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Machine learning-based analysis in genome-edited cells reveals
the efficiency of clathrin-mediated endocytosis

Sun Hae Hong?, Christa L. Cortesiol, and David G. Drubin*

1Department of Molecular and Cell Biology, University of California - Berkeley, Berkeley, CA
94720, USA

Summary

Cells internalize various molecules through clathrin-mediated endocytosis (CME). Previous live-
cell imaging studies suggested that CME is inefficient, with about half of the events terminated.
These CME efficiency estimates may have been confounded by overexpression of fluorescently
tagged proteins and inability to filter out false CME sites. Here, we employed genome editing and
machine learning to identify and analyze authentic CME sites. We examined CME dynamics in
cells that express fluorescent fusions of two defining CME proteins, AP2 and clathrin. Support
vector machine classifiers were built to identify and analyze authentic CME sites. From inception
until disappearance, authentic CME sites contain both AP2 and clathrin, have the same degree of
limited mobility, continue to accumulate AP2 and clathrin over lifetimes > ~20s, and almost
always form vesicles as assessed by dynamin2 recruitment. Sites that contain only clathrin or AP2
show distinct dynamics, suggesting they are not part of the CME pathway.

Introduction

Cells internalize lipids, signaling molecules and nutrients through clathrin-mediated
endocytosis (CME) (Doherty and McMahon, 2009; McMahon and Boucrot, 2011). During
CME, the coat protein clathrin, the adaptor protein AP2, and many other endocytic proteins
and cargo molecules assemble at a region of the plasma membrane (PM) enriched for
phosphatidylinositol 4,5-bisphosphate (PIP2). A clathrin-coated pit (CCP) is formed by the
concerted actions of CME proteins and actin. The CCP is subsequently pinched off by the
GTPase dynamin to form a vesicle, in which cargo molecules are internalized.

This “canonical” behavior for productive CME events, however, applies to a subset of the
clathrin or AP2 spots visible by fluorescence light microscopy at or near the cell surface
(Loerke et al., 2009; Taylor et al., 2011; Aguet et al., 2013; Grassart et al., 2014). A large
fraction of the fluorescent spots identified as CME sites have been reported to fail to form
vesicles, as revealed by observation of dynamin recruitment or of internalization of
transferrin labeled with pH-sensitive markers (Ehrlich et al., 2004; Taylor et al., 2011;
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Grassart et al., 2014). The nature of this presumed failed population is not well understood.
It has been proposed that some authentic CME sites are disassembled when they fail to be
stabilized by other endocytic proteins or a quorum of cargo molecules (Ehrlich et al., 2004;
Loerke et al., 2009; Mettlen et al., 2010). However, the apparent CME sites that never form
vesicles also include single molecules, clathrin triskelia, and clathrin-coated vesicles from
sources other than CME etc. (Keyel et al., 2004; Zhao and Keen, 2008). Whether, why and
how often bona fide CME sites are disassembled prior to vesicle formation are important
questions for understanding CME mechanism and regulation. Therefore, an essential
prerequisite for understanding CME regulation is identification of authentic CME sites. In
previous work, authentic CME sites were identified based on assumptions about CME
dynamics, such as lifetime, and assembly-disassembly kinetics of CME sites (Loerke et al.,
2009; Aguet et al., 2013). Although these approaches provided insights into the dynamic
nature of CME, these analyses have an intrinsic limitation: The identifying characteristics of
authentic CME sites were largely based on a priori assumptions rather than on unbiased
analysis and validation.

Here, we developed a robust tool that can distinguish authentic CME sites from false CME
sites. By employing genome editing and machine learning, we distinguished authentic CME
sites from all other clathrin- and AP2- containing sites. When we excluded the false CME
sites from our analyses, we found that the vast majority (~90%) of the authentic CME sites
form vesicles, in contrast to previous conclusions that CME is inefficient.

Identification of authentic CME sites based on native AP2 and clathrin dynamics

We began our analyses with the assumption, based on various reports, that the AP2 adaptor
is an integral component of the CME machinery (Boucrot et al., 2010; Cocucci et al., 2012),
and assumed that the majority of authentic CME sites contain both AP2 and clathrin. AP2 is
an endocytic hub protein whose appendage domains bind numerous endocytic accessory
proteins and cargo molecules (Schmid and McMahon, 2007). Although existence of CME
sites without AP2 was postulated because uptake of certain ligands (such as low density
lipoprotein) was not affected by severe AP2 depletion (Hinrichsen et al., 2003; Keyel et al.,
2006; Motley et al., 2006), no direct evidence for existence of authentic CME sites lacking
AP2 has been reported. Nevertheless, our assumption may lead to an underestimation of the
number of authentic CME sites.

To visualize AP2 and clathrin without perturbing expression levels, we genome edited a cell
line to expresses fluorescent protein fusions of the AP2 | subunit (AP2M1) and clathrin light
chain A (CLTA). Overexpression of fluorescent fusion proteins changes the stoichiometry of
CME proteins, and can perturb normal CME dynamics and function (Doyon et al., 2011;
Mettlen and Danuser, 2014). Additionally, changes in CME adaptor protein levels affect
CME productivity (Loerke et al., 2009; Mettlen et al., 2009). Furthermore, depending on the
level of overexpression of the AP2 beta subunit, the observed AP2 dynamics can be
drastically altered from the native dynamics, because the overexpressed subunit can be mis-
incorporated into AP1 complexes (Keyel et al., 2004). Thus, it is extremely important to
analyze CME productivity when protein stoichiometry is not perturbed.

Cell Rep. Author manuscript; available in PMC 2016 September 29.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hong et al.

Page 3

AP2 consists of four subunits, a, B, 4 and o. We chose to create an internal fusion of the
AP2 | subunit, inserting a fluorescent protein between residues 236 and 237, because
insertions at this site cause minimal perturbation to CME (Motley et al., 2006). We
generated a pair of Transcription Activator-Like Effector Nucleases (TALENS) and a donor
plasmid (Fig. 1A, S1A). The AP2M1 gene in MDA-MB-231 human cells was edited to
express an RFP fusion (Fig.1BC, S1BC). Additionally, the gene encoding clathrin light
chain A (CLTA) was edited to express its product as a GFP fusion (Fig. 1BC, S1BC, Table
S1). Fluorescent protein fusions of AP2 and clathrin are often used interchangeably as CME
markers. AP2, however, is solely involved in CME, whereas clathrin-coated vesicles
(CCVs) not only form on the plasma membrane (PM), but also form on various cytoplasmic
organelles including endosomes and the trans-Golgi network (TGN) (Brodsky, 2012).
Accordingly, by epifluorescence imaging, clathrin is observed as punctate signals on the PM
and on many cytoplasmic compartments, while AP2 is only found as spots on the PM (Fig.
1B).

AP2 and clathrin dynamics were analyzed in a quantitative and automated manner (please
see Extended Experimental Procedures in Supplemental Information for details). We
obtained simultaneous time-lapse total internal reflection fluorescence (TIRF) images of
AP2-RFP and clathrin-GFP (Movie S1-3). Imaris software was used to track fluorescent
spots in individual channels. Using custom-built Matlab programs, corresponding tracks in
the RFP and GFP channels were identified in a reciprocal and iterative manner (Fig. S1D).
Some of the tracks that were divided into subtracks due to imperfect tracking were stitched
together (Fig. S1D). If a track had a low signal-to-noise ratio (SNR) or was intersected by
tracks in the vicinity, then the track was automatically excluded from further analyses. The
putative abortive population is characterized by short lifetimes and weak fluorescence
signals. For this reason, a lenient threshold was chosen for spot detection by the Imaris
software. However, the overall SNR for a spot over its lifetime was calculated to eliminate
spurious spots from our analyses. Spots of all lifetimes that started = 5 frames after, or ended
> 5 frames before, the beginning or end of image acquisition, respectively, were analyzed
for our study.

Our employment of an imaging system with higher sensitivity and the application of a new
analysis scheme increased the number observed of AP2 and clathrin spots compared to our
previous analyses of clathrin (Doyon et al., 2011; Grassart et al., 2014). Still, a large fraction
of AP2 tracks were observed to associate with clathrin tracks (70.1%, n = 212), and the
observed dynamics were consistent with the previous findings (Loerke et al., 2011). The
mean lifetimes of AP2 tracks and clathrin tracks that colocalized with each other were very
similar (46.68+2.67s for AP2 and 46.70+2.69 s for clathrin) (Fig. 1D, Table S2). AP2 and
clathrin accumulated at similar rates and disappeared from endocytic sites almost
simultaneously, confirming that these two proteins function together as core CME
components (Fig. 1E, F). Consistent with the proposal that AP2 is located asymmetrically
within CCPs, and as a result leaves the TIRF field earlier than clathrin, we found that AP2
intensity started to drop before clathrin intensity (Fig. 1E, F) (Saffarian and Kirchhausen,
2008). Many AP2 and clathrin spots, however, did not colocalize with each other and their
lifetimes were usually much shorter than the lifetimes of the colocalized tracks (9.81+0.91s
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for AP2 and 11.55+0.44s for clathrin) (Fig. 1D, Table S2). Clathrin spots without AP2 were
strikingly more abundant than AP2 spots without clathrin, and a large fraction of them had
very short lifetimes (Fig. 1D, inset). Only 25.0% of clathrin spots colocalized with AP2
(n=596).

Machine learning based identification of authentic CME sites

In order to analyze authentic CME sites defined as those containing both AP2 and clathrin,
we employed Support Vector Machine (SVM) algorithms. SVMs are the most widely used
supervised machine learning algorithms. When an SVM algorithm is applied, an SVM
classifier (a boundary in the form of a hyperplane in multi-dimensional feature space) is
determined that best separates training data belonging to two different categories. SVM
classifiers allowed us not only to quantitatively define the signature of authentic CME sites,
but also to predict authenticity in single-color images of AP2 or clathrin. For reliable
analysis of authentic CME dynamics, it is necessary to distinguish authentic CME sites from
false CME sites marked by fluorescent clathrin or AP2, and to investigate dynamics along
with another CME protein, such as dynamin.

We selected four features for SVM analysis that quantitatively describe the dynamics of the
fluorescent spots. The first two features, track lifetime (feature 1) and the maximum
intensity (feature 2), are often quantified in studies of CME dynamics and generally show a
positive correlation (Ehrlich et al., 2004; Loerke et al., 2011; Taylor et al., 2011).
Additionally, we selected two other features that measure the mobility of the spots. In
contrast to single AP2 tetramers or clathrin triskelia or CCVs visiting from the cytoplasm,
authentic CME sites are composed of multimolecular complexes assembled on the PM, and
they are expected to show reduced lateral and vertical movement. Lateral movement was
quantified as the distance between the position where the fluorescent spot first appeared and
the position where it finally disappeared (feature 3). As an indirect measure of vertical
movement, we used the rate of change in spot brightness (feature 4). Since TIRF
illumination drops sharply as a function of the distance from the cover slip, the vertical
movement of the spot will result in a sudden change in the brightness of the fluorescent spot.
We hypothesized that the rate of change due to vertical movement will be much larger than
the rate of change due to growth of the structure because the vertical movements in the
cytoplasm occur over a few seconds, while CCP maturation generally occurs over tens of
seconds or longer.

We acquired dual-color TIRF imaging datasets for AP2 and clathrin. Half of the AP2-RFP
tracks captured (n = 106) were used as a training set to develop an SVM classifier. The
classifier was optimized to best distinguish AP2 spots with clathrin (authentic CME sites)
from those without a clathrin signal (false CME sites). The other half of the AP2 tracks
(n=106) was used as to test the efficacy of the classifier, as evaluated by dual-color imaging.
The SVM classifier for AP2 was able to effectively differentiate authentic CME sites
marked by AP2 from false CME sites (86.6+4.2% accuracy, Table 1). Coefficients define
SVM hyperplanes (classifiers), and the coefficients with larger absolute values are more
important for classification. The coefficients of the SVM classifier for AP2 showed that
lifetime and maximum brightness are two strong contributing features for classification of
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authentic CME sites marked by AP2 from false CME sites (Table 1, 1 and 2). The AP2
signals for authentic CME sites are longer-lived and brighter than the false CME sites (Fig.
2A). To evaluate the differentiating power for each feature, we calculated prediction
accuracies of SVM classifiers when only one of the four features was used (Table 1). When
lifetime is used as the sole feature, the classifier works with comparable accuracy to when
all four features are used. The threshold was determined to be 18s, validating our previous
finding that a 20s threshold is a good predictor for productive events (Grassart et al., 2014).
The other three features, however, also have considerable distinguishing power, showing
that the SVM classifier with all four features more accurately captures the intrinsic dynamic
properties of authentic endocytic CME events, and therefore provides a more complete
description of productive CME. Thus, we used all 4 features for our SVM analysis.

The SVM classifier for clathrin was developed in the same manner (298 clathrin tracks for
training and 298 tracks for testing). The SVM classifier for clathrin also effectively
differentiated authentic CME sites from false CME sites (91.8+2.3% accuracy, Table 1).
The coefficients of the SVM classifier for clathrin showed that the two most important
features for identifying authentic CME sites were lifetime and the rate of change in
brightness (Table 1, p1 and p4). Authentic CME sites, compared to false CME sites, had
longer lifetimes and showed less fluctuation in brightness, implying that the authentic CME
sites marked by clathrin represent stable complexes on the PM (Fig. 2B). Unlike false AP2-
marked CME sites, the false clathrin-marked CME sites were as bright as the authentic CME
sites, implying that false clathrin-marked CME sites and false AP2-marked CME sites are
likely to have different origins (Fig. 2A, C). To assess the differentiating power of each
feature for clathrin-marked sites, we calculated prediction accuracies of SVM classifiers
when only one of the four features was used (Table 1). As with AP2, spot lifetime was the
strongest distinguishing feature. However, the other three features also had significant
distinguishing power, validating use of all four features (Table 1).

The SVM classifiers demonstrated that AP2-RFP and clathrin-GFP dynamics at authentic
CME sites are similar (longer lifetimes and slowly-changing intensity), whereas false CME
sites have distinct dynamics. In order to confirm that this difference in dynamics is not due
to the fact that different fluorescent proteins were fused to AP2 and clathrin, we
quantitatively compared dynamics of AP2-GFP and clathrin-GFP individually in separate
cell lines (Fig. S3AB). To predict if an observed fluorescent spot is an authentic CME site,
we applied the SVM classifier determined from the analysis of dual color images of AP2-
RFP and clathrin-GFP, to tracks extracted from single color AP2-GFP and clathrin-GFP
images. The dynamic features of authentic and false CME sites in single-color cell lines
were consistent with those observed in the dual-color cell lines. The percentage of
fluorescent spots predicted to represent authentic CME sites in the single-color clathrin-GFP
cell line (21.2+4.9%, n = 391) was similar to the percentage in the dual-color cell line
expressing clathrin-GFP and AP2-RFP (25.0%). The percentage of fluorescent spots
predicted to represent authentic CME sites in the single-color AP2-GFP cell line
(92.248.0%, n = 180) was somewhat higher than the fraction of AP2-RFP spots containing
clathrin-GFP in the dual-color cell line (70.1%), probably due to different photophysical
characteristics of RFP and GFP (Siegel et al., 2013). However, the lifetime distributions for
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spots predicted to represent authentic or false CME sites in the single-color cell line were
close to those for authentic or false CME sites in the dual color cell line (Fig. 1D, Fig. S3C).
Mean lifetimes for the predicted authentic and false CME sites from single color images
were the same within the statistical error margin as those observed in dual color cell lines
(Table S2). In dual color cell lines, we observed distinct dynamics for false CME sites
marked by clathrin-GFP only and those marked by AP2-RFP only (Fig. 2A-C).
Consistently, in single color cell lines, we observed distinct dynamics for predicted false
sites marked by clathrin-GFP and those marked by AP2-GFP (Fig. S3D,E). Maximum
intensities of the predicted false and authentic CME sites marked by clathrin-GFP were
equally strong, whereas the maximum intensities for predicted authentic CME sites marked
by AP2-GFP were significantly stronger than for the predicted false CME sites (Fig, S3D,
panel i; Fig S3E, panel i). Also, greater motility (features 3 and 4) was observed for
predicted false CME sites relative to predicted authentic CME sites marked by clathrin,
while this difference were not observed for AP2 spots, confirming that the fluorescent tag
was not the cause of the difference between AP2 and clathrin dynamics (Fig. S2A, panel vi;
Fig. S2B, panel vi).

Authentic CME sites mature over time and recruit dynamin

We next determined the fraction of CME sites containing both clathrin and AP2 that
progress to productive scission by monitoring dynamin2 recruitment. From simultaneous
analysis of AP2-RFP and clathrin-GFP, we found that 70.1% of the AP2-RFP spots
colocalize with clathrin whereas only 25.0% of clathrin spots colocalize with AP2. As a
higher fraction of AP2 spots appear to represent authentic CME sites as defined by
colocalization with clathrin, we used AP2 as a marker further analysis. We created an MDA-
MB-231 cell line wherein the AP2 p subunit (AP2M1) is tagged with RFP, and dynamin2
(DNM?2) is tagged with GFP (Fig. 3A, B, Table S2). We obtained time-lapse movies of the
AP2-RFP/DNM2-GFP cell line using TIRF microscopy (Movie S4). 63.2+8.8% of AP2-
RFP tracks recruited dynamin2-GFP (n = 318, Fig. 3B). AP2 typically accumulated at
endocytic sites gradually while the majority of dynamin2 was recruited rapidly near end of
the AP2 lifetime, signaling scission (Ehrlich et al., 2004; Taylor et al., 2012; Aguet et al.,
2013; Grassart et al., 2014) (Fig. 3CD).

We built an SVM classifier for AP2 spots representing authentic CME using dual color
images of AP2-RFP and clathrin-GFP (Fig. 2). To identify the spots that likely represent
authentic CME events in the AP2-RFP/dynamin2-GFP cell line, we used the SVM classifier.
The four dynamic features defined above - lifetime, maximum brightness, displacement and
the rate of change in brightness - were calculated for AP2 spots extracted from AP2-RFP/
dynamin2-GFP images. Then the SVM classifier was applied to determine whether the
dynamic features of an AP2 spot are more similar to those of endocytic AP2 spots
(colocalized with clathrin) or to those of AP2 spots devoid of clathrin signal. In order for the
machine learning approach to work, it is crucial that experimental and imaging conditions be
kept identical. Use of genome-edited cells expressing fluorescent protein fusions minimized
variation in protein expression levels. Additionally, our experimental conditions were kept
as consistent as possible.

Cell Rep. Author manuscript; available in PMC 2016 September 29.
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The fraction of AP2-RFP spots that are predicted by the SVM classifier to represent
authentic CME sites, and that also recruit dynamin2, should reflect the true CME
productivity. 68.9% of the AP2 tracks were predicted to represent authentic CME events
based on their dynamic features (n = 318). Essentially all of the AP2 tracks that recruited
dynamin2 were predicted to represent authentic CME events based on our classifier (95.0%,
n=201). Also, the vast majority of the predicted authentic CME sites, recruited dynamin2
before they disappeared (87.2+1.1%, Fig. 3E). Further validating the efficacy of our SVM
classifier, AP2 spots classified as representing false CME sites rarely recruited dynamin2
(10.1+ 7.2%, Fig. 3E).

AP2 and clathrin spots with longer lifetimes generally have brighter fluorescence signals,
reflecting accumulation of more proteins (Ehrlich et al., 2004; Taylor et al., 2011; Aguet et
al., 2013). We asked whether this trend holds for AP2 that represents authentic and false
CME sites. As mentioned above, almost all of the AP2 tracks to which dynamin2 was
recruited were predicted by our SVM classifier to represent authentic CME events (95.0%,
n=201), and vice versa. Thus, dynamin2 recruitment to AP2 spots also is an effective
indicator of CME site authenticity. We found that AP2 spots that recruit dynamin2 show
positive correlations between lifetime and the brightness (Fig. 3F, Fig. S4A). In contrast,
AP2 spots that do not recruit dynamin2 have constant, low AP2 signal intensities (Fig. 3F,
Fig. S4A). It appears that once authentic CME sites with AP2 and clathrin are formed, the
sites steadily mature into larger CCPs over time.

From initiation authentic CME sites contain both AP2 and clathrin, and have same degree
of limited mobility

One of the attributes of authentic CME sites identified using the SVM classifiers for AP2
and clathrin was limited mobility. Measures for lateral movement (feature 3, the distance a
spot moves over its lifetime) and vertical movement (feature 4, the average rate of change of
the fluorescence signal) were both small for endocytic AP2 and clathrin spots. In contrast,
false CME sites marked by clathrin are characterized by large degrees of lateral and vertical
movement, confirming previous findings (Fig. S2B, panel vi) (Rappoport et al., 2003; Keyel
et al., 2004). We next examined lateral spot mobility with higher precision by employing
shorter-interval time-lapse imaging (5Hz), and by calculating the mean-squared
displacement (MSD) (Fig. 4AB, Table 2). Mobility for spots containing both AP2 and
clathrin (authentic CME sites) and for spots containing only AP2 or clathrin (false CME
sites) were determined. When images were captured at a higher frame rate (5Hz), the length
of the time lapse movies was limited to 30 seconds, which is shorter than the lifetimes of a
substantial fraction of authentic CME sites. In order to compare the mobility of incipient
CME sites with mobility of more mature CME sites, we determined MSD separately for
spots containing both clathrin and AP2 (authentic CME sites) that first appeared during
imaging, and for spots that already existed at the start of the movie.

Simultaneous tracking of clathrin and AP2 confirmed that authentic CME sites that contain
both clathrin and AP2 have limited mobility, while clathrin spots representing false CME
sites have higher mobility (Fig. 4A, Movie S3). Accordingly, the MSD for false CME sites
marked by clathrin (without AP2) was dramatically higher than the MSD for authentic CME
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sites containing both AP2 and clathrin, and for false CME sites containing only AP2 (Fig.
4B, Table 2). Intriguingly, the MSD plateau values were similar for newly appearing and
pre-existing CME sites, demonstrating that CME sites have the same degree of limited
mobility from the beginning (Fig. 4B, C, Table 2). Movement of authentic CME sites is
confined within an area on a length scale of ~100nm throughout the lifetime. Thus, from the
time of their formation, authentic CME sites contain both AP2 and clathrin (Fig. 4C,
(Cocucci et al., 2012)) and they have same degree of limited mobility (Fig. 4B, Table 2)

False CME sites marked by clathrin are highly mobile and short-lived, suggesting a
cytoplasmic origin

Our SVM analysis showed that false CME sites marked by clathrin have short lifetimes,
high fluorescence intensity and a large degree of movement (Fig. 2, S2). This population of
clathrin spots could correspond to the non-CME clathrin population proposed previously
(Rappoport et al., 2003; Keyel et al., 2004). We quantitatively determined the dynamics of
the false CME sites marked by clathrin to shed light on their nature. Imaging at a higher
frame rate (5Hz) revealed that clathrin spots without associated AP2 were extremely mobile
compared to spots in other categories (colocalized clathrin/AP2 spots and AP2 spots without
clathrin) (Fig. 4AB, Movie S3). The MSD curve is linear for the first ~5 s, and then plateaus
at 18.06+1.17x10%nm? (Fig. 4B, Table 2). These data indicate that false CME sites marked
by clathrin diffuse within a space of ~500nm length scale. Considering that these clathrin
spots are unlikely to be associated with the PM, however, this confinement radius should be
interpreted as the area these clathrin spots explore while they are in close proximity to the
PM. By fitting the linear line to the MSD curve for small t, the diffusion coefficient D can
be calculated (MSD=6Dt+constant). The diffusion coefficient for these spots was
D=4.3+1.5x10"3um?/s, (99% confidence interval). This diffusion coefficient is orders of
magnitude (103-10%) smaller than that of YFP molecules in cytoplasm (Kihn et al., 2011).
These clathrin spots near the PM are likely to be multimolecular complexes (Keyel et al.,
2004; Zhao and Keen, 2008; Brodsky, 2012). The larger mass of the clathrin complex
compared to YFP molecules may partially account for the smaller diffusion coefficient.
Also, the observed MSD is a 2 dimensional projection of motion in 3 dimensional space,
which reduces the MSD. In addition, possible interactions with other components at or near
the PM may contribute to the smaller diffusion coefficient.

The distinct dynamic characteristics of these clathrin spots are consistent with the possibility
that they have a cytoplasmic origin. We determined whether any clathrin spots colocalized
with the adaptor proteins AP1 and AP3. AP1 is found on CCVs trafficking from the TGN to
early endosomes, while AP3 is found on CCVs trafficking from tubular endosomes to other
cytoplasmic compartments, including late endosomes and lysosomes (Boehm and
Bonifacino, 2001; Robinson and Bonifacino, 2001; Hirst et al., 2011). We transiently
overexpressed GFP tagged ol or o3a in an MDA-MB-231 cell line wherein clathrin is
tagged with RFP by genome editing (Fig. SSAB). Both AP1 and AP3 spots were highly
mobile (Movies S5 and S6). Many of these spots appeared transiently (Table S3) while some
showed directed motion interspersed by stationary periods (Rappoport et al., 2003; Keyel et
al., 2004). We found that a large fraction of AP1 and AP3 spots detected by TIRF
microscopy colocalized with clathrin tracks (84.2% for AP1 and 41.4% for AP3, Fig. S5CD,
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Table S3). The track lifetimes for AP1 and AP3 that colocalized with clathrin were generally
less than 5 seconds (Table S3). Colocalization of AP1 and AP3 with clathrin spots, and their
short lifetimes, suggests that the false CME sites marked by clathrin include cytoplasmically
derived CCVs visiting the TIRF field.

Dynamics of most AP2 molecules suggest they are stabilized through interactions with the
plasma membrane

To determine the nature of AP2 molecules that appear not to represent authentic CME sites,
we further investigated AP2 dynamics by creating an MDA-MB-231 cell line wherein the
different alleles of the AP2M1 gene express RFP and GFP fusions (Fig. 4D). All of the AP2
W subunits were tagged with either RFP or GFP (Fig. S5E). A single molecule of AP2 will
appear only green or red, while multi-molecular complexes of AP2 molecules are expected
to mostly appear as spots with both colors (Fig. 4D). We obtained TIRF images from the
AP2-RFP/GFP cells and analyzed the dynamics of AP2-RFP and AP2-GFP spots. The
fraction of the AP2-RFP spots with AP2-GFP signal increased steadily as a function of
lifetime (Fig. 4E). Surprisingly, some of the observed AP2-RFP spots persist without
accompanied AP2-GFP for tens of seconds. 24.8% of the spots with only an AP2-RFP
signal had lifetimes longer than 10 sec (n=230). Although we cannot rule out the possibility
that some of the AP2-GFP spots failed to be detected by our imaging system, the long
lifetimes of AP2-RFP spots without AP2-GFP suggest that they are unlikely to be
cytoplasmic single molecules. A plausible explanation is that the AP2-RFP spots without
AP2-GFP are single molecules of AP2-RFP bound to the PM.

To predict whether AP2-RFP spots extracted from AP2-RFP/AP2-GFP dual color images
represented authentic CME sites, we applied the SVM classifier for authentic endocytic AP2
sites determined from dual color images of AP2-RFP and clathrin-GFP. 63.3% of the AP2-
RFP tracks observed in cells expressing AP2-RFP and AP2-GFP (n=626) had colocalized
AP2-GFP tracks, and almost all of the AP2-RFP tracks predicted to represent authentic
CME sites had an associated AP2-GFP signal (95.2+3.7%, n=375). We determined the
fraction of AP2-RFP and AP2-GFP that colocalized as a function of their lifetimes (Fig. 4E).
The predicted false CME sites disappear by 20 s even if the spot has both RFP and GFP
signals (Fig. 4E).

Discussion

An accurate understanding of the dynamic process of CME requires that authentic CME
sites be distinguishable from false CME sites. CME sites have been proposed to disassemble
when they are not stabilized by cargos or by other endocytic proteins. Of all clathrin and
AP2 spots that disappear without detected scission events, however, the fraction
corresponding to authentic CME sites was not previously known. Here, we developed a
robust tool to identify authentic CME sites and performed a detailed quantitative analysis of
their dynamics. Based on a large body of previous research, we identified authentic CME
sites as those that contain both clathrin and AP2, and we therefore edited human cells to
express fluorescent fusion proteins of AP2 and clathrin. The characteristic dynamics that
constitute a signature for authentic CME sites were identified using machine learning. When
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we excluded all of the false CME sites from our analyses based on machine learning, we
concluded that the vast majority (~90%) of authentic CME sites recruit dynamin, signifying
vesicle formation. Authentic CME sites recruit AP2 and clathrin simultaneously, and they
show similarly limited mobility throughout their lifetimes.

Several previous studies attempted to distinguish different dynamic populations of clathrin
sites at the PM (Loerke et al., 2009; Mettlen et al., 2009; Aguet et al., 2013). One study
proposed that CME events could be divided into early abortive, late abortive and productive
populations by imposing Bayesian information criteria on the lifetime distribution for single-
color imaging data (Loerke et al., 2009). This study proposed that if the sum of a minimal
number of model functions can fit the lifetime distribution, then each model function
corresponds to a biologically distinct class of events. Subsequently, another study proposed
that clathrin spots be classified as either authentic CCPs or transient clathrin structures (CSs)
by applying filters to fluorescent intensity and dynamics data for clathrin alone (Aguet et al.,
2013). This study proposed that the transient CSs go through single-step assembly and
disassembly, which accounts for the first 6 seconds of all observed clathrin spots including
both authentic CCPs and transient CS. Authentic CCPs mature beyond 6 seconds through
additional steps of assembly. Thus, clathrin fluorescence intensity for the first 6 seconds was
used as a threshold for distinguishing transient CSs from authentic CCPs. Also, this study
excluded clathrin tracks whose brightness increased suddenly because the fast vertical
movement of clathrin-coated visitors would result in such behavior. These previous studies
advanced the field by suggesting possible roles for endocytic proteins and cargo in
regulation of CME productivity, however the classification scheme was based on
assumptions about mathematical and dynamic features of only one endocytic protein,
clathrin or AP2 (Loerke et al., 2009; Mettlen et al., 2010; Aguet et al., 2013).

In order to improve the ability to identify authentic CME sites in a biologically meaningful
manner, we simultaneously imaged two landmark CME proteins: AP2 and clathrin. By
utilizing SVM, we identified in an unbiased and quantitative manner distinguishing dynamic
features of authentic CME sites, defined as those containing both AP2 and clathrin. The
authentic CME sites appear to partially overlap with the authentic CCP population defined
in (Aguet et al., 2013). However, the AP2 spots that we predicted to be associated with
authentic CME sites almost always recruited dynamin, whereas authentic CCPs defined in
(Aguet et al., 2013) recruited dynamin only half of the time. Our use of genome-edited cells
provides a possible explanation for this discrepancy. Overexpression of a fluorescent fusion
protein on top of expression of the endogenous protein can render endocytosis less efficient
(Doyon et al., 2011; Mettlen and Danuser, 2014). This discrepancy could also be explained
if our approach combining two-color imaging and machine learning is more effective at
identification of authentic CME sites than approaches taken previously (Aguet et al., 2013).

The false CME sites we identified that were marked by clathrin, but which lack AP2, likely
to correspond to the transient CSs defined in (Aguet et al., 2013). The lifetime distribution
of our false CME sites marked by clathrin followed a quasi-exponential decay (Fig. 1D),
similar to the transient CSs in (Aguet et al., 2013). The highly variable dynamics of these
clathrin spots are consistent with the filtering criteria previously established by (Aguet et al.,
2013) for transient CSs.
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Here, we used AP2 to represent adaptor proteins. We reasoned that majority of the CME
sites should contain AP2 under normal physiological conditions. However, evidence
suggests that clathrin-associated sorting proteins (CLASPS) can substitute for AP2 when
AP2 is not available (Traub, 2009, 2011). In the future, it will be important to further
investigate roles of CLASPs in the dynamics of authentic CME sites. Our SVM classifiers
can identify authentic and productive CME sites in single-color images of AP2 and clathrin.
Our SVM classifiers will allow investigation the dynamics of CLAPSs in authentic CME by
simply visualizing a CLASP along with AP2 or clathrin.

Highly motile and short-lived clathrin spots often have cytoplasmic origins (Rappoport et
al., 2003; Keyel et al., 2004; Zhao and Keen, 2008). We found that a subset of clathrin spots
with short lifetimes colocalize with AP1 and AP3, adaptors for cytoplasmic trafficking (Fig.
S5A-D), corroborating the previous findings. Gyrating clathrin (G-clathrin) are clathrin
structures that contain GGAL (Golgi-localized, gamma-ear-containing, ARF-binding protein
1) and the cation-dependent mannose-6-phosphate receptor (Zhao and Keen, 2008). They
are proposed to contribute to rapid recycling (Zhao and Keen, 2008). G-clathrin structures
are characterized by extremely high mobility, thus they can be robustly observed only when
the exposure time is shorter than 50ms (Zhao and Keen, 2008). Our exposure time was
200ms as the expression levels of fluorescent fusion proteins is generally lower in our
genome-edited cell lines than in cells in which a fusion protein is overexpressed. The
abundant clathrin spots with short lifetimes that we observed may partially correspond to G-
clathrin (Fig. 1D). G-clathrin are not part of CME pathway, and do not colocalize with AP2
(Zhao and Keen, 2008). Consistently, the clathrin spots we observed with extremely short
lifetimes do not have AP2 signals, and they were identified as false CME sites by our
application of SVM.

False CME sites marked by AP2-RFP did not colocalize with clathrin, dynamin or AP2-
GFP, suggesting that these spots are likely to be single AP2 molecules. A significant
fraction of them (~25%), however, have lifetimes longer than 10 seconds, and they are not
very mobile. These AP2 spots are confined within an area of ~100nm (Fig. 4B, Table 2). It
is unlikely that a freely diffusing single molecule in the cytoplasm is confined in such a
small space over tens of seconds. A more plausible explanation is that these AP2 spots are
associated with the PM. (Kelly et al., 2014) proposed that upon associating with PIP2 on the
PM, AP2 autoinhibition is relieved, allowing its association with clathrin. Single PM-bound
AP2 molecules might disassociate from the PM if they are not joined by clathrin in a timely
manner.

We propose that CME sites are initiated when PM-bound AP2 is joined by clathrin, which
triggers further recruitment of additional AP2, clathrin and other endocytic proteins. Once
this pathway is initiated, the CME sites almost always proceed to CCV formation (Fig. 5).
Other clathrin spots seen by TIRF microscopy likely include cytoplasmicly derived CCVs
and single triskelia (Fig. 5). AP2 spots that are not associated with authentic CME sites are
likely to be single molecules that associate with the PM, but then disassociate when they are
not stabilized by other endocytic proteins (Fig. 5).
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Experimental procedures

Generation of genome-edited cell lines

TALENS and donors were designed to cut the AP2M1 gene locus at a site corresponding to
residue 236 of the AP2 1 subunit and to insert TagGFP2 or TagRFP.t flanked by linkers.
TALENS were constructed following the protocol in (Sanjana et al., 2012). For a detailed
protocol for donor design, see (Dambournet et al., 2014). Plasmids expressing TALENS or
ZFNs, and donor plasmids were electroporated into cells. After transfection, cells were
grown at 37°C and 5% CO, for recovery and proliferation for 5-7 days. Cells were then
trypsinized and sorted for RFP-positive and/or GFP-positive signals as single cells directly
into 96-well plates. Each clonal population was tested by fluorescence microscopy,
genotyping and western blotting to identify true positive clones.

Total internal reflection fluorescence (TIRF) microscopy and live-cell imaging

24-48 hours prior to imaging, cells were seeded onto uncoated glass coverslips. For
transient overexpression of 01-GFP (Anitei et al., 2010) and 03a-GFP (Kural et al., 2012), 1
day after seeding onto coverslips, the cells were transfected with 1ug of plasmid DNA. TIRF
microscopy images were acquired using MetaMorph software on an Olympus 1X-81
microscope. The system was maintained at 37°C during imaging. A DV2 image splitter
(MAG Biosystems, Santa Fe, NM, USA) to separate GFP and RFP emission signals were
used for simultaneous two-color imaging. Time-lapse movies were obtained with 200ms
exposure times, 2s intervals and 4 min duration. For MSD analysis, 30s-long movies with
200ms interval and 200ms exposure were used.

Image analysis

The fluorescent spots in each fluorescent channel were tracked using Imaris (Bitplane
Scientific, Zurich, Switzerland) software. Corresponding GFP and RFP tracks were
associated by iterative search using a custom-built Matlab program (Fig. S1D). Tracking
results that had low signal to noise ratio or that were interfered with by tracks in the vicinity
were automatically excluded from further analyses.

Machine learning-based classification of authentic endocytic tracks

Lifetime, maximum intensity, displacement and the average rate of change in brightness of a
spot were calculated and used as features for SVM-based classification. Half of the AP2-
RFP and clathrin-GFP spots were used as training sets for SVM classifiers. The rest was
used to determine the prediction accuracies of the classifiers.

For Extended Experimental Procedures, see Supplemental Information.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Authentic CME sites were identified and characterized by co-labeling of clathrin and
AP2

A) Schematics showing TALEN and donor plasmid design for AP2M1 genome editing. B)
Epifluorescence and TIRF images of the MDA-MB-231 cell line genome-edited to express
CLTA-GFP and AP2M1-RFP. Scale bar = 5pm C) Magnified views of the boxed region in
the TIRF images in B). Scale bar = 1um. D) Histogram of lifetimes for fluorescent spots
containing AP2 and clathrin, AP2 alone or clathrin alone, determined from time-lapse TIRF
movies with 200ms exposure times, 2s intervals and 4 min duration (19 cells from 3
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experiments). E) Average fluorescence intensity profiles for colocalized AP2 and clathrin
tracks belonging to different AP2 lifetime cohorts: 20s<t<40s, 40s<t<60s and 60s<t<80s (n
=58, 37 and 16 for each cohort). The tracks are aligned so that the last detected clathrin spot
is aligned to time zero. F) A representative montage showing colocalized AP2-RFP and
clathrin-GFP. Circular areas of 7-pixel diameter (756nm) are shown for montages.
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Figure 2. Support Vector Machine (SVM) classifiers were calculated for identification of
authentic CME sites

A-C) Projections of 4-dimensional (4D) features used for SVM classification onto a 2D
plane. The line represents a 2D slice of an SVM hyperplane (classifier) at the mean of the
other two features orthogonal to the shown plane. Purple squares represent sites with
colocalized clathrin and AP2, and the yellow squares are sites with only AP2 or clathrin. A)
A projection of features for AP2 sites to a plane showing feature 1 (track lifetime) and 2
(maximum intensity). B-C) A projection of features for clathrin sites to a plane showing two
features (1 and 4 in B; 1 and 2 in C). Projections to all possible combinations of two features
are shown in Fig. S2.

Cell Rep. Author manuscript; available in PMC 2016 September 29.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Hong et al.

Page 18

‘ Dynamin2-GFP Overlay

B ® 80 v . v c
S — AP2 w/o Dynamin 210
=2 60}, — Dynamin w/o AP2 -
2 W AP2 with Dynamin 508
< 40} }{\/\| — Dynamin with AP2) ] N Z 06
s ‘j\‘\ £ g 04
é 20t \ EQ o.g
\ Z 0o -
5 NS >
Z 0 —;}LD ettt < -80-60-40-20 O
© & ¥§ & & & & Time (sec)
D Lifetime (sec) 56 sec 20 - 40 sec AP2, Dynamin2
40 - 60 sec AP2, Dynamin2
Dy#gn%in2 60 - 80 sec AP2, Dynamin2
E AP2 Tracks F
100 e e £ 25 AP2w/o  AP2 with
o |53 2‘ 20 /'M“‘\ dynamin2  dynamin2
S %E‘: 13 bl \ 0-10 sec 0-10 se
2 SO 87.2% 10.1% 8% s R 10==0%c 10-20
61_; = 0 W \ 20-30 sec
" —t— a 0 20 40 30-40sec 30-40 sec
Predicted Predicted Time (sec)
CME False CME

Figure 3. Authentic CME sites mature over time and recruit dynamin
A) TIRF images of an MDA-MB-231 cell genome-edited to express DNM2-GFP/AP2M1-

RFP. Scale bar = 5um B) Histogram showing track lifetimes for colocalized or non-

colocalized AP2 and dynamin2 tracks from time lapse TIRF movies with 200ms exposure
times, 2s intervals and 4 min duration (11 cells from 3 experiments). The average lifetimes
are shown in Table S2. C). Average profiles for associated AP2-RFP and dynamin2-GFP
tracks belonging to different AP2 lifetime cohorts: 20s<t<40s, 40s<t<60s and 60s<t<80s (n
=51, 79 and 26 for each cohort). The tracks are aligned to the time at which the dynamin2
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maximum intensity was reached. D) Representative montage for AP2-RFP and dynamin2-
GFP recruitment and disappearance. Circular areas of 7-pixel diameter are shown for
montages. E) Bar graphs showing the fraction of predicted authentic and false CME sites
that recruited dynamin2. F) Average intensity profiles for AP2-RFP in different lifetime
cohorts: 0-10s, 10-20s, 20-30s and 30-40s. AP2 tracks followed by dynamin2 recruitment
showed steady increases in intensity as a function of lifetime (n=6, 10, 38 and 47 for each
cohort). AP2 tracks not followed by dynamin2 recruitment showed similar maximum
intensities even if they had different lifetimes (n=71, 22, 9 and 5 for each cohort). The tracks
were aligned so that the first time point of spot detection is zero. Intensity profile data for all
tracks are displayed in Fig. S4A.

Cell Rep. Author manuscript; available in PMC 2016 September 29.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Hong et al.

D

Page 20
il B 30 C AP2 Clathrin
v N ® CL without AP2
) 2 €20 L @ AP2without CL a.r 8
" e =9 @ Existing CL with AP2
k ik X @ Existing AP2 with CL ii 26 sec >
S 00 o 1")-' @ lnczp!entCLwnh AP2 AP? ‘ann“aaauuunﬂ
ClathrinfAP2 B (seé] ® Incipient AP2 with CL Clathrin .'Hn'unﬂalnuu
AP2-RFP AP2-GFP Overlay Overlay (Detected Spots) E
' é . 12 AP2-RFP colecalized
with AP2-GFP
2100
3
€ 50
e
@ 0
o 0 20 40 60

Lifetime (sec)

B Predicted Authentic CME
[ Predicted False CME

Figure 4. Distinct dynamics of authentic and false CME sites
A) Clathrin and AP2 tracks obtained from 30s-long streaming images of AP2-RFP/clathrin-

GFP cells. The area shown is 5.4x5.4um2. B) MSD curves for sites containing both clathrin
and AP2, and sites containing only clathrin or AP2. For sites containing both clathrin and
AP2, the MSD for newly appearing sites and for pre-existing sites are shown separately. CL
stands for clathrin. C) Example of an incipient CME site with colocalized AP2 and clathrin.
The site shows very little movement. Ci) Tracking results overlaid with maximum-intensity
projections of the TIRF images of a nascent CME site marked by AP2 (left) and clathrin
(right). Cii) Montages of AP2 and clathrin for the same CME site. D) TIRF images of an
MDA-MB-231 cell genome-edited to express AP2-GFP and AP2-RFP simultaneously.
From the left, each panel shows the original RFP TIRF image, the original GFP TIRF
image, a false-colored overlay of the two original TIRF images, and a false-colored overlay
of the binary image showing the spot detection in each channel. The spots were detected
using the ICY spot detection module (Chenouard et al., 2013). Circles in each panel show
the position of the RFP or GFP spots that did not colocalize with a spot in the other color. E)
Bar graphs showing the fraction of AP2-RFP spots containing AP2-GFP signal as a function
of the lifetime. The height encompassing both yellow and green bars shows percentage of
the AP2-RFP spots colocalized with AP2-GFP as a function of their lifetimes (18 cells, 4
experiments). The green bars represent predicted CME sites and the yellow bars represent
predicted false CME sites.
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Figure 5. Models for authentic and false CME sites at the plasma membrane
A) The false CME clathrin population includes single triskelia and cytoplasmically derived

CCVs that visit the TIRF illumination field. B) The non-CME AP2 population consists of

AP2 molecules that associate with the PM but quickly dissociate because they are not

Vesicle
Scission

stabilized by other endocytic proteins. C) Authentic CME sites are initiated when clathrin
joins AP2 on a PIP2-enriched part of the PM. Authentic CME sites develop as stable loci
containing both AP2 and clathrin, and they mature into larger sites over time to produce
CCVs (productive events). AP2 molecules are drawn as circles of different size in different

panels for clarity.

Cell Rep. Author manuscript; available in PMC 2016 September 29.



Page 22

Hong et al.

Author Manuscript

*T UWINJO2 3y} Ul palsl| $ainjeay Jnoy ayj 0} puodsallod ¢ -T¢ “auejdiadAy ays 104 seiq ay s1 0g pue ‘1019aA [ewlou ayl st (vg ‘ed ‘zd
‘19) auejdiadAy INAS BUIALISSEID BU) BUILBP SIUBIDIB0D JUBLIUBISSE WOpPUR. J0) 940G SI AJRINJJY "Pasn 819M 3UO J0 S8IN1ea) 7 8yl JO B UBUM SIBIISSEID INAS 104 PaUILLISIBP 819M S319BINJJR UOIDIPaid

T alqel

Author Manuscript

44 G20 | ¥d | 6'€¥6'SL | L'9FG'69 | abueyd Aususiu|
90 L00- | €9 | geFESL | 8'9FT'69 1usLade|dsiq '€
00— 96°0- | 2d | eeFroL | SYFETL Aysusiul xew 'z
€LT- 96'c- | 19 | zeFz1e | 9vFT98 awn_yT T
90T 81T od | e¢¥e'16 | T¥F998 sainyes} v IV
UHlyeD | ¢dv uuyre|d ¢dv
JUBI01}J300 INAS (9%) Adeanage uonaipaid

"SIBILISSE[O NAS 1O SIUBID111800 pue A9eIndoe UoNoIpaid

Author Manuscript

Author Manuscript

Cell Rep. Author manuscript; available in PMC 2016 September 29.



1duosnue Joyiny 1duosnuen Joyiny 1duasnuen Joyiny

1duasnuen Joyiny

Hong et al.

Table 2
Mean squared displacement

Cell line Classification MSD(x10*nm?)

AP2-RFP & Clathrin-GFP | Clathrin without AP2 18.06 £ 1.17

AP2 without clathrin 2.76 +0.54

Existing clathrin with AP2 1.04+0.13

Existing AP2 with clathrin 1.43+0.15

Incipient clathrin with AP2 1.89+0.16

Incipient AP2 with clathrin 2.28+0.18

AP2-GFP AP2 with lifetimes < 20s 2.14 £ 0.67

Clathrin-GFP Clathrin with lifetimes < 20s 18.53 £ 1.07

Plateau values for the MSD curves (Fig. 4B and S4B). The error range represents the 99% confidence interval.
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