n = 3-5). D) Dose response experiments with 
VU0519975 and VU06107402 (n = 3). E) Dose response experiments with primaquine diphosphate on raft 
formation. Points are means ± SD (n = 3). Curve and EC50 value from non-linear, sigmoidal fits ± SE. 
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Figure 5.  Compounds alter membrane fluidity in GPMVs and live cells.  A) Representative spectral images 
(cropped from 40X fields) of GPMVs stained with Di-4 and treated with DMSO or 10 μM VU0619195. B) 
Representative Di-4 emission spectra of GPMVs treated with 10 μM hit compounds. C) Generalized polarization 
values calculated from Di-4 emission spectra shown in B. Bars are means ± SD (n = 3). P-values are from 
ANOVA followed by Dunnett’s multiple comparisons tests. D) Representative spectral images of live HeLa cells 
stained with Di-4 and treated with DMSO or 10 μM VU0619195. Scale bar = 50 μm. E) Generalized polarization 
values calculated from Di-4 emission intensities calculated from individual cells as shown in D. Bars are means ± 
SD, 10-15 cells (technical replicates) per treatment were measured for each of 4 biological replicates. P-values 
are from ANOVA followed by Dunnett’s multiple comparisons tests. 
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Figure 6.  Class I and Class II compounds alter activity of TRPM8 but not EGFR.  A) The average current 
traces of TRPM8 menthol response before and after exposure to the compounds in stably expressing full-
length human TRPM8 HEK293T cells. Each dot is when the pulse program is applied. No perfusion was done 
in the first 5 minutes of the experiment to equilibrate the automated patch clamp plate to 30 °C. Menthol was 
applied at 100 µM for 75 seconds 4 times to allow the menthol response to saturate before perfusing 
continuously either 0.03% DMSO (control), 10 µM VU0619195 for 15 min (See Supp. Fig. 8A for VU0607402, 
PD and MBCD). 0.03% DMSO concentration was kept consistent throughout the experiment.  Menthol was 
then applied at 100 µM with the corresponding compounds twice for 75 seconds. Each n refers to the single 
sum of 20 cells from an amplifier on the automated patch clamp ensemble plate. B) The average ratio of 
menthol response from each compound in stably expressing full-length human TRPM8 HEK293T cells. The 
ratio of menthol response uses the data from panel A and (fig. S8A), where the last two menthol response 
before compound application were averaged and compared to the two menthol response after compound 
application. Each n refers to the single sum of 20 cells from an amplifier on the automated patch clamp 
ensemble plate and are jittered. P-values were determined by ANOVA followed by Dunnett’s tests. Bars are 
means ± SD. C) Results of Western blot analysis of phospho-EGFR (left) and ERK (right) from HeLa cells 
treated with compounds for 15 min then stimulated with EGF for 1 min. n =3, bars are means ± SD. All 
comparisons are not significant. 
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Compound Class Impact on 
Pordered, PMP22 

Impact on 
Pordered, MAL 

Impact on raft 
formation 

 

Impact on raft 
formation 

modified by 
proteins? 

VU0615562 I ↓ ↓ ↓ Yes 

VU0619195 I ↓ ↓ ↓ Yes 

VU0519975 II 
↓ (borderline 

statistical 
significance)a 

no change ↓ No 

VU0607402 II 
↓ (borderline 

statistical 
significance)a 

no change ↓ No 

Primaquine 
Diphosphate II ↑b ↑ ↑ No 

Table 3. Summary of biophysical effects of Class I and II compounds 
 

Table 3. Summary of biophysical effects of Class I and II compounds 
 

a. A statistically significant decrease is clear in GPMVs RBL cells (fig. S1A), but is 
borderline in HeLa cells (Fig. 4A). 
 

b. A statistically significant increase is seen in GPMVs from HeLa cells (Fig. 4A) but 
not RBL cells (fig. S1A). 
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