Divergent modes for cargo-mediated control
of clathrin-coated pit dynamics
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ABSTRACT Clathrin-mediated endocytosis has long been viewed as a process driven by core
endocytic proteins, with internalized cargo proteins being passive. In contrast, an emerging
view suggests that signaling receptor cargo may actively control its fate by regulating the
dynamics of clathrin-coated pits (CCPs) that mediate their internalization. Despite its physio-
logical implications, very little is known about such “cargo-mediated regulation” of CCPs by
signaling receptors. Here, using multicolor total internal reflection fluorescence microscopy
imaging and quantitative analysis in live cells, we show that the p-opioid receptor, a physio-
logically relevant G protein—coupled signaling receptor, delays the dynamics of CCPs in which
it is localized. This delay is mediated by the interactions of two critical leucines on the recep-
tor cytoplasmic tail. Unlike the previously known mechanism of cargo-mediated regulation,
these residues regulate the lifetimes of dynamin, a key component of CCP scission. These
results identify a novel means for selectively controlling the endocytosis of distinct cargo that
share common trafficking components and indicate that CCP regulation by signaling recep-
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tors can operate via divergent modes.

INTRODUCTION

Clathrin-mediated endocytosis (CME), the main mode by which cells
internalize surface cargo proteins, including physiologically relevant
signaling receptors, is a highly ordered process mediated by sets of
core endocytic proteins (Kaksonen et al, 2000; McMahon and
Boucrot, 2011; Taylor et al., 2011; Boettner et al., 2012; Rao et al.,
2012). CME is initiated by endocytic cargo and membrane-remodel-
ing proteins that recruit adapter proteins, such as AP2 and B-arrestin,
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and clathrin to the plasma membrane (Santini et al., 1998; Wolfe and
Trejo, 2007; Kelly and Owen, 2011; McMahon and Boucrot, 2011).
The growing clathrin-coated pit (CCP) is then stabilized by the inter-
actions of adapter proteins with cargo (Santini et al., 1998; Ehrlich
et al., 2004). Recent studies following fluorescently tagged compo-
nents of the clathrin endocytic machinery described a modular ar-
rangement for the recruitment of proteins during CME, with rela-
tively distinct sets of proteins acting during initiation, maturation,
completion, and scission phases of vesicle formation during endocy-
tosis (Kaksonen et al., 2000; Taylor et al., 2011).

The traditional view of CME was that it was controlled entirely by
a cascade of interactions of core endocytic proteins, with regulation
being mainly at the level of cargo-adapter interactions. This view
has been challenged by evidence that signaling receptor cargo can
regulate the dynamics of the CCPs to which they localize
(Puthenveedu and von Zastrow, 2006; Henry et al., 2012). This is
particularly interesting because the internalization of signaling re-
ceptors has several direct physiological consequences to their sig-
naling (Marchese et al., 2008; Sorkin and von Zastrow, 2009;
Magalhaes et al., 2012). The only known examples for signaling
cargo that regulate CCPs are the B-adrenergic receptors—prototyp-
ical members of the G protein—coupled receptor (GPCR) family, the
largest family of signaling receptors (Pierce et al., 2002). Adrenergic
receptors localize to a distinct subset of CCPs and selectively delay
the dynamics of those CCPs (Puthenveedu and von Zastrow, 2006).
This delay is mediated by interactions of the receptor C-terminal tail
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FIGURE 1: MOR internalizes via a subset of clathrin-coated pits. (A

with the actin cytoskeleton, which delay the recruitment, but not the
activity, of the GTPase dynamin—a key member of the scission
module (Schmid and Frolov, 2011; Ferguson and De Camilli, 2012).
The fact that B-2 adrenergic receptor (B2AR) can control CCPs
opens the possibility that cells can exert virtually unlimited selective
control over the endocytosis of diverse cargo using shared traffick-
ing components.

The p-opioid receptor (MOR) is a related and clinically relevant
signaling GPCR that is internalized via CCPs (Keith et al., 1996;
Segredo et al.,, 1997). MOR mediates the physiological effects of
endogenous opioid neurotransmitters and many abused drugs
(Matthes et al., 1996). After activation, MOR is localized to CCPs via
its interaction with the adapter protein B-arrestin, after which it
undergoes internalization (Moore et al., 2007). This has significant
effects on opioid signaling, as cellular sensitivity is directly propor-
tional to the number of receptors available on the cell surface
(Martini and Whistler, 2007; Sorkin and von Zastrow, 2009). Further,
recent data suggest a definite but complex relationship between
the development of opioid addiction and MOR endocytosis, under-
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) Representative images from
an example cell expressing SpH-tagged MOR imaged by TIRFM before and 30, 60, and 300 s
after activation by the MOR agonist DAMGO, showing rapid MOR clustering. Scale bar, 5 ypm.
(B) Average surface fluorescence values over time, £ SEM, from multiple cells, from 3 min before
to 5 min after DAMGO, showing an exponential decrease after DAMGO. Red line shows curve
fit to linear (before) or single-phase decay (after). C) Dual-color TIRFM of MOR (red) and clathrin
(green), showing clustering of MOR in a subset of coated pits (arrowheads). Arrows indicate
example CCPs without detectable MOR. Scale bar, 5 pm. (D) Frames from a dual-color TIRFM
time series 3 s apart, showing the complete cycle of an example CCP (arrows), from formation
to internalization, without detectable MOR fluorescence. MOR is in red and clathrin in green.
Two example CCPs that show MOR clustering are also shown. Scale bar, 1 pm.

lining its physiological significance (Kim
C et al., 2008; Koch and Héllt, 2008). Despite
this, the mechanisms that regulate MOR en-
docytosis, especially in the context of the
novel cargo-mediated facet of endocytic
control, are largely unknown.

Here we use multicolor total internal re-
flection fluorescence microscopy (TIRFM) to
visualize individual events that mediate the
endocytosis of MOR in living cells. Using
time-resolved imaging and quantitative
analysis of these events, we show that MOR
localizes to a subset of CCPs and specifically
delays their dynamics. Analysis of key com-
ponents of the four main modules in CME
reveals that, unlike PDZ-dependent mecha-
nisms, MOR delays CCPs by controlling the
time taken by dynamin to induce scission
but not its recruitment. These results reveal
a novel facet of how the internalization and
desensitization of a key physiologically rele-
vant signaling receptor is regulated and
suggest divergent modes for direct control
of clathrin-mediated endocytosis by signal-
ing receptor cargo.

clathrin

MOR

RESULTS

MORs localize to a subset

of clathrin-coated pits

To analyze the internalization of the MOR
at high spatial and temporal resolution, we
first optimized an assay to visualize the
endocytosis of MOR at the level of individ-
ual endocytic events. We tagged MOR with
either a FLAG epitope or a pH-sensitive
green fluorescent protein (GFP; SpH) at
the extracellular N-terminus. SpH (pKj, ~7.1)
is fluorescent at the neutral/alkaline pH of
the cell surface but gets rapidly protonated
and quenched in acidic environments
(Miesenbock et al., 1998; Yudowski et al.,
2009). FLAG-tagged MOR was detected us-
ing anti-FLAG antibodies tagged to the pH-
insensitive dye Alexa 647. The activation and endocytic trafficking of
both of these tagged receptors appeared grossly unchanged com-
pared with untagged receptors, consistent with published reports
(Yu et al., 2010). Both SpH-MOR and FLAG-MOR were predomi-
nantly distributed on the plasma membrane in HEK293 cells stably
expressing the receptors. When observed by live-cell TIRFM, the
receptor was relatively diffuse on the plasma membrane before ac-
tivation and clustered in small, diffraction-limited spots and a few
larger structures within 10 s after addition of the MOR-specific ago-
nist [p-Ala?, NMe-Phe?*, Gly-ol°l-enkephalin (DAMGO; SpH-MOR
shown in Figure 1A; similar results obtained with FLAG-MOR). The
diffraction-limited clusters rapidly disappeared with time, consistent
with their endocytosis (Supplemental Movie S1). Quantitation of to-
tal surface receptor fluorescence over time from multiple cells using
wide-field microscopy showed an exponential decrease (t/, = 3
min, R? = 0.9966) after DAMGO (Figure 1B and solid curve in Sup-
plemental Figure S1B). These rates were consistent with previously
reported rates for MOR endocytosis and confirmed by flow cytom-
etry and TIRFM to detect agonist-induced loss of SpH-MOR from
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the surface (Supplemental Figure S1, A and C). As expected, SpH-
and FLAG-MOR showed comparable kinetics of DAMGO-induced
endocytosis (Supplemental Figure S1, C and D).

The majority of MOR was endocytosed via the clathrin-mediated
pathway. Inhibition of clathrin-mediated endocytosis by Pitstop2
(von Kleist et al., 2011), a selective clathrin inhibitor, effectively in-
hibited MOR internalization (Supplemental Figure S2, A and C).
Similarly, expression of a version of arrestin lacking its clathrin-bind-
ing domain (Kang et al., 2009), which still binds the receptor and
acts as a dominant negative, also inhibited MOR internalization
(Supplemental Figure S2, B and D). To test whether MOR clusters
localized to all CCPs, we used dual-color TIRFM to visualize clathrin
along with MOR. In cells coexpressing SpH-MOR and dsRed-clath-
rin, or FLAG-MOR and GFP-clathrin, clathrin fluorescence was seen
as distinct puncta on the cell surface before addition of DAMGO,
whereas MOR fluorescence was diffuse, similar to Figure 1A (Sup-
plemental Movie S1) without obvious concentration in these puncta.
On DAMGO addition, MOR puncta colocalized with CCPs, but only
a subset of them, as indicated by CCPs that did not contain a de-
tectable MOR cluster (Supplemental Movie S2 and Figure 1C).
Quantitative analysis across multiple cells revealed that 46.5% of the
CCPs showed detectable MOR concentration (n = 290), defined as
a 25% increase in fluorescence over the surrounding membrane (see
Supplemental Figure S3). By time-lapse imaging, we followed indi-
vidual CCPs from their formation to their endocytosis, denoted by
abrupt disappearance in the large majority of cases (Supplemental
Figure S4), as described previously (Ehrlich et al., 2004; Loerke et al.,
2009; Taylor et al., 2011). Strikingly, ~50% of the CCPs never ac-
quired detectable MOR clusters in their entire lifetime (example in
Figure 1D and Supplemental Movie S2). This suggests that MOR
endocytosis is mediated by a distinct set of CCPs.

MOR extends the lifetime of CCPs in which it clusters

To determine whether MOR exerts cargo-mediated control over
CCPs, we compared the dynamics of individual CCPs with MOR and
CCPs without detectable MOR. Individual CCPs without detectable
MOR were internalized relatively rapidly after their appearance (ex-
ample in Figure 2A). In contrast, CCPs with MOR stayed noticeably
longer on the surface before they disappeared (Figure 2A and Sup-
plemental Movie S2). To quantify this delay, we manually tracked
CCPs and calculated their lifetimes. The lifetimes of CCPs were cal-
culated from their initial appearance to the detection of an endo-
cytic event, as evidenced by disappearance, a positional shift, and/
or splitting off of clathrin spots (Supplemental Figure S4A). These
criteria have been used by our lab and others to detect CCP endo-
cytosis (e.g., Merrifield et al., 2002; Ehrlich et al., 2004; Puthenv-
eedu and von Zastrow, 2006; Loerke et al., 2009; Doyon et al.,
2011). Quantitation of >500 CCPs indicated that the distribution of
CCP lifetimes before MOR activation was between 20 and 60 s, with
the median value being ~35 s. As further verification of this lifetime
distribution, we imaged the recruitment of dynamin-GFP into CCPs
and its disappearance as an independent index of vesicle scission
and endocytosis. Consistent with previous studies (e.g., Merrifield
et al, 2002; Puthenveedu and von Zastrow, 2006; Doyon et al.,
2011), dynamin fluorescence showed a transient spike just before an
endocytic event (Supplemental Figure S4B). Of importance, the life-
time distribution we observed using dynamin fluorescence matched
the lifetimes we observed using our criteria for defining endocytosis
(Supplemental Figure S4C). Consistent with this, in our experimental
system, the majority of CCPs identified showed dynamin recruit-
ment and scission, suggesting that most CCPs were productive. This
is consistent with our population distribution centered around the
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mean lifetime of ~35 s (Supplemental Figure S4D) and with observa-
tions that the absolute CCP lifetimes vary extensively depending on
experimental conditions (e.g., Loerke et al., 2009; Saffarian and
Kirchhausen, 2009; Batchelder and Yarar, 2010; Nakatsu et al., 2010;
Doyon et al., 2011; Mattheyses et al., 2011; Taylor et al., 2011).

To test the effect of MOR clustering without the cell-to-cell vari-
ability of absolute lifetime distributions, we quantitated MOR clus-
tering in the same cells before versus after DAMGO. After DAMGO,
whereas there were still short-lasting coated pits, many CCPs with
lifetimes >90 s were observed, with the median lifetime across the
whole population increasing to ~70 s (example cell in Supplemental
Figure S5, multiple cells in Figure 2B). A similar increase in the life-
times of the CCP population was observed also when Imaris was
used to detect and track clathrin spots, although the absolute life-
times differed from those for our manually verified population
(Figure 2C). Cumulative distribution graphs of the manually verified
lifetimes showed a distinct shift to the right (k = 37 s, R? = 0.9932
before DAMGO vs. k=64 s, R? = 0.9894 after DAMGO; Figure 2D).
To better analyze this at the level of CCP populations, we binned the
clathrin lifetimes per cell into 20-s bins. Before MOR clustering, the
lifetimes of the majority of CCPs (~50%) fell between 20 and 40 s. In
contrast, in the same cells after MOR clustering, a much more dif-
fuse distribution of lifetimes was observed, with each of the bins of
longer lifetimes (>60 s) containing 10-20% of CCPs (Figure 2E). As
controls, cells imaged for the same period without DAMGO did not
show any difference in lifetimes, and DAMGO did not have any ef-
fect in cells not expressing MOR (data not shown). This suggests
that the delay was not an intrinsic property of CCPs but was induced
by MOR clustering.

We next compared the lifetimes of CCPs that showed a detect-
able MOR cluster, defined as a local increase in fluorescence at least
25% above the surrounding membrane (Supplemental Figure S3), to
those that did not. The mean lifetimes of CCPs with MOR clusters
(82.2 £ 5.3 s) were noticeably longer than those without clusters
(45.3 + 2.6 s; Figure 2F). To further confirm this objectively, without
classifying whether a CCP had a detectable cluster or not, we corre-
lated the raw fluorescence of MOR in CCPs to the corresponding
CCP lifetimes. Correlation analysis showed a positive correlation
(Spearman R = 0.35) between the two parameters, indicating that
CCPs with a higher MOR fluorescence showed longer lifetimes
(Figure 2G). Taken together, these results indicates that MOR actively
delays the surface residence times of the CCPs in which it clusters.

CCP delay by MOR requires two specific leucines

on its cytoplasmic tail

To identify the signal on MOR that mediates CCP delay, we first fo-
cused on a "bileucine” sequence (LENLEAE) on the C-terminal cyto-
plasmic tail of MOR that was implicated in its trafficking (Tanowitz
and von Zastrow, 2003). To disrupt this sequence, we generated a
version of MOR, termed MOR-LLAA, in which the two leucines were
mutagenized to alanines. When cells expressing wild-type MOR,
MOR-LLAA, or the 3-opioid receptor (DOR, as a negative control for
CCP delay; Puthenveedu and von Zastrow, 2006) were activated by
the agonist DAMGO (for MOR) or [p-Ala?, b-Leu®l-enkephalin
(DADLE; for DOR), robust receptor clustering was seen in all cases.
When the lifetimes of individual receptor clusters were quantitated
and compiled, MOR clusters were found to reside approximately
twice as long on the surface as DOR clusters (Figure 2H), compara-
ble to B2AR, which was shown to delay CCPs (Puthenveedu and von
Zastrow, 2006). Strikingly, the lifetimes of MOR-LLAA clusters were
comparable to those of DOR clusters and a version of B2AR in which
the PDZ ligand domain was mutated (B2HA [one-way analysis of
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FIGURE 2: MOR extends the lifetime of a subset of CCPs, using a C-terminal “bileucine” sequence. (A) Frames from
dual-color TIRFM time series of CCPs, 3 s apart. CCPs containing a detectable MOR cluster (one example shown by

arrowhead) lasts a noticeably longer time than a CCP without any (arrows). (B) Box plots showing the range and median
of CCP lifetimes in the same cells before vs. after MOR clustering. (C) Sorted lifetimes from >2500 CCPs detected using
automated spot detection and tracking before vs. after MOR clustering by DAMGO. Consistent with our conclusions,
CCP lifetimes are increased after DAMGO-induced MOR clustering. (D) Example cumulative distribution graphs of CCP
lifetimes from five cells before (blue) vs. after (red) MOR clustering. Lines show curve fits across all cells. (E) Lifetimes of
clathrin spots on the cell surface, obtained from the same cells before (open blue circles) vs. after (closed red diamonds)
MOR clustering, and separated into 20-s bins. (F) Box plots of lifetime of CCPs with detectable MOR clustering vs. those

that do not, defined as in Supplemental Figure S3. CCPs with MOR show significantly longer lifetime. (G) Plot of raw
MOR fluorescence vs. CCP lifetime, showing positive correlation. The red line shows the estimated cutoff as per
Supplemental Figure S3. (H) Surface residence times of individual clusters of MOR, MOR-LLAA, B2AR, B2AR-HA, and
DOR after agonist exposure quantitated from multiple cells. Box plots show the median and range. ***p < 0.0001 for
the mutants compared with wild type. (I) Box plots showing the range and median of CCP lifetime in the same cells
before vs. after MOR-LLAA clustering. (J) Clathrin spot lifetime obtained from the same cells before (open blue circles)
vs. after (closed red diamonds) MOR-LLAA clustering, fit as in D. There was no observable difference in the CCP lifetime
distribution after MOR-LLAA clustering. Box plots are Tukey, and error bars on column graphs are SEM.

variance [ANOVA] not significantly different), indicating that the pro-
longed surface residence of receptor clusters required the MOR
bileucine sequence (Figure 2H). Further, the increased lifetime of
CCPs induced by MOR after DAMGO addition was completely abol-
ished in the MOR-LLAA mutant, as seen by quantitating average
lifetimes (Figure 2I) and binning the lifetimes of CCP populations to
20-s bins (Figure 2J) as before. Consistent with the change observed
in CCP lifetimes, when loss of surface receptor fluorescence was
measured over the whole cell, MOR showed both a delay in the ini-
tiation of fluorescence loss after DAMGO addition and a slower
rate of internalization compared to MOR-LLAA (Supplemental
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Figure S6). Taken together, these results indicate that MOR, upon
activation with DAMGO, selectively delays the CCPs in which it lo-
calizes using a specific bileucine sequence on its C-terminal tail.

MOR delays the vesicle scission phase of CCP endocytosis

We considered four modes by which the bileucine sequence on
MOR could delay CCPs: 1) by slowing clathrin assembly; 2) by mak-
ing larger CCPs, which require more time to assemble; 3) by delay-
ing the recruitment of the scission machinery; or 4) by regulating the
activity of the scission machinery. To test the first possibility, we first
measured the fluorescence traces of clathrin over time in CCPs

Molecular Biology of the Cell
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FIGURE 3: MOR pauses CCP progression after clathrin assembly. (A) Example traces of clathrin fluorescence over time

from short CCPs (lifetime, 30-40 s) without MOR and long CCPs (>75 s,

see text) with MOR clusters. The short CCPs

showed a linear increase in fluorescence, followed by a rapid decrease characteristic of scission and endocytosis. The
long CCPs showed a distinct “pause” after near-maximum clathrin fluorescence, before endocytosis. (C) Averaged
normalized fluorescence from 20 short and long CCPs aligned to their initial appearance. The slopes of assembly are not
significantly different. (D) Tukey box plots of maximum clathrin fluorescence calculated from CCPs without MOR vs.
CCPs with MOR across the same set of cells after DAMGO-induced MOR clustering. Values normalized to the average
value without MOR show no significant difference between the two populations (n > 350 in each case). (E) Correlation
between peak clathrin fluorescence and lifetime (n = 100), showing no correlation between these criteria. (F) Average
fluorescence values from traces across 20 short and long CCPs show roughly the same peak fluorescence before
endocytosis across both populations. (G) Tukey box plots of maximum fluorescence values of CALM and NECAP before

vs. after DAMGO-induced MOR clustering, showing no difference.

containing MOR clusters and compared them to CCPs devoid of
MOR. Before MOR clustering, and in CCPs devoid of MOR, clathrin
fluorescence in most CCPs showed a linear increase, denoting clath-
rin coat assembly, followed by a sharp decrease corresponding
to scission and movement of vesicles away from the cell surface
(example in Figure 3A). This fluorescence signature was largely con-
sistent with previous observations (Merrifield et al., 2002; Ehrlich
et al., 2004; Mettlen et al., 2010; Henry et al., 2012). In contrast, in
the longer-lasting CCPs containing detectable MOR clusters that
were observed after exposure to agonist in the same cells, clathrin
showed a similar linear increase, followed by a plateau phase in
which there was no further increase, before the rapid loss of fluores-
cence (example in Figure 3B). This suggested that the assembly of
the clathrin cage was not affected, and MOR “paused” further pro-
gression of CCP endocytosis after clathrin assembly was complete.
Further, to quantitatively estimate the rate assembly of clathrin, we
classified CCPs into short (no detectable MOR cluster) and long
(with MOR clusters) CCPs. We defined a short CCP as having a life-
time of between 30 and 40 s, which approximated the median life-
time of CCPs before MOR activation (Figure 2 and Supplemental
Figure S5). We defined a long CCP as having a lifetime of >75 s. By
manual verification of CCP lifetimes, this was over the 90th percen-
tile of CCP lifetimes observed before MOR clustering (e.g., Figure
2D). When aligned to the time frame in which we first detected
clathrin, taken as the initiation of clathrin assembly, the fluorescence
traces roughly fit to a linear regression (R? = 0.73 and 0.68, respec-
tively, for short and long CCPs). Of importance, the slopes in the
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assembly phase showed no significant difference (p = 0.12; pooled
slope, 2.2; pooled y; = 98; Figure 3C), indicating that the assembly
of clathrin was not changed.

To test the second possibility, we compared the peak clathrin
fluorescence values in CCPs containing MOR with CCPs without de-
tectable MOR, as an index of the total clathrin present and therefore
the size of vesicles formed. We first measured the clathrin fluores-
cence in CCPs of maximum-intensity projections of time series. As
shown in Figure 3D, there was no statistically significant difference
(p=0.55) in the clathrin fluorescence between these CCPs with and
without detectable MOR. Consistent with this, we observed no cor-
relation between peak clathrin fluorescence and CCP lifetimes
(Figure 3E; Spearman R=0.07, p = 0.45). In addition, we monitored
the clathrin fluorescence over time from multiple example CCPs
with and without MOR clusters (defined as in Supplemental Figure
S3) and examined the peak values of fluorescence of clathrin in
these traces. The average fluorescence traces showed no significant
difference in the maximum clathrin fluorescence before endocytosis
(Figure 3F), indicating that MOR-containing CCPs are not larger. We
also observed no difference in the peak fluorescence of adaptin ear-
binding clathrin-associated protein (NECAP) and clathrin assembly
lymphoid myeloid leukemia protein (CALM; Figure 3G, p = 0.25 for
NECAP and 0.31 for CALM), the two main proteins shown to affect
the size of clathrin-coated vesicles (Zhang et al., 1998; Meyerholz
et al., 2005; Ritter et al., 2007; Maritzen et al., 2012). Further, the
lifetimes of NECAP and CALM were not changed by MOR cluster-
ing (Supplemental Figure S7, A and C). Of interest, the absolute
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lifetime of CALM was increased upon coexpression of clathrin, and,
although there was a slight increase in the lifetime after DAMGO,
this did not match the increase in clathrin lifetime (Supplemental
Figure S7B). Of interest, although CALM has been reported to fol-
low clathrin dynamics, we observed that, in longer-lasting CCPs,
CALM fluorescence was dissociated from clathrin fluorescence be-
fore endocytosis (Supplemental Figure S7D). Taken together, how-
ever, our results suggest that the clathrin assembly and vesicle size
were not affected by MOR clustering.

To test the third and fourth possibilities, we directly imaged the
behavior of dynamin, a key protein in scission. Cells expressing
FLAG-MOR, dynamin-GFP, and clathrin-dsRed were imaged for
5 min before and 5 min after addition of DAMGO to detect whether
DAMGO-induced MOR clustering altered the behavior of dynamin.
Before DAMGO addition, dynamin was recruited just before scis-
sion in CCPs, as previously observed. After DAMGO addition, con-
sistent with MOR clustering in a subset of CCPs, we observed that
~30% of dynamin puncta did not colocalize with MOR (e.g., arrows
in Figure 4A). Strikingly, in CCPs paused by MOR, dynamin was ob-
served for a significantly longer time than in CCPs devoid of MOR
(example in Figure 4B). This was apparent when the behavior of
dynamin puncta was compared in the same cells before versus after
MOR clustering by DAMGO. As shown in the example kymograph
for the same cells before versus after DAMGO-induced MOR clus-
tering (Figure 4C), dynamin stays in CCPs much longer after
DAMGO. Quantitation of multiple CCPs indicated that the average
dynamin lifetime doubled, from 7 to 14 s, after DAMGO-induced
MOR clustering (Figure 4D). This increase required the interactions
of the C-terminal leucines on MOR, as clustering of MOR-LLAA did
not change dynamin lifetimes (Figure 4D). This increase in dynamin
lifetime was further confirmed by triple-color live-cell TIRFM of
clathrin, dynamin, and MOR (Supplemental Movie S3). Fluorescence
traces from individual CCPs showed that in CCPs showing a detect-
able increase in MOR fluorescence over background, dynamin was
recruited and persisted for a longer period before scission (example
trace in Figure 4E, left). In contrast, in CCPs without MOR clusters
(where MOR fluorescence stayed at the baseline), dynamin showed
the characteristic spike just before scission (Figure 4E, right). When
dynamin lifetimes from MOR-expressing cells before versus after
DAMGO were binned into 9 s bins, the frequency histogram showed
a noticeable shift to longer lifetimes after DAMGO exposure (Figure
4F, left). This shift was absent in MOR-LLAA-expressing cells. Con-
sistent with this, dynamin was typically recruited at or after the end
of the assembly phase of clathrin in CCPs with MOR and persisted
through the “pause” phase until scission (example in Figure 4G).

To test whether the delay correlated with an increased amount of
dynamin required to cause CCP scission, we quantified by maximum-
intensity projections of time series the peak fluorescence of dynamin
in each CCP as an index of the amount of dynamin. When compared
with CCPs before DAMGO-mediated MOR clustering, CCPs after
MOR clustering showed no significant change (4 £ 4.2%, p=0.36) in
dynamin fluorescence (Figure 4H). Taken together with the normal
recruitment and increased lifetime of dynamin, these results suggest
that MOR delays CCPs lifetime by acting primarily on the vesicle
scission module of clathrin-mediated endocytosis (Figure 4l).

DISCUSSION

Cargo-mediated control of individual CCPs is an emerging concept
that can potentially explain how cells can selectively control the en-
docytosis of multiple cargo proteins using shared core trafficking
proteins (Puthenveedu and von Zastrow, 2006). In this study, we
identify MOR, the main target of opioid neurotransmitters and many
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clinically abused drugs, as a physiologically relevant signaling cargo
that can control dynamics of individual CCPs through interactions of
its C-terminal tail.

The dynamical behavior of CCPs has been recorded extensively
using live-cell TIRFM (e.g., Loerke et al., 2009; Doyon et al., 2011;
Taylor et al., 2011). The range of CCP lifetimes we observe in
HEK293 cells broadly match these careful and exhaustive studies.
One notable difference is that, in contrast to recent published data
using automated detection of CCPs, we do not see a significant
fraction of short-lasting “abortive” CCPs (Figure 2E). Consistent with
this, most of the CCPs we observe recruit dynamin and undergo
scission (Supplemental Figure S4). Itis possible that this reflects dif-
ferences in detection methods, cell types, or experimental condi-
tions. It has become increasingly clear that the dynamics of individ-
ual components and CCP modules in mammalian cells vary highly
based on their expression levels, the cell types used, temperature,
and imaging conditions (Merrifield et al., 2002; Ehrlich et al., 2004;
Puthenveedu and von Zastrow, 2006; Loerke et al., 2009; Saffarian
and Kirchhausen, 2009; Batchelder and Yarar, 2010; Nakatsu et al.,
2010; Doyon et al., 2011; Mattheyses et al., 2011; Taylor et al., 2011,
Henry et al., 2012). Variations in culture conditions, such as mem-
brane tension, might also alter the biochemical requirements for
endocytosis (Boulant et al.,, 2011). An additional consideration is
that TIRFM visualizes primarily the bottom surface of the cell, which
is attached to a secreted extracellular matrix (ECM) on the coverslip.
Clathrin generates defined CCPs, as well as larger and pleiomorphic
“plaques” on this surface, and the morphology and dynamics of
these plaques are distinct from those of CCPs (Saffarian and
Kirchhausen, 2009). However, the dynamics of CCPs on the bottom
and the top surfaces seem broadly similar (Saffarian and Kirchhausen,
2009). Although it is arguable as to which surface best represents
the membranes of cells in a three-dimensional ECM, such as neu-
rons in the brain, extensive data suggest that GPCRs robustly cluster
in response to agonists on both the attached and the free surface
(Goodman et al., 1996; Santini et al., 1998; Shenoy et al., 2007,
N'Diaye et al., 2008).

Although these methodological constraints are certainly to be
noted, we believe that the differences in CCP lifetimes we observe
after MOR activation are unlikely to be a result of such changes.
First, the changes we see are acute and are observed seconds after
agonist addition (Figure 2, B-E). Second, the changes are largely
restricted to CCPs that show detectable MOR concentration over
background (Figure 2, F and G). Third, these changes are not seen
with related GPCRs such as DOR and are abolished by mutating two
residues on MOR (MOR-LLAA, Figure 2, H-J). Fourth, there is
a detectable difference in endocytic kinetics between MOR and
MOR-LLAA, even in assays not restricted to the bottom surface of
the cell (Supplemental Figure Sé). Fifth, we restricted our analyses to
diffraction-limited spots that we can resolve as appearing and dis-
appearing within the time frame of the movie, thereby excluding the
majority of plaques. Taken together, therefore, although the abso-
lute lifetimes that we propose might vary depending on experimen-
tal conditions, our results support the conclusion that clustering
of MOR in CCPs acutely pauses CCPs, indicating cargo-mediated
regulation of CCP behavior by MOR.

How does MOR pause CCPs? Our results suggest that this re-
quires clustering of MOR into CCPs and that this is not a general
downstream effect of MOR signaling. First, the increase in lifetime
was restricted to a subset of CCPs (Figure 2, B and E). Second, only
the subset of CCPs containing detectable MOR clusters showed a
noticeable increase in lifetime (Figure 2F). Third, the increase in CCP
lifetime correlated with the intensity of MOR clusters (Figure 2G).
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In MOR-expressing cells, but not MOR-LLAA cells, dynamin distributions shifted to longer lifetimes after DAMGO.

(G) Fluorescence trace of clathrin and dynamin, normalized to the maximum, from an example CCP containing MOR.
Dynamin localizes near the end of the assembly phase and lasts through the pause phase. (H) Tukey box plots of
dynamin fluorescence in CCPs with vs. without MOR, normalized to CCPs without MOR (n > 1100 in each case).

(I) Model for divergent modes of cargo-mediated control of endocytosis by signaling receptors.

Fourth, the delay was dependent on a specific sequence motif on
the C-terminal tail of MOR (Figure 2, H-J). The last two observations
suggest a stoichiometric effect of interactions of the MOR tail in
pausing CCPs. Locally clustered MOR possibly regulates the activity
of the scission module of endocytosis (Figure 4) without affecting
the clathrin assembly rate, the total amount of clathrin, or the re-
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cruitment of dynamin (Figure 3). In MOR-containing CCPs, we ob-
served dynamin recruitment after the end of the clathrin assembly
phase at various points in the pause phase (examples in Figure 4, E
and G). However, once dynamin was recruited, its lifetime was sig-
nificantly increased in MOR-containing CCPs (Figure 4, D and F). We
cannot rule out an additional effect of MOR on the recruitment of
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the dynamin scission machinery, as the delay in dynamin lifetimes
does not precisely match the increased CCP lifetimes. However, our
results suggest an active role for interactions of the C-terminal “bile-
ucine” domain of MOR in pausing the progress of CCPs to vesicle
scission even after recruitment of the scission machinery.

This provides a novel example for regulation of CCP lifetimes by
a GPCR and suggests that cargo-mediated regulation is a general
mode of endocytic control by signaling receptors. GPCRs likely work
in both initiating CCPs via clustering of the cargo adapters arrestin
and AP2 (Santini et al., 1998) and in controlling the dynamics of later
steps in CCP assembly and scission. The only other known example
of cargo-mediated control by a signaling receptor, B2AR, delayed
CCPs using local interactions of its C-terminal PDZ-interacting do-
main to the cytoskeleton (Puthenveedu and von Zastrow, 2006).
Several observations suggest that MOR uses a mechanism distinct
from that of B2AR for pausing CCPs. B2AR significantly delayed the
recruitment of dynamin, whereas MOR did not. Once dynamin was
recruited, B2AR did not affect the time it took to cause vesicle scis-
sion, whereas MOR significantly delayed its lifetime (Figure 4, D-G).
Further, MOR does not have an identified PDZ ligand, nor is there
any evidence that the cytoplasmic tail of MOR can interact with ac-
tin. Taken together, these results suggest that GPCRs can control
endocytosis at least at two separate points, with B2AR delaying re-
cruitment of dynamin and MOR pausing CCPs after dynamin recruit-
ment (Figure 41).

Recent evidence also suggests that different modules in the CCP
cycle are cooperative and that there is complex feedback between
dynamin, actin, and other CCP components that act during fission
(Shin et al., 2008; Ferguson et al., 2009; Taylor et al., 2012;
Meinecke et al., 2013). It is not clear how any of these observed
mechanisms modify dynamin lifetimes. One possibility is that MOR
modifies dynamin’s GTPase activity, as proposed for the adapter
protein TTP (Tosoni et al., 2005). However, because dynamin is an
assembly-regulated GTPase, its regulation is likely to involve multi-
ple input mechanisms (Schmid and Frolov, 2011; Ferguson and De
Camilli, 2012). This leads to the alternate possibility that MOR coor-
dinates the cooperative feedback between different CCP modules
as opposed to the activity of a single component. This might include
the scission, uncoating, and actin machineries. In any case, along
with PDZ ligands, this suggests multiple divergent cargo-mediated
checkpoints in the CCP cycle that control vesicle scission. In combi-
nation with the segregation of receptor cargo into distinct CCPs and
ubiquitin-based biochemical checkpoints that ensure sufficient
cargo concentration before scission (Henry et al., 2012), cargo-
mediated tuning of CCP dynamics may provide a method for
obtaining virtually unlimited selective control over the internaliza-
tion of different GPCR cargo.

Such cargo-mediated regulation likely has significant physiologi-
cal consequences on cellular signaling by GPCRs. The outcomes of
receptor endocytosis on cellular sensitization to signals are well es-
tablished (e.g., reviewed in Martini and Whistler, 2007; Sorkin and
von Zastrow, 2009). In addition to the initial G-protein-mediated
signaling, many GPCRs can induce a distinct signaling pathway after
they bind arrestin (Lefkowitz and Shenoy, 2005; Calebiro et al.,
2009). Arrestin association with the plasma membrane is sufficient
to induce this mode of signaling, and, in the case of GPCR-medi-
ated recruitment of arrestin, the relative strengths of these different
phases of signaling often depend on the activating ligand (Terrillon
et al., 2004; Reiter et al., 2012). In the case of MOR, arrestin is re-
leased immediately upon vesicle scission, suggesting that cargo-
mediated signaling might control the second phase of GPCR signal-
ing. Considering that practically all known GPCRs share common
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trafficking components, including arrestin (Pierce et al., 2002;
Hanyaloglu and von Zastrow, 2008), and that multiple receptors are
activated concomitantly in many cells, the dynamics of individual
CCPs may therefore determine the extent of each phase of signal-
ing by controlling the time that each receptor spends bound to each
signaling complex (e.g., arrestin). The divergent modes of CCP reg-
ulation identified here therefore likely are a critical aspect of normal
signal integration, as they can maintain selective control over differ-
ent phases of signaling pathways evoked by GPCRs.

Although our studies were performed in heterologous systems
expressing exogenous receptors, such systems have been estab-
lished as excellent models to study the molecular mechanisms
underlying GPCR behavior, and the principles identified have
largely been validated in more complex systems (Pierce et al.,
2002; Hanyaloglu and von Zastrow, 2008; Marchese et al., 2008;
Magalhaes et al., 2012). The fact that we observe CCP regulation
by exogenous GPCRs in HEK293 cells suggests that these cells
have the required machinery for cargo-mediated control of CCPs
and, of importance, that CCP delay is likely a general mechanism
across cell types. However, although it clear that GPCRs cluster and
internalize in the brain in vivo, the extent of CCP regulation by
MOR and related GPCRs in the brain, especially in the context of
endogenous levels of receptors, and whether there are distinct
physiological consequences in these cells, remain to be tested.

At the broad cell biological level, our results suggest that cargo
molecules in general are far more active players in endocytosis than
was previously appreciated. Some cargo can nucleate and stabilize
CCPs early (Ehrlich et al., 2004; Loerke et al., 2009), arguably with-
out affecting further dynamics of stabilized CCPs, whereas others
can control CCP dynamics by regulating key core components
(Tosoni et al., 2005; Puthenveedu and von Zastrow, 2006; Mettlen
etal., 2010). Sequestration of cargo in subsets of CCPs, followed by
regulation of those CCPs by cis-sequence determinants on the
cargo molecules themselves, allows for nearly unlimited biochemi-
cal and functional specialization of CCPs that otherwise share the
same trafficking proteins. Emerging data suggest that, in addition
to CCPs, GPCR cargo can also influence trafficking at the endo-
some by regulating the kinetics of the Rab4-dependent recycling
pathway (Yudowski et al., 2009). Such functional specialization of
trafficking microdomains, generated on demand and regulated by
cargo proteins themselves, might provide a general theme to ex-
plain the long-standing question as to how cells can constantly
transport hundreds of different cargo using shared trafficking com-
ponents without significant competition and inhibition among dif-
ferent proteins.

MATERIALS AND METHODS

Constructs, cell, and reagents

Tagged dynamin, clathrin, cortactin, and MOR constructs were de-
scribed earlier (Puthenveedu and von Zastrow, 2006; Puthenveedu
etal., 2010; Yu et al., 2010). CALM- and NECAP-mCherry constructs
were purchased from Addgene (Cambridge, MA; Taylor et al., 2011).
HEK 293 cells (American Type Culture Collection, Manassas, VA)
stably expressing either SSF-MOR or SpH-MOR and mutants
were generated by selection using Geneticin or Zeocin (Invitrogen,
Carlsbad, CA) as per manufacturer's instructions. Components of
the endocytic machinery were transiently transfected using Effect-
ene (Qiagen, Valencia, CA), and imaged 3-5 d after transfection.
Cells were maintained in DMEM with 10% fetal bovine serum (FBS).
DAMGO, DADLE, and isoproterenol were purchased from Sigma-
Aldrich (St. Louis, MO) and used at 10 uM from a 10 mM frozen
stock. Pitstop 2 was purchased from Abcam (Cambridge, MA).
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Microscopy and image analysis

Cells were imaged using a Nikon Eclipse Ti automated inverted mi-
croscope (Nikon, Melville, NY) equipped for through-the-objective
TIRFM and outfitted with a temperature-, humidity-, and CO,-con-
trolled chamber. Images were acquired with an iXon+ 897 electron-
multiplying charge-coupled device camera with solid-state lasers of
488, 561, and 647 nm as light sources. The cells were imaged live in
Opti-MEM (Invitrogen) with 30 mM 4-(2-hydroxyethyl)-1-pipera-
zineethanesulfonic acid and 10% FBS, using a 100x or 60x/1.45 nu-
merical aperture TIRF objective (Nikon). Time-lapse movies were
collected as tiff stacks and analyzed in ImageJ (National Institutes of
Health, Bethesda, MD). For estimating surface receptor fluores-
cence, SpH-MOR or labeled SSF-MOR cells were imaged for 5 min
before DAMGO and 5 min after DAMGO, capturing every 3 s. A
50 x 50-pixel box in the center of the cell was used to measure fluo-
rescence changes over time to avoid errors due to changes in cell
shape. CCP lifetimes were estimated as described (Puthenveedu
and von Zastrow, 2006). Peak fluorescence values of clathrin or dy-
namin were measured by either of two methods. To analyze a larger
number of CCPs, maximum-intensity projections of time-lapse mov-
ies corresponding to 15 s each taken before versus after exposure to
DAMGO from multiple cells were analyzed to detect CCPs contain-
ing MOR clusters. The corresponding clathrin or dynamin fluores-
cence was compared with CCPs in the same cells that did not colo-
calize with MOR clusters. The box plots shown represent cumulated
data from >500 CCPs from multiple cells in each case. For obtaining
p values, average values were calculated from individual cells, and a
t test was performed across the averages obtained from multiple
cells in the two different conditions. These measurements were fur-
ther confirmed by tracking the fluorescence values of multiple indi-
vidual CCPs over time and detecting the peak fluorescence values
in these CCPs over their entire lifetimes. Kymographs were obtained
by reslicing a region of the cell and maximum-intensity projections.
Automated tracking of CCPs was performed on the same data sets
using the Spots function in Imaris (Bitplane, Zurich, Switzerland) to
detect clathrin fluorescence, and MOR fluorescence was measured
on each of these tracks. Raw data sets are shown. These tracks were
manually verified in a few cases to explain the difference between
the lifetimes observed. All fluorescence quantitations were done on
images directly acquired from the camera with no manipulation or
adjustments. Simple image math and statistical analyses were done
using Excel (Microsoft, Redmond, WA), and curve fits and ANOVA
were done using Prism (GraphPad Software, La Jolla, CA).
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