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The targeted sorting of GPCRs into specialized membrane 
compartments is essential for their biological function1,2. 
Traditionally, the sorting of GPCRs has been attributed pri-

marily to protein-mediated interactions3. However, recent find-
ings have demonstrated that membrane physical properties have 
the capacity to regulate both GPCR activity4,5 and localization6,7. 
High membrane curvature is a recurrent phenotype in specialized 
regions of the plasma membrane, such as filopodia in dendrites and 
microvilli in apical membranes8, and in intracellular sorting com-
partments such as the endoplasmic reticulum, trafficking vesicles 
and endosome tubules8–10. However, the influence of geometrical 
membrane curvature11 on GPCR sorting remains unknown. In this 
study we hypothesized that geometrical curvature is not a passive 
feature of cellular membranes but rather contributes actively in reg-
ulating the sorting and trafficking of GPCRs.

The radius of curvature of membrane compartments in living 
cells typically ranges between 20 nm and 100 nm, making their 
direct quantitative size determination challenging by diffraction-
limited or super-resolution microscopy12. However, the integrated 
fluorescence intensity of a labeled membrane of known geometry 
can be accurately converted to radius of curvature13–15; for exam-
ple, for vesicles that have a spherical shape the intensity scales with 
radius squared16.

Here we exploited this concept to develop a high-throughput 
strategy for calibrating quantitatively the nanoscopic curvature of 
individual tubular cell membranes. We used this approach to system-
atically measure a continuum of cell membrane curvatures, which 
in turn enabled us to demonstrate for the first time that three class 
A GPCRs—the neuropeptide Y Y2 receptor (Y2R), the β1 adrener-
gic receptor (β1AR) and the β2 adrenergic receptor (β2AR)—were 
systematically sorted by geometrical membrane curvature in living 
cells (Fig. 1 and Supplementary Results, Supplementary Figs. 1 
and 2). The sorting was modulated to different extents by agonist 

activation as a result of distinct structural changes within the recep-
tors and ranged from a dramatic redistribution of the Y2R to an 
insignificant change in the sorting of the β1AR. Fitting a thermody-
namic model revealed that sorting was driven by an energetic drive 
to match the high intrinsic curvature of the GPCRs (1/cp ≈ 20 nm) 
to the curvature of the membrane.

RESULTS
Initial studies were carried out on the Y2R, a well-characterized class 
A GPCR, which is involved in cell-shape remodeling events, such as 
cell migration and angiogenesis17,18, that require the formation of 
highly curved membrane protrusions19. The Y2R is known to sort 
into specialized plasma membrane areas such as nerve terminals20, 
but how this sorting is realized has not been established. We inves-
tigated the sorting of Y2R in neuron-like PC12 cells that have been 
observed to form a large amount of cell protrusions, the majority of 
which are filopodia with radii below the diffraction limit21.

Quantifying Y2R density on filopodia of different radii
To quantify the radius of filopodia by fluorescence microscopy, we 
labeled the cell membrane with DiOC18 (DiO), a lipid dye that is 
not sorted by tubular membrane curvature22 (Fig. 1a,b). The tubu-
lar membrane geometry of filopodia23,24 allowed us to use the inte-
grated membrane intensity across a diffraction-limited filopodium, 
I(DiO), as a relative measure of filopodium radius (Supplementary 
Fig. 1a,b). Similarly to published protocols15,16, we converted the 
intensity measurement to absolute radius in nanometers by quan-
tifying I(DiO) for a population of pulled cell membrane tethers of 
known radii (Supplementary Fig. 1c). This allowed us to accumu-
late histograms of accurately determined filopodium radii (Fig. 1c), 
which matched well the reported size range of cell filopodia8,25. The 
wide range of filopodium radii observed in cells probably results 
from a convolution of membrane-shaping proteins and variable cell 
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membrane tension, which among other things is influenced by lipid 
diffusion barriers and the adhesion between the membrane and 
the actin cytoskeleton. The high-throughput capacity of the assay 
enabled us to quantify the radii of thousands of filopodia (Fig. 1c), 
allowing reliable statistical analysis of the data.

To quantify the density of Y2R on filopodia, the PC12 cells were 
transiently transfected to express the Y2R and seeded on poly-D-
lysine–coated glass cover slips for 48 h. The Y2R was N-terminally 
fused to a SNAP tag26, allowing its covalent attachment to a water-
soluble fluorophore (DY-647) (Fig. 1a). The density of Y2R on 
individual filopodia is proportional to the ratio of the integrated 
intensities of Y2R and DiO (∝ I(Y2R)/I(DiO)) across the filopo-
dium (Supplementary Fig. 1a,b). Intensity profiles of the DiO 
signal and Y2R signal across three filopodia (Fig. 1d) showed that 
as the DiO intensity decreased with filopodium radius, the Y2R  
to DiO ratio increased (Fig. 1e), corresponding to an increased  
density of Y2R.

Sorting of Y2R scales with membrane curvature
Plotting the normalized density of Y2R as a function of filopo-
dium radius for 61 filopodia within a single cell revealed an expo-
nential-like increase in receptor density in the smallest filopodia, 
demonstrating that the Y2R is sorted into filopodia of high mem-
brane curvature (Fig. 1f). In comparison, two negative controls— 
aquaporin-0 (AQP0)27, a member of the major intrinsic pro-
teins, and the membrane dye DiDC18 (DiD)—which were both 
shown in reconstituted systems not to sense membrane curvature 
(Supplementary Fig. 2a–c), did not display any curvature-dependent  
sorting (Fig. 1f). We additionally verified that the membrane  
dye was not influencing Y2R sorting by measuring curvature-
dependent sorting of the receptor in pulled membrane tethers 
labeled by a cytosolic dye (Supplementary Fig. 2d–g).

To confirm that the single-cell phenotype observed was repre-
sentative of the cell population, we combined hundreds of filopodia 
measurements from ~30 randomly chosen individual cells. We plot-
ted normalized density as a function of filopodium radius for Y2R 
(27 cells, 459 filopodia), DiD (32 cells, 442 filopodia) and AQP0 (44 
cells, 475 filopodia) (Fig. 2a–c). To compare the sorting of Y2R and 
the two controls we quantified the fold increase in density (F) upon 
a tenfold decrease in filopodium radius (250 nm to 25 nm) from 
error-weighted fits to the data sets (Fig. 2a–c). The quantification 
revealed a >3-fold increase in Y2R density in highly curved filopo-
dia (F = 3.4 ± 0.3) relative to DiD (F = 1.0 ± 0.2) and AQP0 (F = 0.9 
± 0.2). The sorting of Y2R in PC12 cells was identical within error to 
the sorting in HEK293 cells (F = 3.0 ± 0.9), suggesting that Y2R cur-
vature-dependent sorting was not cell-line specific (Supplementary 
Fig. 1f and Supplementary Table 1).

membrane curvature as a causal effector of Y2R sorting
To ensure that the curvature-dependent sorting of Y2R did not rely 
on specialized actin- or lipid-dependent sorting mechanisms in 
filopodia8, we quantified the sorting of the receptor in tethers artifi-
cially pulled from random membrane areas of living HEK293 cells 
(Fig. 3a). Tethers were pulled using an optically trapped protein-
passivated polystyrene bead. As previously described, the radius of 
the tethers decreased when they were extended beyond 15 μm owing 
to depletion of the membrane reservoir28. By simultaneous confocal 
fluorescence imaging of the tether, we could quantify the normal-
ized Y2R density and tether radius as described for the filopodia 
(Fig. 3b). We verified that both receptor and lipid dye were freely 
diffusing in the tether and had reached equilibrium before imaging 
(Supplementary Fig. 3a–d). Furthermore, by sequential imaging of 
cells expressing fluorescently labeled F-actin and Y2R, we showed 
that actin-mediated protein transport29 was disrupted within the 
timescale of the Y2R sorting experiment (Supplementary Fig. 3f).  
Histograms of the radius of all examined tethers and filopodia  

(Fig. 3c) show an ~10-fold lower throughput of pulling tether 
experiments, owing to the more demanding and time-consuming 
experimental setup, relative to the filopodia experiments. The nor-
malized Y2R density increased considerably when a single tether 
was sequentially pulled longer and therefore decreased its radius, 
demonstrating that the Y2R responds dynamically to changes in 
membrane curvature (Fig. 3d).

Combining tether measurements from multiple cells confirmed 
that the curvature-dependent sorting of Y2R in tethers (F = 3.5 ± 0.2) 
was the same as in filopodia (F = 3.4 ± 0.3) (Fig. 3e). As observed 
for the filopodia, neither DiD (F = 1.0 ± 0.3) nor AQP0 (F = 1.1 
± 0.1) showed any curvature-dependent sorting in pulled tethers. 
Combined plots of the sorting data obtained in HEK293 filopodia, 
PC12 filopodia and pulled tethers illustrate that the data collapsed 
to the same master curve (Supplementary Fig. 1f), strongly sug-
gesting the presence of a common biophysical sorting mechanism 
in the three systems.
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Figure 1 | Quantitative analysis of membrane curvature–dependent 
sorting of TmPs using live-cell imaging of filopodia. (a) Schematic of 
approach. the Y2R was expressed in pc12 cells and coupled to a water-
soluble fluorophore (dY-647). the cellular membrane was labeled with 
dio, enabling imaging of receptor and membrane by confocal fluorescence 
microscopy. (b) Micrograph of dio-labeled pc12 cell filopodia. Scale bar, 
10 μm. (c) Filopodium radius and error on the size measurement (s.e.m.  
of three measurements per filopodium) of 2,389 filopodia from 144 cells.  
(d) Zoomed-in view of filopodia (white box in b) in the dio (left) and  
Y2R (right) channels. Scale bars, 2 μm. numbers (1–3) indicate three 
filopodia of decreasing radii. (e) intensity profile (measured as a 5 pixel 
average along the yellow line in d) for dio (green) and Y2R (red) across 
3 filopodia (1–3 in d). (f) Single-cell measurements of normalized density 
versus filopodia radius for Y2R (Nfilopodia = 61, red circles), did (Nfilopodia 
= 42, blue squares) and AQp0 (Nfilopodia = 33, green triangles) versus 
filopodia radius. error bars, s.e.m. of three intensity measurements on each 
filopodium. Solid lines are inserted as a guide to the eye.
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A thermodynamic model for curvature-mediated sorting
To characterize in depth the molecular mechanisms responsible for 
the observed sorting, we used a thermodynamic model that was 
first theoretically outlined in 1981 (ref. 30) and recently refined and 
validated experimentally for a potassium channel reconstituted in 
giant unilamellar vesicles27. The model is based on the hypothesis 
that curvature-dependent sorting of TMPs results from an energetic 
drive to match protein shape and membrane curvature31–33. Cell 
membrane protrusions were modeled as tubular membranes con-
nected to a planar membrane reservoir, and the predicted enrich-
ment of protein results from a balance between the energetic drive 
to match membrane and protein curvature and the entropic resis-
tance for having different protein densities in the protrusion and 
membrane reservoir (Online Methods). The parameters controlling 
curvature-dependent sorting of a protein are its average intrinsic 
curvature, cp, which reflects the membrane curvature at which sort-
ing is maximal, and its bending rigidity, κp, which energetically 
penalizes mismatch between membrane and protein curvatures.

Plotting the normalized Y2R density as a function of filopodia 
curvature (c = 1/R) allowed us to perform an error-weighted numeri-
cal fit, which revealed the good agreement of the model with the data 
(Fig. 4a). Notably, the model allowed us to estimate quantitatively 
the intrinsic (or spontaneous) radius of curvature of the Y2R (1/cp = 
23.3 ± 0.5 nm) and its bending rigidity (κp = 230 ± 10 kJ/mol), which 
was 1.6-fold the quantified bending rigidity of the cell membrane  
(κ = (58 ± 6) kBT ≈ 144 kJ/mol; Online Methods). Our findings  

thus suggest the presence of a biophysical mechanism in living cells 
that enables GPCRs to sort into highly curved membranes that 
match the intrinsic curvature of the protein. A direct corollary of 
this hypothesis is that changes in the conformation and, thus, the 
intrinsic curvature of a receptor should in principle influence its 
curvature-dependent sorting behavior. We next tested quantitatively 
this prediction.

Agonists regulate curvature-dependent GPCR sorting
We examined whether inducing a conformational change in the 
Y2R by agonist activation would change its curvature-dependent 
sorting. We added the peptide agonist, PYY3-36, at saturation 
concentration (100 nM)34 and quantified sorting of the receptor in 
PC12 cell filopodia after a 5-min incubation. As predicted, plot-
ting the density as a function of curvature revealed a significant 
change in the sorting of Y2R upon activation (Fig. 4a). Numerical 
fitting of the sorting model to the data enabled us to quantify a 
~40% decrease in intrinsic curvature (Δ(1/cp) = 16.0 ± 0.8 nm) and 
a ~200% increase in rigidity (Δκp = 480 ± 10 kJ/mol) of the Y2R 
upon ligand activation (Table 1).

Finally, we investigated whether sorting by membrane curvature 
was recurrent for two additional members of the class A GPCR family,  
the β2AR and the β1AR. We quantified their sorting in filopodia 
before and after activation with saturation concentrations (100 μM)35  
of the agonist isoproterenol (ISO) (Fig. 4b,c). The extracted struc-
tural parameters of the three GPCRs before activation were identical  
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Figure 2 | Combined filopodia measurements from multiple cells verify curvature-dependent sorting of the Y2R. (a–c) normalized density  
as a function of filopodium radius, combined from N transfections (biological replicates) (Supplementary Table 1), displayed for Y2R (N = 3, Ncells = 27, 
Nfilopodia = 459) (a), did (N = 3, Ncells = 32, Nfilopodia = 442) (b) and AQp0 (N = 4, Ncells = 44, Nfilopodia = 475) (c). Fold increase in density, F, between filopodia 
of 250 nm and 25 nm radius was quantified by fitting a power function (Y2R; online Methods) or a straight line (did and AQp0) to each experiment.  
F values are mean and s.e.m. of at least three biological replicates (Supplementary Table 1).
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Figure 3 | membrane curvature–dependent sorting of the Y2R is recurrent in artificially pulled cell membrane tethers. (a) pulling of membrane tethers 
from random areas of live HeK293 cells. As the tether extends, the radius decreases. (b) Micrographs of a pulled tether in the dio channel (top) and the 
Y2R channel (bottom). Scale bars, 5 μm. (c) Radius histograms of all examined filopodia (Nfilopodia = 2,389, white bars) and pulled tethers (Ntethers = 103, 
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for a single tether successively pulled longer, thereby decreasing its radius. error bars, s.e.m. of three intensity measurements on each tether. the solid line 
is inserted as a guide to the eye. (e) combined density measurements of multiple pulled tethers as a function of tether radius for Y2R (N = 2, Ncells = 12,  
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within error (Table 1), strongly supporting that sorting by mem-
brane curvature is a generic phenotype that can regulate the spatial 
localization of class A GPCRs.

We verified that the two ligands used in this work (PYY3-36 
and ISO) did not interfere with membrane physical properties by 
measuring that the average tether force was the same within error 
for wild-type HEK293 cells before (f = 28 ± 5 pN, N = 8) and after 
addition of 100 nM PYY3-36 (f = 20 ± 4 pN, N = 8) or 100 μM ISO  
(f = 21 ± 7 pN, N = 8) (Online Methods).

The three receptors displayed distinct curvature-dependent 
responses to ligand activation, revealing multiple layers of regulation 
and specificity encoded in the sorting process. The β2AR displayed 
a less pronounced response than the Y2R; i.e., a ~15% decrease in 
intrinsic curvature (Δ(1/cp) = 5 ± 3 nm) and a ~40% increase in 
rigidity (Δκp = 90 ± 50 kJ/mol). However, the β1AR, though incu-
bated with the same ligand as the β2AR, did not show a significant 
change in its sorting behavior upon ligand binding. The latter 
observation prompted us to hypothesize that the degree of receptor 
contraction and stabilization may be correlated to the strength of 
the ligand-receptor binding. Indeed, in support of this proposition, 
we observed a correlation between the Gibbs free energy of ligand 
binding, ΔG, and the quantified structural changes, Δ(1/cp) and Δκp, 
for all three ligand-receptor pairs (Supplementary Fig. 4f).

To account for sorting not mediated by membrane curvature, we 
also included a protein interaction term in the model: Δα = αc − αt, 
which represents the energetic difference between protein–protein  
interactions taking place on the filopodia (αt) and on the cell body 
(αc). The sign of Δα reflects more (Δα > 0) or less (Δα < 0) attractive 
interactions in the cell body plasma membrane (Online Methods). 
For all tested receptors, we found Δα > 0 (0.2–0.5 kBT/nm2, with 
relative errors ranging from 2% to 10%), resulting in a normal-
ized density <1 at c = 0 (Fig. 4), suggesting that protein–protein 

interactions are more attractive on the cell body plasma membrane 
than on the filopodium. In addition, we observed for all receptors 
an increase in Δα (ranging from 10% to 170%) upon ligand bind-
ing, in agreement with an increase in protein interactions with,  
for example, adaptor proteins on the cell body plasma membrane 
upon activation.

DiSCUSSioN
It has long been hypothesized that TMPs such as GPCRs can parti-
tion into their sites of action by recognizing the curvature of the 
membrane31,32,36. However, to date there have been only a few exam-
ples of live-cell measurements that investigate membrane curvature– 
dependent protein sorting37–39. These assays have focused primarily  
on peripheral membrane proteins and have provided qualitative 
answers to whether a protein is localized in areas of expected high 
curvature. By establishing a direct quantitative correlation between 
membrane curvature and protein density, the strategy presented 
here provides unprecedented insight into the molecular mechanism 
by which membrane curvature can regulate the sorting of TMPs 
within curved cellular membranes.

The crystal structures of class A GPCRs40,41 have revealed that 
their highly homologous transmembrane segment42 is asymmetri-
cal across the bilayer43 (Supplementary Fig. 4d). This suggests a 
nonzero intrinsic curvature, which is in general agreement with our 
findings (though the intrinsic curvature cannot be quantitatively 
predicted from the crystal structure of a protein)27. In addition, our 
findings are in agreement with molecular dynamics simulations that 
have estimated the spontaneous curvature of the bilayer surround-
ing the prototypical class A GPCR rhodopsin to be overall positive 
(~1/100 nm−1)43 and revealed that the highly curved geometry of 
the cubic bilayer phase provides the most efficient shielding of the 
protein from unfavorable hydrophobic exposure44. The curvature-
driven sorting we observe in continuous membranes of living cells 
is also in line with measurements of the β2AR reconstituted in pro-
teoliposomes, which revealed a higher protein–lipid ratio in lipo-
somes of higher membrane curvature45, again pointing to a nonzero 
intrinsic protein curvature.

In agreement with previous findings27, we observed no curvature- 
mediated sorting of AQP0. These results are consistent with the 
crystal structure of the AQP0 tetramer, which reveals a uniform, 
cylindrical shape (cp = 0)46, and they suggest that the rigidity is not 
high enough (κp/κ ≈ 1) for AQP0 to measurably couple its density 
to membrane curvature.

The quantified structural changes in response to ligand activation 
are in qualitative agreement with current knowledge on the activation  
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Figure 4 | Curvature-dependent sorting of class A GPCRs is governed by structural properties of the proteins and is regulated by agonist activation. 
(a–c) normalized Y2R (a), β2AR (b) or β1AR (c) density versus filopodium curvature, displayed as error-weighted bins (50 (a) or 100 (b,c) points  
per bin), together with the numerical fit of the sorting model, before and after agonist activation by pYY3-36 (a) or iSo (b,c). in a, N = 15, Ncells = 165,  
Nfilopodia = 2,573 before activation, and N = 15, Ncells = 159, Nfilopodia = 2,013 after activation; in b, N = 8, Ncells = 82, Nfilopodia = 1,272 before activation, and  
N = 12, Ncells = 114, Nfilopodia = 2,240 after activation; in c, N = 13, Ncells = 107, Nfilopodia = 1,042 before activation, and N = 9, Ncells = 63, Nfilopodia = 981 after 
activation. error bars, error-weighted s.d. (x axis) or error-weighted s.e.m. (y axis). All fits were done to the raw data (Supplementary Fig. 4) but are 
displayed together with the binned data to visualize the changes induced by ligand addition. 1/cp and κp of the receptors are listed in Table 1.

Table 1 | Extracted fitting parameters for Y2R, b2AR and b1AR
Before activation activation

1/cp  
(nm)

κp  
(kJ/mol) agonist

Δ(1/cp)  
(nm)

Δκp  
(kJ/mol)

Y2R 23.3 ± 0.5 230 ± 10 100 nM pYY3-36 16.0 ± 0.8 480 ± 10
β2AR 26 ± 3 250 ± 40 100 μM iSo 5 ± 3 90 ± 50
β1AR 24 ± 1 220 ± 23 100 μM iSo −2 ± 2 −30 ± 30
extracted intrinsic curvature (1/cp) and bending rigidity (κp) of the receptors before and after 
activation with the indicated agonists. the error on the fitting parameters is the extracted 
standard error (online Methods).
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of class A GPCRs. Ligand binding has been reported to induce, on 
average, a small contraction in the extracellular part and a larger 
expansion of the intracellular part of the protein41,47,48, in agree-
ment with a decrease in cp (Supplementary Fig. 4e). The quantified 
increase in κp might seem contradictory to recent findings show-
ing that agonist binding to GPCRs can increase the conformational 
dynamics of the intracellular part of the protein48. However, agonist 
binding has also been shown to induce contraction and stabilization 
and thus, probably, a stiffening of the extracellular part of the pro-
tein, which contains the ligand binding pocket47,48. The extracted κp 
in this study represents an average rigidity for the whole protein and 
suggests that, even if parts of the protein become more dynamic, the 
overall rigidity is increasing.

Here we demonstrate a previously unknown mechanism for sort-
ing GPCRs that is directly relevant for sorting processes occurring 
in highly curved tubular architectures emanating from cells, such as 
filopodia and microvilli8, and in intracellular sorting compartments, 
such as the endoplasmic reticulum and endosome tubules9,10. It is 
plausible that membrane curvature is involved both in ensuring the 
efficient interaction with adaptor proteins upon GPCR activation3 
and in the subsequent trafficking and recycling of the receptors10. As 
ligand binding can regulate the coupling between membrane curva-
ture and GPCR structure, we would predict that membrane curvature 
should, conversely, be able to modulate the structure and conforma-
tional landscape of GPCRs. Our findings therefore also suggest a role 
for cellular membrane curvature as a regulator of GPCR function and 
as such have wide implications for receptor-based cell signaling.

More broadly, our data reveal that the biomechanical coupling 
between the shape and rigidity of a TMP and membrane morphol-
ogy is strong enough to regulate TMP distribution in competition 
with the plethora of sorting processes mediated by protein–protein3,49 
and protein–lipid36,50 interactions that ultimately define the behavior 
of living cells. This sorting mechanism thus becomes relevant for 
TMPs in general and is likely to affect biological processes, such as 
endo- and exocytosis, that involve other curvature types (for exam-
ple, spherical, positive, negative or hyperbolic). We envision that 
quantitative live-cell strategies such as the one presented here will 
be instrumental in fully elucidating the contribution of membrane 
curvature to the multitude of sorting and activation mechanisms  
in the cell11.
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published online 8 May 2017
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oNLiNE mETHoDS
Materials. For fluorescent labeling, 3,3′-dioctadecyloxacarbocyanine perchlo-
rate (DiOC18 (DiO)) (purity ≥ 95% at 490 nm) and 1,1′-dioctadecyl-3,3,3′,3′-
tetramethylindodicarbocyanine 4-chlorobenzenesulfonate salt (DiDC18 (DiD, 
≥ 95% at 644 nm)) were purchased at Invitrogen Life Technologies. SNAP-
Surface647 (SNAP647) (purity ≥ 99%) was purchased from New England 
BioLabs. For cell culture, PC12 cells (ATCC CRL-1721) and HEK293 cells 
(ATCC CRL-1573) were purchased from ATCC. DMEM (41966-029), RPMI 
1640 (11835-063), horse serum (HS) (26050-070), FBS (10082-139), penicillin– 
streptomycin (Pen/Strep) (15140-148), sodium pyruvate (SP) (11360-039), 
geneticin (10131-019), 0.05% trypsin-EDTA (25300-054), DPBS (without 
CaCl2 or MgCl2) and DPBS (with CaCl2 and MgCl2) were purchased from 
Invitrogen Life Technologies. TurboFect transfection reagent was purchased 
from Thermo Scientific, and OptiMem (31985-070) was purchased from 
Invitrogen Life Technologies. Effectene transfection reagent was purchased 
at Qiagen. Cytochalasin D (C8273), poly-D-lysine hydrobromide (PDL) 
and (−)–ISO (I2760, purity ≥ 98%) were purchased from Sigma-Aldrich. 
Streptavidin-coated microspheres (d = 4.95 μm) were purchased from Bangs 
Laboratories Inc. 18-mm cover slips (t = 0.17 ± 0.01 mm) were purchased 
from VWR. 24 × 50 mm cover slips (#1 or #1.5) and 18 × 18 mm cover slips  
(#1 0.13–0.16 mm) were purchased from Menzel-Gläser.

Peptide synthesis. PYY3-36 was synthesized as described51. Briefly, the pep-
tide was prepared by Fmoc-SPPS on TentaGel Rink Amide resin. Nα-Fmoc 
amino acids (4.0 equiv.) were coupled using HBTU (3.8 equiv.), hydroxyben-
zotriazole (HOBt, 3.6 equiv.), 1-hydroxy-7-azabenzotriazole (HOAt, 0.4 equiv.) 
and N,N-diisopropylethylamine (DIEA, 7.8 equiv.) as coupling reagents in 
dimethylformamide (DMF) for 2 × 2 h. Nα-deprotection was performed using  
piperidine-DMF (2:3) for 3 min, followed by piperidine-DMF (1:4) for 10 min 
and finally for 17 min. After treating the peptidyl-resin with TFA–TES–H2O 
(95:2:3) for 2 h, the peptide was precipitated with diethyl ether. The peptide 
was purified by preparative RP-HPLC to a purity of >95% determined by UV 
(Supplementary Fig. 5). The calculated mass for C180H279N53O54 is 4,049.5 Da; 
the experimental mass was 810.2 Da (M+5H)5+ and 1,012.8 Da (M+6H)6+.

Plasmid constructs. We purchased the plasmid for SNAP-tagged neuropeptide 
Y receptor 2 (Y2R-SNAP) from Cisbio Bioassays (France). Plasmids for SNAP-
tagged β1AR and β2AR receptors (β1AR-SNAP and β2AR-SNAP) were obtained 
from Covalys (Switzerland). cDNA encoding human AQP0 (BC117474) was 
purchased from Open Biosystems, Thermo Scientific. The full-length Aqp0 
fusion with C-terminal mKate2 was obtained by subcloning a XhoI-HindIII 
PCR-amplified gene into the same sites of pmKate2-N (Evrogen). DNA 
sequencing was used to verify the sequence.

Cell culturing. PC12 cells were cultured in RPMI-1640 medium supple-
mented with 10% HS, 5% FBS, 1% SP (final concentration: 1 mM) and 1% 
Pen/Strep (final concentration: 100 units/mL). HEK293 cells were cultured in 
DMEM supplemented with 10% FBS and 1% Pen/Strep (final concentration: 
100 units/mL). Both cell lines were grown in a 5% CO2 atmosphere with 100% 
relative humidity in an incubator at 37 °C. The cell lines were authenticated 
as recommended by ATCC by morphology inspection using microscopy and 
growth curve analysis. The PC12 cell line was additionally authenticated by 
(i) induction of neurite outgrowth by addition of nerve growth factor, (ii) the 
presence of secretory vesicles containing typical protein markers such as syn-
aptophysin and neuropeptide Y, which were secreted upon stimulation, and 
(iii) the presence of Thy-1 antigen on the cell surface. The cell lines were tested 
routinely for mycoplasma using Hoechst 33258. The HEK293 cell line is on 
the list of frequently misidentified or cross-contaminated cell lines. However, 
to our knowledge, no PC12 cell contamination has been reported in HEK293 
cells, and thus in this study they serve the purpose as a control non-neuronal 
cell line to ensure that the observed sorting is not specific for PC12 cells.

Cell transfection, labeling and activation. For the filopodia assay, cells were 
transfected in 6-well plates after growing for 24 h on cover slips to ~50% con-
fluency. The medium was exchanged with fresh medium (900 μL per well) and 
a solution of plasmid, Turbofect and OptiMEM (1 μg: 2 μL: 100 μL per well) 

were added after 20 min incubation. Cells were incubated for 24 h before imag-
ing. For the pulling-tether assay, cells were transfected in T25 culture flasks 
24 h before attachment on cover slips. Buffer, plasmid and enhancer (75 μL, 
0.6 μL and 2.4 μL, respectively) were mixed and incubated for 2–5 min before 
addition of Effectene (6 μL). After 5–10 min incubation the solution was added 
together with 2.5 μL growth medium, and the cells were incubated for 4 h before 
medium was exchanged. The cells were imaged 48–72 h after transfection. For 
both assays, labeling was done before imaging in the microscope chambers. 
SNAP647 (1 mM in DMSO) was diluted 200× (5 μM end concentration) in 
growth medium and added to the cells. After incubation for 10 min at room 
temperature, the cells were washed three times in imaging medium (filopodia 
assay) or DPBS (pulling-tether assay). DiO (1 mM in DMSO) was diluted 500× 
in imaging medium or DPBS and added (2 μM end concentration) to the cells. 
After 10 min incubation the cells were washed three times in imaging medium 
or DPBS. For the Y2R we added peptide agonist PYY3-36 (100 nM) to PC12 
cells expressing SNAP-labeled Y2R. For the β1AR and β2AR we added agonist 
ISO (100 μM) to PC12 cells expressing SNAP-labeled β1AR and β2AR, respec-
tively. As ISO is known to hydrolyze it was kept under vacuum until usage. For 
both receptors agonist was added 5 min before measuring.

Filopodia assay. Cells (200,000–300,000 per well, ~1.7 mL) were transferred to 
microscope cover slips (18 mm, round) in a 6-well plate. Prior to cell attach-
ment, the cover slips were incubated at room temperature for 2 h with PDL 
(0.1 mg/mL in sterile Milli-Q water (MQ)) and subsequently washed three 
times—first in 2 mL MQ, then in 2 mL PBS and finally in 2 mL medium. The 
cells were transiently transfected after 24 h and imaged after 48 h. The cell 
membrane and protein were labeled before imaging as described above. Cells 
labeled with both membrane and protein dye were examined with a Leica TCS 
SP5 inverted confocal microscope using a water immersion objective HC PL 
APO CS ×63 (NA 1.2). Detection of the cell membrane labeled by DiO was 
performed at 495–580 nm (excitation 488 nm); detection of DiD or SNAP647-
labeled proteins was performed at 640–750 nm (excitation 633 nm); detection 
of mKate2-labeled proteins was performed at 600–700 nm (excitation 594 nm). 
In all cases, sequential imaging was used to avoid cross-excitation. Images 
had a resolution of 2,048 × 2,048 pixels, with a pixel size of 44.5 nm and a bit 
depth of 16. A sample size of 8–16 cells (corresponding to 59–267 filopodia) 
per experiment produced reproducible results between individual experiments 
(Supplementary Table 1) while making it feasible to image all cells within  
40 min of labeling. Focusing the confocal imaging plane on the cover slip surface 
enabled us to measure exclusively on filopodia adhered to the surface. Filopodia 
that were closer together than the diffraction limit typically differed either in 
length or in the direction of propagation. Filopodia that were out of focus or 
positioned too close to each other were excluded from the analysis by manual 
inspection.

Pulling-tether assay. Cells (48–72 h after transfection) were transferred to cover 
slips (24 × 50 mm) and cultured for 2–4 h. Closed chambers were prepared by 
addition of two stripes of vacuum grease to the cover slip and pressing a small 
cover slip (18 × 18 mm) tightly on top. The chamber was then filled with a 
solution of beads (streptavidin-coated microspheres) diluted to 0.02% in DPBS 
(with CaCl2 and MgCl2), and the chamber was sealed off with vacuum grease. 
The cell membrane and protein were labeled before sealing. The cells were 
examined with a Leica TCS SP5 inverted confocal microscope equipped with a 
water immersion objective HCX PL APO CS ×63 (NA 1.2). The tightly focused 
trapping laser was coupled into the back port of the microscope and focused 
through the objective with the correction collar set to 0.14 to optimize trapping 
for the relevant thickness of the cover glass52. A bead was trapped using a laser 
power of ~500 mW, and the sample was manually translated with a piezo stage 
to bring the bead in contact with a cell for <1 s. A membrane tether was formed 
by carefully translating the cell on the stage ~10 μm away from the trapped 
bead. The height of the trapped bead was adjusted, using a telescope lens53, 
such that the tether was in focus of the confocal imaging plane. The same tether 
was elongated up to five times by translating the piezo stage, and images were 
acquired after each elongation. The excitation and detection wavelengths were 
the same as for the filopodia assay. In all cases, sequential imaging was used 
to avoid cross-excitation and images had a resolution of 1,024 × 1,024 pixels.  
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Owing to the more demanding and time-consuming experimental setup,  
as compared to the filopodia experiments, we had a lower throughput of pulling- 
tether experiments. A sample size of 5–13 cells (corresponding to 15–42  
tethers) per experiment reproduced the results quantified in filopodia.

Data treatment. Image analysis and data treatment were performed using cus-
tom scripts (available on request) in Igor Pro (Wavemetrics) and Fiji (ImageJ).

Quantification of protein density in single tubular membrane protrusions. 
The integrated DiO intensity across a filopodium, I(DiO)f, is theoretically pre-
dicted to scale linearly with filopodium radius (Rfilo): 

I N A R( )DiO f fluorophores surface filo∝ ∝ ∝

where Asurface is the surface area of the diffraction limited filopodium. Thus, 
the density of Y2R on a filopodium is proportional to the ratio between the 
integrated intensities, If, of the protein and the membrane dye: 

Density Y R DiOf f∝ I I( ) / ( )2

The fact that the quantification relies on ratio imaging between protein 
labels and membrane dyes makes the assay robust against focal drift, as 
the laser foci are aligned to be at the same height for all lasers and there-
fore both dyes will be affected similarly if the filopodium is slightly out of 
focus. Micrographs of filopodia and a zoom in on an individual filopodium 
in the DiO (green) and Y2R (red) channel are displayed in Supplementary  
Figure 1a together with corresponding intensity profiles across a single filo-
podium. To compare data from different cells, we normalized to the cell– 
cell variation in Y2R transfection level and DiO labeling efficiency. This was 
accomplished by quantifying the integrated intensities of Y2R and DiO across 
the plasma membrane, IPM, in the middle of the cell (Supplementary Fig. 1b). 
Because the confocal optical section thickness (~0.5 μm) is much smaller 
than the thickness of the cells (~10–20 μm), the plasma membrane within the 
optical section (when focused in the middle of the cell) is, to a good approxi-
mation, oriented perpendicular to the imaging plane. Under the assumption 
that the total portion of sub-resolution sized folds is similar for different cells, 
the plasma membrane area within the confocal volume should therefore be 
the same. The resulting relative filopodia radius, I(DiO), and normalized Y2R 
density were quantified as the intensity ratios: 

I I I( ) ( ) / ( )DiO DiO DiOf PM=

Norm density Y R DiO
Y R DiO

f f
PM PM

= I I
I I

( ) / ( )
( ) / ( )

2
2

The integrated intensities were extracted by fitting Gaussian functions to 
the intensity profiles and the final intensity measurement corresponds to the 
average of three independent measurements on each filopodium. The corre-
sponding errors were propagated from the s.e.m. of the three measurements.

To establish the conversion factor between I(DiO) and the known physical 
radius of short cell membrane tethers54, we pulled short (<15 μm) cell mem-
brane tethers from living DiO-labeled HEK293 cells using an optically trapped 
streptavidin-coated bead, as described above. Imaging by confocal fluores-
cence microscopy allowed us to quantify I(DiO) for 25 individual tethers. 
The extracted I(DiO) values were plotted in a histogram that was fitted with 
a Gaussian function to extract the mean of the population (Supplementary 
Fig. 1c). The mean radius, R, of short (<15 μm) 3T3 cell membrane tethers was 
previously quantified by scanning electron microscopy as R = 49 ± 4 nm (ref. 
54). Relating the mean I(DiO) value to the published tether radius provided 
a conversion factor, C = R/I(DiO), which was subsequently used to convert 
I(DiO) to filopodia radius.

To determine the accuracy of the measurements, we fitted the density and 
radius histograms, as well as their corresponding errors, by a lognormal func-
tion to extract the location parameter, μ, and scale parameter, σ, from which 
the arithmetic mean and s.d. were calculated: 

mean = +em s0 5 2.

s.d. = −+e em s s0 5 2 2
1.

For all examined proteins or lipid dyes the majority of the errors were within 
2% and 20% of the corresponding measurement (Supplementary Fig. 1e).

Quantification of tether radius and protein density using a cytosolic dye. 
We quantified the curvature-dependent sorting of Y2R in pulled tethers, 
using calcein-AM (calcein) labeling of the cytosol for quantifying tether size 
(Supplementary Fig. 2d,e). As calcein labels the lumen of the tether, the inte-
grated calcein intensity across the tether I(Cal)f under the assumption of no 
actin in the tether (Supplementary Fig. 3f) is proportional to R2 where R is the 
radius of the tether. Thus, the square root of the integrated intensity is theo-
retically predicted to scale linearly with R, which again scales linearly with the 
surface area of the tether, Asurface: 

I R A( )Cal f surface∝ ∝

Using similar arguments as for the membrane dye, we can quantify the 
relative tether size, I(Cal), and normalized Y2R density by normalizing to the 
calcein intensity measured in the cytosol in the middle of the cell, I(Cal)C: 

I I I( ) ( ) / ( )Cal Cal Calf C=

Norm density
Y R Cal

Y R Cal
f f

PM C
=

I I
I I

( ) / ( )
( ) / ( )

2
2

Fluorescence recovery after photobleaching (FRAP). To ensure that Y2R and 
DiO were freely diffusing in the pulled tether we bleached the tether close to 
the bead (in both channels) and measured the fluorescence recovery as a func-
tion of time (Supplementary Fig. 3). By normalizing the recovery curve and 
fitting an exponential function we could extract the recovery time constant, 
τ, and calculate the half-life of recovery, t1/2. By ascribing the entire delay in 
fluorescence recovery to the tether surface, the minimum diffusion constant 
(DT,min) was calculated as55

D L
T ,min = 4

2

2

p t

where L is the length of the bleached part of the tether. Both Y2R and 
DiO recovered fully upon bleaching, confirming that they were freely dif-
fusing in the tether (Supplementary Fig. 3b,c). The minimum diffusion  
constant and half-life of recovery were quantified by averaging three FRAP 
measurements.

Quantification of the fold increase in density (F). To compare the sorting of 
Y2R and the two controls we quantified F upon a tenfold decrease in filopodia 
radius (from 250 nm to 25 nm). The normalized density (S) of a curvature-
sensing TMP as a function of filopodia radius (R) can be approximated by a 
shifted power law, S = S0 + B/R, where B is a constant and S0 is the sorting limit 
as the tube curvature is extrapolated to 0 (R → ) (see the TMP sorting model 
below), whereas the density of the two controls displayed a linear dependency 
with filopodium radius. Thus, we quantified F from the error-weighted fit of 
a power function (Y2R) or a straight line (DiD and AQP0) to the data sets  
(Fig. 2a–c). The resulting F values are an average of at least three individual 
experiments (Supplementary Table 1).

The TMP sorting model. We present the thermodynamic model of trans-
membrane protein (TMP) sorting used to fit the experimental data. We first  
write down the membrane free energy in the presence of TMPs. We then cal-
culate the enrichment of protein on a tubular membrane (for example, filo-
podium) relative to the plasma membrane of the cell body, referred to as the 
normalized density S.

Energy of a membrane with TMPs. In the presence of TMPs, the membrane 
free energy consists of three terms:

1. Phospholipid membrane bending energy. Assuming constant mean cur-
vature, H, and neglecting spontaneous curvature this bending energy density 
(per unit area) is given by 

f Hb = k
2

2 12( ) ( ) (1)
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Similarly, the tube energy density is 

f
R R

c f Tt
p

t p m t t= + −



 +k k

f f a
2

1
2

1 52

2
( , , ) ( )

We assume here that the membrane is incompressible and have thus not 
included a membrane-stretching energy, which determines the tension σ. We 
note that although σ influences the tube radius, here the tube radius is mea-
sured directly, allowing us to bypass σ, in contrast with previous reports14,56.

Protein sorting. 1. Balance of chemical potentials. The relative enrichment 
of TMPs on the tube at equilibrium is calculated by balancing lipid and pro-
tein chemical potentials on the plasma membrane of the cell body and on the 
tubular membrane protrusions. In the case of an incompressible membrane, 
changes in lipid and protein density are coupled and the lipid and protein 
chemical potentials are not mutually independent. It can, however, be shown 
using the approach developed previously56 that the condition of equal chemi-
cal potentials reduces to 

∂
∂

= ∂
∂

f ft
t

c
cf f

( )6

Because the plasma membrane is much larger than the tube, it can be treated 
as a protein reservoir and thus φc is constant.

2. Normalized density. With the aid of equations (3–5), the balance of 
chemical potentials, equation (6), leads to an implicit equation for the protein 
density on the tube as a function of curvature c = 1/R
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where Δα = αc − αt represents the energetic difference between protein– 
protein interactions taking place on the filopodia (αt) and on the cell body 
(αc) with the sign of Δα reflecting more (Δα > 0) or less (Δα < 0) attractive 
interactions in the cell body plasma membrane. Rearranging the above, the 
normalized density, given by S = φt/φc, is given by 
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Equation (8) is the key equation in this model and is used to fit the nor-
malized density data as a function of c. The interaction term Δα causes non-
curvature-dependent relative enrichment. We would like to emphasize that our 
model is phenomenological, and we do not pretend to describe the complex 
molecular mechanisms that are effectively contained in α.

For small curvatures, it is readily shown that S increases linearly with c, with 
a slope ~κpcp; thus the ‘sorting power’ is related to κp and cp. Consequently, S as 
a function of filopodium radius can be approximated by S = S0 + B/R, where S0 
is the sorting limit as the tube curvature is extrapolated to zero (R → ) and 
where B is a constant. Finally, it is also apparent that S reaches a maximum 
at the intrinsic curvature, c = cp. Figure 4 shows that the rate of increase of S 
with c decreases at larger curvatures; this is reflected in the non-monotonic 
behavior of S(c) contained in equation (8).

We performed error-weighted numerical fits of equation (8) to the raw data 
sets of GPCR normalized density versus filopodia curvature. The fits were 
performed in Mathematica 10 version 3 (Wolfram Research, Inc.) using the 
NonlinearModelFit function. The error on the extracted fitting parameters 
represents the standard error. The error variance scale was weighted using the 
experimental error in the data. The raw data and the fits are plotted together 
in Supplementary Figure 4. To visualize the trend in the data we averaged the 
raw data into error-weighted bins (N = 50 to 100 points per bin). The error 
bars on the binned data are on the x axis the error-weighted s.d., and on the 
y axis the error-weighted s.e.m., quantified as an approximate ratio variance 
as previously described60.

Quantification of cell membrane rigidity. To compare the extracted bending 
rigidity of the receptors, κp, to the bending rigidity of the cell membrane, κ, we 

(5)

(6)

(7)

(8)

In this equation, κ is the membrane bending rigidity and H is the mean 
curvature of the cell body plasma membrane or of the tubular membrane 
(filopodium or pulled tether). For the cell body plasma membrane, the  
average curvature is 0, and thus we assume H = 0. For the tubular membrane, 
H = 1/(2R), R being the tube radius.

2. Protein-membrane curvature mismatch. Mismatch between the protein 
and membrane curvatures costs energy, given by the expression56

f H cmismatch p p= −1
2

2 22k f( ) ( )

A similar description of protein–membrane interaction has previously been 
described elsewhere27. In equation (2) κp > 0 is a stiffness constant, reflecting, 
at the coarse-grained level, the bending rigidity of a protein-membrane patch. 
Also, cp is the protein’s intrinsic curvature, as observed on the mesoscopic 
scale. Here φ refers to the protein area fraction, either on the cell body plasma 
membrane (φc) or on the tubular membrane (φt). The cellular density of recep-
tors, φc, was quantified by relating the integrated intensity of fluorescently 
labeled receptors in the cell membrane to the absolute number of receptors, 
using a concentration calibration of free dye in solution, and subsequently 
dividing by the membrane area. Quantifying the density in more than 150 
cells per receptor revealed that 0.001 < φc < 0.02. This range was previously 
found to be within the low-density range in which the curvature-dependent 
sorting is not affected by the value of φc (refs. 27,56). We verified and tested 
this prediction for the Y2R (Supplementary Fig. 2g,h). Thus henceforth, for 
simplicity, we fixed φc = 0.002 in the model. Two approximations were taken 
in the above. First, in line with previous studies57,58, we have not included a 
lipid area fraction factor 1 − φ in the bending energy of the lipid membrane 
in equation (1). This is justified, as the area fraction of protein is quite small 
(see above), and thus the correction to the membrane bending energy is also 
small. In addition, this factor would not change the structure of our model 
(see below). It would simply redefine κp as κp → κp − κ, which would have no 
effect on our conclusions on the effect of ligand binding on GPCR stiffness, 
since κ is constant.

Second, the lipid bilayer was modeled as one homogeneous elastic sheet. In 
reality the lipid composition is different in the two monolayers of the plasma 
membrane, which could affect the protein–membrane interaction across the 
bilayer, and thus κp. It can be shown that such a bilayer asymmetry (Δκp) leads 
to an energy density term φΔκpe/R3, where e is the bilayer thickness. However, 
as Δκp is likely to be much smaller than κp, and e << R, the contribution from 
this term is assumed to be negligible compared with the other terms in equa-
tion (2), and is thus omitted for simplicity reasons.

3. Mixing energy. TMPs interact with a variety of proteins in their local 
environment, including other membrane proteins and cytosolic proteins. 
However, inhomogeneities in protein density are entropically unfavorable. 
To account for this mixing energy, we apply a modified Flory–Huggins model59 
that includes an entropic term and an interaction term that is assumed to be 
linear in φ (with the protein interaction coefficient α), justified by the low 
values of GPCR area fractions: 

f T k T
am( , , ) ( ln ( ) ln( ) ), ( )f a f f f f af= + − − −B 1 1 3

where kB is Boltzmann’s constant, T is temperature, and a is the protein’s cross-
sectional area. The protein interaction term α < 0 for repulsive interactions 
and α > 0 for attractive ones. Both the cytosolic and membrane environments 
are expected to be different (in terms of protein and lipid content) in filo-
podia and cell body plasma membrane. This probably leads to a difference 
between protein–protein interactions in the two compartments, resulting in 
a different value of α on the cell body plasma membrane (αc) than that on the 
filopodium or tether (αt). The novelty in our model comes from the difference 
in α between cell body and filopodium: usually in solution theory59, α is sim-
ply a constant and does not contribute to the chemical potential (see below). 
Combining the above energies, and neglecting plasma membrane curvature, 
the plasma membrane energy density is 

f c f Tc
p

c p m c c= +
k

f f a
2

42 ( , , ) ( )

(2)

(3)

(4)
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used a previously described method54 to quantify κ for living cells by measuring  
the force necessary to extend cell membrane tethers. In brief, we pulled teth-
ers from living HEK293 cells as described above using an optically trapped 
bead. As κ is purely a membrane property, we used cells treated with an actin-
disrupting agent, cytochalasin, to avoid any mechanical influence of actin on 
the membrane. The force on the bead, F, was quantified from the displacement 
of the trapped bead in relation to its trap equilibrium position, and plotted for 
the time course of tether extraction. After an initial rise in the force when the 
tether is formed, the force curve reaches a plateau, in which the tether length-
ens at constant pulling force, F0. For cytochalasin-treated cells and short teth-
ers, we can calculate κ from F0 using the following equation54

k
p

= F R0
2

9( )

In this equation, R is the radius of the tether, which was measured for 
cytochalasin-treated fibroblasts as R = 144 ± 14 nm.

Quantification of tether holding force. The tether force is given by f = 2 2p ks t ,  
and consequently a significant change in membrane rigidity (κ) or tension (σt) 
could influence the tether force. To confirm that the two ligands used in this 
work did not interfere with membrane physical properties we measured the 
tether holding force of wild-type HEK293 cells incubated with and without 
ligands (100 nM PYY3-36 or 100 μM ISO). Tethers of a length of 10–15 μm 
were pulled from the cells, and the tether force was quantified right after the 
tether was extracted by measuring the position of the trapped particle by using 
a quadrant photodiode.

(9)

Data availability. All data generated or analyzed during this study are included 
in this published article and its supplementary information files. Source data 
files for Figures 1–4 are available online.
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