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Membrane curvature association of amphipathic helix 8
drives constitutive endocytosis of GPCRs

Jan Hendrik Schmidt't, Rasmus Herlo't, Joscha Rombach', Andreas Haahr Larsen’,

Mikkel Stoklund’, Mathias Perslev', Tommas Theiss Ehler Nielsen', Keenie Ayla Andersen’,
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Cellular signaling relies on the activity of transmembrane receptors and their presentation on the cellular surface.
Their continuous insertion in the plasma membrane is balanced by constitutive and activity-dependent internal-
ization, which is orchestrated by adaptor proteins recognizing semispecific motifs within the receptors’ intracel-
lular regions. Here, we describe a complementary trafficking mechanism for G protein-coupled receptors (GPCRs)
that is evolutionary conserved and refined. This mechanism relies on the insertion of their amphipathic helix 8 into
the inner leaflet of lipid membranes, orthogonal to the transmembrane helices. These amphipathic helices dictate
subcellular localization of the receptors and autonomously drive their endocytosis by cooperative assembly and
association with areas of high membrane curvature. The strength of helix 8 membrane insertion propensity quan-
titatively predicts the rate of constitutive internalization of GPCRs. This discovery advances our understanding of
membrane protein trafficking and highlights a principle of receptor-lipid interactions that may have broad impli-
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cations for cellular signaling and therapeutic targeting.

INTRODUCTION

Cellular trafficking and sorting processes direct transmembrane pro-
teins (TMPs) to their proper destination within the cell. Consequently,
these processes are of fundamental importance for cellular homeo-
stasis, metabolism, and communication. Malfunction results in diseases
including cancer, metabolic syndromes, neuropathies, neurodegenera-
tive disease, and psychiatric disorders (1).

The transport of TMPs between different cellular compartments is
mediated through the action of vesicular membrane carriers. Speci-
ficity in trafficking itineraries is achieved by selective sorting of TMP
cargo into these carriers, eventually giving rise to differential local-
izations of TMPs within the cell. This sorting relies partly on semi-
specific protein-protein interactions between compartment specific
adaptor proteins (APs; e.g., AP1-5 and GGAs) and short linear motifs
within the cargo TMPs (e.g., FXNPXY and tyrosine- and dileucine-
based signals) (2, 3). However, these signals are highly ambiguous and
offer little predictive power, leaving critical gaps in our understanding
of how individual TMP localization is precisely regulated within cells.

The initial budding and formation of vesicular carriers involves
generation of high membrane curvature that serves to recruit specific
scaffolding and regulatory cytosolic proteins (4, 5). This mechanism,
termed membrane curvature sensing (MCS), is frequently mediated
by amphipathic helices (AHs) that insert partially into exposed lipid
packing defects in the convex leaflet of curved membranes (6, 7). We
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hypothesized that AHs in the intracellular termini of TMPs, posi-
tioned at the membrane-cytoplasm interface, serve to partition TMPs
into areas of high curvature during formation of vesicular carriers,
thereby serving as a generic mechanism driving differential forward
trafficking of TMPs in the endolysosomal system.

Using G protein-coupled receptors (GPCRs) as example, our data
demonstrate that AHs direct constitutive trafficking and redistribu-
tion of TMPs with rates quantitatively predicted by their membrane
insertion propensity (MIP). We demonstrate that this trafficking
mechanism of TMPs, which relies on direct association with highly
curved membranes in budding membrane carriers, is fundamentally
distinct in terms of kinetics and molecular association from conven-
tional adaptor-based TMP trafficking processes, such as agonist-
induced internalization. Moreover, we present data suggesting that
MIP of GPCR AHs is conserved across GPCR families and animal
species and has been refined during the course of evolution. We re-
fer to this mechanism as trafficking of TMPs by amphipathic motifs
(ToTAM) and propose it as a complementary means of cellular sort-
ing and localization to adaptor-based sorting of TMPs.

RESULTS

AHs drive constitutive internalization of TMPs

GPCRs constitute the largest family of TMPs in the human genome
and include receptors for diverse signaling molecules, such as small-
molecule neurotransmitters, peptides, glycoproteins, lipids, nucleo-
tides, and ions (8). They control vital physiological functions and
represent targets for roughly a third of Food and Drug Administration—
approved drugs (9). GPCRs consist of seven transmembrane a-helices
and a commonly amphipathic eighth helix (H8) that can insert into
the cytosolic leaflet of the membrane orthogonal to the transmem-
brane helices (Fig. 1A) (10-13). Interactions between H8 and cytosolic
APs are known to mediate various trafficking processes, including both
agonist-induced and constitutive internalization (14).

10f19


mailto:kennethma@​sund.​ku.​dk

SCIENCE ADVANCES | RESEARCH ARTICLE

A GPCR D " we tacan
c
o
= o m—
© Helix 8
S 14
(A %oy ; g
Helix 8 p | TacRiREE H
2
£
fAG TacAH B
N 1.24
©
£
E
o
) z
Helix 8
Rho Rho-EE 1.0-

PR B a2 o@oéo FE R

E q’.°° N &
AHs .
E _— sk ... i 1.84 e Exogenous proteins
= .
I *ok Kk . °, N3 S
= © -
T . 10 . . N 16 T
g n.s. g . g x
£o o t. £ S
€2 e o n.s . n.s ] 2 AHs
=0 o n.s . . E14] g Cytosolic proteins
- . . . oo = -
R 4 f230 o depe 3 :2 2 T
= Sagler e . . 2. N £ ° T
e T T
E w Vo TOEY™E £ 4
5] o . ] o 2 ES T
4 .t °e =
. & ‘. 1.0 Loeee
. : M ° [ | | | |
0.1 T T T T T T T T T {\\o @ 0% vg- N QG"
oS ) AN %
«,bo Q,s\o Q/Q/ @ < N é(/ o Q/Q/ (OQO ¥ v}‘: Q,Qa S §°§
N & &06 & % 'F‘ 2 v A &
S & <
& KL &S &
<7 < <3 <
G H ns.
| AT 181 ituti ist-i
R2=0.67 Constitutive Agonist-induced
1.6 P <0.0001 |
fiAG) TacAH *
S 164 * kK
c ] AT:@ 2 e
fom— ©
o Helix & VM Hecate N * “V “V
£ T 08" 85! G G 5 3
N 1.44 Melitting Helix 8 Helix 8 £ * T
© Q
£ 8 Swap ¥ £ 14+ # M T [
2 | > * *
£ @ALP 8 T % *
° = 1 *
? SARg . =
N TA@ D, £ T
s 1.2 E / ndophllln 5
E DH S 1.2
S ARho P .)‘{ G
.Cll SY” @ Epsin-1 1+
1.04 .Troponln (3 1.0-1- 18 - B - T - [ bo EERNN ¥ W ™
| | | | | | | | |
0.0 02 0.4 0.6 ¥ ¥ &y ¥ ¥ &Y

Membrane insertion propensity (MIP)

Fig. 1. AHs in TMPs autonomously drive their endocytosis. (A) lllustration of GPCR H8 sequences transferred to the single TMP Tac for determination of their autono-
mous endocytic drive alongside mutational disruption of amphipathicity by introduction of negative charges in the hydrophobic face of H8. (B) Representative images of
human embryonic kidney (HEK) 293 cells transfected with Tac-H8 constructs and subjected to antibody feeding (illustrated in inset, bottom left). (C) Quantification of in-
ternalization (red/green fluorescence ratio), relative to Tac, from confocal images (every dot represents a cell), n = 3. (D) Internalization of Tac-H8 constructs assessed by
flow cytometry and normalized to Tac. Means + SEM, n = 3. (E) Internalization of Tac with AHs from cytosolic proteins or exogenous AHs assessed by flow cytometry.
Means + SEM, n = 3. (F) Linear correlation (R2 = 0.64, P < 0.0001) between MIP of Tac-AH constructs and their respective endocytic rate (relative to Tac). Means + SEM,
n = 3. (G) lllustration of chimeric H8 GPCRs with swapped part highlighted in helical wheel representations using HeliQuest (58). (H) Constitutive and agonist-induced
(10 uM agonists) internalization rates of chimeric FLAG-tagged GPCR constructs with swapped H8 sequences relative to Tac. Means + SEM, n = 3. n.s., not significant.
*P < 0.05, ##P < 0.01, ***P < 0.001, and ****P < 0.0001.

Schmidt et al., Sci. Adv. 11, eadv1499 (2025) 13 August 2025 20f19



SCIENCE ADVANCES | RESEARCH ARTICLE

To test our hypothesis, that AHs in the intracellular termini of
TMPs can drive their forward trafficking in the endolysosomal sys-
tem, we tested the autonomous function of H8 in endocytosis. We
fused peptide sequences harboring H8 (17 to 18 residues) from a
number of well-characterized class A GPCRs [rhodopsin (Rho), 2
adrenergic receptor (f,), substance P receptor (NK;), and dopamine
D2 receptor (D,)] to the cytosolic C terminus of the internalization
inert transmembrane interleukin-2 receptor subunit o, hereafter re-
ferred to as Tac (Fig. 1A) (15, 16). The addition of AHs increased
internalization of Tac as determined by quantitative confocal mi-
croscopy of antibody feeding experiments in human embryonic kidney
(HEK) 293 cells (up to 10-fold for Tac-D2) (Fig. 1, B and C). Dis-
rupting the hydrophobic wedge of the AHs by introducing negative
charges (Fig. 1A) abrogated this internalization. We recapitulated
these findings in HeLa cells (fig. S1). Alanine substitution of cysteines,
previously shown to modify trafficking of GPCRs through acylation
(17), did not further affect internalization in this context (fig. S2).

After confirming the relative internalization rates with high-
throughput quantitative flow cytometry (fig. S3) (18), we showed that
five additional H8s with distinct amphipathic nature, i.e., with high
hydrophobic moment, also increased Tac internalization (Fig. 1D).
These were H8 from trace amine receptor 1 and 6 (TA; and TAg),
kappa opioid receptor (k), dopamine D1 receptor (D), and angio-
tensin 2 type 1 receptor (AT}) (biochemical parameters outlined in
fig. S4). To consolidate and broaden these findings, we also tested
non-GPCR helices. Fusion of a hydrophilic helix from troponin (19)
or the hydrophobic helix from citrate (20) did not increase Tac inter-
nalization, whereas AHs of several membrane-associated proteins
involved in membrane trafficking, including amphipathic lipid pack-
ing sensor (ALPS), Sarl, and endophilin A1, but not epsin-1 (21, 22),
facilitated internalization (Fig. 1E). Similarly, exogenous AHs, includ-
ing those from the bee venom Melittin and the bacterial sporulation
protein SpoVM as well as the artificial AH Hecate, strongly facilitated
internalization of Tac. Together, these findings demonstrate that AHs,
diverse in origin and devoid of known adaptor motifs, autonomously
increase endocytosis of a TMP. We refer to this mechanism as ToTAM.

The MIP of AHs quantitatively predicts their effect on

TMP internalization

To quantify the propensity of individual AHs to associate with posi-
tive membrane curvature, we calculated the hydrophobic moment
of AHs and adjusted it by their intrinsic helical propensity (see Ma-
terials and Methods) (23). The resulting value, MIP, correlated with
empirical measures of membrane association strength as determined
by liposome binding to peptides on a SPOT array (fig. S5). Further-
more, plotting internalization of the AH-fused Tac constructs as a
function of MIP yielded a strong correlation irrespective of the ori-
gin of the AHs (Fig. 1F), demonstrating that AHs drive internaliza-
tion of TMPs in a predictive manner. In comparison, net charge and
hydrophobicity demonstrated much lower predictive power of inter-
nalization rate on their own (fig. S6, A and B). In absolute terms, AHs
increased internalization from a basal level of 20% of Tac over a
30-min period to a complete (100%) turnover of Tac-AHs for the
strongest AHs (fig. S7).

The amphipathic nature of H8 drives constitutive
endocytosis of full-length GPCRs

To address the endocytic function of H8 in context of full-length
receptors, we focused on P, and AT), which contain H8s with
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pronounced differences in their autonomous endocytic drive (Fig. 1E,
red and blue, respectively). We made chimeric constructs by inter-
changing their H8s (Fig. 1G) and assessed their internalization. In
concordance with the autonomous drive of their H8s, AT, displayed
significantly higher constitutive internalization than (,, and this pattern
was fully reversed by swapping their helices (Fig. 1H and fig. S8).
Furthermore, the introduction of the synthetic, potent AH Hecate
(Fig. 1G) gave rise to an even higher internalization rate than that of
AT, H8, in context of both 3, and AT;. In contrast, internalization
in presence of agonist was robust for all constructs irrespective of
AH (Fig. 1H and fig. S8). Further, while constitutive internalization
scaled linearly with expression, agonist induced internalization for
the H8-containing constructs deviated from linearity consistent
with saturation of adaptor-based internalization machinery (fig. S8)
(24). This suggests that MIP of H8 drives constitutive, but not agonist-
induced, internalization of GPCRs.

AHs in TMPs regulate their cellular distribution at
steady state
To assess how AHs might affect the steady-state distribution, we chose
five Tac-AH constructs, spanning from low to high MIP values for
further investigation. Permeabilized immunocytochemistry anal-
ysis revealed robust total expression of all constructs with Tac-AT)
and Tac-Hecate showing increased signal compared to Tac (fig. S9).
Structured illumination microscopy did not reveal obvious differences
in steady distribution (fig. S10). To obtain better quantitative insight
into the steady-state distribution of TMPs, we performed a proxim-
ity biotinylation approach and fused the small (26.4 kDa) biotin li-
gase BioID2 (25) to the C-terminal end of the TAC-AH constructs
(Fig. 2A). Western blot analysis confirmed expression of proteins of
the expected size (62 kDa, lower band unglycosylated) and further
suggested a reduced glycosylation (>75 kDa, upper band) with in-
creasing MIP (Fig. 2B, top), similar to constructs without BioID2
(fig. S11). The BioID2-fusion constructs recapitulated ToTAM-driven
internalization as assessed by quantitative confocal microscopy (Fig. 2B,
bottom; and fig. S12, A and B). Following a 24-hour incubation
with excess biotin, we performed affinity purification of the bioti-
nylated proteins to assess their differential association with the AH-
containing BioID2-fusion constructs by quantitative label-free liquid
chromatography-tandem mass spectrometry (LC-MS/MS) (25). We
identified a total of 2569 unique proteins and grouped them by sub-
cellular localization according to a negative matrix factorization ap-
proach previously applied to proximity biotinylation experiments
(26) and evaluated relative enrichment of proteins found in TacAH-
BioID2-transfected cells versus mock (pcDNA). Proteins belong-
ing to the endolysosomal pathway were among the most enriched
(fig. S12C), validating the proximity labeling strategy. Among the
subcellular compartments belonging to the endosomal system, only
“plasma membrane” exhibited significantly differential enrichment
across the BioID2-fusion proteins, revealing a strong negative asso-
ciation with increasing MIP values consistent with reduced matura-
tion and increased internalization (Fig. 2C). Weaker, nonsignificant
trends were observed for the remaining endolysosomal compartments.
Upon analysis of the total variance of the data by principal com-
ponents analysis (PCA), we observed a MIP-dependent distinction
of protein labeling intensities by TacAH-BioID2 constructs (Fig. 2D).
We next asked whether MIP value was associated with any individual
proteins. Linear regression analysis of all identified proteins high-
lighted a subset of proteins that showed strong positive correlation

30f19



SCIENCE ADVANCES | RESEARCH ARTICLE

A FL B o - e o w75 kDa C
A = Nucl - . Pl Earl
© 1007 wom = === — e - uclear Mem-eg membrane  Golgi asma arly
. 05 brane/ER membrane endosome
° ®
Tac ‘ PN ° °
— " —_
) . o
AH A c 8 10 C i & ¥ S 0019 0. /... P @ @ @ o . .....00.....
) ok - i % - ® N
€ 52 |. it g¥ 5 |e®e \Je o o
o N5 . ) 1.% > ® [ °o®
o ® w9 H i H o L)
£l 5 : x O 05
0 55 | LETT &7 £
. €E T - . ~ Y [}
£ £ 4 - o
R o R o
£ |3 v - )
o H : . 2 B e el T
@ Distal protein  @Biotinylated residue . . Y
@ Proximal protein O Biotinoyl-5' -AMP MIP
20— 04— B e o o e e B s B s B B B e
D @ Hecate.3 &00 Qv + é\ 0\0 o e o R gor e PO R P o R «F o TR
OAT13 4)40 Q‘Q,O € € € Y N €
10—
= ®«k3 Mi h
S D23 Hecate.2 . EDC4 tophagy eeavs
& ® D2 OATI2 o T lat
o A?1 1@ Hecate.1 ranslation . 7 CAAP1 RAB29 TRIM26
T 0-®p23 oK2 GOLGA3
It :
o &3 ep22 O« Movio
o g2.2 5 1 D21 aml PGRMC2 NIPSNAP1
—10+ Tac. B2. b \\ PR ATXN2 = [TPR2
®Tac2 PPM1G s i\ PRKRA w : &
O\ 2% Wiy - \TPR3 KTN1 REEP2
. A WAP1B NN SNUFIP2 -
-20 T T T T q SRRM2  YBXT S, 3 o e ITPR1 POZD5 reers | NED
-20 10 0 10 20 30 PP > USRS L
PC1(3.3%) CSNK;/AE- - = 7 5 4 VMP1 R L
109 AH correlated = gl =2 )
E .  sasTMt Y \\E&% S @_ < @
‘s S8 e spatsa CSNK2AZ=HiSPH’ 7318 | EIFSF | y, X ZHRRCZ: COPI/II PBXIP1
S Y S /K st [/ SCFD2
SR 7 A ——
,,,,»C?Ts, M @ & \\ ~ TS ArcNt —ARFS R LegEr;CIlope
SAP18 ;U o ¢ Vil > Fz';pz NBN . // 093
\? I e ’ o ssfma—eeczm
\ SMC \ @ e — MIA3 L2
4 SRP!
/;NPS1 N ik P - / TMF1
o B ¥ g ANKHD1 came  SRPRA
A \ SRPRB YIFIA
5
S ALDH3A2 ~ €CDC47 04 0.75
. TORIAIP2  SYNE2 :
NUP35  \WDR70  PSMD1 ER import coksrars 0 2str|ngdb score
TMEM209 -
Slope 0.99

Fig. 2. Increasing MIP drives association with the biosynthetic pathway and away from the plasma membrane. (A) Schematic of proximity biotinylation assay with
BiolD2. (B) Top: Western blot (M1 ab) of Flag-Tac AH-BiolD2 constructs transfected in HEK293 cells showing mature proteins [high molecular weight (MW) band] and im-
mature protein (low MW band). Bottom: Quantification of internalization of Flag-Tac AH BiolD2 constructs from confocal images (every dot represents a cell, compiled
from three independent experiments). (C) Differences in label-free quantification (LFQ) values for indicated constructs versus basal levels (pcDNA) normalized to Tac compiled
for all identified proteins belonging to endolysosomal compartments of MMF grouping in (26). FC, fold change. (D) Principal components analysis (PCA) biplot showing
spread of MS samples along principal component 1 (PC1) and PC2 indicating a MIP-driven separation. (E) Volcano plot highlighting slope and R? values of linear correla-
tions for each identified protein with MIP of the Tac-AH-BiolD2 constructs. Protein correlating with MIP (slope > 0 and R? > 0.4) highlighted in blue. Identified AP complex
subunits (indicated in green). (F) STRING protein network analysis of the proteins identified as MIP correlated in (E) in functional groups based on database annotations.

[coefficient of determination (R%) > 0.4] with MIP (indicated in light
blue). Of note, none of the identified AP complex subunits (indi-
cated in green) fulfilled these criteria (Fig. 2E). Protein network
analysis of the strongly MIP-correlated subset revealed several tight-
ly connected clusters annotated as related to translation, endoplas-
matic reticulum (ER) localization, ER import, COPI/II (coat protein
complex I/II) complex, and mitophagy (Fig. 2F). Plotting all identi-
fied core proteins of the COPI and COPII complexes revealed an
overall increased abundance with MIP (fig. S12, D and E). Together,
these findings suggest a MIP-dependent steady-state enrichment of
TMP within the early biosynthetic pathway as well as a depletion at
the plasma membrane.

ToTAM is associated with clathrin
Because we found no significant associations between MIP and
any classical or putative endocytic adapter proteins, we asked more

Schmidt et al., Sci. Adv. 11, eadv1499 (2025) 13 August 2025

qualitatively how the Tac-BioID2 constructs differentially labeled
established components of the endocytic machinery similar to the
analysis for the COPI and COPII complexes. The MIP of the expressed
Tac-AHs did not significantly affect the enrichment of actin or dynamin
(Fig. 3A), consistent with a low impact of treatment with the actin po-
lymerization inhibitor latrunculin A, 5-[N-ethyl-N-isopropyl] amiloride
(EIPA), and Dyngo-4A on internalization of Tac-AHs (fig. S13, A to
C). In comparison, adenosine 5’-triphosphate depletion resulted in a
relative reduction of internalization for all constructs (fig. S13, D to
F), indicating involvement of energy-dependent processes in ToTAM.

Next, we addressed association of the Tac-BioID2 constructs
with components of specific endocytic pathways. Key proteins of
clathrin-mediated endocytosis (CME) (27), particularly clathrin and
EPS15, were enriched for all Tac-AHs (Fig. 3B). On the other hand,
identified components of the CLIC/GEEC pathway and caveolae
(28, 29) were consistently less enriched with increasing MIP of the
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Fig. 3. ToTAM associates with CME machinery in a noncanonical manner. (A and
min subunits (A) and selected identified proteins associated with CME, CLIG/GEEC,

B) Absolute difference in LFQ values (normalized to Tac) of identified actin and dyna-
caveolae, and other endocytic pathways (B). (C) Schematic of (ppH-TIRFM) protocol

enabling definition of time of scission for individual endocytic events. (D) Images of representative endocytic event from ppHTIRFM experiments of superecliptic pHluorin
(SEP)-tagged transferrin receptor (TfR) together with clathrin light chain (CLC)-mCherry. (E) Endocytic event rate for the five different SEP-TacAH constructs compared to
TfR-SEP. Statistical analysis using Kruskal-Wallis multiple comparisons test. (F) Top: Average of individually normalized CLC-mCherry traces for TfR-SEP and 5 SEP-TacAH
constructs. Bottom: Heatmaps of normalized individual CLC-mCherry traces pre- and postscission. n = 5 to 10 cells (846 to 2797 events) per condition. *P < 0.05, **P < 0.01,

##4P < 0.001, and **##P < 0.0001.

Tac-AHs. Last, enrichment of proteins involved in alternative en-
docytic pathways, including Arf6, Racl, endophilin A2, and flotil-
lins [FLOT1 and FLOT2; (30)], was relatively independent of MIP.
Taking into account the reduced surface expression of Tac-BioID2
constructs as a function of MIP (dashed line), we interpret that the
AHs likely do not actively drive sorting away from CLIC/GEEC or
caveolae, but that AHs potentially sort TMPs toward alternative en-
docytic pathways involving Arf6, Racl, endophilin A2, and flotil-
lins, in addition to CME.

Grouping all identified CME-associated proteins according to
temporally defined modules (31), we observed no marked increase
in association with nucleation and assembly, neck constriction or

Schmidt et al., Sci. Adv. 11, eadv1499 (2025) 13 August 2025

scission, and movement modules, while proteins involved in uncoat-
ing as well as endosome fusion were enriched for all AHs (fig. S14A).
Notably, proteins of the nucleation and formation module that
showed increased abundance, including clathrin and EPS15, repre-
sented a group that has been shown to be continuously associated
with CME events until uncoating (27). To test the functional effect
of such association, we overexpressed a dominant negative EPS15
(A95-295). Expression did not abolish the MIP-induced internaliza-
tion but did confer an expression dependent decrease in internaliza-
tion for all constructs (although not significant for Tac and Tac-Hecate).
Conversely, overexpression of the dominant negative dynamin 2 (K44A)
did not compromise internalization (fig. S15).
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EPS15 is known to recruit ubiquitinated cargo to endocytic sites
(32). In accordance, we detected minor increases in ubiquitin bind-
ing proteins of the ESCRT machinery and E3 ubiquitin ligases (fig. S14,
B and C) (33), as well as the ubiquitin-receptor SQSTM1 (p62) as
the top hit among MIP correlated associations (Fig. 2, E and F). This
suggests an interaction with the ubiquitin machinery, despite no evi-
dent ubiquitination of the Tac-AH constructs (Fig. 2B). Together,
ToTAM associates with CME and likely with components of alter-
native pathways while seemingly avoiding GLIC/GEEC and caveo-
lae in addition to the downstream ubiquitin machinery.

ToTAM is temporally uncoupled from classical CME

To directly evaluate the trafficking dynamics of Tac-AH constructs
and the CME structures that they associate with, we turned to pulsed
pH (ppH) total internal reflection microscopy (TIRFM) assay (34)
using superecliptic pHluorin (SEP)-tagged constructs coexpressed
with mCherry-tagged clathrin light chain (CLC) (Fig. 3, Cto F, and
fig. S16) using the bona fide adaptor-mediated endocytosis of the
transferrin receptor (TfR) as reference. Corroborating the previous
findings, the number of endocytic events increased by almost an
order of magnitude with increased MIP of the AHs, approaching the
rate of TfR for the strongest helices (H8 from AT}, and Hecate)
(Fig. 3E). Exocytosis increased correspondingly, suggesting efficient
intracellular sorting to recycling endosomes (fig. S17). CLC fluores-
cence intensity traces associated with TfR endocytic events (red line
showing averaged traces) displayed a typical profile with gradual ac-
cumulation until point of scission followed by a rapid decrease after
scission (Fig. 3F). This distinct profile was gradually lost with in-
creasing MIP of the Tac-AH constructs indicating that scission is
temporally uncoupled from classical CME, although some spatial
association with CLC was retained for all constructs (red line is above
the gray line showing the average level of CLC away from endocytic
events). Examination of individual normalized traces displayed a
range of CLC recruitment profiles (Fig. 3E, bottom, and fig. S18). PCA
revealed a decreasing fraction of traces similar to the typical TfR-
associated CLC profile for Tac-AHs with increasing MIP (fig. S19).
Conversely, an increased fraction of events displayed accumulation
of CLC immediate postscission. In summary, increased MIP directs
ToTAM toward bulk association with CME core machinery at the
expense of other endocytic machineries while simultaneously de-
creasing the temporal synchronization and coordination with clath-
rin dynamics.

ToTAM involves accelerated endocytic maturation

and scission

Next, we analyzed the recruitment dynamics of the SEP-Tac-AH con-
structs themselves before scission (Fig. 4A). While SEP-TfR accumu-
lated at a steady rate during vesicle formation (35), the AH-linked
profiles showed fast and accelerating kinetics with increasing MIP of
AHs. Fitting these profiles with a logistic equation indicated an in-
creasingly cooperative clustering mechanism consistent with an auto-
nucleating function underlying ToTAM (Fig. 4B).

To determine whether this effect translates into a generalized in-
crease in maturation rate of endocytic structures, we performed
transferrin uptake in cells expressing the Tac-AH constructs. This
demonstrated a strong and MIP-dependent increase in transferrin
uptake in trans (Fig. 4C). Cargo load of individual endocytic events
determined from the ppH-TIRFM experiments (pH 5.5 fluorescence
at the time of scission) was decreased with increasing MIP of AHs
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(Fig. 4D), whereas quenching rates as a result of endosomal acidi-
fication increased with MIP of AHs (Fig. 4E). Relating the cargo
load to the acidification rates as a measure of endosome size [three-
dimensional (3D) volume] further suggests an increased cargo density
with increasing MIP of AHs (fig. S20). Together, we find that ToTAM
is characterized by numerous, fast, small, and cooperative endocytic
events with the potential to accelerate overall trafficking rates.

ToTAM associated with high membrane curvature

during endocytosis

The temporal uncoupling with canonical endocytic machinery as well
as the cooperative, high-density recruitment and the inductive prop-
erties of TOTAM collectively point to an underlying autonomous and
recursive mechanism, consistent with concurrent MCS and induc-
tion, which is a common characteristic of AH association with lipid
membranes. We therefore investigated the MCS properties of Hec-
ate (the AH tested with highest MIP) in a buckled membrane system
using molecular dynamics simulation. This simulation predicted a cur-
vature sensitive membrane sorting (Fig. 5, A and B), akin to previ-
ous findings for ALPS (36). To experimentally confirm association
with high membrane curvature, we incubated BODIPY-TR-labeled
giant unilamellar vesicles (GUVs) (red) with Oregon green 488-
labeled Hecate peptide (green). Consistent with the cooperative clus-
tering observed in the ppH-total internal reflection fluorescence
(TIRF) experiments, the Hecate peptide occasionally formed bulg-
ing microdomains on GUVs in the absence of manipulation indica-
tive of membrane curvature induction (Fig. 5C).

Next, we pulled tethers from GUVs preincubated with OG488-
Hecate to generate a high membrane curvature domain and observed
a significant enrichment of the Hecate peptide on the tether (pep-
tide on tether relative to GUV) (Fig. 5, D and E). A control peptide
with similar charge but reduced helical propensity and MIP of the
helix did not bind to GUVs (fig. S21). Given this in vitro evidence,
we next tested whether the Tac-AH constructs displayed membrane
curvature association at the plasma membrane of cells. To assess the
size and curvature of the endocytic budding structures encompass-
ing the cargo before scission, we antibody labeled surface-expressed
Tac-AHs for 3D-dSTORM imaging and identified protein clusters
using DBSCAN analysis (Fig. 5F and fig. $22). While the median
radius of clusters was 100 nm for Tac, consistent with the size of
clathrin-coated pits (37), cluster sizes were consistently smaller with
increasing MIP of AHs (Fig. 5G). We further extracted the number
of localizations per cluster, enabling us to plot protein densities of
individual budding structures as a function of size. In our previous
studies, we have demonstrated and rationalized by modeling that
the MCS by amphipathic insertion into lipid membrane defects
gives rise to a log-log linear relationship (6). The averaged cargo
densities for the different size bins gradually approached a linear
relationship (indicated by the dashed line) with increasing MIP of
the AHs (Fig. 5H). Moreover, the negative slope, which indicates
the degree of MCS, nominally increased as a function of the MIP
of the AH (Fig. 5I) (6). In summary, we propose that TOTAM mecha-
nistically serves both to localize cargo to endocytic pits and to fa-
cilitate the membrane curvature induction and possibly scission of
these pits to drive endocytosis.

Mapping of MIP in the C termini of human GPCRs
To characterize the membrane association of C termini across the
full range of Human GPCRs, we developed the liposome binding
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SPOT assay (fig. S5) into a large-scale chip array format using con-
secutive 16-nucleotide oligomer peptides with a two—amino acid
offset (Fig. 6, A and B). Reconstruction of binding profiles from
individual peptide binding values revealed confined membrane bind-
ing regions of different strength as illustrated by the C-terminal re-
gions of rhodopsin, B, and AT, (Fig. 6C). These regions overlap with
the H8 region as indicated by their high MIP values. All receptor
profiles are displayed in fig. S23. Averaged membrane binding pro-
files for each of the GPCR families confirmed this pattern for rho-
dopsin (disregarding olfactory receptors) as well as for secretin and
frizzled families, albeit with membrane binding extending slightly
further away from the TM region for the latter. Membrane binding
was less pronounced for the remaining families and absent from the
glutamate receptor family (Fig. 6D). Moreover, these binding pro-
files are in good agreement with the conservation of amphipathic
periodicity in H8 across the GPCR families (fig. S24A) (38). Clus-
tering of binding profiles of C termini from individual receptors re-
vealed an unexpectedly large group of GPCRs (cluster 1) without
membrane binding (Fig. 6, E and F) that, thus, are unlikely to affect
internalization of their respective receptors through ToTAM. Several
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of these cluster 1 receptors are from the glutamate receptor family
in agreement with the low average profile of the family (Fig. 6D).
However, many additional receptors belonging to other families and
without any clear evolutionary origin also show no membrane bind-
ing, suggesting that mechanisms other than ToTAM regulate the traf-
ficking and localization of these receptors. Notably, this is true for
many receptors belonging to the rhodopsin family (figs. S23 and
S24B). Clusters 2 to 5 showed membrane binding profiles consistent
with membrane proximal H8, albeit with different intensities of the
binding within each cluster and increasing length and distance from
TM?7 going from clusters 2 to 5 (Fig. 6, D and E, and fig. $23). Last,
cluster 6 contained a wide range of different membrane binding
profiles, which are more distant from TM7 and/or contain multi-
ple membrane binding sites.

We did not observe a significant enrichment of individual clus-
ters within GPCR receptor families (fig. S24B) or specific tissues
(fig. S24C). However, functional enrichment analysis within the
studied GPCRs using Gene Ontology (GO) terms revealed a signifi-
cant enrichment of receptors located to endolysosomal membranes
for the bona fide H8 clusters (clusters 2 to 5), while nonbinding
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constructs with high MIP. (I) Selectivity slope (i.e., curvature sensitivity) derived for linear fits with error on log-log plots of the data in (H) (see fig. S22).

receptors (cluster 1) are associated with disc-like membranes or mem-
branes with topologies that restrict membrane insertion (photorecep-
tor discs and exosomes, respectively) (fig. S25A). Cluster 6 receptors
showed a weak association with caveola and growth cones, although
driven by a relatively low number of proteins. A wide range of both
molecular function and biological process (BP) terms were associated
with all clusters (fig. S25, B and C), leading us to perform a semantic

Schmidt et al., Sci. Adv. 11, eadv1499 (2025) 13 August 2025

similarity GO term enrichment analysis of the significant BP terms
(fig. S25D). Consistent with the enrichment of cluster 1 in photore-
ceptor discs, we see a strong association with light related BP terms.
Clusters 2 to 5 show the strongest association with synaptic trans-
mission, particularly driven by receptors with membrane proximal
H8 (cluster 2), while the longer and more distal H8 of cluster 5 associ-
ates with cellular differentiation processes. Last, we find that receptors
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of cluster 6 associate with terms related to peripheral, cardiovascular
regulation (fig. S25D).

MIP of H8's predicts constitutive internalization of

human GPCRs

The experimentally derived membrane binding profiles enabled us
to delineate bona fide membrane binding H8s (clusters 2 to 5) and
calculate MIP values for these regions (fig. S26). We previously char-
acterized the constitutive internalization of a range of pharmacologi-
cally relevant GPCRs (39) and here asked whether this internalization
could be explained by MIP values of the regions defined by their mem-
brane binding profiles. Constitutive internalization significantly cor-
related with MIP values (clusters 2 to 5) (Fig. 6G), demonstrating that
the amphipathic nature of H8 can quantitatively predict constitutive
endocytosis of full-length GPCRs. Other biophysical measures, alter-
native to MIP, failed to explain constitutive internalization (fig. S27, A
to C). Consistent with the lack of effects of H8 substitution on agonist
induced internalization (Fig. 1H), MIP did not correlate with agonist-
induced internalization (fig. S27D). The complex membrane binding
profiles of cluster 6 precluded extraction of MIP values, predictive of
constitutive internalization (fig. S27E). MIP is not significantly related
to B-arrestin recruitment or reported G protein coupling (fig. S28, A
and B). Together, these results indicate that the MIP of H8 selectively
predicts constitutive internalization across this functionally important
and structurally well-characterized subset of GPCRs.

Given the functional importance of constitutive internalization
for dynamic surface expression of GPCRs, we utilized MIP of H8 as
a proxy to map predicted internalization rates across all nonodorant
GPCRs belonging to clusters 2 to 5 by their phylogenetic relation
(Fig. 6H and fig. S27F) demonstrating high diversity within families
of receptors, even for receptors with high homology such as C5AR1/2,
MRGRE/G, OPRD/M, and TAAR2/3 within the rhodopsin family,
as well as AGRL1/2 and AGRB1/2/3 within the adhesion receptor
family. We also note that secretin and frizzled receptors largely con-
tained a H8 predicted or found to be longer than 20 residues and the
functional significance of this remains to be explored. Mapping
the receptors by physiological ligands (GPCRdb) (fig. S29) (40)
emphasized high MIP values within receptors for biogenic amines
(serotonine, acetylcholine, noradrenaline/adrenaline, dopamine, and
histamine), chemokine receptors, and marker-assisted selection (MAS)-
related receptors as well as free fatty acid receptors, alongside individual
receptors such as NPBW2 and C5AR1. MIP in GPCRs associated
with fast endophilin-mediated endocytosis, which mediate endo-
somal signaling or function as mechanosensors, displays H8 MIP
value distributions that do not deviate significantly from average H8
MIP for all GPCRs (clusters 2 to 5). On the other hand, GPCRs as-
sociated with primary cilia, which exhibit topologies with an inverse
curvature to endocytic structures, display H8 sequences with sig-
nificantly lower MIP (fig. S28C). Conversely, GPCRs expressed by
viruses, which are known to elicit high constitutive internalization
(41), mostly have high MIP values of their H8.

MIP is evolutionary conserved across distant organisms

To assess potential functional conservation of high MIP of H8, we
used available data from UK Biobank on naturally occurring vari-
ants in human GPCRs. While the cost of individual amino acid sub-
stitutions was similar in the H8 region compared to the remaining
part of the C termini (Fig. 7A), the frequency of nonsynonymous
natural variants was significantly lower within H8s (Fig. 7B). When
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analyzing differences in MIP resulting from these naturally occur-
ring variants, we found that the observed substitutions give rise to a
more conserved MIP than substitutions not observed (Fig. 7C). Last,
the frequency of natural variants within H8 for individual receptors
declines with increasing MIP, emphasizing the functional conserva-
tion of high MIP (Fig. 7D).

Last, we assessed the evolutionary origin and refinement of MIP
in H8 of GPCRs. Using the membrane binding array, we found that
GPCR C termini from evolutionary distant organisms, including
Caenorhabditis elegans, Drosophila Melanogaster, and Saccharomyces
Cerevisiae, show membrane binding profiles akin to H8 in human
GPCRs (clusters 2 and 3) as well as nonbinding (cluster 1) and more
complex binding profiles (clusters 4 and 5) (Fig. 7E and fig. $30).
This enabled us to address evolutionary refinement by aligning H8
sequences, as defined in human GPCRs, across species back to their
Ecdysozoa counterparts (Fig. 7F). Individual receptors generally show
strong conservation of MIP throughout evolution as indicated by
the color preservation across the evolution for individual receptors
as well as the overall preservation of MIP ranking from yellow to
purple across species. The relative variation across species (going
from bottom to top in the figure) is lowest for H8s with high MIP,
indicating evolutionary conservation of this feature of H8 once a
high MIP has been acquired (Fig. 7F, top). Next, we assessed the
distribution of MIP values for individual species across evolution
(Fig. 7F, histograms to the right). Intriguingly, in Ecdysozoa, the dis-
tribution of MIP values (histograms to the right) displays a single peak
overlaying with values obtained from randomly generated sequenc-
es (indicated by the dashed line). However, as seen from the evolution of
histograms going from bottom to top, the fraction of receptors with high
MIP of H8 (>0.3) gradually increases in higher organisms indicating
functional selection of MIP (Fig. 7F). This functional selection and
refinement is evident from the multimodal distribution of H8 MIP
values across human GPCRs, significantly different from a normal
distribution (Fig. 4H, P < 0.0001, Shapiro-Wilk test). Together, these
findings suggest both evolutionary selection and refinement as well as
functional conservation of the MIP value of H8 in GPCRs.

DISCUSSION

Here, we show that AHs facilitate TMP association with areas of high
membrane curvature similar to what has been demonstrated for cyto-
solic proteins. For TMPs, this association accelerates their constitu-
tive trafficking in a manner that correlates with the MIP of their
AHs. While this paper focused on endocytosis, we show evidence
that this mechanism, due to the basic biophysical principle, is likely
to apply to trafficking events throughout the endomembrane sys-
tem involving highly curved membrane topologies and serve as a
key determinant for steady-state distribution of GPCRs together
with adaptor-based sorting and trafficking. We term this mecha-
nism ToTAM, and, combining the association with the COP machin-
ery in the biosynthetic pathway and the association with the early
part of the clathrin machinery at the plasma membrane, we envision
that the mechanism localizes TMPs specifically to high curvature mem-
branes undergoing initial budding where they will facilitate vesicu-
lation and scission. Predictably, this mechanism increases steady-state
association with vesicular and highly curved membranes at the
expense of relatively flat membranes such as most of the plasma
membrane and rough ER as evidenced by the BioID experiments
and directs endocytic cargo toward recycling structures at the expense
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P < 0.0001). Lines indicate average frequency of binned MIP intervals + SD. (E) UMAP-based clustering of combined D. melanogaster, C. elegans, and S. cerevisiae GPCR C
termini based on position and strength of liposome binding motifs. Heatmaps of individual GPCR C-terminal liposome binding profiles within the five clusters and profile
plots of their median fluorescence (top) (see fig. S30 for the list of individual receptors and species). (F) Evolutionary tree of GPCRs displaying MIP of H8 sequences identi-
fied in human receptors and aligned across species (left). The ratio of variance versus mean of all MIP decreases with increasing MIP (top, left). Top, right: MIP values for
viral GPCRs (table S2). Bottom, right: Density distribution of MIP values for individual species shift to the right during evolution. *P < 0.05, **P < 0.01, **#P < 0.001, and
#H#%P < 0.0001. AU, arbitrary units.
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of the lysosomal pathway. Much is yet to be understood in terms
of how ToTAM targets TMPs to vesicular versus tubular pathways,
as well as how it balances anterograde and retrograde trafficking
in the synthetic pathway, and how it might be involved in partitioning
TMPs to, e.g., mitochondria and peroxisomes.

Mechanistically, endocytosis by TOTAM is characterized by fast,
cooperative cargo recruitment into small, spherical, high-density
carriers, and, thus, TOTAM displays elements of both MCS and
facilitation of the cargo/carrier complex formation. ToTAM in-
creases endocytosis of the TfR in trans, implying an active impact
on endocytic processes.

During this process, partial biochemical association with CME was
observed; however, actual CLC accumulation before scission was low
and increasingly asynchronous with higher MIP of the AHs.

Together, our data suggest that TOTAM might hijack nucleation
involving CLC and EPS15 to shortcut classical CME in an autono-
mous fashion that is complementary to the established adaptor-based
endocytic machinery. The increased transferrin uptake in trans, thus,
could result from ToTAM-mediated stabilization of EPS15-nucleated
structures accumulating TfRs at early endocytic sites. Alternatively,
ToTAM might actively facilitate dynamin independent membrane
scission as suggested by the dominant negative experiments, high-
lighting partial dependence on EPS15, but not dynamin, or a com-
bination of both.

The impact of high MIP H8 specifically on constitutive, and not
agonist-induced, internalization of full-length GPCRs was causally
demonstrated by experiments with chimeric receptors, making them
unable to interact with, e.g., PDZ-domain proteins. Also, this ex-
periment used overexpression in a simple cell (HEK293), and, con-
sequently, several layers of regulation are likely to overlay ToTAM
for endogenous receptors in complex tissues. Using large-scale
liposome-binding data to exclude GPCRs with C termini that did
not display membrane-binding (cluster 1) or complex membrane
binding (cluster 6) enabled us to correlate H8 MIP with full-length
constitutive internalization across all human GPCRs. For the clus-
ters that show simple membrane binding in a region corresponding
to helix 8 (clusters 2 to 5), the term synaptic transmission was
the most enriched GO term. This aligns with receptors for biogenic
amines (including receptors for serotonin, acetylcholine, noradrenaline/
adrenaline, dopamine, and histamine) as well as the opioid and trace
amine-activated receptors almost without exception showing robust
membrane binding. Both in the peripheral and central nervous sys-
tem, these receptors are generally involved in faster and more dy-
namic signaling than seen for, e.g., circulating peptide hormones
evidenced, e.g., by receptors in group B1. We speculate that the ca-
pacity to undergo high constitutive internalization provides a basis
for efficient local and temporal control of signaling in concert with
regulatory proteins or that the fast transmission may require effi-
cient receptor recycling to sustain signaling capacity. We also note
that receptors prone to development of tolerance upon therapeutic
treatment including p-opioid, cannabinoid 1, serotonin 5-HT2A,
histamine H1, dopamine D2, a1 and 2-adrenergic, and f2-adrenergic
receptor all belong within this group. This feature has previously been
linked to B-arrestin recruitment, but, because MIP and B-arrestin did
not show any correlation here, it will be interesting to assess whether
the high MIP of their H8 might explain this feature independently
of B-arrestin. Receptors activated by lipid molecules including free
fatty acids, sphingosine, and cannabinoids also demonstrate strong
membrane binding, predicting significant localization to intracellular
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compartment. Because lipid transmitters are partly membrane per-
meable, the high constitutive internalization propensity might un-
derlie their capacity for signaling from endosomal compartments
as seen for, e.g., the CB1 receptor. Note that CB1, which has a mem-
brane binding helix 9 in addition to H8 (42, 43), belongs to cluster 6,
which shows complex membrane binding. Consequently, the MIP
that we report for the H8 region alone underestimates the total MIP
for the C terminus of GPCRs belonging to this cluster. Last, MAS-
related and chemokine receptors show high H8 membrane binding.
It will be interesting to elucidate the functional implication of the
predicted high constitutive turnover in relation to ligand scavenging
for these receptors. Conversely, and perhaps more unexpectedly, many
of the GPCRs did not show appreciable membrane binding of their
C-terminal regions (cluster 1). These include not only many class
B2 and C receptors but also evolutionary-related subclusters within
class A such as the opsins and the formyl peptide receptors, melano-
cortin receptors, as well as several individual orphan receptors. No-
tably, this cluster is enriched in photoreceptor discs and exosomes,
suggesting that a H8 with high MIP is likely to exclude localization
to these structures. Exosomes are topologically poorly compatible
with membrane insertion of H8, and ToTAM is likely to sort such
receptors toward recycling rather than to multivesicular bodies. In
addition, because photoreceptor discs are formed from modified
primary cilium, these are also topologically poorly compatible with
membrane insertion of H8 and receptors localized to primary cilia
displayed H8 MIP values significantly below average. In the absence
of ToTAM, cilia localization, including localization of opsins to the
photoreceptor discs, is highly abundant in short linear localization
motifs (44), which are not restricted by membrane topology.
Another recently described membrane-associated function of H8
is its role in conferring mechanosensitivity to GPCRs (45). Several
of these receptors include a H8 with high MIP, including H;, AT},
and S1P;. A putative interplay between mechanosensation and high
constitutive internalization due to MCS might reflect two aspects of
the same biophysical principle, and functional implications of these
might unveil themselves perhaps in the context of the cardiovascu-
lar system. Moreover, GPCRs implicated in viral entry, as well as vi-
rally expressed GPCRs displaying high constitutive internalization,
all except that mGluR2 shows high MIP (46), potentially advocating
an alternative type of molecular target for antiviral therapy. Last, the
simple molecular nature of ToOTAM is compatible with an early evo-
lutionary origin, dating back before the yeast GPCRs characterized
here, conceivably even before adaptor-based trafficking. Ultimately,
functional studies will be needed to settle the evolutionary relation
between these two complementary trafficking mechanisms.

MATERIALS AND METHODS

Molecular biology

Coding sequences for the AHs (outlined below) were synthesized
and cloned in frame into a pcDNA3 Flag Tac construct using Hind
IIT and Xba I sites. The amino acid sequence of Tac is largely equiv-
alent to the interleukin-2 receptor subunit o, with a FLAG-tag
(DYKDDDDK) sequence inserted downstream of the signal peptide
sequence and a trailing QASS sequence at the C terminus (see fig. S4).
The C-terminal serine is replaced with the following inserts contain-
ing putative helical sequences listed in table S1. Full-length angiotensin
receptor (ATR) was a gift from T. W. Schwartz (Metabolic Recep-
tology, University of Copenhagen), and b2AR was distributed by
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M. von Zastrow (Department of Psychiatry, University of California,
San Francisco, USA). Di-glutamate mutations were introduced fol-
lowing Quick Change method (Stratagene, La Jolla, CA, USA).

SEP constructs were produced using polymerase chain reaction
amplification and subsequently inserted by restriction enzyme clon-
ing. Chimeric constructs were produced using QuickChange method
(Stratagene, La Jolla, CA, USA). PRESTO-Tango library was acquired
from Addgene (Kit no. 1000000068). FLAG-TacAH-BioID2 constructs
were prepared using Sequence and Ligation Independent Cloning
(SLIC) method (47), amplifying the coding region of BioID2 (25)
(Addgene, plasmid no. 74224), and inserting it downstream of FLAG-
TacAH with a five-amino acid linker sequence (AAGGS). All con-
structs were verified by DNA sequencing.

Cell cultures

Human embryonic cells (HEK293), BSC-1 cells, and HeLa cells were
cultivated in growth medium [Dulbecco’s modified Eagle’s medium
1965 (DMEM) supplemented with 10% fetal bovine serum (FBS)
and 1% penicillin/streptomycin] and maintained at 37°C and 5%
CO; levels. Cells were subcultured every 3 to 4 days for maintenance
to a maximum passage of 35 and never allowed to reach a conflu-
ency above 95%.

Transient transfection for internalization assays

A day before transfection, cells were seeded on poly-L-ornithine-
treated coverslips in triphenylphosphine (TPP) polystyrene six-well
plates (Sigma-Aldrich) at a density of 3.5 X 10° cells per well, unless
otherwise stated. Transfection was performed using Lipofectamine
2000 and Opti-MEM (Thermo Fisher Scientific). The manufactur-
er’s protocol was followed with a 3:1 lipofectamine-to-DNA ratio. A
total of 0.5 to 1.5 pg per well was used, and cells were incubated with
transfection mix in Opti-MEM for 5 hours. Opti-MEM was re-
placed with growth medium, and cells were used for experiments
48 hours after transfection.

Antibody conjugation

Primary anti-FLAG M1 antibodies used for feeding assay were fluo-
rescently labeled by N-hydroxysuccinimide (NHS)-ester fluorophore
conjugation. A 90-pl antibody solution (1 mg/ml) was added to
10 pl of NaHCOj3 (1 M) and 5 pl of NHS-ester fluorophore (Alexa
Fluor 488 or Alexa Fluor 647) (1 mg/ml). The mixture was incubated
for 1 hour at 25°C, and antibodies were isolated using illustra NAP-5
columns (GE Healthcare Life Sciences), resulting in an average la-
beling rate of four and eight dye molecules per antibody for 488 and
647 respectively, as measured on a Thermo Fisher Scientific Nano-
Drop 2000c.

Antibody feeding assay for confocal imaging

On day of experiment, cells were incubated with primary anti-FLAG
M1 antibody (1 pg/ml in Opti-MEM, for 1 hour at 4°C). Cells were
then exposed to prewarmed (37°C) growth medium containing
25 pM monensin (Sigma-Aldrich) and kept at 37°C for 30 min.
Cells were fixed in a 4% paraformaldehyde (PFA) solution in
phosphate-buffered saline (PBS) for 10 min and subsequently
washed with PBS. Next, cells were passivated using blocking buffer
[5% goat serum (GS) in PBS] and incubated for 20 min at 25°C. Surface-
bound M1 antibody was labeled using Alexa Fluor 488-conjugated
goat anti-mouse secondary antibody (1:200 in 5% GS, 1 hour,
25°C). Cells were fixed again in 4% PFA in PBS for 10 min at 4°C,
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washed in PBS, and permeabilized with 0.2% saponin and 5% GS
in PBS (30 min at 25°C). Next, cells were incubated with Alexa
Fluor 568-conjugated secondary goat anti-mouse antibody (1:500,
5% GS, 30 min 25°C). Last, cells were washed three times with PBS,
and coverslips were mounted using 4’,6-diamidino-2-phenylindole
Fluoromount-G (SouthernBiotech).

Selective interference of actin polymerization, macropinocytosis,
and dynamin constriction was performed by addition of 200 nM la-
trunculin A (Thermo Fisher Scientific), 1 pM EIPA, and 10 pM Dyngo-
4A (Abcam) during 30-min internalization period, respectively.

Cells were imaged as z-stacks with increments of ~700 nm us-
ing either a Zeiss Confocor 2 confocal microscope (LSM 510) or
Zeiss Axoimager M2 confocal microscope (LSM700) with a Plan-
Apochromat oil immersion objective with a X63 magnification and
numerical aperture (NA) of 1.4 (Carl Zeiss, Oberkochen, Germany).
Fixed samples were imaged in frames of 1024 by 1024 resolution,
8 bits, in line-scanning mode with two times averaging. Alexa Fluor
568 dye was excited using 543/555-nm laser light from a helium-
neon (HeNe) laser or diode source, and emitted fluorescent light
was filtered using a 585-nm long-pass filter or none. Alexa Fluor
488 dye was excited using a 488-nm laser line from an argon-
krypton laser or diode, and the emitted light was filtered using a
long-pass 505- to 530-nm barrier filter or none. Channels were im-
aged separately. Image processing was performed using Fiji (National
Institutes of Health) (48). Region of interests (ROIs) were selected
to accommodate entire cells throughout the stack, as inspected
through green channel only (up to a maximum of four ROIs per im-
age). The threshold was set to exclude background noise and kept
constant throughout independent experiments, and all images were
masked. Intensities were quantified independently for each stack in
each channel and saved as comma separated files. A MATLAB
script was generated to automatically import data and calculate over-
all intensity ratios for each cell. Individual ratios for each cell were
logyo transformed before averaging within each construct and nor-
malization to Tac. Averages and SEM were determined within each
experiment on basis of a minimum of 10 individual cells. Linear
regression analysis was performed using Prism (GraphPad Software
Inc.). All ROIs were saved for later inspection.

Antibody feeding assay for flow cytometry

Cells were seeded in TPP polystyrene six-well plates (Sigma-Aldrich),
transfected as described above, and kept in plates until experiment.
On day of experiment, cells were incubated with Alexa Fluor 647-
conjugated primary anti-FLAG M1 antibody (1 pg/ml, 1 hour at 4°C).
Cells were then exposed to prewarmed (37°C) growth medium con-
taining 25 pM monensin and kept at 37°C for 30 min. For experi-
ments with chimeric constructs, internalization medium additionally
included 10 pM isoproterenol and 10 pM angiotensin 2 for f2AR
and AT1R, respectively. Cell surfaces were stripped for antibody by
addition of cold strip buffer (0.5 M NaCl and 0.2 acetic acid) and
incubation for 5 min followed by a wash in PBS and cold labeling
with Alexa Fluor 488-conjugated primary anti-FLAG M1 antibody
(1 pg/ml, 1 hour at 4°C). Cells were collected using cold PBS and
transferred to Eppendorf tubes, spun down at 2000g for 10 min, and
resuspended in 4% PFA before flow cytometry acquisition.

Samples were run on a FACSCalibur flow cytometer (BD Biosci-
ences) and analyzed with FlowLogic software (Inivai Technologies).
Briefly, empty pcDNA3-transfected cells without fluorophores were
used to gate cells from debris through a combination of SSC-H and
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FCS-H signals (fig. S3). Unspecific fluorescence gating was set to
include a maximum of 1% of events from untransfected cells, oth-
erwise treated identical to samples. Only events corresponding to
gated cells with specific fluorescence signal were used for further
analysis. Alexa Fluor 488 was excited using a 488-nm argon laser,
and the emitted fluorescence was filtered through a 530/30 band
pass (BP) filter and collected by a photomultiplier tube (PMT)
(FL-1). Alexa Fluor 647 was excited using a 635-nm diode laser,
and the emitted fluorescence was filtered through a 661/16 BP fil-
ter and collected by a PMT (FL-4). Extracted intensities in FL-1
and FL-4 channels were used for quantification. Briefly, a 2D dot
plot of the intensities of surface bound (FL-1) and internalized
fluorophores (FL-4) for each investigated cell of each construct
was analyzed using a python-based random sample consensus al-
gorithm from scikit-learn (49), giving an outlier optimized linear
regression slope with minimized influence of outliers. The result-
ing slopes were normalized to the reference construct Tac, yielding
relative internalization.

The preparations for timeline experiments were done by incubat-
ing transfected cells with Alexa Fluor 647-conjugated primary anti-
FLAG M1 antibody (1 pg/ml, 1 hour at 4°C) and then incubating at
37°C for indicated time periods with prewarmed (37°C) growth me-
dium containing 25 pM monensin. Surface-bound antibodies were
stripped by 5-min incubation with cold strip buffer (0.5 M NaCl and
0.2 acetic acid). Cells were fixed and run on FACSCalibur flow
cytometer for acquisition. Internalization was quantified as mean
Alexa Fluor 647 signal subtracted by the mean signal obtained from
samples at time point 0 in percentage of the same signal obtained for
samples that were only cold labeled.

Transferrin uptake by flow cytometry

Cells were seeded in TPP polystyrene six-well plates (Sigma-Aldrich),
transfected as described above, and kept in plates until experiment.
On day of experiment, cells were incubated with Alexa Fluor 488-
conjugated primary anti-FLAG M1 antibody (1 pg/ml, 1 hour at 4°C)
and Alexa Fluor 647-conjugated transferrin (25 pg/ml) (Thermo Fisher
Scientific). Cells were then exposed to prewarmed (37°C) growth me-
dium containing 25 pM monensin and kept at 37°C for 12 min. All
cells were collected in cold PBS and transferred to Eppendorf tubes,
spun down at 2000g for 10 min, and resuspended in 4% PFA before
acquisition in flow cytometer. Samples were run on a FACSCalibur
flow cytometer (BD Biosciences) and analyzed with FlowLogic soft-
ware (Inivai Technologies) similar to what was described for anti-
body feeding assays.

Live-cell imaging on ppH TIRF setup for endocytosis

Live-cell imaging was performed at 37°C. Cells were perfused with
Hepes-buftered saline (HBS) solution (135 mM NaCl, 5 mM KCl,
0.4 mM MgCl,, 1.8 mM CaCl,, 20 mM Hepes, and 1 mM p-glucose,
adjusted to pH 7.4 and 300 to 315 mosmol/liter). For the ppH pro-
tocol, a theta pipette ~100-um tip size achieved using a vertical
Narishige puller (World Precision Instruments) was placed in prox-
imity of the recorded cell. One outlet contained HBS (pH 7.4; see pre-
vious paragraph for recipe) and the other contained a solution where
Hepes was replaced with MES (MES-buffered saline solution) and
buffered at pH 5.5. Solution flow was alternated every 2 s using
electrovalves (Lee Company) switching in synchrony with image
acquisition. TIRF imaging was performed on an inverted microscope
(IX71; Olympus) equipped with an Apochromat N oil 60X objective
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(NA of 1.49), a 1.6X magnifying lens, and an electron-multiplying
charge-coupled device (EM-CCD) camera (QuantEM:512SC; Rop-
er Scientific). Samples were illuminated by a 473-nm laser (Cobolt)
for SEP imaging, as well as by a coaligned 561-nm laser for red fluo-
rescent protein (FP) imaging. Emitted fluorescence was filtered us-
ing the following filters (Chroma Technology Corp.): 620/60 m for
mCherry imaging and 525/50 m for SEP/green fluorescent protein
fluorescence. Simultaneous dual-color imaging was achieved using
a DualView beam splitter (Roper Scientific) and dual cameras. To
correct for x/y distortions between the two channels, images of fluo-
rescently labeled beads (Tetraspeck, 0.2 pm; Invitrogen) were taken
before each experiment and used to align the two channels (see
Quantification of fluorescence intensities). The camera was controlled
by MetaVue7.1 (Roper Scientific).

Detection and quantification of endocytic events

in ppH-TIRF

Detection and subsequent quantification of fluorescent protein as-
semblies was done as previously described (35). Briefly, spots were
subjected to segmentation on the basis of wavelet transform multi-
dimensional image analysis. The objects detected were then tracked
using a simulated annealing algorithm to identify endocytic events.
The output of this tracking was a series of coordinates correspond-
ing to the center of mass of the objects, with unique identifiers (event
numbers). All the observed fluorescent assemblies in the TfR5.5 mov-
ies were screened to identify genuine endocytic events using routines
programmed in MATLAB 7.4 (MathWorks). To qualify as bona fide
events, each candidate event required a TfR5.5 vesicle (i) that per-
sisted for at least three frames (i.e., 8 s) following appearance; (ii) that
appeared at least 20 frames after the start of the movie, or 20 frames
before its end, to ensure quantification of signals for 80 s before and
after the vesicle’s appearance; (iii) that appeared and remained at
more than seven pixels (0.7 pm) from the edge of the image to en-
sure proper quantification (see below); (iv) that appeared de novo
and was not produced by the fusion of two objects or the dissocia-
tion of an object into two; (v) that overlapped, on appearance, with
a preexisting cluster detected in the segmented TfR7.4 movie; (vi)
whose fluorescence was bigger than a defined signal-to-noise ratio
(SNR) of 5, wherein SNR = (F, — av)/SD, where F, is the fluores-
cence at time 0, and av and SD are the average fluorescence and
standard deviation, respectively, in the five frames before vesicle ap-
pearance; and (vii) that was close to maximal fluorescence at the
time of appearance. We calculated the slope of the fluorescence
change in the first three frames of vesicle appearance and discarded
the events where this slope was greater than 0.1, which corresponds
to a 10% increase in fluorescence.

Characterization of trace profiles from ppH-TIRF

While the spatial and temporal extension of the fluorescent traces in
the TfR5.5 channel is defined directly by the formation and acidifi-
cation of single vesicle carriers, the fluorescent traces describing clus-
ters in TfR7.4, CLC5.5, and CLC7.4 can encompass and span several
events. The resultant profile characteristics, therefore, contain impor-
tant information of the underlying mechanistic of each construct.
Hence, we initially assessed the CLC profiles and TfR7.4 profiles con-
nected to each TfR5.5 event by normalizing each of the traces indi-
vidually, smoothening the traces by a loess model to remove noise,
and ultimately generating collected raster plots for each construct
(fig. S13 and Figs. 2] and 3A).
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In the case of TfR7.4 profiles, we used these collections to esti-
mate the overall recruitment rates and collaborative nature of the
clusters comparatively by performing logistic fitting of the profiles
just before scission (t = [—20:0]) to an adapted version of the Langmuir-
Hill equation: 6 = 1/[1 + (T50/ )], where 0 is the fraction of total
cluster size estimated at the time of scission, t is the time from —20
to time of scission, T50 is the time where cluster is grown to half
size, and H is the Hills coefficient. These fits allowed to extract the
Hills coefficient as a measure for the collaborative recruitment of
constructs during accumulation.

As the collected CLC profiles (CLC5.5/7.4 interleaved) contained
information of the overall activity surrounding the individual events
(figs. S13 and S14), we performed a PCA on all the normalized traces
pooled together to evaluate the principal components giving rise to
the observed profiles. Together, the first four principal components
contained 63.9% of the total variance and were used to sort and the
individual raster plots and evaluate the governing mechanics per-
taining to each construct

High-frequency live-cell imaging for exocytosis studies
Live-cell imaging was performed at 37°C. Transfected BSC-1 cells
were grown in LabTek2 chambers and imaged using a Nikon Eclipse
Ti-E epifluorescence/TIRF microscope (Nikon) equipped with a
405-nm laser (coherent) and a triple line 405/488/561 beam splitter.
Cells were kept in growth medium before imaging, and medium was
substituted for temperature-equilibrated PBS buffer to reduce back-
ground fluorescence during imaging.

The emission signal from pHluorin constructs and CLC-mCherry
was split by a 509-nm beam splitter (AHF analysentechnik AG), the
pHluorin signal was filtered using a 466/40-nm BP filter, and the
CLC-mCherry signal by a long pass (LP) filter. Light was directed
to a dual-view adaptor collected by two EM-CCD cameras (iXon3
897, Andor).

SPOT assay

Peptide arrays were prepared as described in (50) with sequences
identical to the Flag-TacAH-construct inserts. We developed and op-
timized a protocol for liposome binding (51). In brief, plates were
coated with 5% bovine serum albumin (BSA) before binding, washed,
and exposed to a dilution of bovine brain liposomes (0.01 mg/ml)
containing 0.5% biotin. Liposomes were made by dissolving Folch bo-
vine brain lipids in chloroform together with 0.5% dioleoylphosphati-
dylethanolamine (DOPE)-biotin, evaporating samples with N, and
rehydrating in buffer to a final concentration of 1 mg/ml. After eight
freeze-thaw cycles, the liposomes were sonicated briefly at low inten-
sity, subjected to another freeze-thaw cycle, and stored at 4°C until
use. Storage time was always kept below 36 hours. The arrays were
incubated with liposomes for 30 min at 25°C, washed three times in
PBS, and exposed to 5 ml of an avidin-horseradish peroxidase (HRP)
solution (0.01 mg/ml) to cover the entire array. Arrays were allowed
to equilibrate for 30 min at room temperature, washed three times in
PBS, and moved to an Alpha Innotech Multilmage Light Cabinet,
where it was covered with electrochemiluminescence substrate and
imaged. Total intensities were quantified with Image].

Data retrieval of membrane proximal C-terminal

regions in GPCRs

We extracted the complete set of Homo sapiens (taxid: 9606) gene
products from the Universal Protein Resource Knowledgebase
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(UniProtKB) Swiss-Prot database with the GO annotation “part of
integral component of membrane” (GO:0016021) and “G protein-
coupled receptor activity” (GO:0004930) from the EBI GO Anno-
tation database (GOA) (www.ebi.ac.uk/GOA, 2020-08-17). This
resulted in a dataset containing 807 distinct gene products. Gene
products annotated with “olfactory receptor activity” (GO:0004984)
were removed resulting in 410 gene products. The resulting gene
products were exported as a Gene Product Association Data file.
The UniProtKB accession numbers were used to extract their re-
spective topological data from the UniProtKB (www.uniprot.org/).
The following extraction, sorting, and analysis of data were performed
using the programming language R (version 4.0.2) in RStudio (version
1.4.1013). Sequences were analyzed for annotated regions of second-
ary structure and intermembrane regions. The identified regions were
removed from the sequences, and only the regions residing in prox-
imity to transmembrane domains were kept in the dataset. We added
all C termini from S. Cerevisiae, C. elegans, and D. Melanogaster GP-
CRs to the dataset (140 GPCRs as obtained from the GO resource),
enabling an evolutionary conservation analysis. The resulting se-
quences were split into 16-nucleotide oligomer cassettes overlapping
by 14 amino acids (two-amino acid resolution), which resulted in
15,198 unique peptides.

High-density peptide array synthesis and scanning

Synthesis was performed by Schafer-N ApS, Lerso Park Allé 42,
DK-2100 Copenhagen, as described by Schafer-Nielsen and cowork-
ers (52). All unique in silico—extracted 14-amino acid overlapping
16-nucleotide oligomer GPCR-specific peptides were randomly split
into six evenly sized groups and synthesized onto six equally sized
sectors on the array. Each peptide was synthesized in a 20 pm-by-
20 pm field, separated from other fields by 10 pm from all sides. As
a positive control for liposome binding Hecate (LKKALKKLKKALK-
KAL) was synthesized in the 17 peptide fields encompassing each of
the corners of the six sectors on the array. All peptides were synthe-
sized onto the array with a short C-terminal linker KSGG. A total
of 510 negative controls, fields not containing peptides, were spread
randomly across the array. The array was blocked using 5% BSA
in PBS with 2 mM dithiothreitol (DTT) for 1 hour on a shaker at
120 rpm and then washed three times in PBS for 20 min. The array
was incubated with DiD-labeled liposomes diluted 1:100 in PBS
(pH 7.4) for 1 hour at room temperature. Subsequently, the array
was washed twice in PBS for 5 min and an additional time for 20 min.
Following 30-s washes (3x) with 0.1% Tween 20 in PBS, the array
was dried by centrifugation (30 s) and scanned at 1-pm resolution
with an InnoScan 900 laser-scanner (INNOPSYS) with an excitation
wavelength of 635 nm and gain setting of 6 with the high-power set-
ting to obtain the image used for this analysis.

Conditional GO term enrichment analysis

All nonolfactory human GPCRs represented were selected from the
array data by exclusion of olfactory GPCRs annotated with GO term
GO:0004984 (olfactory receptor activity). GO terms were imported
via pantherdb.org using rbioapi package in R (date time: 23 Septem-
ber 2024, 18:08). Conditional enrichment was run for each cluster
using the topGO package in R algorithm = “weight01,” test = “fisher”
The Resnik GO term similarity was calculated in each cluster using
the simplifyEnrichment package in R with the background popula-
tion set to GPCRs manually. Similarity matrix was clustered using
a binary cut or k-means. Keyword enrichment was performed for
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each cluster (or clusters 2 to 5 combined) (Fisher test versus GPCR
GO terms). GO term similarity matrix was plotted with significantly
enriched cluster associated keywords for clusters with n > 4 terms

Liposome preparation

Liposomes were generated using a heterogeneous lipid extract from
bovine brain (type I, Folch fraction I, Sigma-Aldrich). Lipid extract
(0.5 mg) was dissolved in 1 ml of chloroform, before addition of 2%
DiD (Invitrogen) (w/w). Lipids were dried with N,-gas while rotat-
ing, creating a thin lipid film, followed by vacuum dehydration for
12 hours to remove residual chloroform. Lipids were rehydrated in a
sterile filtered PBS (pH 7.4) to a final concentration of 1 mg/ml. The
rehydrated lipids were put through eight freeze-thaw cycles using liquid
nitrogen and a 40° to 50°C water bath. The liposomes were extruded
through a 19-mm polycarbonate Whatman Nuclepore Track-Etched
membrane with a pore size of 1 pm using a LiposoFast liposome
extruder (Avestin). The liposomes were extruded 18 times before
being diluted 1:1000 in sterile PBS.

3D-dSTORM—Sample preparation

BSC-1 cells were seeded on coverslips in TPP polystyrene six-well
plates (Sigma-Aldrich), transfected as described above, and kept in
plates until experiment. On day of experiment, cells were fixed using
a 4% PFA solution (10 min at 4°C), washed in PBS (3x), and passiv-
ated using blocking buffer (1% BSA and 5% GS solution in PBS) for
20 min before incubation with anti-FLAG M1 antibody (1 pg/ml in
1% BSA and 5% GS solution for 1 hour at 25°C, Thermo Fisher Sci-
entific). Cells were washed in PBS (3%), fixed in a 4% PFA solution
(10 min at 4°C), washed again (3x), before being passivated for
20 min, and incubated with secondary Alexa Fluor 647-conjugated
anti-mouse antibody (1 pg/ml in 1% BSA and 5% GS solution for
45 min at 25°C, Thermo Fisher Scientific). Last, cells were washed
in PBS (3%), fixed using 4% PFA solution (10 min at 4°C), and
washed once in PBS containing 20 mM glycine and 15 mM am-
monium chloride to quench free aldehydes, followed by wash in
PBS (2x%). The fixed samples were then transferred to a quick re-
lease imaging chamber and imaged in a buffer containing glucose
oxidase (560 g/ml), catalase (34 g/ml), 2 mM cyclooctatetraene,
1% 2-mercaptoethanol, 50 mM tris-HCI (pH 8), 10 mM NaCl, and
10% glucose in water.

3D-dSTORM—Optical setup and image acquisition

Single-molecule localization imaging was performed on a Zeiss Elyra
PS.1 inverse microscope. Samples were illuminated using 405- and
642-nm high repetition rate (HR) diode lasers with maximum pow-
er levels of 5 and 150 mW, respectively. The 642-nm laser was used
at maximum power, while the 405-nm laser was used to reactivate
Alexa Fluor 647 fluorophores, and power was incrementally increased
by 0.1 percentage points. Light was collected in a Plan-Apochromat
63x oil objective with an effective NA of 1.4. Emitted fluorescence
was collected in the same objective and further magnified using a
1.6X tube lens. Emission was filtered using a 655 LP filter and cap-
tured by a cooled EM-CCD camera (Andor, iXon DU897) at 55.6 Hz.
For 3D localizations, we applied a double-phase ramp module (Zeiss)
for phase ramp imaging localization microscopy. 3D information
was acquired from the z-position-dependent rotational angle of the
two lobes emanating from each fluorophore given the double-phase
ramp module (53). All 3D-single-molecule localization microscopy
(SMLM) experiments were conducted in highly inclined and laminated
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optical sheet illumination mode. A total of 30,000 frames were re-
corded for each video.

3D-dSTORM—Analysis

Localizations were fit using the spliner implementation of the 3D-
DAOSTORM code package (54). Calibrations were made using 100-nm
fluorescent TetraSpeck beads. The beads were attached to a coverslip by
initial addition of 50 pl of 1 M MgCl, followed by deposition of 0.9 pl of
beads diluted in 500 pl of water. Clustering of the data was performed
using a DBSCAN algorithm, identifying clusters within a 60-nm radius
of each localization with at least 15 qualifying neighbors. Given the
reduced axial resolution compared to lateral resolution, we set the
weighting of axial position versus lateral to 0.5. Several parameters
were extracted for each cluster, including maximum size in the x, y,
and z directions, radius of gyration, and density of localizations.

Transient transfection for BiolD2-MS assay

A day before transfection, low-passage (below 15) HEK293 cells were
seeded in tissue culture (TC)-treated T-175 culture flasks (Sigma-
Aldrich) at a density of 5 x 10° cells per flask. Transfection was per-
formed using Lipofectamin 2000 and Opti-MEM (Thermo Fisher
Scientific). The manufacturer’s protocol was followed with a 3:1 Li-
pofectamin to DNA ratio. A total of 20 pg per well was used, and cells
were incubated with transfection mix in Opti-MEM for 5 hours.
Opti-MEM was replaced with biotin supplemented growth medium
[50:50 F10 and DMEM (Thermo Fisher Scientific)], and cells were
used for experiments 24 hours after transfection.

Proximity biotinylation pull-down assay

On the day of experiment, biotin-containing growth medium was
decanted, and cells were washed twice with PBS. The second wash
was performed with ice-cold PBS (4°C)-containing complete prote-
ase inhibitor cocktail tablets and phosphatase inhibitor cocktail 3
(Sigma-Aldrich). Cells were subsequently kept at 4°C for the rest of
the purification steps. Cells were collected and spun down at 300g
for 5 min. Supernatant was decanted, and the pellets were snap fro-
zen in liquid nitrogen. Pellets were resuspended in 1 ml of ice-cold
radioimmunoprecipitation assay (RIPA) lysis buffer (150 mM NaCl,
0.1% SDS, 0.2% NP-40, and protease inhibitor in 50 mM tris-HCl at
pH 7.5) and homogenized using a handheld homogenizer gun. The
homogenate was incubated for 2 hours with end-over-end rotation.
The lysates were centrifuged at 13,000 for 15 min. The resulting su-
pernatant was transferred to fresh tubes and incubated with pre-
washed (in RIPA buffer) magnetic streptavidin-coated Dynabeads
slurry (50 pl per sample) for 1 hour with end-over-end rotation. Liquid
was removed from Dynabeads using a magnetic DynaMag rack. Sub-
sequently, beads were washed using a regimen of 2X low-salt [100 mM
KCl and 0.1% Triton X-100 (TX-100) in 20 mM tris-HCl at pH 7.5], 2X
high-salt (500 mM KCl and 0.1% TX-100 in 20 mM tris-HCl at pH
7.5), and 2X low-salt and 1X moderate-salt buffer (150 mM KCI and
0.1% TX-100 in 20 mM tris-HCI at pH 7.5) before a wash in PBS;
transferred to fresh tubes; and lastly washed in PBS. On-bead digestion
using trypsin and subsequent LC-MS/MS analysis were performed by
the Proteomics Research Infrastructure facility of the Faculty of Health
and Medical Sciences at the University of Copenhagen.

Analysis and data presentation
Raw LC-MS/MS data files were directly loaded as input in MaxQuant
software (version 1.6.15.0) (55). The Andromeda search analyzed the

16 of 19



SCIENCE ADVANCES | RESEARCH ARTICLE

runs against the Human reference proteome UP000005640 (down-
loaded from UniProtKB database in March 2021), and a 1% false
discovery rate (FDR) peptide and protein cutoff were used. We spec-
ified carbamidomethylation on cysteines as fixed modification, and
oxidation (M) and N-term acetylation were set as variable modifica-
tions. Trypsin was selected as proteolytic enzyme, allowing a maxi-
mum of two missed cleavage sites. Results were filtered for a minimal
peptide length of seven amino acids. We enabled match-between runs
with a matching time window of 0.7 min and an alignment time win-
dow of 20 min. Results were filtered for a minimal peptide length
of seven amino acids. The resulting protein library was loaded into
Perseus (version 1.6.15.0) for label-free quantification (LFQ) analy-
sis. Data were filtered to remove proteins only identified by site as
well as potential contaminants and reverse hits. We selected for pro-
teins that were identified in all three replicates in at least one group,
log,-transformed LFQ intensities, and imputed missing values on the
basis of quantile regression imputation of left-censored data (QRILC)
method using the imputeQRILC function of imputeLCMD package
written for R.

The resulting LFQ intensities were used to calculate differential
abundance (difference) of proteins compared to Tac0-BioID2, and
profile plots of the resulting mean differences were used to highlight
trends throughout groups. To control for endogenous biotinylation
levels, we analyzed ratios of Tac0-BioID2-normalized LFQ values
of TachAH-BioID2 constructs versus TacO-BioID2-normalized LFQ
values obtained for untransfected cells

Abundance relative to Tac = LFQp, s — LFQr,c

LFQr,can _ LFQpcDNA
\LFQTac ) LFQTac

Normalized abundance relative to pcDNA=

Immunoblotting

Protein lysates were mixed with 5x SDS—polyacrylamide gel electropho-
resis loading buffer (50 mM DTT and 355 mM f-mercaptoethanol),
boiled at 95°C for 5 min before being loaded into an Any-kD (Mini-
ProTEAN TGZX, Bio-Rad), and run at 115 V for 1 hour. The size-
separated proteins were transferred to polyvinylidene difluoride
membranes (Bio-Rad) for 10 min at 25 V on a trans-blot turbo trans-
fer system (Bio-Rad) and blocked for 1 hour in 5% milk in wash buffer
(PBS with 0.05% Tween 20). Membranes were incubated with pri-
mary antibodies (anti-FLAG M1 antibody) for 1 hour at 25°C or
overnight at 4°C, washed three times for 15 min, and incubated with
HRP-conjugated secondary anti-mouse antibodies for 30 min. Mem-
branes were washed three times for 15 min before developing using
either the SuperSignal ELISA Femto Substrate (Thermo Fisher Sci-
entific) or ELC Prime Western Blotting system (Sigma-Aldrich) and
captured with a cooled CCD camera.

Gel-assisted GUV formation

The general procedure for gel-assisted GUV formation followed a
previously published protocol (56). In brief, a 5% (w/w) solution of
polyvinyl alcohol (PVA) (molecular weight above 146 kDa, Merck)
was prepared by stirring PVA in 20 mM tris (pH 7.4) and 150 mM
sucrose while heating to 90°C until appearing clear to the eye. We
applied a thin film of 15 pl of PVA solution to a plasma-cleaned mi-
croscope coverslip (20 mm by 20 mm, Menzel-Gléser) and left the solu-
tion to dry for 30 min at 50°C. We spread 10 pl of lipids (1 mg/ml)
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on the dried PVA and evaporated the solvent for 60 min under vacuum.
A lipid composition of (79.3 mol % DOPC:10 mol % DOPS:10 mol %
cholesterol:0.5 mol % BODIPY-TR:0.3 mol % PEG-Biotin) dissolved
in chloroform was used. Next, we applied 1 ml of growth buffer solu-
tion [5 mM Mops (pH 7.4), 20 mM NaCl, and 255 mM sucrose in
water adjusted to 300 mosmol by addition of sucrose] and left GUVs
swelling for 30 to 45 min at 20°C. After swelling period, GUV's were
detached by gentle tipping against the bottom of the chamber and
transferred to Eppendorf tubes using a P1000 pipette with a cut tip
to decrease chance of bursting. The prepared GUV solution was used
the earliest after a 15-min equilibration period and kept at 4°C for a
maximum of 3 days.

Pulling nanotubes from GUVs

The general procedure for pulling nanotubes followed a previously
published protocol (57). In brief, we prepared micropipettes by pull-
ing borosilicate glass capillaries (GC100-15, Harvard Apparatus) with
a Sutter P-2000 (Sutter instruments). The tip was refined using a mi-
croforge, resulting in a final inner diameter of 5 to 7 pm, correspond-
ing to ~'/3 of typical GUV diameter investigated. Before experiments,
both the experimental chamber and the micropipette for microma-
nipulation of GUV's were passivated using a solution of highly pure
B-casein (5 mg/ml; C6905, Sigma-Aldrich) in experimental buffer
[20 mM Mops (pH 7.4), 100 mM NaCl, and 90 mM glucose in water
adjusted to 310 mosmol by addition of glucose] and leaving the solu-
tion for more than 30 min to minimize the chance of GUV's adhering
to the glass surface and bursting. After passivating, the experimental
chamber was washed three times in experimental buffer, and a few
microliters of streptavidin-coated polystyrene beads (3- to 3.4-pm
diameter, SVP-30-5, Spherotech) were added to the chamber. Dur-
ing the passivating step, we prepared a mix of 1 pM Oregon Green—
labeled peptide and 10% of the GUV solution prepared as described
above in experimental buffer and let the mix incubate for 30 min
before addition to the experimental chamber. We let the GUVs set-
tle and deflate by leaving the buffer to evaporate for ~15 min, allow-
ing them to be “floppy;” and then sealed the experimental chamber
using mineral oil. Aspiration pressure of the micromanipulation pi-
pette was then equilibrated using a polystyrene bead before every tube
pulling recording. We then aspirated a GUV, trapped a bead using
optical tweezers, and positioned both at ~20 pm from the glass sur-
face. Membrane tensions was relieved without losing the GUV from
the micropipette, and the GUV was carefully positioned using a
piezo-actuator in proximity to the bead to allow for streptavidin-
biotin bonds to form. Careful separation of GUV and beads then
allowed nanotube formation, and the aspiration pressure was in-
creased to recreate an aspiration tongue. Movement of the bead
was recorded using a bright-field microscope for a minute, fol-
lowed by confocal imaging and recording of the water tank height
position relative to equilibrium. This step was repeated multiple times
at increasing aspiration pressure. Quantitative evaluation of mem-
brane curvature sorting was then calculated as a sorting coeflicient,
S, given by

Intensityp orein in tube
Intensityp otein in Guv
Intensityy ipiq in tube

Intensityypiqin Guv

where Intensityprotein in tube annd Intensityprotein in Guv represent the
fluorescence intensities of proteins and Intensityripid in tube and
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Intensityy jpid in guv represent the fluorescence intensities of lipids on
the tube and GUV, respectively. These intensities were calculated giv-
en the difference in summed intensities observed over a range of line
scans analyzed for regions of interest for GUV and tube (Fig. 3H).

Statistical analysis

Analysis was performed using GraphPad Prism software v6.01. Sta-
tistical comparisons across groups were done with a one-way analy-
sis of variance (ANOVA) in the case of confocal microscopy data.
Averages from flow cytometry data were analyzed with one-way
ANOVA using Dunnett’s correction for multiple comparisons, except
for grouped data, as in the case of EE-mutants (Fig. 1C) and Dyngo
treatment (fig. S13). Here, a two-way ANOVA with Sidak’s or Tukey’s
correction for multiple comparisons was applied, unless stated other-
wise. Linear regression was performed as standard, and goodness of
fit was indicated with R* and P values.

Supplementary Materials

This PDF file includes:

Mathematical model “Acidification Kinetics Function”
Figs. S1to S30

Tables S1 and S2
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