
eprints@whiterose.ac.uk
https://eprints.whiterose.ac.uk

Universities of Leeds, Sheffield and York

Deposited via The University of Sheffield.

White Rose Research Online URL for this paper:
https://eprints.whiterose.ac.uk/id/eprint/136844/

Version: Published Version

Article:

Maib, H., Ferreira, F., Vassilopoulos, S. et al. (2018) Cargo regulates clathrin coated pit 
invagination via clathrin light chain phosphorylation. Journal of Cell Biology, 217 (12). pp. 
4253-4266. ISSN: 0021-9525 

https://doi.org/10.1083/jcb.201805005

Reuse 

This article is distributed under the terms of the Creative Commons Attribution (CC BY) licence. This licence 
allows you to distribute, remix, tweak, and build upon the work, even commercially, as long as you credit the 
authors for the original work. More information and the full terms of the licence here: 
https://creativecommons.org/licenses/ 

Takedown 

If you consider content in White Rose Research Online to be in breach of UK law, please notify us by 
emailing eprints@whiterose.ac.uk including the URL of the record and the reason for the withdrawal request. 

mailto:eprints@whiterose.ac.uk
https://doi.org/10.1083/jcb.201805005
https://eprints.whiterose.ac.uk/id/eprint/136844/
https://eprints.whiterose.ac.uk/


ARTICLE

https://doi.org/10.1083/jcb.201805005 1

J. Cell Biol. 2018
Rockefeller University Press

Clathrin light chains (CLCs) control selective uptake of a range of G protein–coupled receptors (GPCRs), although the 
mechanism by which this occurs has remained elusive thus far. In particular, site-specific phosphorylation of CLCb controls 
the uptake of the purinergic GPCR P2Y12, but it is dispensable for the constitutive uptake of the transferrin receptor (TfR). 
We demonstrate that phosphorylation of CLCb is required for the maturation of clathrin-coated pits (CCPs) through the 
transition of flat lattices into invaginated buds. This transition is dependent on efficient clathrin exchange regulated by CLCb 
phosphorylation and mediated through auxilin. Strikingly, this rearrangement is required for the uptake of P2Y12 but not TfR. 
These findings link auxilin-mediated clathrin exchange to early stages of CCP invagination in a cargo-specific manner. This 
supports a model in which CCPs invaginate with variable modes of curvature depending on the cargo they incorporate.

Cargo regulates clathrin-coated pit invagination via 
clathrin light chain phosphorylation
Hannes Maib1, Filipe Ferreira1, Stéphane Vassilopoulos2, and Elizabeth Smythe1

Rockefeller University Press

Introduction
Clathrin-mediated endocytosis (CME) is a major pathway that 
controls receptor uptake from the plasma membrane and is 
essential for physiological processes including synaptic vesi-
cle recycling, developmental signaling, and immune responses 
(McMahon and Boucrot, 2011; Mettlen et al., 2018). A triskelion is 
composed of three units of clathrin heavy chain, each associated 
with a clathrin light chain (CLC; Brodsky, 2012; Maib et al., 2017). 
Clathrin triskelia assemble onto the plasma membrane to form 
clathrin-coated pits (CCPs), which trap receptor cargoes and 
invaginate, becoming spherical clathrin-coated vesicles (CCVs) 
that are pinched off and deliver their cargoes into the cell (Lampe 
et al., 2016; Kaksonen and Roux, 2018).

How the clathrin coat deforms the membrane from a flat 
patch into a spherical vesicle has long been a matter of debate. 
Currently, two distinct models have been proposed to explain this 
process. In the first, the constant curvature model, the clathrin 
coat directly polymerizes into curved lattices driving invagina-
tion, while in the second model, clathrin initially assembles as a 
flat lattice and is continuously rearranged into a spherical bud 
while keeping its area constant. In vitro data (Kirchhausen and 
Harrison, 1981; Dannhauser and Ungewickell, 2012; Kirchhausen 
et al., 2014) largely support the first model, while cellular data 
favor the second (Heuser, 2000; Avinoam et al., 2015). Most 
recently, however, it was shown that both modes of curvature 
can happen in the same cell, suggesting that cooperating and 
competing forces will define which model of invagination is 
followed (Scott et al., 2018). Such forces will include the local 
protein and lipid content of the CCP and how they contribute to 

the energetic costs of membrane deformation (Stachowiak et al., 
2013; Sorokin et al., 2018).

Flat clathrin lattices are hexagonal arrays, and to gain cur-
vature, rearrangement is needed to convert hexagons into pen-
tagons (Kanaseki and Kadota, 1969), and this in turn requires 
clathrin exchange (den Otter and Briels, 2011). FRAP experi-
ments have shown that there is extensive exchange between 
membrane-associated and cytoplasmic clathrin (Wu et al., 2001). 
This is mediated by cyclin G–associated kinase (GAK; Lee et al., 
2006), which is the ubiquitously expressed form of the neuronal 
protein, auxilin, both of which also act as cofactors for clathrin 
disassembly during CCV uncoating (Ungewickell et al., 1995; 
Eisenberg and Greene, 2007). Consistent with this, these pro-
teins have been implicated functionally in early stages of CCP 
formation (Newmyer et al., 2003).

The energy of clathrin polymerization contributes to mem-
brane deformation (Dannhauser and Ungewickell, 2012; Saleem 
et al., 2015), and in vitro research showed that CLCs contribute 
to the tensile strength of the lattice and are required for the de-
formation of artificial membranes with high bending rigidity 
(Dannhauser et al., 2015). This impact of the CLCs on the me-
chanical properties of the clathrin lattice is also reflected in their 
requirement for CME of large particles such as bacteria (Bonazzi 
et al., 2011) as well as at sites of increased membrane tension 
(Boulant et al., 2011). Our recent research revealed that CLCs and 
specific phosphorylation sites are required for the ligand-stimu-
lated uptake of a subset of G protein–coupled receptors (GPCRs; 
Ferreira et al., 2012), which contrasted with their dispensable 

© 2018 Maib et al. This article is available under a Creative Commons License (Attribution 4.0 International, as described at https:// creativecommons .org/ licenses/ by/ 4 .0/ ).

1Centre for Membrane Interactions and Dynamics, Department of Biomedical Science, University of Sheffield, Sheffield, UK; 2Sorbonne Université, INS ERM, Institute 
of Myology, Centre for Research in Myology, UMRS 974, Paris, France.

Correspondence to Elizabeth Smythe: e.smythe@ sheffield .ac .uk. 

on October 10, 2018jcb.rupress.org Downloaded from 

http://doi.org/10.1083/jcb.201805005Published Online: 18 September, 2018 | Supp Info: 

http://crossmark.crossref.org/dialog/?doi=10.1083/jcb.201805005&domain=pdf
http://orcid.org/0000-0002-1714-5746
http://orcid.org/0000-0003-0172-330X
http://orcid.org/0000-0002-1430-5898
https://creativecommons.org/licenses/by/4.0/
mailto:e.smythe@sheffield.ac.uk
http://jcb.rupress.org/
http://doi.org/10.1083/jcb.201805005


Maib et al. 

Cargo and clathrin light chains determine curvature

Journal of Cell Biology

https://doi.org/10.1083/jcb.201805005

2

role for uptake of single-pass transmembrane proteins such as 
transferrin receptor (TfR) and epidermal growth factor receptor 
in some (Hinrichsen et al., 2003; Huang et al., 2004) but not all 
cases (Chen et al., 2017). The requirement for CLCs for the up-
take of some GPCRs was subsequently verified in vivo (Wu et al., 
2016). Importantly, CME of ligand-stimulated GPCRs differs in 
certain respects from that of constitutive uptake of cargoes such 
as TfR (Irannejad and von Zastrow, 2014). However, the mecha-
nism or mechanisms by which CLCs contribute to cargo-selective 
uptake have remained elusive thus far.

In this study, we provide evidence that clustering of cargoes 
such as the multimembrane-spanning GPCR P2Y12 can influence 
the mode of curvature generation by the clathrin lattice. For 
CCPs with high amounts of P2Y12, this process is dependent on 
the transition of flat clathrin lattices into spherical CCVs though 
clathrin rearrangement regulated by phosphorylation of CLCb 
and is mediated though auxilin in neuronal cells. However, this 
process is not required for the uptake of TfR, leading us to pro-
pose that CCPs invaginate using variable modes of curvature de-
pending on the composition of the cargo that they incorporate.

Results
CLCb phosphorylation controls cargo uptake from CCPs
Our previous research (Ferreira et al., 2012) using an ELI SA-
based assay showed that expression of a nonphosphorylatable 
mutant CLCb where all 19 serines had been mutated to alanines, 
CLCbSallA, inhibited internalization of both the GPCR purinergic 
receptors P2Y1 and P2Y12 in 1321N1 astrocytoma cell lines, which 
stably expressed HA-tagged receptors. By contrast, expression 
of a mutant with a single point mutation converting serine204 to 
alanine, CLCbS204A, inhibited P2Y12 uptake but did not affect P2Y1 
uptake (Ferreira et al., 2012). This indicated that although CLCb 
phosphorylation is important for the uptake of P2Y1, the rele-
vant site is not serine204 but some other site or sites. HeLa cells 
are a well-established model for exploring general mechanisms 
of endocytosis applicable to multiple cargoes, while 1321N1 cells, 
because of their neuronal origin, are likely to have specialized 
machinery required for P2Y12 uptake. For this reason, in the ex-
periments described below, we compared CLCbSallA with CLCbWT 
in HeLa cells when we tested effects on endocytosis that were 
likely to affect a range of cargoes, and CLCbS204A with CLCbWT 
when we were specifically measuring P2Y12 uptake in 1321N1 as-
trocytoma cells. It is of note that we see similar results with CL-
CbSallA and CLCbS204A when we measure uptake of P2Y12, further 
indicating that phosphorylation of serine204 is the key residue in 
phosphorylation-mediated regulation of uptake of this receptor 
(Fig. 1; Ferreira et al., 2012).

To more precisely define the requirement for CLCb phosphor-
ylation in P2Y12 uptake, we expressed CLCb WT and phosphory-
lation-deficient mutants in 1321N1 astrocytoma cells that stably 
express HA-tagged P2Y12. Following incubation in serum-free 
medium and stimulation with 10 mM ADP, the agonist for the 
P2Y12 receptor, cells expressing CLCbWT-GFP internalized P2Y12 
from the plasma membrane into EEA1-positive endosomes (Fig. 1, 
a–c). In contrast, expression of CLCbSallA-GFP led to a decreased 
colocalization of P2Y12 with EEA1 after 10 min ligand stimulation. 

Consistent with our previous research (Ferreira et al., 2012), ex-
pression of CLCbS204A-GFP resulted in the same phenotype. Ex-
pression of phosphorylation-deficient mutants caused increased 
colocalization with clathrin at the plasma membrane compared 
with expression of CLCbWT (Fig. 1, a–c). The increased colocaliza-
tion of P2Y12 with clathrin at the plasma membrane indicates that 
reduced internalization in the presence of phosphorylation-defi-
cient mutants is likely due to defects in CCP dynamics.

Ligand-stimulated CME of GPCRs differs in certain aspects 
from that of housekeeping cargoes such as TfR. Arrestins are 
specialized adaptor proteins that facilitate GPCR uptake, and 
arrestin3 is specifically required for P2Y12 internalization (Kelly 
et al., 2008). To address whether CLCb phosphorylation affected 
arrestin3 recruitment, we expressed arrestin3 fused to mApple 
(mApple-arrestin3) in 1321N1 cells expressing either CLCbWT-GFP 
or CLCbS204A-GFP and assessed its ligand-dependent clustering 
into CCPs. In the absence of ligand, mApple-arrestin3 localized 
diffusely in the cytoplasm, and it was recruited into CCPs imme-
diately after stimulation regardless of the phosphorylation state 
of CLCb (Fig. 1 d). Therefore, the receptor is able to enter into 
CCPs and recruit an essential adaptor protein but is not endocy-
tosed if CLCb cannot be phosphorylated at serine204.

Previous studies (Hinrichsen et al., 2003; Huang et al., 2004) 
have established that CLCs are dispensable for TfR uptake in 
contrast with their essential role for GPCR uptake (Ferreira et 
al., 2012; Wu et al., 2016). In our previous work, expression of 
phosphorylation-deficient mutants resulted in a mild effect on 
transferrin internalization when measured at 31°C (Ferreira 
et al., 2012). However, when measured at 37°C, expression of 
phosphorylation-deficient mutants in HeLa cells did not affect 
internalization of biotinylated transferrin compared with cells 
expressing CLCbWT-GFP (Fig. 2 a). In this experiment, we first 
serum starved the cells, and then we measured internalization 
of biotinylated transferrin in serum-free medium. This is usual 
for such assays (Smythe et al., 1992, 1994) because it allows the 
uptake of a single cargo to be measured in the absence of other 
cargo molecules. However, cells grown in the presence of serum 
are exposed to a range of molecules, including GPCR agonists and 
growth factors, that could stimulate uptake of their cognate cell 
surface receptors. We were curious as to whether the presence 
of such cargo molecules might affect TfR uptake in HeLa cells 
expressing CLCbSallA-GFP compared with those expressing CLC-
bWT -GFP. To test this, we measured uptake of biotinylated trans-
ferrin in the presence of media containing 10% FCS. Under these 
conditions, we observed a decrease in the rate of biotinylated 
transferrin uptake in cells expressing phosphorylation-deficient 
CLCb (Fig. 2 b). This indicated that in the presence of other car-
goes, efficient TfR internalization becomes dependent on CLCb 
phosphorylation.

This raised the question as to whether TfR and P2Y12 are co-
packaged in the same CCPs. When we analyzed the colocaliza-
tion of the P2Y12 receptor with TfR in CCPs, after short ligand 
stimulation with ADP, we found that they partially colocalize into 
the same clathrin-coated structures (CCSs), albeit to different ex-
tents (Figs. 2 c and S1 a; ∼22% of TfR was present in structures 
positive for P2Y12). This suggests that TfR is stochastically packed 
into most, if not all, CCPs but also that it may be outcompeted 
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by high levels of P2Y12. Therefore, stimulation of P2Y12 uptake 
should make TfR uptake sensitive to CLCb phosphorylation 
at serine204 (the site specific for P2Y12 uptake). To test this, we 
measured the uptake of transferrin–Alexa Fluor 568 following 
costimulation of 1321N1 cells with ADP to stimulate P2Y12 uptake. 
We found that there was a decrease in transferrin–Alexa Fluor 

568 uptake in 1321N1 cells expressing CLCbS204A-GFP compared 
with those expressing CLCbWT-GFP (Fig. 2 c). Together, these data 
indicate that TfR and P2Y12 receptors can be copackaged in the 
same CCPs following stimulation with ADP, and when this hap-
pens, uptake of these endocytic structures becomes dependent 
on CLCb phosphorylation.

Figure 1. CLCs control P2Y12 uptake. (a) 1321N1 cells stably expressing HA-tagged P2Y12 receptor were transfected with CLCbWT-GFP, CLCbSallA-GFP, or 
CLCbS204A-GFP, and following incubation in serum-free medium for 1 h and treatment with 10 mM ADP for 10 min, stained with antibodies against the HA tag 
and EEA1. White boxes show the indicated area at higher magnification. Bars, 5 µm. (b) Colocalization measured by Pearson’s coefficient of P2Y12 with CLCbWT- 
GFP, CLCbSallA-GFP, and CLCbS204A-GFP at the plasma membrane. n = 50–55 from 24–27 cells. Error bars are mean ± SD. ***, P < 0.001. (c) Percent signal over-
lap between P2Y12 with EEA1 from whole Z stacks using image segmentation. n = 24–27 cells. Error bars are mean ± SEM. **, P < 0.01. (d) 1321N1 cells were 
transfected with arrestin3-mApple together with CLCbWT-GFP or CLCbS204A-GFP and imaged with TIRF microscopy before and after treatment with 10 mM ADP; 
fluorescence was analyzed using line scans. Bars, 5 µm.
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CLCb phosphorylation and cargo influences lifetime 
dynamics of CCPs
Total internal reflection fluorescence (TIRF) microscopy is a 
well-established technique to measure the dynamics of CCP 
initiation and growth. The lifetime of CCPs is indicative of their 
functionality, and it has been shown that bona fide CCPs that re-
cruit cargo, grow, invaginate, and pinch off to form CCVs have 
a broad lifetime distribution (20–60 s). By contrast, short-lived 
CCPs with a lifetime of 10–20 s are predominately abortive events 
that disassemble rapidly before they can capture cargo, gain cur-
vature, or recruit dynamin (Merrifield et al., 2002; Ehrlich et al., 
2004; Loerke et al., 2011; Taylor et al., 2012; Aguet et al., 2013). We 
compared the lifetime dynamics of CCPs in the absence and pres-
ence of arrestin3 (as a measure of P2Y12 recruitment to CCPs) and 
transferrin. As observed previously (Aguet et al., 2013), the in-
corporation of transferrin stabilized nascent CCPs as evidenced 
by their broad lifetime distribution, while CCPs that failed to 

take up this housekeeping cargo displayed a predominately 
short lifetime of <20 s (Fig. S1 b). Stimulation with ADP resulted 
in recruitment of arrestin3 to ∼50% of CCPs, which showed a 
similar broad lifetime distribution (Fig. S1 c). It is noteworthy 
that the productive CCP population containing arrestin3 was al-
most twice as long lived as the population containing transferrin 
(63.09 s versus 31.52 s). Therefore, CCPs that mainly internalize 
TfR have a higher turnover rate and could compensate for the de-
creased uptake of TfR that is copackaged with the P2Y12 receptor 
and is slower to internalize. It was recently shown that CCPs with 
longer lifetimes tend to gain curvature using the constant area 
mode, while CCPs with shorter lifetimes tend more toward the 
constant curvature pathway (Scott et al., 2018). Therefore, the 
difference in the lifetime dynamics of CCPs trafficking transfer-
rin or arrestin3 suggests different modes of CCP assembly.

Previous studies have implicated the CLCs in the stability of 
the clathrin lattice (Schmid et al., 1982; Ungewickell, 1983; Ybe 

Figure 2. Transferrin uptake becomes depen-
dent on CLCb phosphorylation in the pres-
ence of other cargoes. (a) HeLa cells expressing 
CLCbWT and CLCbSallA were serum starved for 1 h, 
and uptake of biotinylated transferrin in serum-
free media was measured using an ELI SA assay. 
Numbers represent mean ± SEM. n = 3. (b) Uptake 
of biotinylated transferrin in HeLa cells express-
ing CLCbWT or CLCbSallA without prior serum star-
vation and in the presence of full growth media 
containing 10% FCS. Numbers represent mean 
± SEM. n = 3. (c) 1321N1 cells stably expressing 
HA-tagged P2Y12 receptor were stimulated with 
ADP for 3 min and stained with antibodies against 
HA, TfR, and CLCb. Yellow line represents the 
intensity profiles in the right panels. Boxed areas 
show examples of CCPs with different amount of 
cargo packing. Bars: 5 µm (overview); 400 nm 
(boxed areas). (d) 1321N1 cells stably expressing 
the P2Y12 receptor were transfected with either 
CLCbWT-GFP or CLCbS204A-GFP, and uptake of 
fluorescently labeled transferrin in the presence 
of ADP was determined by fluorescence micros-
copy. Error bars are mean ± SD. n = 75–80 cells for 
each time point pooled from three independent 
repeats. **, P < 0.01; ****, P < 0.0001. Bar, 10 µm.
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et al., 1998, 2007; Wilbur et al., 2010), and their depletion was 
shown to affect the lifetime dynamics of CCPs (Mettlen et al., 
2009; Boulant et al., 2011). We confirmed that CLCs affect lat-
tice stability in 1321N1 cells by depleting both CLCa and CLCb 
using siRNA and analyzing the lifetime dynamics of CCPs after 
addition of fluorescently labeled transferrin. Depletion of both 
CLCs caused an increase in those short-lived events that fail to 
incorporate transferrin (Fig. S2 a). There was also an increased 
number of short-lived CCPs in HeLa cells expressing CLCbSallA 
or 1321N1 cells expressing CLCbS204A under ligand-stimulated 
conditions compared with cells expressing CLCbWT-GFP (Fig. S2, 
b and c). Consistent with previous results (Loerke et al., 2009; 
Aguet et al., 2013), these short-lived events failed to recruit dy-
namin, cargo, and adaptor proteins including eps15, epsin2, and 
CALM, all of which have been shown to have important roles in 
CCP maturation (Figs. S2 and S3; Chen et al., 1998; Benmerah et 
al., 1999; Tebar et al., 1999; Meyerholz et al., 2005; Boucrot et al., 
2012; Sahlender et al., 2013; Messa et al., 2014; Holkar et al., 2015; 
Miller et al., 2015; Ma et al., 2016). Additionally, the short-lived 
events also failed to recruit arrestin3 when P2Y12 uptake was 
stimulated in 1321N1 cells (Fig. S2 c). Strikingly, when we inves-
tigated the recruitment of the ubiquitously expressed GAK, we 
found that it was recruited to short-lived events (Fig. S2 d). GAK 
regulates clathrin lattice rearrangement as well as uncoating, 
and its presence at these short-lived events could indicate that 
they are either abortive CCPs that fail to mature and get actively 
disassembled or that they are CCVs that have recruited GAK but 
fail to uncoat and transiently visit the TIRF field. Together, these 
data show that phosphorylation of CLCb is required for the mat-
uration of a population of CCPs when cells are stimulated with 
ligand and that inability to phosphorylate CLCb increases the 
number of short-lived clathrin structures that recruit GAK.

CLCb phosphorylation controls invagination
To gain a better understanding of how CLCb phosphorylation 
controls maturation of a proportion of CCPs, we wanted to inves-
tigate whether there was a correlation between CLCb phosphor-
ylation and CCP invagination. HeLa cells expressing CLCbWT and 
CLCbSallA were grown in media containing 10% FCS, processed 
for thin-section EM, and the morphology of CCPs was assessed. 
As expected, CCPs from cells expressing CLCbWT showed a broad 
distribution of morphologies ranging from shallow to U shaped 
and constricted (Fig. 3 a). Conversely, CCPs in cells expressing 
CLCbSallA showed a shift in distribution toward shallow CCPs 
compared with CLCbWT (Fig. 3 b). Failure to phosphorylate CLCb 
is thus reflected in an increased population of CCPs that fail to 
invaginate in the presence of FCS, where uptake of a range of 
cargoes is stimulated, some of which are dependent on CLCb 
phosphorylation.

Thin-section EM is a powerful tool to investigate CCP mor-
phologies, but it is unable to detect flat clathrin lattices. The 
latter are larger and longer lived than classical CCPs and have 
been shown to control the uptake of lysophosphatidic acid (LPA; 
Leyton-Puig et al., 2017) and CCR5 receptors (Grove et al., 2014). It 
is noteworthy that LPA is a major constituent of serum (Eichholtz 
et al., 1993) and might contribute to the effect of serum on TfR 
uptake in the presence of phosphorylation-deficient CLCb. To 

investigate flat clathrin lattices, we employed metal replica EM 
of the plasma membrane from unroofed HeLa cells grown in the 
presence of FCS and expressing either CLCbWT or CLCbSallA. We 
found that flat lattices as well as deeply invaginated CCPs were 
present in both CLCbWT- and CLCbSallA-expressing cells (Fig. 3, 
c and d). In cells expressing CLCbSallA, there was an increase in 
the percentage of the plasma membrane that is covered by flat 
lattices (Fig. 3 e). Interestingly, although there was no signifi-
cant difference in the mean area of flat lattices in either CLC-
bWT- or CLCbSallA-expressing cells (Fig. 3 f), the lattices formed 
in the presence of the phosphorylation-deficient CLCb mutant 
had a more irregular shape, which is apparent in a significant 
decrease in their circularity (Fig. 3 g). The increase in shallow 
CCPs is therefore also reflected in an increase in flat clathrin lat-
tices of more irregular shapes. These flat lattices are unlikely to 
represent the short-lived events observed by TIRF microscopy 
but rather point to defects in lattice rearrangement and curva-
ture generation likely due to altered interactions of GAK with 
phosphorylation-deficient CLCb.

CLCb phosphorylation is required for rapid clathrin exchange
To convert a flat lattice to a more invaginated CCP, clathrin needs 
to be rearranged to allow the incorporation of pentagons, which 
increases curvature (Kanaseki and Kadota, 1969; den Otter and 
Briels, 2011). To address whether the decrease in receptor uptake 
and curvature generation might be due to a defect in clathrin re-
arrangement, FRAP experiments were performed on individual 
CCSs at the plasma membrane of HeLa cells expressing either 
CLCbWT-GFP or CLCbSallA-GFP in the presence of 10% FCS (Fig. 4, 
a and b). In HeLa cells expressing CLCbWT-GFP, the fluorescence 
signal recovered rapidly with a t1/2 of 3.83 s, in agreement with 
previous research (Avinoam et al., 2015). However, this rapid 
recovery was greatly reduced in HeLa cells expressing CLCbSal-

lA-GFP as evident by the increased t1/2 of 10.45 s with no signifi-
cant effect on the mobile fraction (MF; Fig. 4, c and d), indicating 
a defect in clathrin exchange and lattice rearrangement.

We have previously shown that phosphorylation of serine204, 
mediated by GPCR kinase 2 (GRK2), is a specific requirement 
for the uptake of the P2Y12 receptor (Ferreira et al., 2012). We 
therefore wanted to address whether defects in clathrin rear-
rangement in the presence of CLCbS204A could be responsible for 
the reduction in P2Y12 uptake. In the absence of ligand, the P2Y12 
receptor is retained at the plasma membrane and is only endo-
cytosed upon ADP stimulation. We therefore treated 1321N1 cells 
expressing the P2Y12 receptor with ADP and performed FRAP ex-
periments before and directly after ligand stimulation. In 1321N1 
cells expressing CLCbWT-GFP, ADP stimulation only mildly af-
fected the recovery half-time, with a change in the t1/2 from 7.46 s 
to 9.33 s and no apparent change in the MF (Fig. 4, e and g). In 
the absence of ADP, the t1/2 in cells expressing CLCS204A-GFP was 
similar to that of cells expressing CLCWT-GFP, with a t1/2 of 8.27 s 
(Fig. 4, f and g). The difference in the half-time of recovery in 
HeLa cells expressing CLCbWT-GFP (3.83 s) and 1321N1 cells ex-
pressing CLCbWT-GFP (7.46 s) is likely due to differences in the 
expression of endocytic factors such as auxilin and GAK, which 
have both been implicated in clathrin exchange (Wu et al., 2001; 
Yim et al., 2005; Lee et al., 2006). Strikingly, however, upon 
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ligand stimulation in cells expressing CLCbS204A-GFP, the t1/2 
increased significantly to 16.23 s, while the MF remained unaf-
fected (Fig. 4, f and g). The effect on clathrin rearrangement is 
thus ligand dependent in cells expressing CLCbS204A-GFP and is 
only manifest once uptake of the P2Y12 receptor is stimulated.

Auxilin is required for P2Y12 uptake
Since auxilin and GAK are required for efficient clathrin rear-
rangement and since auxilin expression is high in neuronal cells 
(Fig. 5 b), a prediction of these results is that auxilin and/or GAK 

should also be required for P2Y12 uptake in 1321N1 astrocytoma 
cells. To test this, we depleted 1321N1 cells of auxilin using siRNA 
(Fig. 5 b), and P2Y12 uptake was stimulated by addition of ADP 
for 10 min. In cells treated with nontargeting (NT) control siRNA, 
the receptor was readily taken up into EEA1-positive endosomes, 
while in cells depleted of auxilin, the P2Y12 receptor was mainly 
localized at the plasma membrane (Fig. 5, a and c), similar to cells 
expressing either CLCbSallA-GFP or CLCbS204A-GFP (Fig. 1 c). To 
verify these results biochemically, we used an ELI SA assay to de-
termine the level of receptor uptake after ADP stimulation. In 

Figure 3. CLCb phosphorylation regulates 
CCP invagination. (a and b) HeLa cells express-
ing either CLCbWT-GFP (a) or CLCbSallA-GFP (b) 
were prepared for standard resin-embedded 
thin-section transmission EM, and individual 
CCPs were traced by hand using Illustrator and 
binned into shallow, U-shaped, or constricted. 
Bar, 200 nm. n = 67–88. (c and d) Survey view 
of the cytoplasmic surface of the plasma mem-
brane in unroofed HeLa cells expressing either 
CLCbWT-GFP or CLCbSallA-GFP. Clathrin lattices 
are pseudocolored in purple. Insets correspond-
ing with boxed regions in c and d show high-mag-
nification views. Bars: 1 µm (main images); 200 
nm (insets). (e) Percent membrane area cov-
ered by flat lattices. n = 35–41. ***, P < 0.001. 
(f) Area of all individual flat lattices from 35–41 
different membranes. n = 278–461. (g) Circu-
larity of all individual flat lattices as defined by  
Circularity =   4π ×   (    Area

 _ 
Perimete  r   2 

   )    , with a value of 

1.0 indicating a perfect circle. n = 278–461.  
****, P < 0.0001. Values represent mean ± SD.
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agreement with the microscopy data, cells treated with NT siRNA 
readily internalized the P2Y12 receptor from the plasma mem-
brane, while receptor uptake was almost completely abolished 
in cells depleted of auxilin (Fig. 5 f). By contrast, depletion of 
auxilin had only a very mild effect (evident in an ELI SA assay 
after 5 min only) on transferrin uptake when measured under 
serum-free conditions (Fig.  5, d, e, and g). This indicates that 
auxilin-mediated clathrin rearrangement is a requirement for 
the uptake of the P2Y12 receptor but not for the classical CME 
cargo transferrin in this cell line. Interestingly, in 1321N1 cells, 
GAK is expressed at levels comparable with those found in HeLa 
cells, where auxilin is expressed at almost undetectable levels 
(Fig. 5 b). However, GAK does not appear to be capable of com-
pensating for loss of auxilin in the astrocytoma cells. This is con-
sistent with in vivo research, which supports independent and 
overlapping functions of GAK and auxilin (Yim et al., 2010).

Discussion
Cargo regulates CCP invagination
The aim of our study was to understand the underlying mecha-
nism for the differential requirement for CLCs and their phos-
phorylation in the uptake of the GPCR P2Y12 versus TfR. It has 
been well established that CLCs are not generally required for 
the uptake of transferrin (Hinrichsen et al., 2003; Huang et al., 
2004), which is often used as a canonical measure of CME be-
cause the route followed by receptor and ligand has been so well 
defined (Hopkins and Trowbridge, 1983; Watts, 1985). However, 
we show that uptake of transferrin is sensitive to the presence 
of other cargoes when they are copackaged into the same endo-
cytic structures. Stimulation of 1321N1 cells with ADP results in 
the clustering of P2Y12 in CCPs, and we have shown that TfR can 
be copackaged with P2Y12. In line with our previous research 
(Ferreira et al., 2012), we show that uptake of P2Y12 is regulated 
by CLCb phosphorylation at serine204. When P2Y12 uptake is 
stimulated, transferrin uptake is also decreased in cells express-
ing CLCbS204A. A similar result is observed in HeLa cells express-
ing CLCbSallA, where all 19 serine residues are mutated to alanine. 
Cells expressing this phosphorylation-deficient CLCb mutant 
show a delay in transferrin uptake in the presence of FCS, which 
contains ligands for other transmembrane receptors. While the 

Figure 4. CLCb phosphorylation regulates clathrin lattice rearrange-
ments. (a and b) Fluorescence from individual CCSs at the plasma mem-
brane of HeLa cells grown in the presence of 10% FCS and expressing either 
CLCbWT-GFP (a) or CLCbSallA-GFP (b) was photobleached, and recovery of the 
signal was measured for 30 s at one frame per second. Bar, 2 µm. (c) Normal-
ized recovery traces were fitted to cumulative data from three repeats with a 
hyperbola function of y(t) = offset + MF * t/(t + t1/2 ) with Offset = bleaching 
efficiency and t1/2 = halftime of recovery. Error bars are mean ± SD. (d) Aver-
age values from each of the three separate repeats from c. n = 3 with 16–23 
traces from each repeat. Error bars are mean ± SEM. (e and f) 1321N1 cells 
were transfected with either CLCbWT-GFP or CLCbS204A-GFP, and fluorescence 
recovery of a single CCS was measured following incubation in serum-free 
medium before and directly after addition of 10 mM ADP. Top: Typical traces 
with the cumulative data from three independent repeats. Error bars are mean 
± SD. (g) Average values from each of the repeats shown in e and f. Error bars 
show mean ± SEM. n = 3 with 16–26 traces from each repeat. *, P < 0.05.
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phosphorylation sites required for uptake of other cargoes are 
not yet defined, our data show that transferrin uptake can be-
come more dependent on phosphorylation of CLCb when the 
local cargo composition of CCPs is changed (e.g., by clustering of 
GPCRs that are dependent on CLCs).

The sorting of cargo proteins into distinct CCPs has been a 
matter of debate (Keyel et al., 2006). In this study, we show that 
TfR and P2Y12 partially colocalize into the same CCPs, albeit to 
different extents. This is consistent with previous studies that 
showed that receptors are stochastically recruited into CCPs 
(Keyel et al., 2006; Lampe et al., 2014). However, high levels of 
P2Y12 are likely to outcompete TfR from CCPs due to their oligo-

meric nature (Fig. 6). Under ligand-stimulated conditions, ∼50% 
of productive CCPs recruited arrestin3 with a lifetime of ∼60 s, 
while CCPs trafficking TfR had a mean lifetime of ∼30 s. There-
fore, it is possible that TfR uptake “catches up” through CCPs that 
do not recruit P2Y12 or arrestin3 and have a higher turnover rate. 
This may explain why TfR uptake is reduced and not abolished in 
cells expressing phosphorylation-deficient CLCb mutants.

Our study has revealed that CLC phosphorylation plays an es-
sential role in CCP invagination, leading to efficient internaliza-
tion of CCS containing high amounts of P2Y12. The two models of 
membrane curvature generation during CCP invagination, constant 
area versus constant curvature, are conceptually quite different, 

Figure 5. Auxilin is required for efficient P2Y12 uptake. (a) 1321N1 cells were treated with control NT siRNA or siRNA targeting auxilin, treated with 10 mM 
ADP for 10 min to stimulate P2Y12 uptake, and stained with antibodies against auxilin, P2Y12, and EEA1. White boxes show an enlarged area. (b) Western blots 
showing levels of auxilin and GAK in HeLa cells and in 1321N1 cells following treatment with NT siRNA and siRNA targeting auxilin. Equal amounts of protein 
were loaded in each lane. (c) Quantification of the percent signal overlap between P2Y12 with EEA1 from whole Z stacks using the image segmentation tool 
SQU ASSH. **, P < 0.01. (d) 1321N1 cells were treated with control NT siRNA or siRNA targeting auxilin, treated with Alexa Fluor 568 transferrin (5 µg/ml) for 
10 min, and stained with antibodies against auxilin and EEA1. White boxes show an enlarged area. Bars, 10 µm. (e) Quantification of the percent signal overlap 
between Alexa Fluor 568 transferrin with EEA1 from whole Z stacks using the image segmentation tool SQU ASSH. (f) ADP-induced (10 mM) loss of surface 
P2Y12 receptor was measured by ELI SA in 1321N1 cells treated with NT siRNA or auxilin siRNA. n = 3. (g) Uptake of biotinylated transferrin was measured by 
ELI SA in 1321N1 cells treated with NT siRNA or auxilin siRNA. Numbers represent mean ± SEM. n = 3.
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requiring different mechanisms of lattice assembly. Both behaviors 
have however been observed in CCPs in SK-MEL-2 cells (Scott et 
al., 2018). Furthermore, a recent study argues for the assembly of 
flat lattices to ∼70% of their final size before curvature is initiated 
(Bucher et al., 2018). Curvature generation during CME is likely 
to be a complex process with different modes of membrane bend-
ing occurring in parallel, reflecting the energetics of coat assembly 
relative to competing forces. It has been shown in vitro that high 
membrane tension as well as rigidity directly opposes polymeriza-
tion of clathrin into curved vesicles (Saleem et al., 2015). However, 
increased membrane tension in cellular systems is overcome by 
the actin cytoskeleton and requires CLCs to allow CME to occur 
(Boulant et al., 2011). It is reasonable to propose that in cases where 
the polymerization energy of the clathrin triskelia is not sufficient 
to deform the membrane directly, it will initially assemble as a flat 
lattice, whereas membranes that are easier to deform might follow 
the path of constant curvature, directly polymerizing into spherical 
vesicles. This is consistent with results from a recent study showing 
that increased tension of the plasma membrane inhibits its defor-
mation and leads to an increase in flat clathrin lattices that fail to 
generate curvature (Bucher et al., 2018).

The two main factors that oppose local membrane deformation 
are its lateral tension as well as its rigidity. Membrane rigidity 
will depend on the local lipid and protein composition, and thus, 
cargo composition inside a CCP will have a significant impact on 
the biophysical properties of the membrane (Stachowiak et al., 
2013). It is therefore possible that ligand-stimulated clustering 
of multimembrane-spanning GPCRs alters the local properties of 
the plasma membrane and biases the mechanism of invagination 
of CCPs toward the constant area mode. Rearrangement of the 
lattice is then driven by auxilin (in neuronal cells) and is depen-
dent on the capacity of CLCb to be phosphorylated. CLCs could 
be needed to increase lattice rigidity, similar to the role of Sec13 
in the incorporation of GPI-linked cargoes, predicted to drive 
opposing curvature, into COP II vesicles on the secretory path-
way (Copic et al., 2012). An alternative, although not mutually 
exclusive, role for CLCb phosphorylation would be to efficiently 
recruit GAK for lattice rearrangement (see below).

It is also possible that recruitment of specialized endocytic 
effector proteins influences which mode of invagination is 

followed. Ligand-stimulated uptake of GPCRs requires the re-
cruitment of the adaptor family of arrestins as well as ubiquiti-
nation and interactions of PDZ domains with the cytoskeleton 
(Hanyaloglu and von Zastrow, 2008). Notably, ligand-stimulated 
endocytosis of GPCRs results in altered CCP dynamics, with an 
increased lifetime of CCPs positive for arrestin3 compared with 
those that are positive for TfR as demonstrated in this study and 
in previous ones (Henry et al., 2012; Soohoo and Puthenveedu, 
2013). Strikingly, a recent study has shown that even though 
both modes of curvature coexist in SK-MEL-2 cells, CCPs with 
longer lifetimes tend to gain curvature using the constant area 
mode, while CCPs with shorter lifetimes tend more toward the 
constant-curvature pathway (Scott et al., 2018). This further 
supports the notion that cargo proteins influence the mode of 
curvature generation of CCPs.

Phosphorylation of CLCb alters interaction with GAK and 
lattice rearrangement
How does CLCb phosphorylation control cargo uptake? The re-
cruitment of cargo into CCPs as well as the recruitment of a wide 
range of adaptor proteins is unaffected by CLCb phosphorylation. 
Therefore, the defect in receptor uptake is likely to occur during 
CCP maturation. Lifetime analysis of CCPs revealed an increase 
in short-lived events with a lifetime of 10–20 s in the background 
of phosphorylation-deficient CLCb. The nature of these events is 
somewhat unclear, and they could either be abortive CCPs that 
fail to mature or they could be CCVs that transiently visit the TIRF 
field and have not yet uncoated. Importantly, these short-lived 
events were positive for the clathrin rearranging and uncoating 
protein GAK but did not recruit the GTPase dynamin2 or a wide 
array of adaptor proteins (such as eps15, CALM, arrestin3, or 
epsin2). Their increased appearance in the CLCb mutant could 
be due to altered interactions with GAK, leading to a delay in 
uncoating. This is in agreement with previous results showing 
that CLCb phosphorylation modulates GAK binding to clathrin 
cages (Ferreira et al., 2012) as well as studies that have implicated 
CLCs in the uncoating of CCVs (Schmid et al., 1984; Young et al., 
2013). However, it is also possible that these short-lived events 
are abortive events and recruit GAK in its capacity as clathrin 
chaperone and/or to promote rapid disassembly in the absence 

Figure 6. Model for cargo regulation of CCP 
assembly mode regulated by CLC phosphor-
ylation and auxilin. CME of single-pass trans-
membrane proteins such as TfR that are consti-
tutively internalized is independent of CLCs and 
lattice rearrangement when measured in the 
absence of other cargo. Following ligand stimu-
lation, cargo such as P2Y12 will recruit specialized 
adaptor proteins and oligomerize, packing tightly 
into CCPs, which will result in some exclusion 
of other cargo. Maturation of these CCPs then 
becomes dependent on CLCs and their ability to 
be phosphorylated as well as auxilin-mediated 
clathrin exchange, likely by contributing to the 
flat-to-curved transition of CCPs containing high 
amounts of P2Y12.
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of cargo and dynamin. In support of this, depletion of GAK in-
creases the turnover of abortive CCPs (Mettlen et al., 2009). De-
pletion of both GAK and auxilin in HeLa M cells, where both are 
expressed, reduces CCP formation at the cell surface by 50% and 
increases nonproductive cage assembly in the cytoplasm (Hirst 
et al., 2008), further supporting a role for GAK and auxilin in 
chaperoning clathrin to the cell surface. Both possibilities point 
toward an altered interaction of GAK with short-lived CCPs that 
are increased when CLCb cannot be phosphorylated.

The altered interaction of phosphorylation-deficient CLCb 
mutants with GAK appears to have a profound effect on clathrin 
rearrangements during the invagination of maturing pits. This 
rearrangement is crucial for flat lattices to gain curvature, and in 
line with this, cells expressing phosphorylation-defective CLCb 
mutants have an increased number of shallow CCPs as well as 
an increased number of flat clathrin lattices of more irregular 
shape. Flat lattices have been shown to be active sites of endocy-
tosis by continuous budding of CCVs from their edges (Lampe et 
al., 2016) and to be important for the uptake of GPCRs (Grove et 
al., 2014; Leyton-Puig et al., 2017). For these lattices to invaginate, 
pentagons have to be incorporated into the flat hexagonal array, 
and this requires clathrin rearrangement mediated by GAK and 
auxilin (Lee et al., 2006). Our FRAP data indicate that the half-
time of recovery of CLCbSallA-GFP is significantly slower than that 
of CLCbWT-GFP. Cells expressing CLCbS204A reveal a similar delay 
in FRAP but, strikingly, only after stimulation of P2Y12 internal-
ization, indicating that CLCs are important for clathrin exchange 
and that following ligand-induced clustering, lattice rearrange-
ment is required for receptor uptake. Auxilin and GAK are crucial 
factors for clathrin exchange, and their depletion has been shown 
to drastically reduce exchange of clathrin at endocytic sites 
(Greener et al., 2001; Lee et al., 2006). The reduction in P2Y12 up-
take after auxilin depletion in 1321N1 cells further reinforces the 
requirement for clathrin exchange for the maturation of these 
endocytic sites. It also links auxilin-mediated clathrin exchange 
to early stages of CCP maturation in a cargo-specific manner.

By defining a molecular mechanism by which CLCb phos-
phorylation and GAK can regulate cargo-specific invagination, 
our data support a model whereby cargo can determine the mode 
of CCP assembly. Additionally, the recruitment of adaptor pro-
teins during ligand-stimulated CME could also influence the 
mode of CCP assembly (Keyel et al., 2006). This idea is supported 
by a recent study showing that high levels of AP2µ2 lead to the 
formation of flat lattices (Dambournet et al., 2018). High con-
centrations of cargo within CCPs would also lead to an increased 
recruitment of AP2 and bias curvature toward the constant area 
model compared with CCPs with lower amounts of cargo loading. 
The assembly of flat lattices followed by lattice rearrangement, 
regulated by CLCb phosphorylation, would then be required for 
invagination. This is further supported by the specific effect of 
auxilin knockdown on P2Y12 uptake in 132N1 cells compared with 
a very mild effect on transferrin and explains why previous stud-
ies may not have detected significant effects of auxilin or GAK 
knockdown on transferrin uptake in other cell types (Zhang et 
al., 2005; Hirst et al., 2008).

Taken together, these data support a model in which the local 
concentration and composition of cargo inside a CCP modulates 

the way it can be deformed (Fig. 6). For cargo such as the P2Y12 re-
ceptor, CCPs would assemble as flat lattices that require clathrin 
rearrangement and CLCb phosphorylation. However, for cargo 
such as transferrin, CCPs could invaginate independently of 
lattice rearrangement and the CLCs. Importantly, we did not ob-
serve separation of cargoes into specialized CCPs, as evidenced by 
the decrease in transferrin uptake under ligand-stimulated con-
ditions in the background of phosphorylation-deficient CLCb. 
This suggests that depending on the environment in which the 
cell finds itself, CCPs will form by variable curvature (Scott et al., 
2018), which would be defined, at least in part, by the nature of 
the cargo incorporated by CCPs.

Materials and methods
Cell culture and transfection
HeLa cells and 1321N1 cells were cultured in DMEM supple-
mented with 10% FCS, glutamine, and penicillin/streptomycin. 
1321N1 cells stably expressing the P2Y12 receptor with N-terminal 
HA tag were a gift from S. Mundell and were grown in the pres-
ence of G418 as described by Mundell et al. (2006). HeLa cells 
stably expressing CLCbWT-GFP and CLCbSallA-GFP were cultured 
as described previously (Ferreira et al., 2012), and expres-
sion of CLCb was induced by addition of 1 mg/ml doxycycline 
overnight before each experiment. The construct encoding 
arrestin3-mApple was a gift from M. von Zastrow (University of 
California, San Francisco, San Francisco, CA). Constructs encod-
ing dynamin2-mCherry, GAK-mCherry, eps15-mCherry, CALM-
mCherry, and epsin2-mCherry were gifts from C. Merrifield 
and acquired from Addgene as described by Taylor et al. (2011). 
Transient transfection of HeLa cells expressing CLCb, WT, and 
mutants with constructs encoding dynamin2-mCherry, GAK-
mCherry, eps15-mCherry, CALM-mCherry, and epsin2-mCherry 
was performed using electroporation with the NeonR system the 
day before imaging. Transfection of 1321N1 cells with constructs 
encoding CLCbWT-GFP, CLCbSallA-GFP, CLCbS204A-GFP, AP2-GFP, or 
arrestin3-mApple was performed using Polyfect according to the 
manufacturer’s guidelines.

For CLC siRNA experiments, 1321N1 cells were split into 6-cm 
dishes, and the next day, when ∼50% confluent, they were trans-
fected with CLC or NT siRNA (final concentration, 200 nM) using 
Lipofectamine 2000 and left overnight. The next day, the cells 
were transfected again with siRNA as before, together with plas-
mid DNA encoding AP2-GFP. Cells were left for two more days 
before TIRF imaging. For knockdown of auxilin, 1321N1 cells were 
grown in 10-cm dishes, and the following day, at ∼30% conflu-
ency, cells were transfected with auxilin or NT siRNA at 200 nM 
final concentration using oligofectamine. Cells were left for 48 h 
and transfected again with the same siRNAs and used for ELI SA 
assays the following day. Auxilin was detected by immunofluores-
cence and Western blotting using anti-auxilin antibodies (rabbit; 
anti-DNA JC6; ab103321; Abcam). EEA1 was detected using mouse 
anti-EEA1 antibodies (ab70521; Abcam). GAK was detected on 
Western blots using rabbit antibody from Abcam (ab115179).

The siRNAs had following sequences and were characterized 
previously: siRNA CLCa, 5′-AAA GAC AGU UAU GCA GCU AUU-3′ 
(Ferreira et al., 2012); siRNA CLCb, 5′-AAG CGC CAG AGU GAA CAA 
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GUA-3′ (Ferreira et al., 2012); and siRNA auxilin, 5′-UAU GUU ACC 
UCC AGA AUUA-3′ (Hirst et al., 2008).

Confocal immunofluorescence and colocalization
1321N1 cells were grown on coverslips and transfected with either 
CLCbWT-GFP, CLCbSallA-GFP, or CLCbS204A-GFP as described above. 
On the following day, cells were serum starved for 1 h in the pres-
ence of 0.1 U/ml apyrase, stimulated with 10 mM ADP for 10 min, 
and immediately fixed with 4% PFA. The PFA was quenched using 
50 mM NH4Cl in PBS, and nonspecific binding was blocked with 
1% BSA. Cells were permeabilized using 0.1% Triton X-100. Cells 
were treated with antibodies against HA (rat; clone 3F10; Roche) 
and EEA1 (rabbit; clone 1G11; Abcam), and then they were stained 
using the corresponding secondary antibodies conjugated to Alexa 
Fluor 561 or Alexa Fluor 647 (Thermo Fisher Scientific). Coverslips 
were mounted onto microscopy slides and imaged using a Zeiss 
LSM880 AiryScan confocal microscope with a Plan Apochromat 
63× 1.4 NA oil lens. Whole Z stacks were taken at 200-nm intervals.

Colocalization of the HA signal with the CLCb signal was ana-
lyzed at the plane of the plasma membrane by choosing three to 
five random regions (depending on cell size) of 250 × 250 pixels 
in each channel and determining the Pearson’s correlation coeffi-
cient between them using ImageJ (National Institutes of Health). 
Overlap of the HA signal with EEA1 was determined by image 
segmentation using the ImageJ plugin SQU ASSH (Rizk et al., 
2014) on maximum-intensity projections of collapsed Z stacks.

For colocalization of P2Y12 and TfR with 1321N1, cells were 
stimulated with 10 mM ADP for 3 min and stained against the 
HA (rat; clone 3F10; Roche), TfR (mouse; B3/25; ATCC), and CLCb 
(rabbit; sc-28277; Santa Cruz Biotechnology, Inc.) with the cor-
responding secondary antibodies conjugated to Alexa Fluor 488, 
Alexa Fluor 561, or Alexa Fluor 647. Coverslips were mounted 
onto microscopy slides and imaged using an LSM880 AiryScan 
confocal microscope with a Plan Apochromat 63× 1.4 NA oil lens 
at the plane of the plasma membrane. Colocalization of P2Y12 
with TfR was determined by image segmentation using the Im-
ageJ plugin SQU ASSH (Rizk et al., 2014).

Live-cell TIRF imaging and data analysis
For live-cell imaging, cells were transfected as described above 
and split into an eight-well microscopy chamber on the day be-
fore imaging. Cells were imaged in an environmental controlled 
chamber at 37°C in the presence of CO2-independent media. 
Cells were imaged using a Zeiss Cell Observer with TIRF3 fitted 
with an α Plan Apochromat 100× 1.46 NA lens controlled by Ax-
iovision. To reduce phototoxicity, cells were imaged at low laser 
power of ≤1% in two channels by sequential excitation at 1 Hz 
and were detected with a charge-coupled device camera with a 
pixel size of 16 µm. The depth of the evanescent field was 60–70 
nm. For arrestin3 clustering, 1321N1 cells were serum starved 
for 1 h in the presence of 0.1 U/ml apyrase and imaged directly 
before and after addition of 10 mM ADP into the imaging media. 
Lifetime dynamics of CCPs and recruitment of adaptor proteins 
was determined using the MAT LAB script cmeAnalysis (Aguet 
et al., 2013). Multiple cells from different repeats were pooled 
to account for cell to cell variability, and outliers were removed 
according to the criteria of the program.

FRAP imaging
For FRAP measurements, 1321N1 cells were transfected with 
CLCbWT-GFP or CLCbS204A-GFP as described above, while HeLa 
cells stably expressing CLCbWT-GFP or CLCbSallA-GFP were treated 
with 10  mM doxycycline and transferred into Ibidi glass-bot-
tomed 35-mm dishes the day before imaging. For 1321N1 cells, 
recovery traces were determined without the presence of ADP 
in serum-free media and again directly after addition of 10 mM 
ADP within a 10-min window. Cells were imaged in an environ-
mentally controlled chamber at 37°C in the presence of CO2-in-
dependent media using a Nikon A1 confocal system with a CFI 
Plan Apochromat VC 60× 1.4 NA oil lens. An area of 256 × 256 
pixels at the plasma membrane of transfected cells was imaged 
at 0.1-µm pixel size. Single CCSs were identified and imaged for 
3 s at 1 Hz before bleaching the GFP signal for 1 s at 100% laser 
power using the 403 nm and 488 nm laser lines. Recovery of the 
signal was recorded over 30 s at 1 Hz at laser powers <1% to reduce 
photobleaching. Recovery traces were determined in two regions 
of interest (ROIs) of 7 × 7 pixels containing a single CCS and a con-
trol ROI devoid of CCS to determine the background signal. Back-
ground signal was subtracted from each CCS trace. The first three 
background-corrected frames were averaged and set to 100% for 
normalization, while the signal from the background ROI at the 
time of bleaching was set to 0% to account for recovery from out-
of-focus GFP signal, unrelated to the signal from the CCS. The 
background-corrected signal directly after photobleaching was 
defined as bleaching efficiency and represents t = 0 of the recov-
ery trace. Only traces with a bleaching efficiency of ≥80% were 
used for further analysis. All normalized recovery traces were 
averaged, the SD was determined, and a hyperbola curve of y(t) 
= offset + MF * t/(t + t1/2) was fitted based on the minimal squared 
difference. The offset was determined as the average bleaching 
efficiency from all traces, with t1/2 being the halftime of recovery.

EM
Resin-embedded sections

HeLa cells expressing CLCbWT-GFP or CLCbSallA-GFP were grown 
in media containing 10% FCS and embedded in resin according to 
standard protocols (Smythe et al., 1989). In brief, cells were grown 
on 60-mm dishes, fixed with 4% PFA, pelleted, and postfixed with 
1% glutaraldehyde and 4% tannic acid. Pellets were staining with 
1% osmium for 1 h and 0.5% uranyl acetate overnight, embed-
ded in epon resin, cut into 70-nm sections, and stained en bloc 
with uranyl acetate and lead citrate before imaging using an FEI 
Tecnai T12 Spirit at 80 kV. Samples were processed blind, and 
CCPs were analyzed by determining the width of the neck and the 
depth of each CCP using ImageJ as well as tracing around their 
contours manually using Adobe Illustrator.

Unroofed cells

Adherent plasma membrane from HeLa cells plated on glass cov-
erslips were grown in DMEM containing 10% FCS and disrupted 
by sonication as described previously (Heuser, 2000). Glutaral-
dehyde/PFA-fixed cells were further sequentially treated with 
OsO4, tannic acid, and uranyl acetate before dehydration and 
hexamethyldisilazane drying (Sigma-Aldrich). Dried samples 
were then rotary shadowed with platinum and carbon with a 
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high-vacuum sputter coater (Leica Microsystems). Platinum 
replicas were floated off the glass by angled immersion into hy-
drofluoric acid, washed several times by flotation on distilled 
water, and picked up on 200 mesh formvar/carbon-coated EM 
grids. The grids were mounted in a eucentric side-entry goniom-
eter stage of a transmission electron microscope operated at 80 
kV (CM120; Philips), and images were recorded with a Morada 
digital camera (Olympus). Images were processed in Adobe 
Photoshop to adjust brightness and contrast and presented in 
inverted contrast.

Endocytosis assays
Endocytosis of the P2Y12 receptor was determined as described 
by Ferreira et al. (2012). In brief, the extracellular HA tag on the 
P2Y12 receptor was used in an ELI SA to determine the surface 
receptor level after various time points following stimulation 
with 10 mM ADP. The level of surface receptor without stimula-
tion was set to 100%. Endocytosis of biotinylated transferrin was 
measured by its loss of accessibility to exogenously added avi-
din following internalization as previously described (Smythe 
et al., 1992). Briefly, cells were incubated with 1 µg/ml bioti-
nylated transferrin either in serum-free media following serum 
starvation for 1 h before the experiment or in media containing 
10% FCS without prior serum starvation. At different times, as 
indicated in figure legends, cells were washed 2× with ice-cold 
PBS/0.2% BSA and incubated for 30 min with 50 µg/ml avidin 
dissolved in PBS/0.2% BSA. Cells were then washed and incu-
bated in PBS/0.2% BSA containing 1 mg/ml biocytin for 10 min 
before solubilization in buffer A (20 mM Tris, pH 7.5, 100 mM 
NaCl, 1 mM MgCl2, 1% Triton X-100, and 0.1% SDS). Lysates were 
applied to ELI SA plates coated with antitransferrin antibody (a 
gift from the Scottish Antibody Production Unit) and incubated 
overnight at 4°C. ELI SA plates were washed 3× with buffer A 
and incubated with streptavidin-HRP for 1 h. Following wash-
ing, 200 µl HRP substrate, o-phenylenediamine (Sigma-Aldrich; 
25 mg in 25 ml assay buffer: 51 mM sodium citrate and 27 mM 
sodium phosphate, pH 5.0, plus 10 µl H2O2) was added to each 
well. The reaction was terminated by addition of 50 µl of 2 M 
sulphuric acid. Absorbance at 492 nm was read on an ELI SA plate 
reader. The total amount of internalized biotinylated transferrin 
was determined from samples that were not treated with avidin.

For internalization of fluorescently labeled transferrin, 1321N1 
cells were transfected with either CLCWT-GFP or CLCSallA-GFP 
using PolyFect and serum starved as well as ATP depleted with 
0.1 U/ml apyrase for 1 h. 5 µg/ml transferrin conjugated to Alexa 
Fluor 568 was added in the presence of 10 mM ADP for the in-
dicated time points and chilled on ice, and then surface-bound 
transferrin was stripped with acid wash (2 × 5–min washes with 
50 mM glycine, 100 mM NaCl, and 2 M urea, pH 3, interspersed 
with 5-min washes with PBS/0.2% BSA). Coverslips were mounted 
onto microscopy slides, and whole Z stacks were imaged with a 
DeltaVision/GE OMX optical microscope with a 60× 1.42 NA oil 
Plan Apochromat lens in widefield mode with a step size of 400 
nm with subsequent deconvolution. Mean fluorescent intensity 
of internalized transferrin in transfected cells was measured in 
ImageJ by using the GFP signal as mask on maximum-intensity 
projections of Z stacks.

Online supplemental material
Fig. S1 shows cargo influences the properties of CCPs. Fig. S2 
shows lifetime dynamics of CCPs. Fig. S3 shows dynamics of 
eps15, CALM, and epsin2 recruitment to CCP cohorts.
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