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 2 

SIGNIFICANCE STATEMENT 14 

Mutations in the cystic fibrosis transmembrane conductance regulator (CFTR) membrane 15 

protein underlie cystic fibrosis. It is thought that molecular “hubs” of CFTR and its binding 16 

partners co-regulate ion homeostasis and that disruption of these clusters can result in disease. 17 

However, the physical basis for molecular hub formation is unclear. In this study, we present 18 

evidence that multivalent protein and lipid interactions drive the formation of mesoscale 19 

CFTR-containing clusters or “hubs” on model membranes in a manner consistent with 20 

biological phase separation. These data provide important insights into physical mechanisms 21 

that modulate CFTR membrane organization and offer a new lens for the development of 22 

corrective therapeutics.  23 

 24 

ABSTRACT 25 

The Cystic Fibrosis Transmembrane Conductance Regulator (CFTR) is a chloride channel 26 

whose dysfunction leads to intracellular accumulation of chloride ions, dehydration of cell 27 

surfaces, and subsequent damage to airway and ductal organs. Beyond its function as a chloride 28 

channel, interactions between CFTR, ENaC, and SLC transporter family membrane proteins 29 

and cytoplasmic proteins, including calmodulin and NHERF-1, co-regulate ion homeostasis. 30 

CFTR has also been observed to form mesoscale membrane clusters. However, the biophysical 31 

mechanisms that regulate the formation of CFTR clusters are unknown. Using a combination 32 

of computational modeling and complex biochemical reconstitution assays, we demonstrate 33 

that multivalent protein-protein interactions with CFTR binding partners, calcium, and 34 

membrane cholesterol can induce CFTR cluster formation on model membranes. 35 

Phosphorylation of the intracellular domains of CFTR also promotes cluster formation in the 36 

absence of calcium, indicating that multiple mechanisms can regulate CFTR cluster formation. 37 
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Our findings reveal that coupling of multivalent protein and lipid interactions promote CFTR 38 

cluster formation consistent with membrane-associated biological phase separation. 39 

 40 

INTRODUCTION 41 

The proper organization of receptors and channels on plasma membranes is essential for 42 

cellular signaling pathway regulation and ion homeostasis [1,2]. Biomolecular condensates are 43 

widely recognized for their ability to functionally organize the nucleoplasm, cytoplasm, and 44 

membranes [3–7]. Phase separation driven by multivalent interactions between proteins and 45 

nucleic acids can facilitate the formation of condensates [8,9]. Posttranslational modifications, 46 

such as phosphorylation or glycosylation, are known to alter their formation, properties, and 47 

functions [10–12]. Lipids in the membrane can also undergo phase separation into cholesterol-48 

rich or -depleted domains [13,14]. Many membrane-associated proteins that can undergo phase 49 

separation are localized to cholesterol-rich regions [15,16], suggesting a link between protein 50 

and lipid phase separation. Indeed, recent studies involving the T cell signaling protein, LAT, 51 

and the B cell receptor demonstrated the importance of coupled lipid and protein phase 52 

separation for the formation of functional protein clusters on membranes [17,18].  53 

 The Cystic Fibrosis Transmembrane Conductance Regulator (CFTR) is a chloride 54 

channel of the ATP-binding cassette (ABC) transporter superfamily that enables the movement 55 

of chloride ions down their electrochemical gradient across the plasma membrane [19–23]. 56 

CFTR channel opening is regulated by ATP binding to the intracellular nucleotide binding 57 

domains 1 and 2, and by phosphorylation of the ~200-residue regulatory (R) region, following 58 

activation of the cAMP pathway [24–30]. The R region is an intrinsically disordered segment 59 

of the cytoplasmic portion of CFTR that, along with the intrinsically disordered C-terminal 60 

region, mediates numerous intra- and intermolecular interactions that regulate CFTR 61 

localization on the plasma membrane and its function [31–34].  62 
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Beyond its function in chloride homeostasis, CFTR is a molecular “hub” that modulates 63 

cellular ion homeostasis by co-localizing other ion transporters and channels, such as SLC26 64 

family transporters and epithelium sodium channel (ENaC), and intracellular signaling proteins, 65 

such as NHERF-1 and calmodulin, through multivalent interactions [32,35–37] (Figure 1). 66 

Within these “hubs,” CFTR and its binding partners co-regulate one another. However, clearly 67 

defining the mechanism(s) of co-regulation between CFTR and its binding partners is often 68 

challenging due to their observed complexity. For instance, CFTR is inhibitory of ENaC in 69 

most cells [36,38–41] but can activate ENaC in sweat ducts [42,43]. ENaC is generally 70 

accepted to activate CFTR [44], although one study suggests an inhibitory role [45]. For 71 

SLC26A3 and SLC26A6, the R region–STAS interaction is stimulatory for both CFTR and 72 

SLC26 transporter activity [35]. Alternatively, SLC26A9 activates CFTR [46], while CFTR 73 

can either activate or inhibit SLC26A9 [47]. These examples demonstrate that the co- 74 

regulation between CFTR and its partners is a complex process; studies on co-regulation are 75 

often contradictory and little is understood about the underlying molecular mechanisms that 76 

contribute to co-regulation. Nevertheless, it appears that protein activity is intimately tied to 77 

the co-localization in protein-dense clusters on membranes, sometimes referred to as 78 

“macromolecular” clusters. Indeed, CFTR and its binding partners can form micron scale 79 

clusters on plasma membranes [48–50]. Treatment of cells with inhibitors of calcium uptake 80 

by the endoplasmic reticulum, thapsigargin and curcumin, which increases calcium 81 

concentration in the cytoplasm, resulted in increased CFTR cluster size and number on the 82 

plasma membrane [50–52]. Calcium also activates PKA and PKC, which can phosphorylate 83 

the CFTR R region and modulate its association with other proteins [31,32]. Other research 84 

suggests a role for membrane cholesterol in CFTR cluster formation; depletion of cholesterol 85 

reduced cluster formation while increased cholesterol density resulted in increased CFTR 86 

cluster size and number [49]. While CFTR clustering is known to be modulated by calcium 87 
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levels and the density of membrane cholesterol, the physical mechanisms that drive CFTR 88 

clustering and the role of specific protein interactions and phosphorylation are unclear.  89 

 Mutations to CFTR directly cause Cystic Fibrosis (CF) by reducing the amount of 90 

CFTR at the plasma membrane, improper gating of the channel, and/or inefficient ion transport 91 

by CFTR [53,54]. In addition, the most common mutation to CFTR, the deletion of 92 

phenylalanine at position 508 (F508del) results in defects in cluster formation on the plasma 93 

membrane [50]. A previous study found that the F508del mutation can prevent dimerization of 94 

the first CFTR nucleotide binding domain, thus preventing a self-associating interaction that 95 

could contribute to cluster formation [55]. However, it is unclear if the lack of CFTR cluster 96 

formation is due to mutations abrogating interactions that may contribute to cluster formation, 97 

the density of CFTR successfully trafficked to the cell surface being too low for cluster 98 

formation, or a combination of both.  99 

 Membrane-associated phase separation underlies the formation of numerous protein-100 

rich clusters that can depend on posttranslational modifications and organization of membrane 101 

lipids, including cholesterol [1,16]. Because CFTR “macromolecular” clusters are composed 102 

of multivalent proteins, we reasoned that phase separation may underlie cluster formation. This 103 

possibility is especially intriguing because phase separation enables a physical understanding 104 

of CFTR and binding partner cluster formation and provides a lens through which the 105 

aforementioned complexity of CFTR co-regulation in cells can be appreciated [3]. However, 106 

it is unclear whether multivalency and lipid domain formation can promote CFTR cluster 107 

formation on membranes. In this study we use in silico computational modeling and in vitro 108 

biochemical reconstitution on model membranes to evaluate the ability of protein-protein 109 

interactions, calcium, phosphorylation of the CFTR cytoplasmic domains, and increasing 110 

cholesterol density in membranes to promote CFTR cluster formation. Our computational 111 

model predicts that protein-protein interactions and membrane cholesterol density are key 112 
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modulators of CFTR cluster formation. Testing of computational predictions on model 113 

membranes confirms that protein-protein interactions and increasing cholesterol density are 114 

essential for CFTR cluster formation. Phosphorylation of CFTR cytoplasmic regions and 115 

calcium modulate protein-protein interactions to control cluster formation. Increasing density 116 

of cholesterol in membranes results in increased CFTR cluster size and number. Furthermore, 117 

we find that CFTR clusters can merge on model membranes, suggesting that the condensed 118 

molecules are fluid. Combined, these data are consistent with properties seen for other 119 

membrane-associated phase-separated condensates [17,56–62]. These results strongly support 120 

phase separation as the driving mechanism for CFTR cluster formation. 121 

 122 

RESULTS 123 

Protein-protein interactions and membrane cholesterol are predicted to drive CFTR 124 

cluster formation in silico.  125 

Previous work by our lab [31,32] and others [35,37,49] demonstrated that the R region and C-126 

terminal tail of CFTR can interact with neighboring R region and C-terminal tails and engage 127 

in multivalent interactions with NHERF-1, calmodulin, the sulphate transporter and anti-sigma 128 

factor antagonist (STAS) domains, including their disordered intervening sequence (IVS) 129 

regions and C-terminal tails of SLC26 family transporters; the transmembrane domains of 130 

CFTR can also interact with cholesterol in the membrane (Figure 1). We have previously 131 

demonstrated that multivalent interactions between membrane-associated proteins, binding 132 

partners, and cholesterol-rich membrane domains contribute to the formation of phase-133 

separated biomolecular condensates [17,57–59]. Therefore, we posited that self-association 134 

between neighboring CFTR channels and multivalent interactions between CFTR and its 135 

binding partners, coupled to CFTR localization to cholesterol-rich membrane domains, could 136 

drive the formation of macromolecular clusters of CFTR [48–50]. To initially test our 137 
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hypothesis, we created a computational biochemical model using Network Free Simulations 138 

(NFSIM) in the Virtual Cell modeling environment [63–65], which has previously been used 139 

to investigate phase separation between multivalent proteins [58,66–70]. Here we explicitly 140 

modeled experimentally demonstrated protein-protein and protein-cholesterol interactions for 141 

CFTR, calmodulin, NHERF-1, the SLC26A9 chloride transporter STAS domain and C-142 

terminal tail (hereafter SLC26A9 STAS IVS-Cterm), and cholesterol (Figures S1, S2). These 143 

interactions include each of the N- and C-terminal lobes of calmodulin binding one of three 144 

sites in the R region of CFTR [32], and PDZ1 of NHERF-1 binding cholesterol localized in the 145 

membrane [33]. On (Kon) and off (Koff) rates for bimolecular interactions were taken directly 146 

from the literature, estimated from the literature (specifically lipid-protein rate constants), or 147 

experimentally derived by biolayer interferometry (BLI) using purified proteins (Figures 2A-148 

D, Table 1). While these estimates and, in some cases, experimentally fit values are not precise, 149 

the exact numerical values are not critical for defining the qualitative behavior of our 150 

computational model. In this computational model, we also varied the density of CFTR and 151 

cholesterol on the membrane and the concentrations of soluble binding partners to test the 152 

importance of these parameters for CFTR cluster formation (Table 2).  153 

 BLI measurements were performed using the following combinations of proteins: 1) 154 

CFTR R region and C-terminal tail (hereafter CFTR R region-Cterm) and CFTR R region-155 

Cterm, 2) CFTR R region-Cterm and calcium-loaded calmodulin, 3) CFTR R region-Cterm 156 

and NHERF-1, and 4) CFTR R region-Cterm and SLC29A9 STAS IVS-Cterm. The binding 157 

curves for CFTR R region-Cterm self-association were best fit to a 1:1 bimolecular binding 158 

model with a binding constant of 4.72 µM (Figure 2A). The binding curves for CFTR R region-159 

Cterm and calcium-loaded calmodulin were best fit to a 2:1 binding model with two binding 160 

constants of 34.7 µM and 223 µM (Figure 2B). The best fits are in agreement with NMR 161 

evidence that calmodulin binds separately to the CFTR R region via two distinct sites in the N- 162 

.CC-BY-NC-ND 4.0 International licensemade available 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 

The copyright holder for this preprintthis version posted May 6, 2024. ; https://doi.org/10.1101/2024.05.03.592454doi: bioRxiv preprint 

https://doi.org/10.1101/2024.05.03.592454
http://creativecommons.org/licenses/by-nc-nd/4.0/


 8 

and C-terminal lobes of calmodulin; however, they are still not strongly overlapping the 163 

experimental data, likely reflecting the additional complexity of the binding to at least three R 164 

region elements revealed by NMR [32]. The binding curves for CFTR R region-Cterm and 165 

NHERF-1 were best fit to a 2:1 binding model that accounts for each NHERF-1 PDZ binding 166 

a single PDZ binding motif at the C-terminus of CFTR R region-Cterm with two binding 167 

constants of 0.131 µM and 0.763 µM (Figure 2C). NHERF-1 contains two PDZ domains that 168 

can each bind the PDZ binding motif found at the Cterm of CFTR. The two binding constants 169 

are likely correlated with the affinities of each NHERF-1 PDZ domain for CFTR R region-170 

Cterm. Finally, the binding curves for CFTR R region-Cterm and SLC26A9 STAS IVS-Cterm 171 

were measured. Unlike calmodulin and NHERF-1, the specific interactions between the 172 

intrinsically disordered CFTR R region-Cterm and intrinsically disordered SLC26A9 STAS 173 

IVS-Cterm are not well characterized. However, the best fit for these binding curves was 174 

generated using a 2:1 binding model with two binding constants of 0.505 µM and 1.55 µM 175 

(Figure 2D). These binding constants were incorporated into our Virtual Cell computational 176 

model.  177 

 Using our Virtual Cell model, we first interrogated the ability of CFTR self-association 178 

and protein-protein interactions between CFTR R region-Cterm, SLC26A9 STAS IVS-Cterm, 179 

NHERF-1, and calmodulin, to drive the formation of CFTR clusters. Our model predicted that 180 

clusters containing 2 to 4 CFTR molecules could form on membranes as the density of CFTR 181 

on the membrane increased while binding partner concentrations were kept constant. No 182 

clusters containing more than 5 molecules of CFTR were predicted to form through self-183 

association and protein-protein interactions alone, using our specified set of binding partners 184 

(Figure 3A). When we changed the interactions in our model to account for only CFTR self-185 

association and cholesterol in membranes, our model predicted the formation of a single cluster 186 

containing greater than 100 molecules of CFTR in addition to the formation of smaller clusters 187 
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containing more than 10, 5, or 2, CFTR molecules (Figure 3B). However, when we allowed 188 

for protein-protein and protein-cholesterol interactions, three clusters formed that contained 189 

more than 100 molecules of CFTR at the highest CFTR density used in the simulations (Figure 190 

3C), dozens of clusters that contained more than 10 CFTR molecules at the two highest 191 

densities of CFTR formed, and tens to hundreds of clusters containing more than 5 or 2 192 

molecules of CFTR formed (Figure 3C). Thus, our model predicts that CFTR cluster formation 193 

depends on specific protein-protein interactions, protein-lipid interactions, and the density of 194 

CFTR on membranes; these predictions are consistent with phase-separated condensate 195 

formation.            196 

  197 

Wild type CFTR R region-Cterm self-associates on model membranes 198 

 We previously used in vitro supported lipid bilayers (SLBs) to probe the functional 199 

consequences of phase separation of T cell signaling proteins [57,59,71]. To study the 200 

intracellular disordered interacting element of CFTR, which had not previously been used on 201 

SLBs, we generated a single His8-tagged fusion of the CFTR R region and C-terminal region 202 

(hereafter sHis8-CFTR R region-Cterm) that can be attached to SLBs doped with NiNTA-203 

modified lipids. We first tested whether AlexaFluor (AF) 488-labelled sHis8-CFTR R region-204 

Cterm attached to the SLB specifically via NiNTA – histidine interactions or if AF488-sHis8-205 

CFTR R region-Cterm associated with the membrane in an unexpected manner. We reasoned 206 

that if sHis8-CFTR R region-Cterm specifically associated with NiNTA-doped SLBs, high 207 

concentrations of imidazole would interrupt the interaction and AF488-sHis8-CFTR R region-208 

Cterm would no longer associate with the membrane. We attached AF488-sHis8-CFTR R 209 

region-Cterm to SLBs and added buffer containing 0 mM or 275 mM imidazole. In buffer 210 

containing 0 mM imidazole, AF488-(s)His8-CFTR R region-Cterm remained attached to the 211 

membrane (Figure S3A, left) while additional of 275 mM imidazole resulted in a loss of AF488 212 
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fluorescence on the membrane (Figure S3A, right), indicating that its association was a direct 213 

result of NiNTA-modified lipid – histidine interactions and that there are no significant direct 214 

interactions of the membrane lipids with the CFTR R region or Cterm. 215 

Membranes composed of complex lipid mixtures often undergo a liquid to solid 216 

transition when in direct contact with a glass coverslip substrate (Figure S3B) [17,72]. 217 

Therefore, in order to test our model predictions and experimentally probe the driving forces 218 

for CFTR cluster formation, we developed a SLB model in which we first laid a cholesterol-219 

depleted SLB followed by a more complex, cholesterol-rich SLB, similar to those previous 220 

described for studying the biophysical properties of membranes [73]. We refer to this model 221 

membrane as a double supported lipid bilayer ((d)SLB). By protecting the complex lipid 222 

mixture of the upper bilayer from interacting with the coverglass substrate, we were able to 223 

maintain fluidity across a wide range of compositions (Figure S3C) (Table 3).  224 

In our previous NMR spectroscopy studies using a non-His-tagged version of this 225 

fusion protein [31,32], we noted that the R region was prone to aggregation in solution. We 226 

generated a double-His8-tagged version of the disordered CFTR intracellular R region and C-227 

terminal tail (hereafter WT CFTR R Region-Cterm, Figure S4) that enables NiNTA-modified 228 

lipid interactions at both the N-terminus and between the R region and C-terminal elements, 229 

better mimicking the topology of the full-length membrane protein. To test whether this fusion 230 

protein formed clusters on membranes without the contribution of other interactions, we 231 

attached WT CFTR R region-Cterm via interactions of the two His8 tags to NiNTA-modified 232 

lipids doped in SLBs at 2 mol%. We immediately observed small clusters of WT CFTR R 233 

region-Cterm on the membrane, as indicated by increased appearance of puncta in each image, 234 

across a wide range of WT CFTR R Region-Cterm concentrations (Figure 4A). Fluorescence 235 

recovery after photobleaching (FRAP) analysis of non-clustered regions showed near full 236 
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recovery of fluorescence, indicating that most WT CFTR R Region-Cterm molecules are 237 

mobile on the bilayer (Figure 4B), even with the evidence for self-association.  238 

Because we could not quantify the contribution of WT CFTR R region-Cterm to the 239 

observed cluster formation, we sought to generate a model CFTR R region-Cterm lacking self-240 

associating regions that could be used to investigate other protein-protein and protein-lipid 241 

interactions contributing to CFTR cluster formation. To create this fusion protein, we returned 242 

to our previous NMR data [31,32] and retained only regions having interactions with binding 243 

partners in our double His8-tagged fusion (hereafter Model CFTR R region-Cterm, see 244 

Materials and Methods, Figure S4). We attached the Model CFTR R region-Cterm to (d)SLBs 245 

via NiNTA-modified lipid interactions to the two His8 tags and observed homogenously 246 

distributed fluorescence across the membrane as the concentration of Model CFTR R Region-247 

Cterm was increased (Figure 4C). Model CFTR R Region-Cterm attached to the (d)SLB also 248 

exhibited near-full recovery of fluorescence following photobleaching (Figure 4D). Combined, 249 

these results indicate that WT CFTR R region-Cterm exhibits self-association on (d)SLBs. 250 

Model CFTR R region-Cterm is well distributed on the (d)SLB and lacks the propensity to 251 

self-associate to a high enough degree to observe resolvable clusters. Therefore, we deemed 252 

the Model CFTR R region-Cterm fusion protein to be most suitable for subsequent 253 

reconstitution experiments, since changes to protein distribution and dynamics as a result of 254 

changing experimental conditions can be readily assessed.  255 

 256 

NHERF-1, SLC26A9 STAS IVS-Cterm, calmodulin, and calcium are insufficient for 257 

inducing CFTR R region-Cterm cluster formation in vitro. 258 

Previous work using NMR demonstrated that calcium enhances calmodulin N- and C-terminal 259 

lobe binding to the CFTR R region [32]. We also observed that calcium promotes binding of 260 

calmodulin with the CFTR R region using BLI (Figures 2B). However, our computational 261 
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model predicts that only small, sub-resolution (clusters containing less than 5 molecules of 262 

CFTR would not be resolvable using fluorescence microscopy) CFTR R region-Cterm clusters 263 

will form upon addition of binding partners, including calcium-loaded calmodulin. Given our 264 

previous NMR and current BLI data (Figures 2A-D, Table 1), the reported link between CFTR 265 

and calcium signaling [50], calcium-calmodulin mediated activation of CFTR [32], and our 266 

model predictions, we were highly interested in experimentally interrogating the role of 267 

protein-protein interactions including calcium-loaded calmodulin in driving CFTR clustering. 268 

We first tested the ability of a combination of 0.5 µM NHERF-1, 1 µM SLC26A9 STAS IVS-269 

Cterm, and 1 µM calmodulin with and without 500 µM CaCl2 to induce visible cluster 270 

formation of Model CFTR R region-Cterm. The addition of this mixture did not result in visible 271 

Model CFTR R region-Cterm cluster formation (Figure 5A, left column). Our experimental 272 

results are consistent with our computational predictions: protein-protein interactions among 273 

our set of CFTR binding partners are not sufficient to drive the formation of visible clusters of 274 

Model CFTR R region-Cterm using these protein concentrations. 275 

  276 

Cholesterol and protein-protein interactions drive the formation of Model CFTR R 277 

region-Cterm clusters in vitro. 278 

Because our computational model predicts that cholesterol interactions with CFTR are 279 

necessary for robust CFTR cluster formation, we investigated the role of cholesterol in 280 

modulating CFTR clustering in vitro. We initially performed experiments with Model CFTR 281 

R region-Cterm attached to 18:1 DGS-NTA nickel modified lipids localized to cholesterol-282 

depleted regions of (d)SLBs (Figure S5A) with 0.5 µM NHERF-1, 1 µM SLC26A9 STAS 283 

IVS-Cterm, and 1 µM calmodulin with and without 500 µM CaCl2 in solution. Visible clusters 284 

of Model CFTR R region-Cterm did not form as the cholesterol density was increased from 0 285 

to 40 mol% (Figure 5A, top two rows). We then repeated these experiments with Model CFTR 286 
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R Region-Cterm attached to 16:0 DGS-NTA localized in cholesterol-rich regions of (d)SLBs 287 

(Figure S5B). We previously used 16:0 DGS-NTA to localize His-tagged proteins to 288 

cholesterol-rich membrane domains in spin-coated multi-layered model bilayers [17]. We first 289 

performed experiments using (d)SLBs composed of increasing cholesterol density from 0 to 290 

40 mol%. We attached Model CFTR to cholesterol-rich (d)SLB regions and incubated with 0.5 291 

µM NHERF-1, 1 µM SLC26A9 STAS IVS-Cterm, and 1 µM calmodulin without including 292 

CaCl2 in solution. We did not observe robust cluster formation, although sparse mesoscale 293 

clusters did appear when (d)SLBs contained 40 mol% cholesterol (Figure 5A, third row). 294 

However, upon addition of CFTR R region-Cterm binding partners and 500 µM CaCl2, we 295 

observed the formation of Model CFTR R region-Cterm clusters (Figure 5A, bottom row). 296 

Cholesterol had a dose dependent effect on clustering, where cluster number and area increased 297 

non-linearly with increases in cholesterol (Figure 5B). At 10 and 20 mol% cholesterol, clusters 298 

were small (2-3 µm2), and generally spherical. At 30 and 40 mol% cholesterol, clusters were 299 

larger (>3 µm2) and more irregular in shape. Clusters across all cholesterol densities tested 300 

appeared dynamic, as multiple fusion events of two small clusters merging into a single large 301 

cluster were observed (Figure 5C). These results are consistent with predictions from our 302 

computational model.  303 

 Using our (d)SLB experimental system, we then sought to understand which specific 304 

protein-protein interactions were important for Model CFTR R region-Cterm cluster formation. 305 

We formed (d)SLBs containing either 10 or 40 mol% cholesterol and attached Model CFTR R 306 

region-Cterm to cholesterol-rich regions. We then added 0.5 µM NHERF-1 and / or 1 µM 307 

SLC26A9 STAS IVS-Cterm to solutions containing 1 µM calmodulin and 500 µM calcium. 308 

We observed no Model CFTR R region-Cterm cluster formation when either NHERF-1 or 309 

SLC26A9 STAS IVS-Cterm was present in the solution with calmodulin and calcium (Figure 310 

6A). However, when both were present in solution with calmodulin and calcium, clusters of 311 
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Model CFTR R region-Cterm formed on membranes composed of 10 or 40 mol% cholesterol, 312 

with a higher number and larger size of clusters on membranes composed of 40 mol% 313 

cholesterol (Figure 6A). Experiments were repeated, this time using calmodulin and calcium 314 

as the Model CFTR R region-Cterm binding partners with 0.5 µM NHERF-1 and 1 µM 315 

SLC26A9 STAS IVS-Cterm already in solution. Neither 1 µM calcium alone nor 500 µM 316 

calmodulin induces Model CFTR R region-Cterm cluster formation on (d)SLBs in the presence 317 

of NHERF-1 and SLC26A9 STAS IVS-Cterm (Figure 6B). When both were combined in 318 

solution, small sparse Model CFTR R region-Cterm clusters formed on (d)SLBs composed of 319 

10 mol% cholesterol while large more numerous clusters formed on (d)SLBs composed of 40 320 

mol% cholesterol (Figure 6B). These results demonstrate that observable Model CFTR R 321 

region-Cterm cluster formation is induced only in the presence of all tested components; lack 322 

of any component inhibits Model CFTR R region-Cterm cluster formation.     323 

 324 

Phosphorylation of the R region alters membrane distribution of Model CFTR R region-325 

Cterm clusters in vitro 326 

PKA-mediated phosphorylation is a mechanism of CFTR channel activation that acts as an 327 

alternative to calcium-calmodulin activation [32]. Given these opposing functions, we were 328 

interested in the impact of CFTR R region-Cterm phosphorylation on clustering. We 329 

phosphorylated Model CFTR R region-Cterm using PKA and attached the non-phosphorylated 330 

or phosphorylated protein onto (d)SLBs composed of 40 mol% cholesterol and incubated with 331 

1 µM calmodulin, 0.5 µM NHERF-1, and 1 µM SLC26A9 STAS IVS-Cterm with and without 332 

500 µM calcium (Figure 7A). Non-phosphorylated Model CFTR R region-Cterm forms 333 

micron-sized clusters only in the presence of calcium (Figure 7B). Phosphorylation induces the 334 

formation of smaller more numerous clusters of Model CFTR R region-Cterm clusters, when 335 

compared with those formed by non-phosphorylated Model CFTR R region-Cterm, 336 
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independent of buffer calcium (Figure 7C). These results demonstrate that protein-protein 337 

interactions involving either calcium-calmodulin or phosphorylation of the cytoplasmic 338 

domains of CFTR can induce cluster formation when combined with cholesterol in membranes.  339 

 340 

DISCUSSION 341 

In this study, we demonstrate that CFTR cluster formation depends on multivalent protein-342 

protein interactions, calcium, and cholesterol in the membrane, which is consistent with phase 343 

separation as the driving physical mechanism for CFTR cluster formation on membranes. 344 

CFTR clusters can merge with one another, indicating that the molecules within the clusters 345 

are dynamic. We found that phosphorylation of the cytoplasmic domains of CFTR can drive 346 

cluster formation with the full complement of binding partners and cholesterol, without 347 

calcium in the buffer (Figure 7). This observation may be partly explained by the propensity 348 

for the phosphorylated CFTR R region binding to the CFTR C-terminal tail. These results are 349 

complementary to previous reports that described interactions between phosphorylated R 350 

region with specific binding partners, including the C-terminal tail of CFTR, independent of 351 

non-phosphorylated CFTR R region interactions with calmodulin, and that phosphorylation of 352 

the R region by PKA inhibits calmodulin binding [32]. This potential for independent inputs 353 

into cluster formation is reminiscent of LAT with Grb2 and Sos1 or Gads and SLP-76 [57] or 354 

integrins with kindlin or talin in focal adhesions [60,74] and provides an example of the general 355 

principle of redundancy amongst membrane-associated protein interacting partners. Such 356 

redundancy could enable unique modes of CFTR cluster formation on the membranes of 357 

various cell types and may be especially important because not all types of cells express every 358 

CFTR interactor; ionocyte, ciliated, and basal cells in the airway epithelia express varied levels 359 

of CFTR and interactors [75,76].  360 
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Our study also generated an editable, user-friendly computational model housed in the 361 

Virtual Cell modeling environment. This tool is freely available to the community and can be 362 

adapted by researchers to investigate CFTR interactions with other binding partners and predict 363 

the formation of macromolecular clusters on membrane surfaces. Furthermore, the model can 364 

be adapted to account for phosphorylation and other posttranslational modifications to test their 365 

effect on protein-protein interactions and the subsequent role these modifications have on 366 

CFTR cluster formation. Additionally, the computational model can be used to predict the 367 

effect of small molecule therapeutics on interactions within CFTR clusters. This type of tool 368 

will be valuable for predicting off-target effects in CFTR interaction network behavior linked 369 

with small molecule interactions if the effects of the small molecule on binding affinities have 370 

been evaluated. Combined, our computational model and in vitro biochemical reconstitution 371 

system can be used to parse the complex co-regulation observed in cells to determine 372 

intracellular components that contribute to the co-clustering of CFTR and binding partners. 373 

 Finally, the results we present here enable the viewing of CFTR cluster formation 374 

through the lens of biological phase separation. The phase separation of membrane-associated 375 

proteins has been linked with T cell and B cell activation [17,18,57,59,61,62], glomerular 376 

filtration barrier maintenance [9,56,58], synaptic plasticity [77,78], cell adhesion [60,74], and 377 

growth factor receptor signaling pathways [79]. To date, channel and transporter function has 378 

yet to be linked with phase separation-directed organization. Here we provide evidence that 379 

CFTR can undergo phase separation with its multivalent binding partners coupled to 380 

cholesterol in the membrane. Importantly, wild type CFTR intracellular domains can self-381 

associate to a high degree, thereby increasing the effective valency of interacting motifs within 382 

the R region and C-terminal tail when arrayed on membranes. In our study, we intentionally 383 

used a model CFTR fusion of the R region and C-terminal tail with a decreased propensity for 384 

CFTR cytoplasmic domain self-association in our experiments (Figure 4) so that we could 385 
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specifically parse the contribution of binding partners and membrane components to CFTR 386 

cluster formation. In cells, self-association of CFTR will lower the density and concentration 387 

thresholds above which CFTR and its binding partners will undergo phase separation. Thus, 388 

clusters of CFTR that have been previously observed [48–50] likely form through phase 389 

separation akin to signaling clusters described above. 390 

Another aspect of phase separation underlying the formation of CFTR clusters is the 391 

emergence of self-organized CFTR clusters with distinct size distribution profiles. These 392 

profiles depend on 1) the percent of cholesterol in the membrane or 2) the type of interactions 393 

that drive cluster formation. We observed that CFTR R region-Cterm localization with 394 

cholesterol was required for mesoscale cluster formation in our computational simulations and 395 

in vitro reconstitution experiments (Figures 3 and 5). Furthermore, as the percentage of 396 

cholesterol increased in model membranes, CFTR R region-Cterm clusters increased in size 397 

and number (Figure 5A). Together, these data show a direct role of membrane composition in 398 

the modulation of CFTR cluster formation, size, and number. When clustering is promoted by 399 

binding partner interactions, large clusters form (Figure 7A, top row). When clustering is 400 

promoted by interactions between phosphorylated CFTR R region-Cterm in the presence of 401 

binding partners, smaller more numerous clusters form relative to the binding partner alone 402 

condition (Figure 7A, bottom row). Importantly, the total amount of phase separation, as 403 

measured by the variance in fluorescence, is similar between CFTR R region-Cterm and 404 

binding partners or phosphorylated CFTR R region-Cterm and binding partners with or without 405 

calcium (Figure 7B, + calcium vs. Figure 7C, +/- calcium). This is especially pertinent, as a 406 

recent computational study shows that membrane-associated condensate function (specifically, 407 

actin polymerization) can be controlled by cluster size distribution [70]. The authors report that 408 

more numerous smaller clusters collectively promote a higher amount of actin polymerization 409 

than fewer, large clusters. Given that actin polymerization is increased at condensates because 410 
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condensates increase the probability of Arp2/3 activation [58], and that CFTR open probability 411 

may be modulated by cluster formation, the possibility exists that cells may be able to modulate 412 

CFTR channel activity by promoting unique modes of cluster formation, i.e., with significant 413 

contribution from binding of R region to either calcium-calmodulin or the CFTR C-terminus 414 

in the presence of phosphorylation. Thus, CFTR cluster formation by phase separation may 415 

allow for tuning of CFTR function in different cell types or under different conditions by 416 

specifically regulating plasma membrane lipid composition, binding partner expression, 417 

phosphorylation of the intracellular domains of CFTR, and maintaining specific size 418 

distributions on the plasma membrane.  419 

It is becoming increasingly evident that CF results in lipid imbalances in cellular 420 

membranes [80]. Several studies have shown that CFTR regulates lipid metabolism and 421 

homeostasis [81–84]. Furthermore, lipid interactions with CFTR and ENaC are required for 422 

optimal channel function [85]. This bi-directional relationship between lipids and CFTR is 423 

further highlighted by our results reported here, in which we show increased cluster formation 424 

directly linked with increased cholesterol density in model membranes (Figures 5 and 6). 425 

Therefore, it will be important for future studies to investigate specific mechanisms by which 426 

lipid components of membranes, including cholesterol and sphingolipids contribute to 427 

functional CFTR cluster formation, and the effect of CFTR clustering on lipid metabolism and 428 

homeostasis.  429 

The results reported here are important for at least two reasons: 1) phase separation of 430 

membrane-associated proteins can be functionally coupled to lipid phase separation [17], and 431 

2) manipulation of phase separation by novel therapeutics provides a new avenue for treating 432 

disease [86,87]. In cells, prevention of CFTR cluster formation is correlated with decreased 433 

CFTR channel function during vasoactive intestinal peptide stimulation [48]. However, the 434 

functional coupling between protein condensates and lipid domains for CFTR has yet to be 435 
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shown. Combined, these data from our study and previous cellular data [48–50] lead us to 436 

propose a tantalizing possibility: CFTR cluster formation results in increased channel function 437 

per molecule, or, alternatively, in regulated channel function in a manner dependent on the 438 

components within the condensate, as has been reported for other membrane-associated and 439 

cytoplasmic phase-separating systems [11,57,58,62,88,89]. Thus, we suggest that phase 440 

separation of CFTR provides a possible mechanism for increased or otherwise regulated 441 

function of CFTR and other proteins co-localized in CFTR condensates on membranes, 442 

including effects on open channel probabilities. Future studies to test this hypothesis are needed, 443 

with the potential to enrich understanding of the regulation of CFTR and more generally of 444 

cholesterol-rich domain-localized membrane proteins, particularly those thought to be “co-445 

regulated” with other membrane proteins. 446 

 447 

MATERIALS AND METHODS 448 

Modeling CFTR clustering with Virtual Cell 449 

The Virtual Cell platform [63–65] was used to model and simulate CFTR cluster formation 450 

(https://vcell.org/). For each interaction modelled, binding mechanisms and kinetic constants 451 

were based either on biolayer interferometry data from this study or published data and are 452 

detailed in Table 1 provided in the supplementary material. Table 1 contains the rate constants 453 

and Table 2 contains the densities and concentrations of molecular species in the models. The 454 

models used in this study can be found in the Virtual Cell public database under user “ywan” 455 

with the following model name: “CFTR Membrane Clustering.” 456 

 457 

Expression constructs 458 

Sequences of all constructs are included in Table 4 with schematics shown in Supplemental 459 

Figure S6A. CFTR R region-Cterm insert sequences were codon-optimized and ordered from 460 
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GenScript. CFTR R region-Cterm gene inserts were amplified by PCR and cloned into pET 461 

plasmids using Gibson assembly. All R region sequences contain an F833L polymorphism that 462 

improves the solubility of the fusion proteins [31,32]. To generate the Model CFTR R Region-463 

Cterm sequence, we used previously published NMR data acquired in our lab [31,32] and 464 

removed residues that were not found to have significantly broadened NMR resonances upon 465 

interaction with calmodulin or other protein binding partners (Figure S4). WT and Model 466 

CFTR R region-Cterm constructs were poly-histidine tagged with His8 for membrane 467 

attachment via nickel-chelated lipid anchors [56,57,71,90]. Full length calmodulin was inserted 468 

into a pET3a plasmid, while NHERF-1 (residues 1- 358) and the intervening sequence and C-469 

terminal region of SLC29A9 (STAS IVS-Cterm, residues 569-652, 742-772, and 785-791 in a 470 

single, fused disordered chain) were inserted into pET-His-SUMO plasmids. All inserts were 471 

validated using Sanger sequencing. Plasmids were transformed into, amplified in, and purified 472 

from NEB 10-beta Competent E. coli cells using the QIAprep Miniprep kit according to the 473 

manufacturer’s instructions.  474 

 475 

Protein expression, purification, and maleimide dye labeling 476 

All proteins were expressed in BL21-CodonPlus (DE3)-RIPL Competent E. coli bacteria 477 

transformed with plasmids encoding the genes described previously. Bacteria were grown in 478 

lysogeny broth (LB) containing 50 mg/mL kanamycin and 34 mg / ml chloramphenicol until 479 

O.D.600 = 0.6-0.8. Protein expression was induced using 1 mM isopropyl β-D-1-480 

thiogalactopyranoside (IPTG) and bacteria were incubated at 16 ˚C for 16-18 hours before 481 

harvesting by centrifugation at 4500 rpm for 30 minutes at 4 ˚C. Cell pellets were either used 482 

immediately or frozen and stored at -80 ˚C for up to 2 months before purification. Purification 483 

protocols were adapted from previously published methods [31,32] and are detailed below. All 484 

proteins were verified by mass spectrometry analysis. 485 
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 486 

Purification of CFTR R region-Cterm fusions and SLC26A9 STAS IVS-Cterm  487 

The CFTR R region-Cterm and His6-SUMO-SLC26A9 STAS IVS-Cterm constructs 488 

were purified from the insoluble lysate fraction. Pellets were resuspended in 20 ml guanidinium 489 

chloride buffer (6M GdmCl, 50 mM Tris-HCl (pH 7.5), 150 mM NaCl, and 0.2 mM TCEP) 490 

per liter of culture. Cell resuspensions were lysed by sonication on ice for 10 minutes (30% 491 

amplitude, cycled at 2 secs on / 2 secs off) and clarified by centrifugation at 8500 RPM for 1 492 

hour using a fixed angle JA-20 rotor (Beckman Coulter) at 4 ˚C. Supernatant fractions were 493 

loaded onto HisPur Ni-NTA resin (Thermo Scientific) as per manufacturer’s instructions and 494 

washed with 5 CVs of GdmCl buffer containing 20mM imidazole (pH 7.5), and eluted in 300 495 

mM imidazole (pH 7.5) in 5 x1  CV fractions. Aliquots of fractions containing protein were 496 

precipitated from GdmCl by trichloroacetic acid precipitation and resuspended in 8M urea 497 

before analysis by gel electrophoresis. Proteins were further purified by size exclusion 498 

chromatography using a HiLoad 26 / 600 Superdex 75 prepgrade column (Cytiva), in GdmCl 499 

buffer. SLC26A9 STAS IVS-Cterm was diluted to 240 mM GdmCl, incubated with 10 units 500 

of ULP-1 per µg of protein for 4 hours at room temperature, and flowed over Ni-NTA to 501 

remove the His6-SUMO tag. Gels confirming fusion protein purifications are shown in 502 

Supplemental Figure S6B. 503 

 504 

Purification of calmodulin and NHERF-1 505 

 His6-SUMO-Calmodulin and His6-SUMO-NHERF-1 were purified from the soluble 506 

lysate fraction following the previously described method for CFTR R region-Cterm and 507 

SLC26A9 STAS IVS-Cterm constructs, except with non-denaturing Tris buffer (20 mM Tris-508 

HCl (pH 7.5), 150mM NaCl, and 0.2 mM TCEP). Protein-loaded Ni-NTA resin was washed 509 

stepwise using Tris buffers containing 20mM imidazole (pH 7.5), and eluted in 300mM 510 
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imidazole (pH 7.5). Calmodulin and NHERF-1 were incubated in Tris buffer with 10 units of 511 

ULP-1 per 20 µg of protein for 4 hours at room temperature and flowed over Ni-NTA to 512 

remove the His6-SUMO tag. Gels confirming fusion protein purifications are shown in 513 

Supplemental Figure S6B. 514 

 515 

Labeling CFTR R region-Cterm with maleimide dye 516 

This labeling protocol was adapted from previously published methods [59,72]. bME was 517 

added to a final concentration of 10 mM to purified CFTR R region-Cterm to reduce all 518 

cysteine residues. CFTR R region-Cterm was then buffer exchanged into a buffer of 3M 519 

GdmCl, 50 mM HEPES-NaOH (pH 7.0), and 150 mM NaCl, and incubated with 3-times molar 520 

excess of Alexa Fluor (AF) 647 C2-maleimide conjugated dye (Invitrogen) for 16 hours at 4 521 

˚C in the dark. The labeling reaction was quenched with 10 mM bME, and excess dye was 522 

removed by size exclusion chromatography using a 10 / 300 Superdex 75 GL column (Cytiva).  523 

 524 

Phosphorylation of Model CFTR R region-Cterm 525 

This phosphorylation protocol was adapted from a previously published method [32]. Purified 526 

and AF647-labelled CFTR R region-Cterm was diluted to below 100 mM GdmCl. 100 units 527 

of protein kinase A (PKA) was added per 500 µg of CFTR R region-Cterm and dialyzed in a 528 

buffer of 50 mM Tris-HCl (pH 7.5), 150 mM NaCl, 20 mM MgCl2, 10 mM ATP, and 2 mM 529 

DTT for 16 hours at 4 ˚C in the dark. The buffer was exchanged for fresh buffer midway 530 

through the reaction to refresh the ATP. The phosphorylation reaction was flowed over Ni-531 

NTA to remove His-tagged PKA and confirmed by mass spec analysis. 532 

 533 

Biolayer interferometry 534 
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All measurements were performed on a FortéBio Octet RED384 instrument using Octet Ni-535 

NTA biosensors (Sartorius) and 384-well black microplates with either flat (Greiner) or tilted 536 

bottoms (Sartorius). Biosensors were hydrated in Sartorius Kinetics Buffer for 5 minutes prior 537 

to use. All protein was initially dialyzed into HEPES buffer (50 mM HEPES (pH 7.3), 150 mM 538 

NaCl, and 1 mM TCEP) and freshly diluted in Kinetics Buffer prior to use. All biolayer 539 

interferometry experiments were performed as follows: biosensors were incubated in Kinetics 540 

Buffer for 120 seconds (Baseline), 500 nM CFTR R region-Cterm for 120 seconds (Loading), 541 

BSA Blocking buffer for 60 seconds (Quenching), analyte (CFTR R region-Cterm, Calmodulin, 542 

NHERF-1, or SLC26A9 STAS IVS-Cterm) for 300-600 seconds (Association), and Kinetics 543 

Buffer for 300 seconds (Dissociation). Biosensors were regenerated up to 10 times by 544 

alternately washing in Kinetics Buffer containing 750 mM and 0 mM imidazole (pH 7.5). To 545 

minimize evaporation effects, a working volume of 75 µL per well was used and experimental 546 

runs did not exceed 1 hour. All measurements were performed in triplicate. Binding curves 547 

were processed and fit using Octet Analysis Studio Software (Sartorius). 548 

 549 

Reconstitution assays using supported lipid bilayers  550 

The methods described in this section were adapted from previously published methods 551 

[17,57,59,71,72].  552 

 553 

Preparation of small unilamellar vesicles (SUVs) 554 

Synthetic phospholipids and cholesterol were all sourced from Avanti Polar Lipids, barring 555 

16:0 DGS-(Ni)NTA, which was synthesized and provided by the Levental lab. Lipids for 556 

reconstitution experiments were combined as detailed in Table 3, dried under a stream of Argon, 557 

desiccated for 12 hours, and resuspended in phosphate-buffered saline (pH 7.3) to create 558 

solutions of multilamellar lipid vesicles. Lipid solutions were repeatedly frozen in liquid 559 
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nitrogen and thawed on a 45 ̊ C heat block 30-45 times, or until the solution cleared, to generate 560 

small unilamellar vesicles (SUVs). Lipid solutions were centrifuged at 21,000 g for 2 hours at 561 

4 ˚C to pellet any remaining multilamellar vesicles. Supernatant containing SUVs was 562 

collected, topped with Argon, and stored at 4 ˚C for up to 2 weeks. Lipid solutions were frozen 563 

and stored after 15 freeze-thaws at -80 ˚C for up to 6 months. 564 

 565 

Preparation of supported lipid bilayers (SLBs) 566 

Supported lipid bilayers (SLBs) were formed on 96-well black glass-bottom plates (Corning). 567 

Glass was washed with 5% Hellmanex III at 50 ˚C for 3 hours, thoroughly rinsed with MilliQ 568 

H2O, washed twice with 6M NaOH at 45˚C for 1 hour, and thoroughly rinsed with MilliQ H2O, 569 

before equilibrating in HEPES buffer (50 mM HEPES (pH 7.3), 150 mM NaCl, and 1 mM 570 

TCEP). SUVs were added to wells containing HEPES buffer and incubated at 40 ˚C for 45 min 571 

to allow SUVs to collapse and fuse on the glass substrate to form SLBs. SLBs were washed 572 

with HEPES buffer three times to remove excess SUVs. For double SLBs, base layer SUVs 573 

were incubated to form the base SLB, washed three times with HEPES buffer, then incubated 574 

with SUVs composed of lipids for the top bilayer for 1 hour at 40 ˚C, followed by a second 575 

wash step with HEPES buffer, as we have previously described [72]. Table 3 contains 576 

information describing the composition of supported lipid bilayers. 577 

HEPES buffer containing 1 µM CFTR R region-Cterm protein was incubated on the 578 

prepared SLBs for 1 hour at room temperature, resulting in a final CFTR R region-Cterm 579 

density of approximately 5000 molecules / µm2 on SLBs and (d)SLBs. (d)SLBs were washed 580 

three times with HEPES buffer. For conditions containing CFTR interactors, proteins were 581 

incubated on (d)SLBs coated with CFTR R region-Cterm proteins for 15-30 minutes at the 582 

following concentrations: 1 µM calmodulin, 0.5 µM NHERF-1, and 1 µM SLC26A9 STAS 583 

IVS-Cterm. For calcium-containing conditions, 0.5 mM CaCl2 was added to the HEPES buffer, 584 
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and interactors were dialyzed into HEPES buffer containing the same concentration of calcium. 585 

All experiments were performed in triplicate.  586 

 587 

Evaluation of membrane fluidity with fluorescence recovery after photobleaching  588 

Fluorescence recovery after photobleaching (FRAP) assays were used to verify the fluidity of 589 

(d)SLBs and the proteins anchored to them. All FRAP experiments were performed on a point 590 

scanning Leica SP8 LIGHTNING Confocal Microscope (Leica Microsystems) equipped with 591 

Leica Application Suite X software, using a 63x / 1.3 NA oil immersion objective. 488 and 638 592 

nm lasers were used at 100 % power for 0.65 seconds to bleach AF488-labelled (d)SLBs (18:1 593 

PE-TopFluor AF488, Avanti cat. #810386) or AF647-labelled proteins, respectively. (d)SLBs 594 

and proteins were bleached at a small region of interest (ROI) to 40 % fluorescence intensity 595 

or lower at room temperature, and recovery within the ROI was monitored for 150 – 300 596 

seconds. Following photobleaching, changes in fluorescence intensity of the ROI over time 597 

produce the recovery curve. Due to gradual photobleaching of the entire microscope field of 598 

view during imaging, FRAP recovery curves were corrected by normalizing ROI fluorescence 599 

intensity to background fluorescence intensity over time. 600 

 601 

Imaging and analysis of CFTR R region-Cterm clusters 602 

Bilayer images were obtained on a point scanning Leica SP8 LIGHTNING Confocal 603 

Microscope (Leica Microsystems) equipped with Leica Application Suite X software. Images 604 

were obtained using a 63x / 1.3 NA oil immersion objective with 488 and 638 nm lasers.  605 

Image analysis was performed using Fiji. All images were processed at identical 606 

brightness and intensity settings. The degree of clustering was determined by measuring the 607 

variance of intensities (Standard Deviation2) within each image, as we previously described 608 

[71]. T-test analyses were performed, and data were plotted using GraphPad Prism (Dotmatics). 609 
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FIGURE LEGENDS 635 

Figure 1. CFTR is a multivalent hub for macromolecular complexes on membranes. The CFTR 636 

transmembrane domains interact with cholesterol in the membrane, CFTR R region contains 637 

multiple calmodulin and SLC26A9 binding sites, and the C terminal tail of CFTR binds 638 

NHERF-1. Calmodulin can interact with CFTR and SLC26A9. NHERF-1 can interact with 639 

membrane cholesterol, SLC26A9, and CFTR. SLC26A9 can interact with CFTR, NHERF-1, 640 

and calmodulin.  641 

 642 

Figure 2. Biolayer interferometry binding curves. For A-D, colored lines are experimentally 643 

measured binding, black traces are modeled fits. A) Binding of Model CFTR R region-Cterm 644 

with itself. Model CFTR R region-Cterm was incubated in solutions diluted 2-fold from the 645 

initial solution that contained 25 μM Model CFTR R region-Cterm. B) Model CFTR R 646 

region-Cterm and calmodulin with calcium. Model CFTR R region-Cterm was incubated in 647 

solutions diluted 2-fold from the initial solution that contained 7.5 μM calmodulin. 500 μM 648 

CaCl2 was included in all solutions to ensure calcium-loaded calmodulin lobes. Note that the 649 

fits to the curves do not superimpose well with the data, reflecting a more complex binding 650 

mechanism of each of the two calmodulin lobes to at least three elements of the R region than 651 

our simple model with only two binding parameters. C) Model CFTR R region-Cterm and 652 

NHERF-1. Model CFTR R region-Cterm was incubated in solutions diluted 2-fold from the 653 

initial solution that contained 10 μM NHERF-1. D)  Model CFTR R region-Cterm and 654 

SLC26A9 STAS IVS-Cterm. Model CFTR R region-Cterm was incubated in solutions 655 

diluted 2-fold from the initial solution that contained 10 μM SLC26A9 STAS IVS-Cterm. A 656 

total of 5 or 6 concentrations were used per analyte. 657 

 658 
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Figure 3. Simulations using the Virtual Cell modeling environment predict that protein – 659 

protein and membrane cholesterol – protein interactions are required for the formation of 660 

mesoscale CFTR-containing macromolecular clusters on membranes. Simulation results for 661 

the formation of clusters containing >2, >5, >10, or greater the >100 CFTR molecules for A) 662 

when only protein - protein interactions are considered, B) when only CFTR – membrane 663 

cholesterol interactions are considered, and C) when protein – protein and protein – membrane 664 

cholesterol interactions are considered. 665 

 666 

Figure 4. Model CFTR R Region-Cterm is evenly distributed on supported lipid bilayers 667 

(SLBs) except at the highest concentration. A) AF647-WT CFTR R region-Cterm fluorescence 668 

is not evenly distributed on SLBs as the density increases (left), as indicated by the variance in 669 

the plot (right). B) Fluorescence recovery after photobleaching (FRAP) indicates that AF647-670 

WT CFTR R Region-Cterm is fluid on SLBs. C) AF647-Model CFTR R region-Cterm 671 

fluorescence is evenly distributed on SLBs as the density increases. D) Fluorescence recovery 672 

after photobleaching (FRAP) indicates that AF647-model CFTR R Region-Cterm is fluid on 673 

SLBs.  Scale bars = 30 µm 674 

 675 

Figure 5. Cholesterol, binding partners, and calcium promote model CFTR R region-Cterm 676 

cluster formation on double supported lipid bilayers ((d)SLBs). A) Model CFTR R region-677 

Cterm attached to cholesterol-depleted regions of (d)SLBs do not form clusters in the presence 678 

of 1 µM calmodulin, 0.5 µM NHERF-1, and 1 µM SLC26A9 STAS IVS-Cterm without or 679 

with 500 µM CaCl2 (top two rows). Model CFTR R Region-Cterm attached to cholesterol-rich 680 

regions of the (d)SLB forms clusters in the presence of 1 µM calmodulin, 0.5 µM NHERF-1, 681 

and 1 µM SLC26A9 STAS IVS-Cterm with 500 µM CaCl2 (bottom row) but not without 500 682 

µM CaCl2 (third row). Scale bar = 30 µm. B) Variance of fluorescence intensities in (A) 683 
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demonstrates significantly increased CFTR R region-Cterm cluster formation as the density of 684 

cholesterol is increased in (d)SLBs. n = 13. * = p < 0.05, T-test. C) Full field of view of Model 685 

CFTR R region-Cterm clusters (left). Scale bar is 15 µm. Time-lapse imaging of Model CFTR 686 

R region-Cterm clusters shows merging event between Model CFTR R region-Cterm clusters 687 

(images expanded from box inset in left image). Scale bar = 5 µm. 688 

 689 

Figure 6. Distinct sets of CFTR R region-Cterm binding partners promote cluster formation 690 

on double supported lipid bilayers ((d)SLBs). A) 0.5 µM NHERF-1 and 1 µM SLC26A9 STAS 691 

IVS-Cterm promote cluster formation of AF647-Model CFTR R region-Cterm attached to 692 

cholesterol-rich (d)SLB regions when combined in solution. Scale bar = 30 µm. B) 1 µM 693 

calmodulin and 500 µM CaCl2 promote cluster formation of AF647-Model CFTR R region-694 

Cterm attached to cholesterol-rich (d)SLB regions when combined in solution. Scale bar = 30 695 

µm. Proteins in (A) and (B) were incubated for 30 minutes prior to image capture.  696 

 697 

Figure 7. Phosphorylation of Model CFTR R region-Cterm results attached to cholesterol-rich 698 

regions of double supported lipid bilayers ((d)SLBs) results in cluster formation. A) AF647-699 

Model CFTR R region-Cterm cluster formation on (d)SLBs is promoted in the presence of 1 700 

µM calmodulin, 0.5 µM NHERF-1, and 1 µM SLC26A9 STAS IVS-Cterm with 500 µM CaCl2 701 

(top row). Phosphorylation of AF647-Model CFTR R region-Cterm cluster promotes 702 

formation of smaller clusters on (d)SLBs in the presence of 1 µM calmodulin, 0.5 µM NHERF-703 

1, and 1 µM SLC26A9 STAS IVS-Cterm with and without 500 µM CaCl2 (bottom row). Scale 704 

bar = 30 µm. B) Variance of AF647-Model CFTR R region-Cterm fluorescence intensities in 705 

the presence of calmodulin, NHERF-1, and SLC26A9 STAS IVS-Cterm with or without 706 

calcium. n = 3. * = p < 0.05, T-test. C) Variance of phosphorylated AF647-Model CFTR R 707 
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region-Cterm fluorescence intensities in the presence of calmodulin, NHERF-1, and SLC26A9 708 

STAS IVS-Cterm with or without calcium. n = 3. n.s. = no significance, p > 0.05, T-test. 709 

 710 

SUPPLEMENTAL FIGURE LEGENDS 711 

Figure S1. A) Visualized map of modeled interaction network using the Virtual Cell. 712 

“Reacting” and “Reactions” here refer to binding interactions. 713 

 714 

Figure S2. Modeled interactions between domains and binding motifs in CFTR and its binding 715 

partners. Green lines indicate protein-protein interaction affinities defined by our study using 716 

BLI. Magenta lines indicate protein-protein, protein-cholesterol, and cholesterol-cholesterol 717 

affinities published in the literature. R1, R2, R3, and R4 indicate distinct CFTR R regions that 718 

can interact with binding partners, as determined by our previous interaction analysis using 719 

NMR [31,32]. For each binding motif, we used the overall affinity measured by BLI, as we 720 

have previously done for Nck: N-WASP interactions [58,91].   721 

 722 

Figure S3. A) Images of AlexaFluor (AF) 488-labelled sHis8-CFTR R region-Cterm on 723 

supported lipid bilayers (SLBs) in 0 mM (left) or 275 mM (right) imidazole-containing buffer. 724 

Scale bar = 20 µm. B) SLBs composed of 15% cholesterol fully recover following photobleach 725 

(top). SLBs composed of 20% cholesterol do not recover (bottom). n = 5. Scale bar = X µm. 726 

C) The AlexaFluor488 fluorescence of the bottom SLB of (d)SLBs recovers after 727 

photobleaching to the same extent as an uncovered SLB indicating that layering a second SLB 728 

on top of the SLB contacting the coverglass subtrates has no effect on fluidity (left). n = 5. The 729 

fluorescence of the upper SLB of (d)SLBs recovers fully from when composed of 20 – 40% 730 

cholesterol indicating that it remains fully fluid, unlike its SLB counterpart (B). n = 5. 731 

  732 

.CC-BY-NC-ND 4.0 International licensemade available 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 

The copyright holder for this preprintthis version posted May 6, 2024. ; https://doi.org/10.1101/2024.05.03.592454doi: bioRxiv preprint 

https://doi.org/10.1101/2024.05.03.592454
http://creativecommons.org/licenses/by-nc-nd/4.0/


 31 

Figure S4. A) Sequences of double-His8-tagged WT and Model CFTR R region-Cterm 733 

constructs. NMR-detected regions of protein-protein interaction were fused with GGS linkers 734 

in Model CFTR R region-Cterm. This allows us to parse the impact of specific protein - protein 735 

and protein – lipid interactions. Dual His-tags were used to anchor the fusion protein to 736 

supported lipid bilayers in lieu of transmembrane domains. B) Schematics illustrating NMR-737 

determined binding elements within the CFTR R region from [31,32]. These elements were 738 

included in our Model CFTR R region-Cterm fusion protein shown in (A) and Figure S6, while 739 

all residues residing outside these interaction elements were replaced with GGS linkers. (Row 740 

1) Schematic of sequence for wild type CFTR R region shown in (A). (Row 2) Schematic of 741 

sequence for Model CFTR R region shown in (A). (Row 3) Schematic showing calmodulin-742 

binding elements in the presence of Ca2+ between R region residues 659-671, 700-715, and 743 

760-780 in the non-phosphorylated R region. (Row 4) Schematic showing NMR-derived 744 

binding elements of the R region to the SLC26A3 STAS domain including its IVS between 745 

residues 660-681, 750-777, 805-814, and 829-836 with and without phosphorylation of the R 746 

region. In the previously published NMR experiments [31], the homologous SLC26A3 STAS 747 

domain with IVS was used due to instability of the STAS with IVS of SLC26A9. As shown in 748 

Figure S6, here we use a fusion of only the IVS (lacking the folded STAS domain) together 749 

with the Cterm of SLC26A9 for our biochemical assays. (Row 5) Schematic showing Cterm 750 

binding elements between residues 663-680, 708-723, 750-778, and 803-815 in the non-751 

phosphorylated R region. (Row 6) Schematic showing Cterm binding elements between 752 

residues 669-695, 708-723, 750-778, 802-810, and 827-836 in the phosphorylated R region.  753 

 754 

Figure S5. Schematic of double supported lipid bilayers ((d)SLB) used in experiments shown 755 

in Figures 5, 6, and 7. A) (d)SLB composed of cholesterol-rich and -depleted domains with 756 

CFTR-R region-Cterm anchored to 18:1 DGS-NTA(Ni) in cholesterol-depleted domains. B) 757 
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(d)SLBs composed of cholesterol-rich and -depleted domains with CFTR-R region-Cterm 758 

anchored to 16:0 DGS-NTA(Ni) in cholesterol-rich domains.  759 

 760 

Figure S6. Schematics, including residue positions, (A) and Coomassie stained gels (B) of 761 

recombinant fusion proteins used in this study.  762 

  763 
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Table 1. Binding constants used to describe interactions in the Virtual Cell computational 764 

model, based on Biolayer Interferometry experiments or literature values.   765 

Interactor 1  Interactor 2  kon (M-1s-1)  koff (s-1)  KD (M)  Source  

Model CFTR R 

region-Cterm 

Model CFTR R 

region-Cterm 
1.90 ± 0.06 x 102  8.98 ± 0.34 x 10-4  4.72 ± 0.04 x 10-6  

This 

study  

Model CFTR R 

region-Cterm 
Calmodulin*  

3.55 ± 2.47 x 103  2.54 ± 1.78 x 10-1  2.23 ± 2.17 x 10-4  

Model CFTR R 

region-Cterm 
4.29 ± 5.39 x 103  1.52 ± 1.93 x 10-1  3.47 ± 0.68 x 10-5  

Model CFTR R 

region-Cterm 
NHERF-1  

2.73 ± 0.08 x 103  3.57 ± 0.35 x 10-4  1.31 ± 0.16 x 10-7  

Model CFTR R 

region-Cterm 
1.10 ± 0.03 x 105  8.19 ± 0.19 x 10-2  7.63 ± 0.21 x 10-7  

Model CFTR R 

region-Cterm SLC26A9 STAS 

IVS Cterm  

8.16 ± 0.80 x 102  4.21 ± 0.57 x 10-4  5.05 ± 0.66 x 10-7  

Model CFTR R 

region-Cterm 
3.13 ± 0.33 x 104  4.85 ± 0.52 x 10-2  1.55 ± 0.10 x 10-6  

Cholesterol  Cholesterol  5.00 x 103  1.00 x 10-3  1.00 x 10-6  Estimated 

from 

Corey,  

2021 [92] 

Model CFTR R 

region-Cterm Cholesterol  1.25 x 103  1.00 x 10-2  8.00 x 10-6  

NHERF-1  

Nterm Chol.  

Site  

Cholesterol  1.00 x 103  4.00 x 10-5  4.00 x 10-8  

Sheng,  

2012 [33] 

SLC26A9 TMD  Cholesterol  9.09 x 10-1  1.00 x 10-1  1.10 x 10-4  

Estimated 

from 

Corey, 

2021 [92] 

.CC-BY-NC-ND 4.0 International licensemade available 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 

The copyright holder for this preprintthis version posted May 6, 2024. ; https://doi.org/10.1101/2024.05.03.592454doi: bioRxiv preprint 

https://doi.org/10.1101/2024.05.03.592454
http://creativecommons.org/licenses/by-nc-nd/4.0/


 34 

SLC26A9 

Cterm  

NHERF-1 PDZ1  
1.00 x 102  2.39 x 10-3  2.39 x 10-5  

Bertrand,  

2017 [93] SLC26A9 

Cterm  

NHERF-1 PDZ2  
1.00 x 102  3.84 x 10-3  3.84 x 10-5  

SLC26A9 STAS 

IVS  
Calmodulin  1.00 x 104  8.65 x 10-4  8.65 x 10-8  

Keller,  

2014 [94]  

*See comment in the Figure 2 legend. 766 
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Table 2. Densities and concentrations of molecular species used in the Virtual Cell 768 

computational model. 769 

Molecule  
Estimated physiological 

concentration  

Chosen simulated 

concentration  
Source  

CFTR  
16-36 molecules/µm2 (overall  

expression in polarized epithelia model)   
50-1000 molecules/µm2  

McShane, 2014  

[95] 

Calmodulin  
2-25 µM (different tissues)   

5.7 µM (lungs)  
5.0 µM  

Kakiuchi, 1982 [96]  

NHERF-1  
~0.05-5 µM (different cytoskeletal 

proteins)  
0.5 µM  

Wu, 2005 [97] 

SLC26A9  
N/A (was estimated as same or greater 

than CFTR)  
500-1000 molecules/µm2   N/A  

Cholesterol  10-40%  
10,000-50,000 

molecules/µm2 (~5-10%)  
N/A  

 770 
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Table 3. Compositions of supported lipid bilayers. POPC is 1-palmitoyl-2-oleoyl-sn-glycero-772 

3-phosphocholine, Avanti Cat. #850457. DPPC is 1,2-dipalmitoyl-sn-glycero-3-773 

phosphocholine, Avanti Cat. #850355. Cholesterol was purchased from Avanti Cat. #700100. 774 

18:1 DGS-NTA is 1,2-dioleoyl-sn-glycero-3-[(N-(5-amino-1-carboxypentyl)iminodiacetic 775 

acid)succinyl] (nickel salt), Avanti Cat. #790404. 16:0 DGS-NTA is 1,2-dipalmitoyl-sn-776 

glycero-3-[(N-(5-amino-1-carboxypentyl)iminodiacetic acid)succinyl] (nickel salt), provided 777 

by the Levental Lab. PEG5000-PE is 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-778 

[methoxy(polyethylene glycol)-5000] (ammonium salt), Avanti Cat. #880230. 779 

Figure  Bilayer  POPC  DPPC  Cholesterol  18:1 DGS- 

NTA(Ni)  

16:0 DGS- 

NTA(Ni)  

PEG5000PE  

5, 6, 7  Base  99%  0%  0%  0%  0%  1%  

4 Base 98%  0%  0%  2%  0%  0.01%  

5 Top  59%  29%  10%  2%  0%  0.01%  

5, 6 Top  59%  29%  10%  0%  2%  0.01%  

5 Top  49%  29%  20%  2%  0%  0.01%  

5 Top  49%  29%  20%  0%  2%  0.01%  

5 Top  39%  29%  30%  2%  0%  0.01%  

5 Top  39%  29%  30%  0%  2%  0.01%  

5 Top  29%  29%  40%  2%  0%  0.01%  

5, 6, 7  Top  29%  29%  40%  0%  2%  0.01%  

 780 
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Table 4. Amino acid sequences of all recombinant proteins used in this study.  782 

Construct   Sequence  Notes  

Model CFTR R 

region-Cterm 

MSSSHHHHHHHHGGSCGGSGGSGGSGGSS 

AERRNSILTETLHRFSLEGDAPVSWTETKKQG 

GSGGSGGSGGSEKRKNSILNPINSIRKFSIVQ 

KTPLQGGSGGSGGSGGSGEAILPRISVISTGP 

TLQARRRQSVLNLMTHSVNQGQNIHRGGSG 

GSGGSGGSTELDIYSRRLSQEGGSGGSGGS 

GGSLKESFFDDGGSGGSGGSGGSHHHHHHH 

HGGSGGSGGSGGSEENKVRGGSGGSGGSG 

GSDTRL  

  

R region boundaries:   

654-685, 695-720, 745-785, 803-815, 829-836  

C terminal tail boundaries:  

1417-1422, 1477-1480   

PKA phosphorylation sites (red): S660, S670, S700, 

S712, S753, S768, S813   

  

(R region and Cterm segments are all joined by 

(GGS)4 linkers)  

Human, CFTR R region 

and Cterm construct 

containing sites implicated 

in binding calmodulin, 

NHERF-1, and SLC26A9 

based on NMR analysis 

[31,32]. Contains 7 known 

PKA phosphorylation sites. 

Contains one N-terminal 

His8 tag and another His8 

tag between the R region 

and Cterm sites for 

anchoring to supported lipid 

bilayers (His tags are 

underlined). Intervening 

(GGS)4 linkers (gray shade) 

were added between each 

segment of the R region 

and Cterm, to improve 

solubility. A C1458S 

mutation was introduced, 

and one cysteine was 

included in the N-terminal 

(GGS)5 linker, for labeling 

with maleimide dye without 

blocking Cterm interactions.  

.CC-BY-NC-ND 4.0 International licensemade available 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 

The copyright holder for this preprintthis version posted May 6, 2024. ; https://doi.org/10.1101/2024.05.03.592454doi: bioRxiv preprint 

https://doi.org/10.1101/2024.05.03.592454
http://creativecommons.org/licenses/by-nc-nd/4.0/


 38 

WT CFTR R 

region-Cterm 

MSSSHHHHHHHHGGSCGGSGGSGGSGGSS 

AERRNSILTETLHRFSLEGDAPVSWTETKKQS 

FKQTGEFGEKRKNSILNPINSIRKFSIVQKTPL 

QMNGIEEDSDEPLERRLSLVPDSEQGEAILPRI 

SVISTGPTLQARRRQSVLNLMTHSVNQGQNIH 

RKTTASTRKVSLAPQANLTELDIYSRRLSQET 

GLEISEEINEEDLKESFFDDGGSGGSGGSGG 

SHHHHHHHHGGSGGSGGSGGSEENKVRQY 

DSIQKLLNERSLFRQAISPSDRVKLFPHRNSSK 

SKSKPQIAALKEETEEEVQDTRL  

 

R region boundaries:  654-836  

C terminal tail boundaries: 1417-1480   

PKA phosphorylation sites (red): S660, S670, S700, 

S712, S737, S752, S768, S795, S813   

 

Human, CFTR full-length R 

region and Cterm fusion. 

Contains one N-terminal 

His8 tag and another His8 

tag between the R region 

and Cterm for anchoring to 

SLBs.  Intervening GGS 

linkers (gray shade) were 

added to improve solubility. 

C1458S mutation and one 

cysteine was included in 

the N-terminal GGS linker, 

for labeling with maleimide 

dyes without blocking 

Cterm interactions.  

sHis8-WT CFTR 

R Region-Cterm 

MSSSHHHHHHHHSAERRNSILTETLHRFSLEGDAP

VSWTETKKQSFKQTGEFGEKRKNSILNPINSIRKFSI

VQKTPLQMNGIEEDSDEPLERRLSLVPDSEQGEAIL

PRISVISTGPTLQARRRQSVLNLMTHSVNQGQNIHR

KTTASTRKVSLAPQANLTELDIYSRRLSQETGLEISE

EINEEDLKECLFDDMEKVRQYDSIQKLLNERSLFRQ

AISPSDRVKLFPHRNSSKSKSKPQIAALKEETEEEV

QDTRL 

Human, CFTR full-length R 

region and Cterm fusion. 

Contains one N-terminal 

His8 tag for anchoring to 

SLBs. A C1458S mutation 

was introduced to allow for 

single maleimide-dye 

labeling by conjugation with 

C832. 
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Calmodulin  CMADQLTEEQIAEFKEAFSLFDKDGDGTITTKELGT

VMRSLGQNPTEAELQDMINEVDADGNGTIDFPEFL

TMMARKMKDTDSEEEIREAFRVFDKDGNGYISAAE

LRHVMTNLGEKLTDEEVDEMIREADIDGDGQVNYE

EFVQMMTAK  

Human, full-length 

calmodulin. One cysteine 

was added directly N-

terminal to calmodulin for 

labeling with maleimide 

dyes.  

NHERF-1  MSADAAAGAPLPRLCCLEKGPNGYGFHLHGEKGK

LGQYIRLVEPGSPAEKAGLLAGDRLVEVNGENVEKE

THQQVVSRIRAALNAVRLLVVDPETDEQLQKLGVQ

VREELLRAQEAPGQAEPPAAAEVQGAGNENEPRE

ADKSHPEQRELRPRLCTMKKGPSGYGFNLHSDKS

KPGQFIRSVDPDSPAEASGLRAQDRIVEVNGVCME

GKQHGDVVSAIRAGGDETKLLVVDRETDEFFKKCR

VIPSQEHLNGPLPVPFTNGEIQKENSREALAEAALE

SPRPALVRSASSDTSEELNSQDSPPKQDSTAPSST

SSSDPILDFNISLAMAKERAHQ 

KRSSKRAPQMDWSKKNELFSNL 

Human, full-length NHERF-

1.  

SLC26A9 STAS 

IVS-Cterm  

YLKKQEKRRMRPTQQRRSLFMKTKTVSLQELQQD

FENAPPTDPNNNQTPANGTSVSYITFSPDSSSPAQ

SEPPASAEAPGEPSDMRDVTPGHNFQGAPGDAEL

SLYDSEEDIRSYWAETLTAL  

  

IVS boundaries: 569-652   

C terminal tail boundaries: 742-772, 785-791  

(IVS and Cterm segments are all fused directly)  

Human, SLC26A9 full-

length intervening 

sequence (IVS, gray shade) 

and Cterminal tail (Cterm, 

underlined) fusion, with no 

linker separating the IVS 

and Cterm. The residues 

773-784 were removed 

from the Cterm sequence 

due to a predicted alpha-

helical structural element.   

 783 

 784 
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