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Abstract 31 

Intrinsically disordered regions (IDRs) are essential for membrane receptor regulation but often remain 32 

unresolved in structural studies. TRPV4, a member of the TRP vanilloid channel family involved in 33 

thermo- and osmosensation, has a large N-terminal IDR of approximately 150 amino acids. With an 34 

integrated structural biology approach, we analyze the structural ensemble of the TRPV4 IDR and 35 

identify a network of regulatory elements that modulate channel activity in a hierarchical lipid-36 

dependent manner through transient long-range interactions. A highly conserved autoinhibitory patch 37 

acts as a master regulator by competing with PIP2 binding to attenuate channel activity. Molecular 38 

dynamics simulations show that loss of the interaction between the PIP2-binding site and the 39 

membrane reduces the force exerted by the IDR on the structured core of TRPV4. This work 40 

demonstrates that IDR structural dynamics are coupled to TRPV4 activity and highlights the importance 41 

of IDRs for TRP channel function and regulation. 42 

 43 
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Introduction 48 

The majority of eukaryotic ion channels contain intrinsically disordered regions (IDRs), which play 49 

important roles in protein localization, channel function and the recruitment of regulatory interaction 50 

partners1–3. In some transient receptor potential (TRP) channels, IDRs make up more than half of the 51 

entire protein sequence4. Among the mammalian TRP vanilloid (TRPV) subfamily, TRPV4 has the largest 52 

N-terminal IDR, ranging from ~130 to ~150 amino acids in length depending on the species4–6. TRPV4 53 

is a Ca2+-permeable plasma membrane channel that is widely expressed in human tissues. It is 54 

remarkably promiscuous, and stimuli include pH, moderate heat, osmotic and mechanic stress, and 55 

various chemical compounds7,8. TRPV4 also garnered attention due to the large number of disease-56 

causing mutations with distinct tissue-specific phenotypes primarily affecting the nervous and skeletal 57 

systems9–13. Among others, roles in cancer as well as viral and bacterial infections have also been 58 

described14–16. 59 

 60 

Crystal structures of the isolated TRPV4 ankyrin repeat domain (ARD) were among the first regions of 61 

a TRP channel to be resolved, showing a compact, globular protein domain with six ankyrin 62 

repeats10,17,18. Together with the IDR, the ARD forms the channel’s cytoplasmic N-terminal domain 63 

(NTD). Furthermore, near full-length frog and human TRPV4 cryo-EM and X-ray crystallography 64 

structures are available, but lack the IDR, which was partially or fully deleted to facilitate structure 65 

determination19,20. Short stretches of N- and C-terminal IDRs were found previously to interact with 66 

the ARD in TRPV2 and TRPV3 cryo-EM structures21–23, but no complete TRP(V) channel IDR has been 67 

visualized to date.  68 

The TRPV4 NTD is responsible for channel sensitivity to changes in cell volume24, its reaction to osmotic 69 

and mechanical stimuli25,26 and the interaction with regulatory binding partners27–30. Therefore, a 70 

structural characterization of the TRPV4 NTD including its large IDR is critical to understanding TRPV4 71 

regulation in detail.  72 

 73 

To date, two regulatory elements in the N-terminal TRPV4 IDR have been described: (i) a proline-rich 74 

region directly preceding the ARD that enables protein-dependent channel desensitization27,28,30; and 75 

(ii) a phosphatidylinositol-4,5-bisphosphate (PIP2)-binding site composed of a stretch of basic and 76 

aromatic residues directly N-terminal to the proline-rich region31. PIP2 is a plasma membrane lipid and 77 

an important ion channel regulator32,33. In TRPV4, mutation of the PIP2-binding site abrogates PIP2-78 

dependent channel sensitization in response to osmotic and thermal stimuli31. It remains unknown 79 

whether the TRPV4 IDR contains additional regulatory elements and how they may mediate channel 80 

regulation. An understanding of the dynamic properties of a complete TRP channel IDR at atomic 81 
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resolution is currently lacking, which complicates the search for such putative regulatory elements and 82 

their structural crosstalk. 83 

Here, we used an integrated structural biology approach to analyze the structural ensemble of the 84 

TRPV4 N-terminal domain. Hierarchically coupled regulatory elements linking the NTD’s structural 85 

dynamics to channel activity were mapped along the entire length of the IDR. These elements 86 

modulate channel activity through lipid-dependent transient crosstalk. These results highlight 87 

important regulatory functions of the IDR and underscore that the IDRs cannot be neglected when 88 

trying to understand TRP channel structure and function.  89 

 90 

Results 91 

Structural ensemble of the TRPV4 N-terminal intrinsically disordered region 92 

To address the current lack of structural and dynamic information for the TRPV4 NTD, we purified the 93 

382 amino acid Gallus gallus domain (residues 2-382, with 83/90% sequence identity/similarity to 94 

human TRPV4) as well as its isolated IDR (residues 2-134), and ARD (residues 135-382) (Fig. 1a-c, Fig. 95 

S1). The avian proteins were chosen due to their increased stability compared to their human 96 

counterparts27. Analytical size-exclusion chromatography (SEC) and SEC-MALS (SEC multi-angle light 97 

scattering) showed that these constructs are monomeric, while circular dichroism (CD) spectroscopy 98 

and the narrow chemical shift dispersion of the [1H, 15N]-NMR (nuclear magnetic resonance) spectra 99 

of the 15N-labeled TRPV4 IDR in isolation or in the context of the NTD confirmed its high amount of 100 

disorder5 (Fig. 1c-e; Fig. S2).  101 

 102 

An IDR-containing protein is best described as a structural ensemble, which can be analyzed by SEC-103 

coupled small-angle X-ray scattering (SEC-SAXS) and subsequent Ensemble Optimization Method 104 

(EOM) analysis34,35. The isolated TRPV4 IDR is highly flexible and fluctuates between numerous 105 

conformations that, as a population, produce a skewed real-space scattering pair-distance distribution 106 

function, or p(r) profile that extends to ~12.5-15 nm (Fig. 1f, Fig. S3). Suggesting the presence of 107 

transient intradomain contacts, the TRPV4 IDR preferentially sampled more compact states both in 108 

isolation and attached to the ARD compared to a randomly generated pool of solvated, self-avoiding 109 

walk structures (Fig. 1f-h, Fig. S3). Interdomain contacts between the IDR and ARD were also apparent 110 

from the loss of IDR signal intensities in the 1H, 15N-NMR spectra of the isolated 15N-labeled IDR 111 

compared to the NTD (Fig. S2b, c), e.g. for residues ~20-35 and ~55 to 115. The ARD itself was not 112 

resolved in the spectra of the NTD likely due to unfavorable dynamics (see below).  113 

 114 

Structural dynamics of the TRPV4 ARD  115 
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The SAXS data, the dimensionless Kratky plot and the resulting p(r) profile of the isolated ARD are 116 

typical of a compact globular particle (Fig. S3). Accordingly, the 28 kDa ARD has a significantly smaller 117 

radius of gyration (Rg~2.5 nm) and maximum particle dimension (Dmax~11.5 nm) than the 15 kDa IDR 118 

(Rg~3.5 nm; Dmax~12.5-15 nm). Nonetheless, the SAXS data of the ARD could not be fitted with the 119 

scattering curves calculated from the available compact ARD X-ray crystal structures10,17,18 (Fig. S3f). 120 

Instead, models undergoing major conformational rearrangements had to be generated to obtain 121 

satisfactory fits to the experimental data of the ARD in solution. Ab-initio bead modeling using 122 

DAMMIN36 yielded a prolate-shape with a protrusion that may be consistent with the partial unfolding 123 

of one or two peripheral ankyrin repeats (Fig. 2a). Rigid-body normal-mode analysis of the ARD with 124 

SREFLEX37 suggested that a shift in the spatial disposition of the individual ankyrin repeats is required 125 

to satisfy the experimental data (Fig. 2b). As electron density in TRPV channel structures is frequently 126 

missing for the N-terminal ARD tips4,38,39, and melting temperatures of ~37 °C have been reported for 127 

the TRPV1 and TRPV4 ARDs17,40, TRPV channel ARDs may indeed fluctuate between structured and 128 

partially unstructured states. 129 

 130 

To further evaluate the structural flexibility of the ARD in solution, we used HDX-MS 131 

(hydrogen/deuterium exchange mass spectrometry) (Fig. 2c, Supplemental Data Set 1). HDX-MS 132 

probes the peptide bonds’ amide proton exchange kinetics with the solvent and thus provides insights 133 

into the higher order structure of proteins and their conformational dynamics41.  134 

Immediate high HDX was apparent for ARD loop 3 (residues 259-267), ankyrin repeat 5 (residues 319-135 

327) and the linker between ankyrin repeats 5 and 6 (residues 344-348). Most -helices showed 136 

progression in HDX over time except for 7 (repeat 3), 9/10 (repeat 4), and 11/12 (repeat 5) 137 

suggesting that these constitute the structural core of the ARD with the least flexibility. The peripheral 138 

ankyrin repeats 1, 2 and 6 underwent faster exchange (HDX at 103 s). The combined observations from 139 

HDX-MS and SAXS demonstrate that the ARD, although globally compact, experiences complex 140 

conformational dynamics, i.e., slower motions in the ARD core and faster dynamics within the ARD 141 

loops and peripheral ankyrin repeats in agreement with the extensive line broadening observed in the 142 

[1H, 15N]-NMR spectrum of the NTD (Fig. S2b).  143 

For the IDR, immediate high HDX was apparent in the resolved parts (residues 3-24, 29-55, and 72-144 

105) substantiating its unstructured character. The transient nature of interdomain contacts between 145 

ARD and IDR was underscored by the absence of a significant difference in the HDX of the individual 146 

domains in isolation or in the context of the full-length NTD. 147 

 148 

Long-range TRPV4 NTD interactions center on the PIP2-binding site 149 
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Long-range interactions between IDR and ARD were investigated using crosslinking mass spectrometry 150 

(XL-MS). Except for the first 49 amino acids, 25 lysine residues are almost evenly distributed 151 

throughout the G. gallus TRPV4 NTD sequence. The lysine side chain amino groups can be crosslinked 152 

by disuccinimidyl suberate (DSS), probing Cα-Cα distances up to 30 Å42. Both intradomain (within IDR 153 

or ARD) and interdomain (between IDR and ARD) crosslinks were observed for the NTD (Fig. 3a, 154 

Supplemental Data Set 2). Many intra- and interdomain contacts were observed for the most N-155 

terminal IDR lysine residues (K50, K56) and those within or close to the PIP2-binding site on the C-156 

terminal end of the IDR (K107, K116, K122). Importantly, these crosslinks were replicated in an 157 

equimolar mix of isolated IDR and ARD, supporting the involvement of these IDR regions in specific 158 

long-range interactions (Fig. 3b, c,).  159 

 160 

Conveniently, the TRPV4 PIP2-binding site (consensus sequence KRWRR) important for TRPV4 161 

sensitization31 contains the sole tryptophan residue within the ~43 kDa NTD (W109 in our constructs).  162 

Changes in its chemical environment, e.g. through altered protein contacts, can thus be probed directly 163 

by differences in the tryptophan fluorescence spectra of deletion constructs generated around the 164 

PIP2-binding site (Fig. 3d).  165 

The fluorescence emission of a minimal construct (IDRΔN97, residues 97-134), which included the PIP2-166 

binding site and the proline-rich region, was suggestive of high solvent accessibility of the tryptophan 167 

residue and resembled that of free tryptophan in buffer (Fig 3e, f). In longer constructs containing 168 

additional parts of the IDR, the ARD or both, the fluorescence emission was blue shifted, indicating 169 

that W109 was in a more buried, hydrophobic environment. This effect was most pronounced for the 170 

full-length NTD. Deletion of the N-terminal half of the IDR (NTDΔN54) yielded an intermediate emission 171 

wavelength between full-length NTD and NTDΔN97, a construct comprising only the ARD, proline-rich 172 

region, and PIP2-binding site. This indicates that the local PIP2-binding site environment is influenced 173 

by both the ARD and the distal IDR N-terminus.  174 

 175 

The PIP2-binding site promotes compact NTD conformations 176 

To probe the role of the PIP2-binding site for the NTD conformational ensemble, we replaced its basic 177 

residues by alanine (KRWRR → AAWAA) across TRPV4 N-terminal constructs (Fig. S4a-d). CD 178 

spectroscopy and SEC showed that the structural integrity of the mutants was maintained (Fig. S4c, d). 179 

However, we noticed consistently higher Stokes radii compared to their native counterparts (Fig. S4e), 180 

suggesting that the charge neutralization of the PIP2-binding site affects the IDR structural ensemble. 181 

Likewise, the tryptophan emission wavelength of the AAWAA mutants was also increased compared 182 

to the native constructs, indicative of a more solvent-exposed central tryptophan residue (Fig. S4f, g). 183 

Furthermore, the 1H chemical shifts of the W109 sidechain amide were different between the native 184 
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IDR and IDRΔN97, but the same between the respective PIP2-binding site mutants (Fig. 3g, h). Thus, 185 

transient long-range interactions between the N-terminus and the PIP2-binding site seem to be 186 

disrupted upon mutation of the PIP2-binding site.  187 

 188 

NTDAAWAA and IDRAAWAA were also analyzed by SEC-SAXS and EOM (Fig. 4, Fig. S4h-o). The scattering 189 

profile and real-space distribution of IDRAAWAA resembled the native IDR, indicating a random chain-190 

like protein. However, the mutant’s Rg and Dmax values (3.5 nm and 14.5 nm, respectively) were slightly 191 

increased compared to the native IDR (Rg = 3.4 nm and Dmax = 14.0 nm). This effect was even more 192 

pronounced in the context of the NTD, with Rg and Dmax values of 4.5 nm and 19.5 nm, respectively, 193 

compared to Rg = 4.1 nm and Dmax = 19.0 nm for the native IDR. Unlike the native IDR and NTD, the Rg 194 

distributions of the mutant constructs agreed well with the randomly generated pools of solvated, self-195 

avoiding walk structures (Fig. 4d). This suggests that constructs with a mutated PIP2-binding site 196 

populate expanded conformations more frequently and show more random chain-like characteristics, 197 

thereby substantiating the role of the PIP2-binding side as a central mediator of long-range contacts 198 

within the TRPV4 NTD.  199 

 200 

Competing attractive and repulsive interactions between distinct IDR regions govern the NTD 201 

structural ensemble 202 

The TRPV4 IDR consists of alternating highly conserved and non-conserved regions arranged along a 203 

charge gradient. An N-terminus rich in acidic residues segues into a C-terminus with an accumulation 204 

of basic residues followed by the proline-rich region connecting to the ARD (Fig. 5a, b). To probe the 205 

effects of differently charged and conserved IDR regions on the NTD structural ensemble, consecutive 206 

N-terminal deletion constructs were investigated by CD spectroscopy, SEC, and SEC-SAXS (Fig. 5c-e, 207 

Fig. S5, Fig. S6). The respective RS, Rg and Dmax values for consecutive N-terminal deletions do not 208 

change linearly, rather, depending on their charge (z), individual IDR regions mold the structural 209 

ensemble of the NTD differently (Fig. 5e). Addition of only the proline-rich region to the ARD (NTDΔN120) 210 

notably increased the RS, Rg and Dmax values. This expansion is likely due to the formation of a 211 

polyproline helix27. A construct containing both the PIP2-binding site and the basic residues preceding 212 

it (NTDΔN97) showed an increase in compaction over the construct with the PIP2-binding site alone 213 

(NTDΔN104) suggesting cumulative effects of the regions surrounding the PIP2-binding site for NTD 214 

structure compaction. Adding another ~40 residues yields NTDΔN54, which includes the entire basic and 215 

highly conserved central stretch of the IDR, did not significantly increase the protein dimensions 216 

further underscoring the importance of this region for interdomain crosstalk. This is supported by NMR 217 

spectroscopy, where the region between residues 55-115 showed notable peak broadening in the 218 

context of the entire NTD compared to the isolated IDR (Fig. S2c). Finally, the full-length NTD had 219 
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significantly increased protein dimensions compared to NTDΔN54, indicating that the overall structural 220 

ensemble of the TRPV4 NTD is modulated by competing attractive and repulsive influences exerted by 221 

distinct IDR regions.  222 

 223 

The IDR N-terminus autoinhibits channel activity  224 

To investigate the role of individual IDR regions on channel function, Ca2+ imaging of human TRPV4 N-225 

terminal deletion constructs expressed in the mouse motor neuron cell line MN-1 was performed as 226 

described previously29 (Fig. 5f-i). All constructs were successfully targeted to the plasma membrane 227 

and structurally intact, as seen by the ability of the synthetic agonist ‘GSK101’43 to reliably activate the 228 

proteins (Fig. 5g, Fig. S7). All mutants had basal Ca2+ levels similar to the full-length channel. Only H. 229 

sapiens TRPV4ΔN68 (corresponding to G. gallus TRPV4ΔN54) had strongly increased basal Ca2+ levels (Fig. 230 

5h). Deletion of the entire IDR (hsTRPV4ΔN148), as well as constructs retaining additional IDR regions, 231 

i.e., the proline-rich region (hsTRPV4ΔN133/ggTRPV4ΔN120), the PIP2-binding site 232 

(hsTRPV4ΔN118/ggTRPV4ΔN104) and the preceding basic residues (hsTRPV4ΔN111/ggTRPV4ΔN97) yielded a 233 

channel non-excitable for osmotic stimuli (Fig. 5i). In contrast, hsTRPV4ΔN68 was hypersensitive to 234 

osmotic stimuli and its Ca2+ influx far exceeded that of the native channel, indicating that the IDR N-235 

terminus acts as a dominant autoinhibitory element. Furthermore, the data show that the PIP2-binding 236 

site is not sufficient for osmotic channel activation but additionally requires the presence of the central 237 

IDR around residues ~68-111 (~54-97 in ggTRV4).  238 

 239 

The IDR N-terminus attenuates IDR lipid binding 240 

Lipids and lipid-like molecules are important TRPV4 functional regulators31,44–46, but beyond the PIP2-241 

binding site, lipid interactions with the TRPV4 NTD have not been probed in detail. A previously 242 

proposed lipid binding site in the ARD44 seems implausible because it does not face the membrane in 243 

the context of the full-length channel19,20. Indeed, neither the isolated ARD, nor NTDΔN120, also 244 

containing the proline-rich region, interacted with POPC/POPG liposomes in a sedimentation assay 245 

(Fig. 6a, b, Fig. S8a, b). In contrast, ~75% of the full-length NTD was found bound to liposomes. For 246 

NTDAAWAA, lipid binding was reduced to ~20%, indicating that the PIP2-binding site is a major, but not 247 

the only lipid interaction site in the TRPV4 IDR. Deletion of the IDR N-terminal half slightly increased 248 

the fraction of lipid-bound protein. Incidentally, “protection” of the PIP2-binding site from lipid binding 249 

by the N-terminal IDR was also observed with tryptophan fluorescence (Fig. S8c-g) and may indicate 250 

that long-range intra-domain contacts compete with lipid binding in the native IDR.  251 

NMR chemical shift perturbation assays allowed identification of the lipid-interacting IDR residues (Fig. 252 

6c-e, see Fig. S9 for 13C, 15N-labeled IDRAAWAA backbone assignments). In the native IDR, ~75% of all 253 

residues showed line-broadening in the presence of POPG-containing liposomes. Coarse-grained 254 
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molecular dynamics (MD) simulations of the IDR on a plasma membrane mimetic corroborated the 255 

NMR experiments (Fig. S10, Table S3). Lipid interactions were seen to be dominated by the PIP2-binding 256 

site, the central IDR and a conserved N-terminal patch (see below). In MD simulations of IDRAAWAA, lipid 257 

interactions were severely reduced in the PIP2-binding site, again agreeing with the NMR data (Fig. 6e, 258 

Fig. S10).  259 

Indicating an electrostatic contribution, an increase in salt concentration or the use of net-neutral 260 

POPC liposomes in NMR experiments reduced the observed lipid-induced line broadening for both 261 

native IDR and IDRAAWAA (Fig. 6d, e). Interestingly, the MD simulations also suggested a general 262 

preference for negatively charged PIP2 over other membrane constituents for both the PIP2-binding 263 

site and the central IDR (Fig. S10b, c).  264 

Since we saw that N-terminal deletion mutants retaining the PIP2-binding site essential for channel 265 

sensitization31,46 are still inactive if they do not also include the central IDR (Fig. 5i), the function of the 266 

central IDR may be two-fold – enriching PIP2 in the channel vicinity and increasing the IDR’s residency 267 

time at the plasma membrane. 268 

 269 

A conserved patch in the IDR N-terminus mediates transient long-range interactions and autoinhibits 270 

TRPV4 271 

We hypothesized that the site(s) in the N-terminal half of the IDR responsible for the observed channel 272 

autoinhibition and lipid binding attenuation may act via the PIP2-binding site. Thus, we compared the 273 

native IDR and IDRAAWAA NMR backbone amide chemical shifts to reveal interactions between the N- 274 

and C-terminal ends of the IDR (Fig. 7a). The largest chemical shift differences were naturally found in 275 

and around the mutated PIP2-binding site itself and to a lower degree in the central IDR. Additionally, 276 

a region encompassing residues ~20-30 in the IDR N-terminus also showed notable chemical shift 277 

differences. This patch is the only conserved stretch in the N-terminal half of the IDR (consensus 278 

sequence FPLS-S/E-L-A/S-NLFE (19/31FPLSSLANLFE29/41 in gg/hsTRPV4)) (Fig. 7b, Fig. S11).  279 

Since our NMR data showed that the patch region is unstructured5 (Fig. S2), we replaced it with an 280 

(AG)5 repeat to avoid -helix formation (IDRPatch, Fig. S11, see Fig. S12a, b for backbone NMR 281 

assignment). NMR relaxation data confirmed the absence of transient structure formation in the 282 

IDRPatch mutant (Fig. S12c, d). Importantly, the resonances of the IDRPatch PIP2-binding site residues 283 

showed chemical shift changes compared to the native IDR (Fig. 7c), suggesting that patch and PIP2-284 

binding site on opposite ends of the IDR are in transient contact. Of note, the absence of persistent 285 

long-range interactions between the N-terminal patch and the PIP2-binding site for the IDR in the MD 286 

simulations (Fig. S10d) can be explained if the interactions are dominated by long-range electrostatics, 287 

which are comparably poorly represented in the coarse-grained simulation model. The patch 288 

apparently also undergoes additional transient interactions with the ARD since the NMR signal 289 
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intensities of residues in and around the patch region in the native IDR and IDRAAWAA showed significant 290 

line broadening within the context of the NTD but not in the isolated IDR. This effect was abrogated in 291 

the IDRPatch mutant (Fig. 7d). 292 

To elucidate the role of the patch for channel function, the full-length human TRPV4 channel harboring 293 

the patch mutant was expressed in MN-1 cells (Fig. 7e, f, Fig. S7b, Fig. S11). Compared to the native 294 

channel, TRPV4Patch displayed significantly increased basal Ca2+ levels and osmotic hyperexcitability, as 295 

previously seen for TRPV4N68. This shows that the conserved patch in the N-terminal IDR is the 296 

dominant module responsible for autoinhibiting channel activity.   297 

 298 

The conserved patch competes with PIP2 for binding to the PIP2-binding site 299 

To probe whether the autoinhibitory patch also influences PIP2 binding to the IDR, we carried out NMR 300 

chemical shift perturbation assays (Fig. 8a-c). In the native IDR, residues within and around the PIP2-301 

binding site (residues ~100-115), the central IDR (residues ~55-100) and the autoinhibitory patch 302 

(residues ~20-30) show the strongest responses to diC8-PIP2 addition (Fig. 8a). In our coarse-grained 303 

simulations, a substantial local increase in PIP2 was observed around the PIP2-binding site and the 304 

central IDR, but not in the patch region (Fig. S10b, c). This indicates that the observed NMR chemical 305 

shifts within the N-terminal patch are secondary effects, presumably based on altered protein-protein 306 

interactions upon PIP2 addition. Notably, in the native IDR, both PIP2-binding site and patch showed a 307 

similar dose response to PIP2 as gauged by the similar degree of line broadening for these regions (Fig. 308 

8a, grey bars). This suggests that PIP2-binding site and patch act in concert and that lipid interactions 309 

in the PIP2-binding site are also sensed by the autoinhibitory patch.  310 

For IDRAAWAA, dampened spectral responses to PIP2 were observed in the mutated PIP2-binding 311 

site, large parts of the central IDR and, to a much lesser degree, in the patch region (Fig. 8b) suggesting 312 

reduced coupling between these regions when the PIP2-binding site is mutated. Likewise, in MD 313 

simulations of IDRAAWAA, PIP2 binding was largely abrogated in the mutated PIP2-binding site (Fig. 8d, 314 

Fig. S10c). Consequently, the mutated PIP2-binding site frequently lost and regained contact with the 315 

lipid bilayer, although other IDR regions remained attached to the membrane throughout the 316 

simulations.  317 

Mutation of the patch did not alter the lipid interaction pattern with the central IDR and PIP2-binding 318 

site per se as gauged by 1H, 15N-NMR spectroscopy and MD simulations (Fig. 8c, Fig. S10b, c, Fig. S12e). 319 

Since the severe line broadening in the 1H, 15N-NMR spectra precluded a more detailed analysis, we 320 

also took advantage of the PIP2 headgroup phosphate groups as a 31P NMR reporter (Fig. 8e). In 321 

agreement with the liposome sedimentation assay (Fig. 6), both the deletion (IDRN97) or mutation of 322 

the patch (IDRPatch) mutation increased PIP2 binding compared to the native IDR as gauged by the extent 323 

of the respective 31P chemical shifts (Fig. 8f). Thus, the N-terminal patch seems to compete with PIP2 324 
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lipids for the PIP2-binding site via transient protein-protein interactions, thereby suppressing channel 325 

activity. 326 

 327 

Membrane-bound PIP2-binding site exerts a pull force on the ARD 328 

It remains unclear how lipid binding to the IDR is transduced to the structured core of TRPV4 to 329 

modulate the conductive channel properties. In coarse-grained MD simulations, we emulated the 330 

positioning of an ARD-anchored IDR in a full-length channel by keeping the IDR’s C-terminal residue 331 

(V134) at distances of 5-9 nm from the membrane midplane (Fig. 9a). From the mean restraint forces 332 

for native IDR, IDRAAWAA and IDRPatch, we determined force-displacement curves as a function of the 333 

distance between V134 and the membrane center (Fig. 9b). 334 

At heights <6.5 nm, all constructs experienced similar forces. At a height of ~6.5 nm, the residues C-335 

terminal of the PIP2-binding site detached from the membrane in all IDR constructs. Thus, forces at 336 

heights ≥7 nm are generated by the PIP2-binding site pulling at the membrane. Importantly, the PIP2-337 

binding site remained membrane-bound over the entire height regime in the simulations with native 338 

IDR and IDRPatch. In contrast, these interactions were lost in the IDRAAWAA mutant, resulting in greatly 339 

reduced pull forces (~10 versus ~17.5 pN at 9 nm) (Fig. 9b, c). Furthermore, the reduced slope of the 340 

near-linear force-height curve beyond 6.5 nm implies a four-fold higher effective force constant acting 341 

on the IDR C-terminus with an intact PIP2-binding site compared to IDRAAWAA.  342 

The forces observed here for the membrane-bound IDR are in the regime reported for other 343 

biochemical processes47,48. However, the smoothened energy landscape in our coarse-grained 344 

simulations may underestimate the actual force exerted on the ARD by its IDR “lipid anchor”. The 345 

strength of the PIP2-binding site interaction with the membrane also became apparent when 346 

constraining the IDR C-terminus at heights >8 nm. Here, rather than detaching, the pull of the PIP2-347 

binding site led to noticeable membrane deformations (Fig. S10a). TRPV4 may thus not only be able to 348 

sense, but under certain conditions also directly affect its membrane microenvironment via its IDR.  349 

 350 

An integrated structural model of the TRPV4 N-terminal ‘belt’ 351 

Structural information for TRP channel IDRs is incomplete at best since they are not amenable to X-ray 352 

crystallography or cryo-electron microscopy studies due to their inherent spatiotemporal flexibility4. 353 

We previously calculated the dimensions theoretically sampled by TRP channel IDRs assuming they 354 

behaved as unrestrained worm-like chains and found that fully expanded IDRs of TRP vanilloid channels 355 

may contribute an additional 5–7 nm end-to-end distance to the structured cytosolic domains4. Here, 356 

by integrating our SAXS- and MD-derived IDR conformers into the structured TRPV4 core, we found 357 

that the cytosolic “belt” formed by the TRPV4 N-terminal IDRs is smaller due to their extensive lipid 358 

and intradomain interactions (Fig. 10a, b, Fig S13, Supplemental Movies S1 and S2). Nonetheless, the 359 
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N-terminal IDRs more than double the TRPV4 diameter along the membrane plane from approximately 360 

140 Å to a maximum of ~340 Å. With their IDRs, these proteins thus dramatically extend their reach 361 

and may act as multivalent cellular recruitments hubs. 362 

 363 

Discussion  364 

In this study, we have shown that the TRPV4 N-terminal IDR encodes a network of transiently coupled 365 

regulatory elements that engage in hierarchical long-range crosstalk and can enhance or suppress 366 

TRPV4 activity (Fig. 10c). Such contacts may affect lipid binding as seen here, but presumably can also 367 

be modulated by other ligands49, regulatory proteins27–30,49 or post-translational modifications50 368 

within the ARD and IDR to enable a fine-tuned integration of multi-parameter inputs by TRPV4. 369 

The ARD is connected to the PIP2-binding site via a proline-rich region which forms a poly-proline 370 

helix27. The proline-rich region may thus be a relatively stiff connector to efficiently transduce pull 371 

forces between ARD and membrane-bound PIP2-binding site as suggested by our MD simulations (Fig. 372 

9). Our NMR experiments show that the proline-rich region is not affected by lipids itself (Fig. 6d, 8a), 373 

but it binds the channel desensitizer PACSIN327,28,30, which may affect the interaction between 374 

membrane-bound IDR and structured channel core. Likewise, the N-terminal autoinhibitory patch may 375 

reduce the pull force exerted by the PIP2-binding site by competing with its ability to bind lipids and 376 

thus effectively dampen channel activity. Our data thus provide a mechanistic explanation for prior 377 

observations that TRPV4 variants lacking part of the distal N-terminus display osmotic 378 

hypersensitivity26,51. Furthermore, a conformational equilibrium between PIP2-binding site interaction 379 

between membrane and autoinhibitory patch may allow TRPV4 to fine-tune channel responses 380 

depending on cell state and regulatory partners (Fig. 10d).  381 

In summary, to understand TRP channel function and structure, their often extensive IDRs cannot be 382 

ignored. Our work shows that “IDR cartography”, i.e., mapping structural and functional properties 383 

onto distinct IDR regions through an integrated structural biology approach, can shed light on the 384 

complex regulation of a membrane receptor through its hitherto mostly neglected regions.  385 
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Methods 386 
Antibodies and reagents – All chemicals were purchased from Sigma-Aldrich, Roth and VWR unless 387 

otherwise stated. Reagents used include GSK1016790A (‘GSK101’, Sigma-Aldrich, G0798), AlexaFluor 388 

555 Phalloidin (ThermoFisher Scientific), 15N-NH4Cl and 13C6-glucose (EurisoTop). DSS-H12/D12 for 389 

crosslinking was obtained from Creative Molecules Inc. Lipids were purchased from Avanti Polar Lipids 390 

and Cayman Chemicals. Antibodies used were rabbit anti-GFP (Thermo Fisher Scientific, A-11122), 391 

rabbit anti-β-actin (Cell Signaling Technology, 4967) and HRP-conjugated monoclonal mouse anti-392 

rabbit IgG, light chain specific (Jackson ImmunoResearch, 211-032-171). 393 

 394 

Computational Tools – Freely available computational tools were used to investigate the properties of 395 

N-terminal TRPV4 constructs. Sequence conservation was determined with ConSurf52 (Fig. 5, 7 and 396 

S11). Overall charge (z) and charge distribution of IDR deletion constructs were determined with ProtPi 397 

(www.protpi.ch and www.bioinformatics.nl/cgi-bin/emboss/charge) (Fig. 5). Gel densitometry analysis 398 

was carried out with ImageJ53 (Fig. 6, Fig. S8). The IDR charge gradient in Fig. 6c was plotted with the 399 

PepCalc tool (https://pepcalc.com/). 400 

 401 

Cloning, expression and purification of recombinant proteins – The DNA sequences encoding for the 402 

G. gallus TRPV4 N-terminal domain were cloned into a pET11a vector with an N-terminal His6SUMO-403 

tag as described previously27. Human TRPV4 constructs in a pcDNA3.1 vector were commercially 404 

obtained from GenScript. Expression plasmids encoding for the isolated intrinsically disordered region 405 

(IDR), the isolated ankyrin repeat domain (ARD), N-terminal truncations (NTDΔN54, NTDΔN97, NTDΔN104, 406 

and NTDΔN120) and a peptide comprising residues 97-134 (IDR97) were obtained from the NTD encoding 407 

vectors using a Gibson Deletion protocol54. Site-directed mutagenesis of the PIP2-binding site 408 

(107KRWRR111 to 107AAWAA111, forward primer 409 

GTGAAAACGCAGCCTGGGCCGCGCGTGTGGTTGAAAAACCAGTGG; reverse primer 410 

CACACGCGCGGCCCAGGCTGCGTTTTCACCACCAATCTGT) and regulatory patch (19FPLSSLANLFE29 to 411 
19FP(AG)5E29, forward primer 412 

GATGACTCCTTCCCGGCCGGCGCGGGCGCCGGCGCGGGTGCGGGTGAGGACACCCCGTCT; reverse primer 413 

CGGGAAGGAGTCATCCCCCAGCACGTCCCC) were introduced in the abovementioned constructs by site-414 

directed mutagenesis using polymerase chain reaction. 415 

TRPV4 N-terminal constructs were expressed in Escherichia coli BL21-Gold(DE3) (Agilent Technologies) 416 

grown in terrific broth (TB) medium (or LB medium for  IDR97) supplemented with 0.04% (w/v) glucose 417 

and 0.1 mg/mL ampicillin. Cells were grown to an OD600 of 0.8 for induction with 0.5 mM IPTG (final 418 

concentration) and then further grown at 37 °C for 3 hrs.  15N, 13C-labeled proteins were prepared by 419 

growing cells in M9 minimal medium55 with 15N-HN4Cl and 13C-glucose as the sole nitrogen and carbon 420 

sources. Cells were grown at 37 °C under vigorous shaking to an OD600 of 0.4, moved to RT, grown to 421 

OD600 of 0.8 for induction of protein expression with 0.15 mM IPTG (final concentration) and then 422 

grown overnight at 20 °C. After harvest by centrifugation, cells were stored at -80 °C until further use.  423 

All purification steps were carried out at 4 °C. Cell pellets were dissolved in lysis buffer (20 mM Tris pH 424 

8, 20 mM imidazole, 300 mM NaCl, 0.1% (v/v) Triton X-100, 1 mM DTT, 1 mM benzamidine, 1 mM 425 

PMSF, lysozyme, DNAse, RNAse and protease inhibitor (Sigmafast)) and lysed (Branson Sonifier 250). 426 

Debris was removed by centrifugation and the supernatant applied to a Ni-NTA gravity flow column 427 

(Qiagen). After washing (20 mM Tris pH 8, 20 mM imidazole, 300 mM NaCl), proteins were eluted with 428 

500 mM imidazole. Protein containing fractions were dialyzed overnight (20 mM Tris pH 7 (pH 8 for 429 

IDR97), 300 mM NaCl, 10% v/v glycerol, 1 mM DTT, 0.5 mM PMSF) in the presence of Ulp-1 protease 430 
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in a molar ratio of 20:1 to yield the native TRPV4 N-terminal constructs. After dialysis, cleaved proteins 431 

were separated by a reverse Ni-NTA affinity chromatography step and subsequently purified via a 432 

HiLoad prep grade 16/60 Superdex200 or 16/60 Superdex75 column (GE Healthcare) equilibrated with 433 

20 mM Tris pH 7, 300 mM NaCl, 1 mM DTT. Pure sample fractions were flash-frozen in liquid nitrogen 434 

and stored at -20 °C until further use. 435 

Purified IDR97 was extensively dialyzed against double distilled water, lyophilized, and stored in solid 436 

form at -20 °C. Peptides could be dissolved in desired amounts of buffer to concentrations up to 10 437 

mM. 438 

 439 

Analytical size-exclusion chromatography – Analytical SEC experiments were carried out at 4 °C using 440 

an NGC Quest (BioRad) chromatography system. 250 μL protein at a concentration of 2-3 mg/mL was 441 

injected on a Superdex200 10/300 increase column (GE Healthcare) equilibrated with 20 mM Tris pH 442 

7, 300 mM NaCl, 1 mM DTT via a 1 mL loop. Protein was detected by absorbance measurement at 443 

wavelengths of 230 and 280 nm.  444 

For Stokes radius (Rs) determination, SEC columns were calibrated with a protein standard kit (GE 445 

Healthcare) containing ferritin (MW = 440 kDa, Rs = 61.0 nm), alcohol dehydrogenase (150 kDa, 45.0 446 

nm), conalbumin (75 kDa, 36.4 nm), ovalbumin (43 kDa, 30.5 nm), carbonic anhydrase (29 kDa, 23.0 447 

nm), ribonuclease A (13.7 kDa, 16.4 nm), and aprotinin (6.5 kDa, 13.5 nm) whose Stokes radii were 448 

obtained from La Verde et al.56 The SEC elution volume, Ve (in mL), of the protein standards was plotted 449 

versus the log(Rs), with Rs in nm, and fitted with a linear regression (Equation 1): 450 

 451 

Ve = m ∙ log(Rs) + b      (1) 452 

 453 

where m is the slope of the linear regression and b the y-axis section. Equation 1 was then used to 454 

calculate the Stokes radii of the TRPV4 constructs from their respective SEC elution volumes. 455 

 456 

Size exclusion chromatography multi-angle light scattering (SEC-MALS) – Multi-angle light scattering 457 

coupled with size-exclusion chromatography (SEC-MALS) of the G. gallus TRPV4 NTD, ARD, and IDR 458 

was performed with a GE Superdex200 Increase 10/300 column run at 0.5 mL/min on a Jasco HPLC 459 

unit (Jasco Labor und Datentechnik) connected to a light scattering detector measuring at three angles 460 

(miniDAWN TREOS, Wyatt Technology). The column was equilibrated for at least 16 hrs with 20 mM 461 

Tris pH 7, 300 mM NaCl, 1 mM DTT (filtered through 0.1 μm pore size VVLP filters (Millipore)) before 462 

200 μL of protein samples at a concentration of 2 mg/mL were loaded. The ASTRA software package 463 

(Wyatt Technology) was used for data analysis, assuming a Zimm model57. The molecular weight, MW, 464 

can be determined from the reduced Rayleigh ratio extrapolated to zero, R(0), which is the light 465 

intensity scattered from the analyte relative to the intensity of the incident beam (Equation 2):  466 

 467 

𝑀𝑊 =
𝑅(0)

𝐾∙𝑐∙(
𝑑𝑛

𝑑𝑐
)
2       (2) 468 

 469 

Here, c is the concentration of the analyte and (dn/dc) is the refractive index increment, which was set 470 

to 0.185 mL/g, a standard value for proteins58. K is an optical constant depending on wavelength and 471 

the solvent refractive index. The protein extinction coefficients at 280 nm were calculated from the 472 

respective amino acid sequences using the ProtParam tool59. 473 

 474 
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Circular dichroism (CD) spectroscopy – CD measurements were carried out on a Jasco-815 CD 475 

spectrometer (JascoTM) with 1 mm quartz cuvettes (Hellma Macro Cell). Proteins were used at 476 

concentrations in the range of 0.03-0.05 mg/mL in 5 mM Tris pH7, 10 mM NaCl. Spectra were recorded 477 

at 20 °C between 190 and 260 nm with 1 nm scanning intervals, 5 nm bandwidth and 50 nm/min 478 

scanning speed. All spectra were obtained from the automatic averaging of three measurements with 479 

automatic baseline correction. The measured ellipticity θ in degrees (deg) was converted to the mean 480 

residue ellipticity (MRE) via equation 360. 481 

 482 

MREλ = 
MRW ∙ θλ

10 ∙ d ∙ c
       (3) 483 

 484 

Here, MREλ is the mean residue ellipticity, and θλ is the measured ellipticity at wavelength λ, d is the 485 

pathlength (in cm), and c is the protein concentration (g/mL). MRW is the mean residue weight, MRW 486 

= MW ・ (N-1)-1, where MW is the molecular weight of the protein (in Da), and N is the number of 487 

residues. For titration experiments, TRPV4 N-terminal peptides were used in a concentration of 30 μM 488 

in double distilled water in the presence of TFE (2,2,2-trifluoroethanol, 0-90% (v/v)), SDS (0.5, 1.0, 2.5, 489 

5.0 and 8.0 mM) and liposomes (0.5 and 1.0 mM). Liposomes were prepared from POPG and POPC at 490 

a molar ratio of 1:1 as described below. 491 

 492 

Small angle X-ray scattering (SAXS) – SAXS experiments were carried out at the EMBL-P12 bioSAXS 493 

beam line, DESY61. SEC-SAXS data collection62, I(q) vs q, where q = 4𝜋sin𝜃/𝜆; 2𝜃 is the scattering angle 494 

and 𝜆 the X-ray wavelength (0.124 nm; 10 keV) was performed at 20 °C using S75 (IDR constructs) and 495 

S200 Increase 5/150 (NTD and ARD constructs) analytical SEC columns (GE Healthcare) equilibrated in 496 

the appropriate buffers (see Tables S1 and S2) at flow rates of 0.3 mL/min. Automated sample injection 497 

and data collection were controlled using the BECQUEREL beam line control software63. The SAXS 498 

intensities were measured as a continuous series of 0.25 s individual X-ray exposures, from the 499 

continuously-flowing column eluent, using a Pilatus 6M 2D-area detector for a total of one column 500 

volume (ca. 600-3000 frames in total). The 2D-to-1D data reduction, i.e., radial averaging of the data 501 

to produce 1D I(q) vs q profiles, were performed using the SASFLOW pipeline incorporating RADAVER 502 

from the ATSAS 2.8 suite of software tools64. The individual frames obtained for each SEC-SAXS run 503 

were processed using CHROMIXS65. Briefly, individual SAXS data frames were selected across the 504 

respective sample SEC-elution peaks and an appropriate region of the elution profile, corresponding 505 

to SAXS data measured from the solute-free buffer, were identified, averaged and then subtracted to 506 

generate individual background-subtracted sample data frames. These data frames underwent further 507 

CHROMIXS analysis, including the assessment of the radius of gyration (Rg) of each individual sample 508 

frame, scaling of frames with equivalent Rg, and subsequent averaging to produce the final 1D-reduced 509 

and background-corrected scattering profiles. Only those scaled individual SAXS data frames with a 510 

consistent Rg through the SEC-elution peak that were also evaluated as statistically similar through the 511 

measured q-range were used to generate the final SAXS profiles. Corresponding UV traces were not 512 

measured; the column eluate was flowed directly to the P12 sample exposure unit after the small 513 

column, forging UV absorption measurements, to minimize unwanted band-broadening of the sample. 514 

All SAXS data-data comparisons and data-model fits were assessed using the reduced c2 test and the 515 

Correlation Map, or CORMAP, p-value66. Fits within the c2 range of 0.9–1.1 or having a CORMAP p-516 

values higher than the significance threshold cutoff of a = 0.01 are considered excellent, i.e., no 517 

systematic differences are present between the data-data or data-model fits at the significance 518 

threshold. 519 
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Primary SAXS data analysis was performed using PRIMUS as well as additional software modules from 520 

ATSAS 3.0.167. The Guinier approximation68 (ln(I(q)) vs. q2 for qRg < 1.3) and the real-space pair distance 521 

distribution function, or p(r) profile (calculated from the indirect inverse Fourier transformation of the 522 

data, thus also yielding estimates of the maximum particle dimension, Dmax, Porod volume, Vp, shape 523 

classification, and concentration-independent molecular weight69–71 were used to estimate the Rg and 524 

the forward scattering at zero angle, I(0). Dimensionless Kratky plot representations of the SAXS data 525 

(qRg
2(I(q)/I(0)) vs. qRg) followed an approach previously described72. All collected SAXS data are 526 

reported in Tables S1 and S2. 527 

DAMMIN modeling – The shape reconstruction of the ARD was performed using DAMMIN36 where 528 

nine individual dummy-atom models that fit the SAXS data underwent spatial alignment with DAMSEL 529 

and DAMSUP, followed by volume and bead occupancy correction with 530 

DAMAVER/DAMFILT/DAMSTART73 to generate a final overall shape of the protein. 531 

 532 
Rigid body and ensemble modeling – Subsequent rigid-body normal mode analysis of the ARD was 533 

performed using the program SREFLEX74 using the X-ray crystal structure (PDB: 3W9G) as a template. 534 

CRYSOL was used to assess data-model fits75. The ensemble analysis of IDR, NTD, the systematic NTD 535 

IDR-deletions and/or respective IDR/NTD-PIP2-binding site mutants was performed using Ensemble 536 

Optimization Method, EOM34,35. Briefly, 10000 protein structures were generated for each of the 537 

respective protein constructs, where the IDR section(s) were modelled as random chains (self-avoiding 538 

walks with the confines of Ramachandran-constraints). The scattering profiles were calculated for each 539 

model within the initially generated 10000 member ensembles. The selection of sub-ensembles 540 

describing the SAXS data, and the assessment of the Rg distribution of the refined ensemble pools, was 541 

performed using a genetic algorithm based on fitting the SAXS data with a combinatorial volume-542 

fraction weighted sum contribution of individual model scattering profiles drawn from the initial pool 543 

of structures. 544 

 545 
Hydrogen/deuterium exchange mass spectrometry (HDX-MS) – HDX-MS was conducted on three 546 

independent preparations of G. gallus TRPV4 IDR, ARD or NTD protein each, and for each of those 547 

three technical replicates (individual HDX reactions) per deuteration timepoint were measured. 548 

Preparation of samples for HDX-MS was aided by a two-arm robotic autosampler (LEAP Technologies). 549 

HDX reactions were initiated by 10-fold dilution of the proteins (25 µM) in buffer (20 mM Tris pH 7, 550 

300 mM NaCl) prepared in D2O and incubated for 10, 30, 100, 1,000 or 10,000 s at 25 °C. The exchange 551 

was stopped by mixing with an equal volume of pre-dispensed quench buffer (400 mM KH2PO4/H3PO4, 552 

2 M guanidine-HCl; pH 2.2) kept at 1 °C, and 100 μl of the resulting mixture injected into an ACQUITY 553 

UPLC M-Class System with HDX Technology76. Non-deuterated samples were generated by a similar 554 

procedure through 10-fold dilution in buffer prepared with H2O. The injected HDX samples were 555 

washed out of the injection loop (50 μL) with water + 0.1% (v/v) formic acid at a flow rate of 100 μL/min 556 

and guided over a column containing immobilized porcine pepsin kept at 12 °C. The resulting peptic 557 

peptides were collected on a trap column (2 mm x 2 cm), that was filled with POROS 20 R2 material 558 

(Thermo Scientific) and kept at 0.5 °C. After three minutes, the trap column was placed in line with an 559 

ACQUITY UPLC BEH C18 1.7 μm 1.0 x 100 mm column (Waters) and the peptides eluted with a gradient 560 

of water + 0.1% (v/v) formic acid (eluent A) and acetonitrile + 0.1% (v/v) formic acid (eluent B) at 60 561 

μL/min flow rate as follows: 0-7 min/95-65% A, 7-8 min/65-15% A, 8-10 min/15% A. Eluting peptides 562 

were guided to a Synapt G2-Si mass spectrometer (Waters) and ionized by electrospray ionization 563 
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(capillary temperature and spray voltage of 250 °C and 3.0 kV, respectively). Mass spectra were 564 

acquired over a range of 50 to 2,000 m/z in enhanced high definition MS (HDMSE)77,78 or high definition 565 

MS (HDMS) mode for non-deuterated and deuterated samples, respectively. Lock mass correction was 566 

conducted with [Glu1]-Fibrinopeptide B standard (Waters). During separation of the peptides on the 567 

ACQUITY UPLC BEH C18 column, the pepsin column was washed three times by injecting 80 μL of 0.5 568 

M guanidine hydrochloride in 4% (v/v) acetonitrile. Blank runs (injection of double-distilled water 569 

instead of the sample) were performed between each sample. All measurements were carried out in 570 

triplicates. Peptides were identified and evaluated for their deuterium incorporation with the software 571 

ProteinLynx Global SERVER 3.0.1 (PLGS) and DynamX 3.0 (both Waters). Peptides were identified with 572 

PLGS from the non-deuterated samples acquired with HDMSE employing low energy, elevated energy 573 

and intensity thresholds of 300, 100 and 1,000 counts, respectively and matched using a database 574 

containing the amino acid sequences of IDR, ARD, NTD, porcine pepsin and their reversed sequences 575 

with search parameters as follows: Peptide tolerance = automatic; fragment tolerance = automatic; 576 

min fragment ion matches per peptide = 1; min fragment ion matches per protein = 7; min peptide 577 

matches per protein = 3; maximum hits to return = 20; maximum protein mass = 250,000; primary 578 

digest reagent = non-specific; missed cleavages = 0; false discovery rate = 100. For quantification of 579 

deuterium incorporation with DynamX, peptides had to fulfil the following criteria: Identification in at 580 

least 2 of the 3 non-deuterated samples; the minimum intensity of 10,000 counts; maximum length of 581 

30 amino acids; minimum number of products of two; maximum mass error of 25 ppm; retention time 582 

tolerance of 0.5 minutes. All spectra were manually inspected and omitted if necessary, e.g. in case of 583 

low signal-to-noise ratio or the presence of overlapping peptides disallowing the correct assignment 584 

of the isotopic clusters. 585 

Residue-specific deuterium uptake from peptides identified in the HDX-MS experiments was calculated 586 

with the software DynamX 3.0 (Waters). In the case that any residue is covered by a single peptide, 587 

the residue-specific deuterium uptake is equal to that of the whole peptide. In the case of overlapping 588 

peptides for any given residue, the residue-specific deuterium uptake is determined by the shortest 589 

peptide covering that residue. Where multiple peptides are of the shortest length, the peptide with 590 

the residue closest to the peptide C-terminus is utilized. Assignment of residues being intrinsically 591 

disordered was based on two criteria, i.e., a residue-specific deuterium uptake of >50% after 10 s of 592 

HDX and no further increment in HDX >5% in between consecutive HDX times. Raw data of deuterium 593 

uptake by the identified peptides and residue-specific HDX are provided in Supplemental Dataset 1. 594 

 595 

Crosslinking mass spectrometry (XL-MS) – For structural analysis, 100 μg of purified protein were 596 

crosslinked by addition of DSS-H12/D12 (Creative Molecules) at a ratio of 1.5 nmol / 1 µg protein and 597 

gentle shaking for 2 h at 4 °C. The reaction was performed at a protein concentration of 1 mg/mL in 20 598 

mM HEPES pH 7, 300 mM NaCl. After quenching by addition of ammonium bicarbonate (AB) to a final 599 

concentration of 50 mM, samples were dried in a vacuum centrifuge. Then, proteins were denatured 600 

by resuspension in 8M urea, reduced with 2.5 mM Tris(2-carboxylethyl)-phosphine (TCEP) at 37 °C for 601 

30 min and alkylated with 5 mM iodoacetamide at room temperature in the dark for 30 min. After 602 

dilution to 1 M urea using 50 mM AB, 2 µg trypsin (protein:enzyme ratio 50:1; Promega) were added 603 

and proteins were digested at 37 °C for 18 h. The resulting peptides were desalted by C18 Sep-Pak 604 

cartridges (Waters), then crosslinked peptides were enriched by size exclusion chromatography 605 

(Superdex 20 Increase 3.2/300, cytiva) prior to liquid chromatography (LC)-MS/MS analysis on an 606 

Orbitrap Fusion Tribrid mass spectrometer (Thermo Scientific). MS measurement was performed in 607 

data-dependent mode with a cycle time of 3 s. The full scan was acquired in the Orbitrap at a resolution 608 
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of 120,000, a scan range of 400-1500 m/z, AGC Target 2.0e5 and an injection time of 50 ms. 609 

Monoisotopic precursor selection and dynamic exclusion for 30 s were enabled. Precursor ions with 610 

charge states of 3-8 and minimum intensity of 5e3 were selected for fragmentation by CID using 35% 611 

activation energy. MS2 was done in the Ion Trap in rapid scan range mode, AGC target 1.0e4 and a 612 

dynamic injection time. All experiments were performed in biological triplicates and samples were 613 

measured in technical duplicates. Crosslink analysis was done with the xQuest/xProphet pipeline79 in 614 

ion-tag mode with a precursor mass tolerance of 10 ppm. For matching of fragment ions, tolerances 615 

of 0.2 Da for common ions and 0.3 Da for crosslink ions were applied. Crosslinks were only considered 616 

for further analyses if they were identified in at least 2 of 3 biological replicates with deltaS < 0.95 and 617 

at least one Id score ≥ 25. 618 

Lipid preparation – Liposomes were prepared from 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine 619 

(POPC) and 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoglycerol (POPG) mixed in a 1:1 (n/n) ratio in 620 

chloroform. The organic solvent was removed via nitrogen flux and under vacuum via desiccation 621 

overnight. The lipid cake was suspended in 1 mL buffer (10 mM Tris pH 7, 100 mM NaCl or 300 mM 622 

NaCl) and incubated for 20 min at 37°C and briefly spun down before being subjected to five freeze 623 

and thaw cycles. The resulting large unilamellar vesicles (LUVs) were incubated for 20 min at 21 °C 624 

under mild shaking. To obtain a homogeneous solution of small unilamellar vesicles (SUVs), the mixture 625 

was extruded 15 times through a 100 nm membrane using the Mini Extruder (Avanti Polar Lipids). This 626 

yielded a liposome stock solution of 100 nm liposomes with 4.0 mM lipid in 10 mM Tris pH 7, 100 mM 627 

NaCl that was used immediately for measurements. POPC-only liposomes were prepared similarly.  628 

1,2-dioctanoyl-sn-glycero-3-phospho-(1'-myo-inositol-4',5'-bisphosphate) (diC8-PI(4,5)P2) was 629 

purchased as a powder and directly dissolved in the appropriate amount of buffer. 630 

 631 

Liposome sedimentation assay – Liposomes were prepared as described above. Proteins and 632 

liposomes in 20 mM Tris pH 7, 100 mM NaCl were mixed to a final concentration of 2.5 μM protein 633 

and 2 mg/mL lipid. After incubation at 4°C for 1 hr under mild shaking, an SDS-PAGE sample of the 634 

input was taken. The mixture was then centrifuged at 70,000 g for 1 hr at 4 °C. SDS-PAGE samples (15 635 

μL) were taken from both the supernatant and the pellet resuspended in assay buffer. Control samples 636 

without liposomes were run in parallel to verify the protein stability under the experimental 637 

conditions. The protein distribution between the pellet and supernatant fractions was determined by 638 

running an SDS-PAGE and densitometrically analyzing the bands using imageJ53. Sedimentation assays 639 

were carried out three times for each protein liposome mixture and protein only control sample. Error 640 

bars were calculated as the standard deviation from the mean value of three replicates. 641 

 642 

Nuclear magnetic resonance (NMR) spectroscopy – Backbone assignments of native 13C, 15N-labeled 643 

G. gallus IDR have been reported by us previously5. For complete backbone assignments of IDRAAWAA 644 

and IDRPatch, 15N, 13C-labeled proteins were prepared. Backbone and side chain chemical shift 645 

resonances were assigned with a set of band-selective excitation short-transient (BEST) transverse 646 

relaxation-optimized spectroscopy (TROSY)-based assignment experiments: HNCO, HN(CA)CO, HNCA, 647 

HN(CO)CA, HNCACB. Additional side chain chemical shift information was obtained from H(CCCO)NH 648 

and (H)CC(CO)NH experiments.  649 

For titrations with lipids, or comparison of chemical shifts between constructs, 15N-labeled IDR and 650 

NTD variants were prepared. All NMR spectra were recorded at 10 °C on 600 MHz to 950 MHz Bruker 651 

AvanceIII HD NMR spectrometer systems equipped with cryogenic triple resonance probes. For 652 

peptide and lipid titration experiments, a standard [1H,15N]-BEST-TROSY pulse sequence implemented 653 
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in the Bruker Topspin pulse program library was used. Solutions with 100 μM of 15N-labeled IDR 654 

constructs in 10 mM Tris-HCl pH 7, 100 mM (or 300 mM) NaCl, 1 mM DTT, 10% (v/v) D2O were titrated 655 

with lipid from a concentrated stock solution. The chemical shifts were determined using TopSpin 3.6 656 

(Bruker) The 1H and 15N weighted chemical shift differences observed in 1H, 15N-HSQC spectra were 657 

calculated according to equation 480: 658 

 659 

∆δ=√∆δH
    2+(

∆δN

6.5
)2       (4) 660 

 661 

Here, ΔδH is the 1H chemical shift difference, ΔδN is the 15N chemical shift difference, and Δδ is the 1H 662 

and 15N weighted chemical shift difference in ppm. 663 

 664 

For NMR titrations of 15N-labeled TRPV4 IDR with liposomes (SUVs) where line broadening instead of 665 

peak shifts was observed, the interaction of the reporter with liposomes was quantified using the peak 666 

signal loss in response to liposome titration. The signal loss at a lipid concentration ci was calculated 667 

as the relative peak signal decrease rel. ΔI according to equation 5. 668 

 669 

Rel. ∆I=
I0-Ii

I0
        (5) 670 

 671 

Here, I0 is the peak integral in the absence of SUVs, and Ii is the peak integral in the presence of a lipid 672 

concentration ci.  673 
31P{1H} NMR spectra were recorded at 25 °C on a 600 MHz Bruker AvanceIII HD NMR spectrometer. 674 

DiC8-PI(4,5)P2 was used at 500 μM in 10 mM Tris pH 7, 100 mM NaCl, 10% (v/v) D2O and titrated with 675 

protein from a concentrated stock solution.   676 

 677 

Tryptophan fluorescence spectroscopy – All tryptophan fluorescence measurements were carried out 678 

in 10 mM Tris pH 7, 100 mM NaCl buffer on a Fluro Max-4 fluorimeter with an excitation wavelength 679 

of 280 nm and a detection range between 300 nm to 550 nm. The fluorescence wavelength was 680 

determined as the intensity-weighted fluorescence wavelength between 320-380 nm (hereafter 681 

referred to as the average fluorescence wavelength) according to equation 6:  682 

<λ> = 
∑ Ii ∙ λi
n = 380 nm
i = 320 nm

∑ Ii
n = 380 nm
i = 320 nm

       (6) 683 

Here, <λ> is the average fluorescence wavelength and Ii is the fluorescence intensity at wavelength λi. 684 

To monitor liposome binding by tryptophan fluorescence, fluorescence emission spectra were 685 

recorded in the presence of increasing lipid concentrations. Lipids were prepared as SUVs with 100 nm 686 

diameters as described above. The protein concentrations were kept constant at 5 μM. The protein-687 

liposome mixtures were incubated for 10 min prior to recording the emission spectra. For each sample, 688 

at least three technical replicates were measured. The tryptophan fluorescence wavelength at each 689 

lipid concentration was quantified by determining the average fluorescence wavelength using 690 

equation (6). The dissociation constants, Kd, of the protein liposome complexes were determined by 691 

plotting the changes in <λ> against the lipid concentration c and fitting the data with a Langmuir 692 

binding isotherm (equation (7)):  693 

 694 
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Δ<λ> = 
Δ<λ>max ∙ c

Kd + c
       (7) 695 

 696 

Here, Δ<λ> describes the wavelength shift between the spectrum in the absence of lipids and a given 697 

titration step at a lipid concentration c. Δ<λ>max indicates the maximum wavelength shift in the 698 

saturation regime of the binding curve. Under the assumption that proteins cannot diffuse through 699 

liposome membranes and therefore can only bind to the outer leaflet, the lipid concentration c was 700 

set to half of the titrated lipid concentration.  701 

 702 

Calcium imaging – MN-1 cells were transfected with GFP-tagged TRPV4 plasmids using Lipofectamine 703 

LTX with Plus Reagent. Calcium imaging was performed 24 h after transfection on a Zeiss Axio 704 

Observer.Z1 inverted microscope equipped with a Lambda DG-4 (Sutter Instrument Company, Novato, 705 

CA) wavelength switcher. Cells were bath-loaded with Fura-2 AM (8 μM, Life Technologies) for 45-60 706 

min at 37°C in calcium-imaging buffer (150 mM NaCl, 5 mM KCl, 1 mM MgCl2, 2 mM CaCl2, 10 mM 707 

glucose, 10 mM HEPES, pH 7.4). For hypotonic saline treatment, one volume of NaCl-free calcium-708 

imaging buffer was added to one volume of standard calcium-imaging buffer for a final NaCl 709 

concentration of 70 mM. For GSK101 treatment, GSK101 was added directly to the calcium imaging 710 

buffer to achieve 50 nM final concentration. Cells were imaged every 10 s for 20 s prior to stimulation 711 

with hypotonic saline or GSK101, and then imaged every 10 s for an additional 2 min. Calcium levels at 712 

each time point were computed by determining the ratio of Fura-2 AM emission at 340 nM divided by 713 

the emission at 380 nM. Data were expressed as raw Fura ratio minus background Fura ratio. 714 

 715 

Molecular dynamics (MD) simulations – All simulations were performed using Gromacs 2020.381 and 716 

the MARTINI2.2 forcefield82,83 with rescaled protein-protein interactions to better represent the 717 

disordered nature of the IDR84. The scaling factor was set to 𝛼 = 0.87, which best describes the 718 

measured Rg distribution of the native IDR (Fig. S14). Protein-membrane interactions were not 719 

rescaled. All production simulations were performed with a 20 fs integration timestep. For 720 

equilibration simulations of systems with only protein, water, and NaCl ions present, a 40 fs timestep 721 

was used. A temperature of 37 °C was maintained with thermostats acting on protein, membrane, and 722 

solvent (water and ions) individually. The Berendsen thermostat85 was used for equilibration 723 

simulations and the v-rescale thermostat86 for production simulations, in both cases with characteristic 724 

times of 1 ps. A pressure of 1 bar was established with a semi-isotropic barostat (with coupled x and y 725 

dimensions) in simulations with a membrane present and with an isotropic barostat otherwise. We 726 

employed the Berendsen barostat85 for equilibration simulations and switched to the Parrinello-727 

Rahman barostat87 for production simulations, always using a 20 ps time constant and a 728 

compressibility factor of 3 × 10−4 bar−1. Bond constraints were maintained using the LINCS 729 

algorithm.88 To alleviate unequal heating of different lipid types, we increased the default LINCS order 730 

to 8.89 Electrostatic interactions and van-der-Waals interactions were cut-off at 1.1 nm. All simulations 731 

were performed with an increased cut-off distance of 1.418 nm for the short-range neighbour list. 732 

Replicates were started from the same equilibrated structures, but their initial velocities were 733 

independently drawn from the Maxwell-Boltzmann distribution for each replicate simulation. 734 

To set up the simulation systems, native IDR, IDRAAWAA and IDRPatch were modelled as disordered coils 735 

with atomistic resolution using the VMD molefacture plugin90, converted to coarse-grained topologies 736 

using the martinize.py script (version 2.6), and placed in a 30 x 30 x 30 nm3 box with solvent and 150 737 

mM NaCl. The systems were then energy minimized using a steepest descent algorithm for 3000 steps. 738 
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Subsequently, the systems were equilibrated for 20 ns with downscaled protein-protein interactions 739 

(𝛼 = 0.3; only used during this step) to generate a relatively open initial IDR structure. The protein 740 

structure was then extracted and placed in a random position in the water phase of a 20 x 20 x 20 nm3 741 

box that contained a preequilibrated patch of a membrane modelled after the inner leaflet of the 742 

plasma membrane (see Table S3 for membrane composition). Steepest descent energy minimization 743 

for 1000 steps was followed by MD equilibration for 100 ns. To probe the effect of IDR positioning in 744 

the full TRPV4 assembly, we set up simulations in which the backbone bead of V134 (C-terminus of the 745 

IDR) was harmonically restrained to a height of |z(V134)-z(membrane)|=5, 6, 7, 8 or 9 nm over the 746 

midplane of the membrane with a force constant of 1000 kJ mol-1 nm-2. Here, z(membrane) is the 747 

center of mass of the membrane. Five sets of simulations (comprising four replicates each) were 748 

carried out for each of the three constructs using the Gromacs pull code81. To emulate the NMR 749 

experiments, we also performed four replicate MD simulations for each IDR construct without distance 750 

restraint. Each replicate was simulated for approximately 38 μs. After 10 μs full membrane binding was 751 

obtained in all systems and only the following approximately 28 μs of each replicate were considered 752 

for analysis. In one simulation with IDRPatch restrained at 9 nm, the IDR reached over the periodic 753 

boundary to the other face of the membrane. This simulation was hence not included in any analysis. 754 

VMD90 was used for visual analysis and rendering. All analyses were carried out with python scripts. 755 

 756 

Data availability 757 

The NMR backbone assignment of the G. gallus TRPV4 N-terminal intrinsically disordered region has 758 

been deposited in the BioMagResBank (www.bmrb.io) under the accession number 51172. The SAXS 759 

data have been deposited in the SASBDB under the accession numbers SASDQE8 (ARD), SASDQF8 760 

(NTD), SASDQG8 (NTDAAWAA), SASDQH8 (NTD∆N54), SASDQJ8 (NTD∆N97), SASDQK8 (NTD∆N104), SASDQL8 761 

(NTD∆N120), SASDQM8 (IDR), SASDQN8 (IDRAAWAA). A summary of the conditions used for HDX-MS 762 

analyses and a full list of the peptides obtained for different TRPV4 protein constructs is available in 763 

Supplemental Dataset 1. The XL-MS data have been deposited to the ProteomeXchange Consortium 764 

via the PRIDE partner repository91 with the project accession number PXD038153, a summary of the 765 

peptides identified by XL-MS is available in Supplemental Dataset 2.  766 
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Figure 1: Structural ensemble of the TRPV4 N-terminal domain. 
a TRPV4 N-terminal constructs used for structural analyses.  
b, c, d Purified TRPV4 N-terminal constructs analyzed by Coomassie-stained SDS-PAGE (b), SEC-MALS (c) and CD 
spectroscopy (d).  
e [1H, 15N]-TROSY-HSQC NMR spectrum of 15N-labeled TRPV4-IDR (see Fig. S2 for backbone assignments).  
f, g SAXS pair-distance-distribution (f) and ensemble optimization method (EOM) analysis (g) of TRPV4 N-terminal 
constructs (see also Table S1 and Fig. S3).  

h NTD ensemble refined by EOM. A library of 10,000 NTD structures generated with a chain of dummy residues for 

the IDR and the X-ray structure of the TRPV4 ARD (PDB: 3W9G) as templates was refined against the experimental 

data. The fitted pool was compared to the random pool to select the sub-set of ensemble-states representing the 

experimental data. Ten IDR conformers best representing the experimental scattering profile are depicted. 
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Figure 2: Structural dynamics of the TRPV4 ARD in solution.  
a, b For a better fit with the experimental SAXS data of the ARD in solution, DAMMIN (a) and SREFLEX (b) 
modeling of the TRPV4 ARD was carried out. The SAXS-based DAMMIN model (grey) is shown in comparison to 
the X-ray structure of the G. gallus TRPV4 ARD (PDB: 3W9G, teal). Normal mode vectors of the aligned SREFLEX 
model are shown with orange arrows and indicate which ARD regions undergo conformational rearrangements 
to satisfy the fits to the experimental data.  
c H/D exchange of TRPV4 NTD and its isolated subdomains. Low (blue) to high (red) HDX shown for four time 
points (see Supplemental Dataset 1). Areas without HDX assignment are colored white. For the ARD, HDX was 
visualized on the G. gallus TRPV4 ARD X-ray structure (PDB: 3W9G). Its topology with six ankyrin repeats (AR) is 
shown on top of the heat map diagram. 
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Fig. 3: TRPV4 NTD long-range intra- and interdomain interactions.  
a, b Intra- and inter-domain interactions of IDR and ARD probed by crosslinking mass spectrometry. The entire 
NTD (a) or an equimolar mix of isolated IDR (grey) and ARD (cyan) (b) were used. Intradomain and interdomain 
crosslinks are shown by curved lines (dark and light grey, respectively), lysine residues (black ticks) and PIP2-
binding site (light blue) are indicated.  

c Heat map of C-C distances for an NTD conformational ensemble consisting of 15 EOM-refined conformers 
(Fig. 1h). Crosslinks are highlighted by white squares (NTD), black crosses (equimolar ARD:IDR mixture) or white 
squares filled with black crosses (both experimental set-ups).  
d TRPV4 N-terminal constructs used for tryptophan fluorescence (PBS: PIP2-binding site, PRR: proline rich region). 

e, f Tryptophan fluorescence spectroscopy of TRPV4 N-terminal constructs (IDR, NTD, NTDN54 and NTDN97 

lacking the first 54 or 97 amino acids, respectively, and IDRN97 (comprising PIP2-binding site, surrounding basic 
residues and proline rich region) or isolated amino acid in buffer (Trp). Residue W109 in the PIP2-binding site is 
the sole tryptophan residue in the entire NTD. Bars represent the intensity weighted fluorescence emission 
wavelength <λ> (left axis). Error bars represent SD of mean of n=3. The fluorescence emission maximum λmax is 
shown by black circles connect through dotted lines (right axis). 

g, h 1H chemical shift differences of W109 sidechain amide between IDR and IDRN97 as well as their respective 
counterparts harboring the PIP2-binding site (107KRWRR111) mutation to 107AAWAA111. 
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Fig. 4: The PIP2-binding site promotes compact IDR conformations.  
a Constructs used in SEC-SAXS experiments. 
b Real-space pair-distance distribution function or p(r) profiles calculated for IDR and IDRAAWAA (grey curves) as 
well as NTD and NTDAAWAA (blue curves). p(r) functions were scaled to an area under the curve of 1. The real-
space distance distribution of IDRAAWAA yields a radius of gyration (Rg) = 3.5 nm with a maximal particle dimension 
(Dmax) = 14.5 nm (native IDR: Rg =3.4 nm, Dmax = 14.0 nm). NTDAAWAA has a Rg = 4.5 nm and a Dmax = 19.5 nm (native 
NTD: Rg =4.1 nm, Dmax = 19.0 nm).  
c Fit between EOM-refined IDR and NTD models and experimental scattering data. 
d Comparison between Rg values of IDR and NTD variants between random pool structure library (solid area) and 
EOM refined models (dotted line). 
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Fig. 5: The distal IDR N-terminus affects the structural NTD ensemble and attenuates TRPV4 channel activity. 
a Topology of NTD truncations showing the charge distribution z and sequence conservation along the IDR.  
b Overall charge (z) at pH 7.4 of IDR deletion constructs.  
c, d Normalized real-space distance distribution p(r) and dimensionless Kratky plot of NTD and NTD deletion 
constructs.  
e Radius of gyration (Rg) and Stokes radius (RS) determined from the real-space distance distribution (c) and SEC 
analysis (Fig. S5c), as well as maximum particle dimension (Dmax, right y-axis), plotted against number of IDR 
residues in NTD constructs.  
f N-terminal deletion mutants in the in vitro (G. gallus) and in cellulo (H. sapiens) systems.  
g Activation of hsTRPV4 constructs expressed in MN-1 cells with the specific agonist GSK101 at t=20 sec. 
h Basal Ca2+ levels in MN-1 cells expressing hsTRPV4 constructs. 
i Stimulation of Ca2+ flux by hypotonic saline at t=20 sec in MN-1 cells expressing different hsTRPV4 constructs. 
(n=12 wells with 10-30 cells/well for all Ca2+-influx experiments). 
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Fig. 6: The TRPV4 IDR interacts extensively with lipids.  
a Topology of N-terminal deletion mutants used for liposome sedimentation assay.  
b Protein distribution between pellet (’bound protein’) and supernatant after centrifugation, quantified via gel 
densitometry. Error bars represent SD of mean from n=3. 
c TRPV4 IDR residues are arranged along a charge gradient. 
d, e NMR signal intensity differences for 15N-labeled IDR variants (100 µM) titrated with POPC (grey circles) or 
POPC/POPG liposomes at low (yellow circles) or high salt concentration (empty circles). Higher values are 
indicative of lipid binding.  
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Fig. 7: An N-terminal conserved patch transiently interacts with the PIP2-binding site and autoinhibits TRPV4. 
a Comparison of chemical shifts between 15N-labeled IDR and IDRAAWAA. A PIP2-binding site (PBS) mutation also 

affects the highly conserved N-terminal patch. At higher salt concentrations (light grey), these interactions are 

significantly reduced. 

b Degree of TRPV4 IDR conservation (compare Fig. S11).  

c Mutation of the N-terminal patch (IDRPatch) also affects the PIP2-binding site.  

d Relative peak intensities between isolated IDR and their corresponding NTD constructs (at 100 M). Values <1 

are indicative of IDR/ARD interactions, a value of zero represents complete line broadening of IDR resonances in 

the context of the NTD.  

e, f Ca2+ imaging of hsTRPV4 variants expressed in MN-1 cells. (e) Basal Ca2+ (n=13 (TRPV4), 11 (TRPV4N68), 14 

(TRPV4Patch)) and (f) hypotonic treatment at t = 20 sec (n=12 wells with 10-30 cells/well) show increased activity 

of the patch mutant. For better comparison, data for TRPV4N68 are replotted from Fig. 5h, i.  
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Fig. 8: The N-terminal patch modulates PIP2 binding to the IDR.  
a, b, c Chemical shift perturbation of 15N-labeled IDR (a), IDRAAWAA (b) and IDRPatch (c) titrated with diC8-PIP2. 
Chemical shift changes are depicted by colored spheres, line broadening is indicated by grey bars.  
d Average number of membrane contacts from coarse-grain MD simulations with the native IDR (dark grey), 
IDRAAWAA (light grey) or IDRPatch (mauve) on a lipid bilayer composed of POPC (69%), cholesterol (20%), DOPS (10%) 
and PIP2 (1%). Contacts with all lipids (top) and only PIP2 (bottom) are shown. Four replicate 38 µs simulations 
were carried out per construct, contact averages were calculated from the last ~28 µs of each simulation.  
e 31P NMR spectra of diC8-PIP2 (light blue) titrated with IDR, IDRDN97 or IDRPatch. Chemical shift changes are 

indicated by arrows.  

f Extent of chemical shift perturbations of P4 and P5 lipid headgroup resonances upon addition of IDR (grey), 

IDRN97 (blue) or IDRPatch (mauve). 
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Figure 9: PIP2 binding to the TRPV4 IDR exerts a pulling force on the ARD. 
a Coarse-grained MD simulation of the TRPV4 IDR (pink liquorice) on a lipid bilayer containing 1% PIP2 (see Table 
S3). Headgroup phosphates are shown as orange spheres. The IDR C-terminus (V134; blue sphere) was held at 
defined distances from the membrane midplane to emulate anchoring by the ARD (PBS: PIP2-binding site, cyan).  
b Force-displacement curves from restrained simulations of TRPV4 IDR, IDRAAWAA and IDRPatch. The mean restraint 
force is plotted against the mean distance between residue V134 and the membrane midplane. Dotted lines 
show linear fits to the regime dominated by PIP2-binding (>6.5 nm distance). Averages were calculated from the 
last ~28 µs of four 38-µs replicate simulations per construct and height restraint. Error bars present standard 
errors of the mean (SEM) of the replicate simulations, they are on the order 10-3 and thus not visible in the graph. 
c Membrane lipid contacts for each IDR residue at a given height restraint (see Fig. S10c for IDRAAWAA and IDRPatch). 
Averages were calculated from the last 28 µs of each of the four replicate simulations.  
d  Composite figure of a structure of the native IDR (from an MD simulation at a restraint distance of 7 nm) and 
an AlphaFold multimer model of the transmembrane core of the G. gallus TRPV4 tetramer. The force-
displacement curves in (b) indicate that the interaction of the PIP2-binding site with the membrane exerts a pull 
force on the ARD N-terminus (solid arrow). 
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Fig. 10: The N-terminal TRPV4 IDR significantly expands the protein dimensions and encodes a hierarchy of 

antagonistic regulatory modules.  

a, b Inclusion of the TRPV4 N-terminal IDR (pink licorice, ensemble from coarse-grained MD simulations and 

SAXS) more than doubles the dimensions of the full-length TRPV4 tetramer (AlphaFold multimer prediction of G. 

gallus TRPV4 transmembrane core (grey) and ARDs (cyan)) along the membrane plane as seen from the side (a) 

and the cytoplasm (b). 4012 unique IDR conformations are shown. For better visualization, the IDR conformations 

of the front facing TRPV4 monomer have been omitted in (a). Note that the distribution of the IDR conformers is 

not random, but rather governed by an intricate network of intra-domain and lipid interactions. For visualization 

of the IDR conformations within a single TRPV4 subunit, see Fig. S13 and Supplemental Movies S1, S2. 

c The TRPV4 N-terminus encodes antagonistic elements that regulate TRPV4 activity through ligand, protein, lipid 
or transient intra-domain contacts.  
d The membrane-bound PIP2-binding site exerts a pull force on the IDR C-terminus, presumably keeping TRPV4 
in a sensitized state. The autoinhibitory patch modulates PIP2 binding and thus IDR membrane interactions, 
thereby attenuating channel activity.  
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