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Abstract

Clathrin mediated endocytosis (CME) has been extensively studied in living cells by

quantitative total internal reflection fluorescence microscopy (TIRFM). Fluorescent

protein fusions to subunits of the major coat proteins, clathrin light chains or the het-

erotetrameric adaptor protein (AP2) complexes, have been used as fiduciary markers

of clathrin coated pits (CCPs). However, the functionality of these fusion proteins

has not been rigorously compared. Here, we generated stable cells lines over-

expressing mRuby-CLCa and/or μ2-eGFP, σ2-eGFP, two markers currently in use, or

a novel marker generated by inserting eGFP into the unstructured hinge region of

the α subunit (α-eGFP). Using biochemical and TIRFM-based assays, we compared

the functionality of the AP2 markers. All of the eGFP-tagged subunits were effi-

ciently incorporated into AP2 and displayed greater accuracy in image-based CCP

analyses than mRuby-CLCa. However, overexpression of either μ2-eGFP or σ2-eGFP

impaired transferrin receptor uptake. In addition, μ2-eGFP reduced the rates of CCP

initiation and σ2-eGFP perturbed AP2 incorporation into CCPs and CCP maturation.

In contrast, CME and CCP dynamics were unperturbed in cells overexpressing

α-eGFP. Moreover, α-eGFP was a more sensitive and accurate marker of CCP

dynamics than mRuby-CLCa. Thus, our work establishes α-eGFP as a robust, fully

functional marker for CME.
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1 | INTRODUCTION

The uptake of macromolecular cargo into cells plays an essential role

in cell physiology. The major entry pathway in mammalian cells is

clathrin-mediated endocytosis (CME), a cargo-concentrative, regu-

lated process named after the major coat protein, clathrin.1-3 CME is

initiated by adaptor proteins that recruit clathrin and recognize cargo

receptors to cluster them into growing clathrin coated pits (CCPs).4,5

These adaptors, along with other accessory proteins contribute to the

maturation of CCPs. To measure CME in living cells, researchers tradi-

tionally use constituents of the clathrin coat conjugated to fluorescent

proteins (FPs), coupled with quantitative, live-cell total internal reflec-

tion fluorescence microscopy (TIRFM).6-9 Custom software enables

the accurate detection and tracking of thousands of CCPs and mea-

surement of the rates of CCP initiation, stabilization, growth, and

maturation.7,10,11

As the major and defining coat protein, FP-tagged versions of the

clathrin light chain (CLC) have proven to be invaluable tools to
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measure CCP dynamics.8,12 Because CLC must be incorporated with

clathrin heavy chains to form functional triskelia, overexpressing CLCs

does not affect overall triskelia concentration or the rates of CME.

Most studies use eGFP-CLCa, the predominant light chain isoform in

nonneuronal cells,13 because overexpression of CLCb alters CCP

dynamics.14 A drawback of this marker is that clathrin also functions

in vesicle formation from intracellular organelles15 and forms static

structures on endosomes,16 potentially complicating analysis and

interpretation.

An alternative and more selective marker of CME is the AP2

(adaptor protein 2) complex that specifically targets CCP assembly on

the plasma membrane (PM).17,18 AP2 is a heterotetramer composed

of 4 subunits: α, β2, μ2, and σ2.19 The complex has a globular core

formed by all subunits, in which μ2 and σ2, at the center, are framed

by the two helical solenoid domains of α and β2. The α and β2

adaptins also have C-terminal appendage domains connected to their

corresponding core regions by unstructured and flexible hinges.4,20

The β2 hinge contains a canonical clathrin-binding box motif

(LLNLD),21,22 thought to be required for clathrin recruitment and

assembly.19 μ2, which has two folded domains, μ2N and μ2C con-

nected by a flexible linker, undergoes a large conformational change

upon AP2 activation23 in which μ2C moves away from the core to

expose binding sites on μ2 and σ2 that recognize endocytic cargo con-

taining tyrosine (Yxxϕ or NPXY)- and dileucine (D/ExxLL/I or DXXLL)-

motifs, respectively.24

AP2 complexes are the second most abundant component of the

endocytic clathrin coat.25,26 Given their specificity as a marker for

CME, several FP-tagged AP2 complexes have also been extensively

used to track and study CCP dynamics.8,27-29 FPs have been fused to

both the C-terminus29 and N-terminus28 of the α subunit, the

C-terminus of β2,29 the C-terminus of σ2,8,30 and in an unstructured

�110 aa loop extending from within the μ2C domain31 While in most

cases the FP-fused subunits are overexpressed, both μ2-GFP32 and

σ2-GFP33-35 fusions have also been created by genome-editing pro-

teins. In all cases, the FP-tagged subunits are assumed to be incorpo-

rated into holo-AP2 complexes, although the degree of incorporation

is rarely reported, but see Cocucci, et al.36 β2 has its own limitations

as it can also be incorporated into AP1 complexes,29,37,38 especially

when overexpressed. Moreover, overexpressed and isolated β2 sub-

units can also be targeted to CCPs.39

Although FP-AP2 fusions have been increasingly used as fiduciary

markers of CCPs, comprehensive comparisons of their functionality

have not been conducted, yet are essential because of the potential

caveats of tagging AP2 subunits. For instance, as a result of their small

size and their packing within the AP2 core, tagging the μ2 and σ2 sub-

units may prevent their binding to specific cargo. Moreover, the

added size of a tag can impose constraints on motility that could

adversely affect conformational changes, leading to the formation of

dysfunctional complexes. Previous studies have indeed shown that

despite being incorporated into AP2 complexes and being recruited to

CCPs, a C-terminally tagged α subunit is unable to rescue CME of

transferrin after knockdown of endogenous α.40 Other anomalies

have also been observed, for example N-terminally tagged α subunit

could not be detected on western blots using anti-α antibodies,28 so

the degree of its incorporation into AP2 complexes could not be

assessed. Given these concerns, we reasoned that the large (�80aa)

unstructured hinge region of α, which has no known binding partners

might be an optimal site for generating a functional FP-α fusion.

To be used as an efficient fiduciary marker for CME, FP-tagged

subunits should be efficiently incorporated into AP2 complexes that

are targeted to CCPs on the PM, should not perturb the kinetics of

CME or CCP dynamics compared to the well-established marker FP-

CLCa, and should robustly report the dynamic behavior of CCPs.

Here, based on these criteria, we rigorously compare the biochemical

and functional properties of a new eGFP-tagged α-adaptin with previ-

ously employed, but yet incompletely characterized, μ2-eGFP41 and

σ2-eGFP8,30 subunits. While all three tagged subunits are efficiently

incorporated into AP2 complexes, targeted to CCPs and able to report

CCP dynamics, only α-eGFP does so without perturbing CME.

2 | RESULTS

To comparatively assess the properties of eGFP-tagged AP2 subunits

as faithful markers for CME and CCP dynamics, retroviruses encoding

eGFP-tagged α, μ2 or σ2 subunits were generated and used to infect

human ARPE cells for stable expression. eGFP insertion sites for μ2

and σ2 were based on previously published work (Figure 1A,B). Spe-

cifically, μ2-eGFP was derived from an internal HA-tagged rat AP2M1

cDNA obtained from A. Sorkin.41 eGFP along with a 6-nucleotide LE

linker (encoding Leucine and Glutamate) were inserted in-frame

downstream of the 11-aa HA tag, which is inserted at aa237 in μ2. A

second LE linker was added at the C-terminus of eGFP followed by

the remaining AP2M1 sequence, starting at aa447. σ2-eGFP was

obtained from T. Kirchhausen and encodes an eGFP fusion protein

linked to the C-terminus of AP2S1 by a flexible DPPVAT linker.8 The

linker also encodes a Kozak consensus sequence, which could act a

secondary ribosomal binding site (Figure 1A,B). For the α subunit, an

eGFP tag was inserted in-frame at aa689 in the unstructured hinge

region of a hybrid mouse α subunit construct (see Section 8) obtained

from M.S. Robinson (Figure 1A,B).

Two weeks after transduction, cells were FACS-sorted for

matching, moderate levels of eGFP expression (Figure 1C). These cells

were then allowed to expand for 3 more weeks, and checked by west-

ern blot for eGFP-tagged protein expression relative to endogenous

levels in parental cells (Figure 1D). At steady state, each subunit was

expressed at �2-5-fold higher levels relative to endogenous protein

levels observed in the parental wild type cell lines (Endo-). As

expected, when the overexpressed eGFP-subunits are incorporated

into intact AP2 complexes, the corresponding endogenous subunit are

displaced and down-regulated (Figure 1D).

These cell lines were frozen in multiple vials for use in all subse-

quent analyses. We note that with time in culture, expression levels

of tagged subunits decreased (Figure S1A). This was especially true

for μ2-eGFP and σ2-eGFP, hinting that these constructs might

adversely affect cell proliferation so that cells expressing less
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eGFP-tagged AP2 have a competitive advantage. For this reason, all

experiments were done within 4 weeks after thawing.

Epifluorescence imaging of generated cell lines revealed that each

of the eGFP-tagged AP2 subunits localized, as expected, to punctate

structures at the cell surface (Figure 1E). However, we also detected

eGFP fluorescence accumulation in the nucleus of σ2-eGFP

expressing cells, which could also be seen in earlier publications.8

Western blotting of σ2-eGFP cells revealed significant levels of free-

eGFP (Figure S1B), suggesting that this construct is susceptible to

cleavage, or that the spurious Kozak sequence at the 50 end of eGFP

may enable synthesis independent of σ2 expression. We favor the lat-

ter as we did not detect significant untagged σ2 in these cells.

F IGURE 1 Design and validation of cell lines carrying eGFP-tagged AP2 subunits. A, Table with construct details, and their corresponding

schematic diagram. Table includes gene name, cDNA species source, modifications made to the protein structure, and site of eGFP insertion.

Individual construct diagrams illustrate eGFP insertion, Kozak sequence (Ks), bsi (brain specific insert), linker (L) and Human influenza

hemagglutinin tag (HA). B, Illustration of the AP2 protein complex including location of eGFP tag on each construct. C, western blot of stable

ARPE cells overexpressing the indicated AP2 subunit using antibodies against GFP and β-actin as loading control. D, Western blot of ARPE cells

overexpressing eGFP-tagged AP2 (-eGFP) subunits compared to a parental line expressing only endogenous proteins (Endo-). Antibodies specific

to each subunit were used: α MA3-061 with endogenous band at 100 kD, μ2 in-house with band at �50 kD, and σ2 ab128950 at �17 kD. E,

Immunofluorescence images of cells overexpressing eGFP-tagged AP2 subunits

MINO ET AL. 605



3 | α-eGFP, μ2-eGFP, AND σ2-eGFP ARE

EFFICIENTLY INCORPORATED INTO AP2

COMPLEXES

The first criteria to be met for these tagged AP2 subunits to serve as

a robust fiduciary marker for CCPs is their ability to be efficiently

incorporated into AP2 complexes. To test this, we first performed

eGFP pulldowns using GFP-nAb agarose beads and measured if each

eGFP-tagged subunit can pulldown the other subunits of the AP2

tetramer (Figure 2A). Interestingly, we note that overexpression of

α-eGFP results in an increase in expression of endogenous μ2 and σ2

(Figure 2A, input). Pulldown efficiencies for eGFP-tagged subunits

ranged between 76% and 85% (Figure 2B). Quantification of the

data (Figure 2C) shows that α-eGFP was able to pulldown

99.3 ± 7.4% of endogenous μ2 and 78.8 ± 0.7% of endogenous σ2.

Similarly, 94.1 ± 4.2% of available α2 and 68 ± 6.3% of σ2 co-

immuno-precipitated with μ2-eGFP, while 98.7 ± 0.9 of α2 and

79.5 ± 4.1% of endogenous μ2 co-immuno-precipitated with

σ2-eGFP (Figure 2C). These data establish that endogenous subunits

efficiently coassemble with each of the eGFP-tagged subunits to

form holo-AP2 complexes.

Given that the eGFP-tagged subunits are overexpressed, we

next measured the fraction of tagged subunits incorporated into

AP2 complexes. For this, AP2 complexes were pulled-down based

on the high affinity binding of β2 with the C1-domain of ARH (auto-

somal recessive hypercholesteremia) using GST-C1-ARH42

(Figure 2D, and quantified in Figure 2E,F). Each experiment also

included a pulldown using GST alone as bait to check for specificity

of signal (Figure S1C). As a control, we measured the efficiency of

pulldown of endogenous α2, μ2 and σ2 subunits from parental cell

lysates. As antibodies able to distinguish β1 and β2 subunits are not

available, we were unable to measure the efficiency of pulldown of

β2. However, we found, in nontranfected parent cells that �80%

of α, but only �50% of μ2 and σ2 subunits were pulled down by

F IGURE 2 α-eGFP, μ2-eGFP and σ2-eGFP are efficiently incorporated into AP2 complexes. A, Representative western blot of pulldown of

eGFP-tagged subunits using a GFP-trap. Input is 75% of pulldown. Endo- is the parental cell line control. Quantification of pulldown efficiency of

eGFP-tagged proteins B, and pulldown efficiency of endogenous (end-) subunits binding to eGFP-AP2 + bead complex, C. Results are an average

of 4 experiments and their corresponding SE. D, Representative western blot of AP2 complex pulldowns using C1-ARH-GST, which binds

preferentially to β2. Endo- is the parental cell line. GST-ARH-C1 is visualized in-gel by a trihalo-UV reaction, and the β1/β2 subunits by western

blot. E, Quantification of pulldown efficiency for eGFP-tagged (shaded gray), and endogenous AP2 subunits. Results for each graph are averages

of n = 3 ± SE. F, Relative incorporation of tagged subunits into AP2 complexes as a percent of total. Subunit-specific antibodies were used for

quantification. Error bars represent SD
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GST-C1-ARH, suggesting that even at endogenous levels of expres-

sion, the pools of free μ2 and σ2 subunits are higher than of α

(Figure 2E). As expected given that they are overexpressed, the per-

cent of each tagged subunit pulled down along with β2 was lower

than endogenous (Figure 2E, gray). Comparing the pulldown efficien-

cies in cells expressing tagged subunits relative to endogenous

(Figure 2E, Endo-), these data again indicate higher levels of free

μ2-EGFP and σ2-EGFP than α-EGFP, as might be expected given

that other AP2 subunits are selectively upregulated in α-EGFP over-

expressing cells. Finally, we quantified the relative incorporation of

each eGFP subunit into the AP2 complex, measured as the percent-

age of tagged subunit over total (tagged/tagged ± endogenous

×100%). Indicative of functionality, each subunit efficiently displaced

their endogenous counterpart such that eGFP-tagged species

accounted for 90.2 ± 2.8% of α, 78.4 ± 7.3% of μ2 and 83.6 ± 5.3%

σ2 subunits in their respective AP2 complexes (Figure 2F). Together,

these experiments revealed that α-eGFP, μ2-eGFP, and σ2-eGFP are

all efficiently incorporated into fully formed AP2 complexes in over-

expressing, stable ARPE cells.

4 | α-eGFP, μ2-eGFP, AND σ2-eGFP ARE

DIFFERENTIALLY TARGETED TO THE

MEMBRANE AND INCORPORATED

INTO CCPS

The ability of AP2 complexes to be recruited to the PM and trigger

CCP assembly depends on a series of activating conformational

changes necessary for AP2 targeting to the PM and into CCPs.23,43 As

these could be impaired by bulk GFP tags, especially in the core μ2

and σ2 subunits, we next compared the ability of AP2 complexes

bearing the eGFP-tagged subunits to associate with the PM and col-

ocalize with CCPs. Consistent with the higher cytosolic pools of free

μ2 and σ2 subunits detected in our pulldown assays (Figure 2C,E),

subcellular fractionation revealed a greater enrichment of α on wild

type membrane fractions compared to μ2 and σ2 (Figure 3A,B). How-

ever, we observed no significant differences in the enrichment of AP2

complexes bearing either α-eGFP or μ2-eGFP in membrane fractions

compared to their respective endogenous counterparts (Figure 3A,B).

In contrast, the observed ratios for σ2-eGFP were � half of that

F IGURE 3 α-eGFP, μ2-eGFP and σ2-eGFP are targeted to CCPs to membranes and colocalize with clathrin coated pits. A, Representative

western blot of fractionation into membrane and cytosolic pools for each ARPE cell line overexpressing eGFP tagged subunits (α-eGFP, μ2-eGFP

σ2-eGP) compared to parental cell line (Endo-). Na/K ATPase was used as a membrane fraction control, and GAPDH as a cytosolic fraction

control. Subunit-specific antibodies were used to visualize subunits and for measurements. B, Quantification of membrane to cytosol ratios for

each eGFP-tagged subunit (-eGFP) compared to endogenous protein made in the parental cell line (-Endo). Graphed are results from averaging

results for three experiments ± SE. *P < .05, C, Upper panel: single plane confocal image of mRuby-CLCa and anti-α AP6 immunostaining. Lower

panels, single frames from TIRFM movies of mRuby-CLCa;AP2-eGFP labeled cell lines, showing colocalization of clathrin and AP2 at CCPs. D,

Distribution of total AP2 complexes in each cell line by immunostaining and subsequent quantification of AP6 antibody-positive CCPs
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observed for its endogenous counterpart. This lower ratio could

reflect the high σ2 overexpression which allows for an increase in free

cytosolic eGFP-tagged subunits. Consistent with this, overexpression

of individual eGFP-subunits did not affect the membrane: cytosol

ratios of the other endogenous subunits. However, as these differ-

ences could not be fully accounted for by the relative incorporation

into AP2 complexes, especially comparing μ2 with σ2, these data sug-

gest potential defects in the membrane recruitment of AP2 complexes

bearing σ2-eGFP.

Next, we measured the colocalization of AP2-eGFP complexes

with clathrin at CCPs using TIRFM (Figure 3C). For this purpose, a

parental mRuby-CLCa ARPE cell line was transduced with retroviruses

encoding one of the three eGFP-tagged subunits and sorted by FACS

to obtain cells uniformly expressing mRuby and eGFP constructs. We

examined colocalization of endogenous AP2 with CLCa-mRuby by

immunostaining with mAb AP6 (Figure 3C, top panel). TIRFM movies

of each double-labeled cell line were obtained and primary/secondary

analysis was used to determine the degree of colocalization in bona

fide CCPs.44 Each of the AP2-eGFP species strongly colocalized

(�90%) with mRuby-CLCa labeled CCPs (Figure 3C, bottom three

panels, quantified in Figure S2A), indicating that all eGFP-tagged AP2

subunits can support efficient targeting to and assembly of CCPs.

However, when the distribution of total AP2 complexes in CLC-

positive CCPs was measured by immunofluorescence using anti-α

mAb, AP6 (Figure 3D) in the double-labeled cell lines, we found that

the majority of σ2-eGFP CCPs have lower AP6 intensities than

observed in endogenous control (Figure 3D endo-). Consistent with

the data in Figure 3A,B, this suggests that σ2-eGFP-containing AP2

complexes are less efficiently incorporated into CCPs. In contrast, the

intensity distribution for AP6 staining at CCPs shifted rightward in

cells expressing α-eGFP, indicative of a higher stoichiometry of

AP2/CCP and consistent with the slight upregulation of AP2 com-

plexes in these cells.

5 | α-eGFP, UNLIKE μ2-eGFP AND

σ2-eGFP, DOES NOT PERTURB CCP

DYNAMICS

As the main rationale for developing eGFP-tagged AP2 complexes is

their use as fiduciary markers to study CCP dynamics, we next per-

formed quantitative live cell TIRFM to compare stable cell lines co-

expressing the eGFP-AP2 constructs together with mRuby-CLCa.

We first tested whether the expression of the tagged-AP2 com-

plexes affected mRuby-CLCa dynamics, known to be a robust fidu-

ciary marker of CCPs.9 These experiments were performed with

dual channel imaging of both mRuby-CLCa and AP2-eGFP con-

structs, so that AP2 and clathrin dynamics could be studied in the

same cells. Initially, using mRuby-CLCa as the primary channel, we

examined the earliest AP2-dependent stages of CME, CCP nucle-

ation and stabilization,45 which are captured, respectively, by mea-

suring the initiation densities of subthreshold clathrin-labeled

structures (sCLSs) and of bona fide CCPs that grow beyond a

user-defined intensity threshold (see Section 8). Neither α-eGFP nor

σ2-eGFP expressing cells altered the rates of CCP or sCLS initiation;

however, cells expressing μ2-eGFP exhibited significantly lower

rates of initiation of both CCPs and sCLSs (Figure 4A,B). In all cell

lines, the lifetime distributions of mRuby-CLCa-tracked CCPs,

expressed as relative frequencies of CCPs for each lifetime, showed

the typical Rayleigh-like distribution, reflective of a regulated matu-

ration process. Thus, overexpression of μ2-EGFP appears to specifi-

cally affect the rates of CCP initiation, whereas later stages of CCP

maturation are unaffected. The curves for α-eGFP and σ2-eGFP

expressing cells were slightly shifted to the left (Figure 4C), which

resulted in small, but significant differences in the median CCPs life-

times (Figure 4D).

We next examined CCP dynamics in the same cells using the

eGFP-tagged AP2 marker as the primary channel. Similar to that

observed in mRuby-CLCa experiments, μ2-eGFP exhibited signifi-

cantly lower initiation densities of both bona fide CCPs (Figure 4E)

and sCLSs (Figure 4F). Interestingly, in comparing the two CCP

markers, we also observed that the initiation densities of both CCPs

(�0.07 vs �0.085/μm2/min for AP2-eGFP vs mRuby-CLCa, respec-

tively) and, especially of sCLSs (�0.07 vs �0.16/μm2/min for

AP2-eGFP vs mRuby-CLCa, respectively) were lower when tracking

eGFP-tagged AP2 compared to mRuby-CLCa. The �2:1 ratio of sCLCs

vs CCPs seen when tracking mRuby-CLCa, likely reflects the detection

of single or only a few triskelia that sporadically appear within the

TIRF field, as a single triskelion can carry up to 3 mRuby-CLCa and

therefore are readily detected given the higher sensitivity of

cmeAnalysis.44 In contrast, the ratio of sCLCs:CCPs when AP2-eGFP

is used as a marker was �1:1. This suggests, as expected, that CCP

nucleation events bearing AP2 complexes are much more likely to

grow and become stabilized and that AP2 complexes more accurately

reflect CCP nucleation than clathrin alone. When we analyzed

mRuby-CLCa dynamics using DASC (disassembly asymmetry score

classification), a new threshold-independent algorithm to distinguish

CCPs from abortive coats,11 none of the AP2-eGFP constructs altered

the ratio of CCPs:ACs (measured as CCP%) (Figure S2B). Thus, while

μ2-eGFP expressing cells showed a defect in nucleation, subsequent

stabilization of nascent CCPs was unaffected.

The benefit of tracking AP2 complexes over CLCa can clearly be

seen when comparing the lifetime distributions of CCPs tracked by

the two markers, even though dual channel movies show that �90%

of mRuby-CLCa CCPs are also positive for AP2-eGFP (Figure S2A).

Whereas, even above-threshold, bona fide CCPs labeled with mRuby-

CLCa exhibit a high frequency of very short-lived (<10 seconds) CCPs

(Figure 4C), virtually none are detected with AP2-eGFP markers

(Figure 4G). Instead, the lifetime distribution curves of the AP2-eGFP

markers drop to zero at the shortest lifetimes. Thus, it is likely that a

significant fraction of CLSs identified as bona fide CCPs based on

their intensities are AP2-deficient structures. We note that the life-

time distribution of σ2-eGFP labeled CCPs is significantly shifted to

the left with a larger population of CCPs with lifetimes <20 seconds

compared to α2- and μ2-labeled CCPs (Figure 4G). Correspondingly

the median lifetime of σ2-eGFP labeled CCPs is significantly shorter
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(A) (E)

(B) (F)

(C) (G)

(D) (H)

F IGURE 4 α-eGFP is better suited for TIRFM analyses. A-H, Analysis of double-labeled ARPE cells using dual channel TIRFM live-imaging.

Cells were seeded at similar density prior to imaging. Each data point is a 7.5-minute movie taken at a 1-second interval per frame. Using

cmeAnalysis, we determined CCP dynamics with A-D, mRuby-CLCa and, E-H, eGFP-tagged AP2 subunits as the primary channel, see Movies S1-

S3, for representative movies from α-EGFP;mRb-CLCa, μ2-eGFP;mRb-CLCa and σ2-EGFP;mRb-CLCa cells, respectively. Measurements include:

A,E, bona fide clathrin coated pit (CCP) initiation densities, B,F, subthreshold clathrin-labeled structures (sCLS) initiation densities, C,G, CCP

lifetime distribution, and D,H, mean lifetime of CCPs analyzed per group. In A-D, mRuby-CLCa experiments, threshold was defined by control

mRuby-CLCa cells and applied to other cell lines. eGFP-tagged AP2 subunits were compared by setting the same 40 CCP% as threshold (see

Section 8.7). Error bars represent SD with *P < .05, **P < .01, ***P < .001 and ***P < .0001
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than for α2- and μ2-labeled CCPs (Figure 4G and H). This suggests

that σ2-eGFP labeled CCPs are more likely to abort than α2- and

μ2-labeled CCPs. We also observed a slight downward shift in the

σ2-eGFP lifetime curve for CCPs between 50 and 120 seconds,

suggesting minor perturbations in, or faster CCP maturation. These

lifetime defects in σ2-eGFP are consistent with our observations

made in fixed cell experiments (Figure 3D) that the σ2-eGFP-

expressing cells have fewer AP2 complexes/CCP than those in the

other cell lines.

Finally, we compared the average intensity profiles of AP2-eGFPs

across lifetime cohorts and observed the characteristic increase in

intensity for longer lived CCPs, a plateau phase of AP2 recruitment

and a detachment phase (Figure S2C). However, consistent with

higher cytosolic pools of both μ2- and σ2-eGFP (Figure 3B), the base

of their intensity curves (ie, the background) is �threefold higher than

for α2-eGFP.

Together these live cell studies demonstrate that both μ2-eGFP

and σ2-eGFP perturb different aspects of CCP dynamics. They also

establish that α-eGFP is a more robust and accurate fiduciary marker

of CCP dynamics than mRuby-CLCa.

6 | μ2-eGFP AND σ2-eGFP PERTURB

TRANSFERRIN RECEPTOR UPTAKE

Finally, we tested the effects of overexpression of each of these

tagged AP2 subunits on CME using bulk biochemical assays for inter-

nalization. mAb D65 was used as a ligand for transferrin receptors

(TfnRs) and biotinylated-epidermal growth factor (B-EGF) as a ligand

for the EGF receptor (EGFR) (Figure 5A,B), and endocytosis efficien-

cies were measured using a previously published In-Cell ELISA

(enzyme-linked immunosorbent assay).46 Endocytic efficiency was

(A) (B)

(C) (D)

F IGURE 5 Overexpression of μ2-eGFP and σ2-eGFP results in inefficient Transferrin uptake. Quantification of internalization efficiency in

parental (black), α-eGFP (purple), μ2-eGFP (teal) and σ2-eGFP (orange) overexpression cell lines. A, Kinetics of transferrin receptor uptake in ARPE

cells, measured using α-TfnR mAb (HTR-D65) as ligand and expressed as a percent of total antibody found at the surface, B, Internalization

kinetics of biotin-labeled EGF expressed as a percent of surface-bound. C,Transferrin receptor internalization in mRuby-CLCa; μ2-eGFP (teal) cells

compared to mRuby-CLCa (black) in the presence of siRNA control (solid lines), or siRNA targeting endogenous μ2 (dotted lines). D, Transferrin

receptor uptake in mRuby-CLCa;σ2-eGFP (orange lines) cells compared to mRuby-CLCa (black) in the presence of siRNA control (solid lines), or

siRNA targeting endogenous σ2 (dotted lines). Experiments B and C were done together and share the same mRuby-CLCa scrambled control, but

were separated for clarity. For all experiments, each data point is the average of three independent experiments. Error bars represent SD
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measured as the percent of total surface-bound ligand internalized

over time.

The rate of TfnR uptake in ARPE cells expressing α-eGFP was

identical to that of the parent, untransduced ARPE cells. However,

TfnR internalization was significantly inhibited in both μ2-eGFP and

σ2-eGFP ARPE cells (Figure 5A). The decrease in the rate of TfnR

internalization was accompanied by a corresponding increase in the

levels of TfnR on the cell surface (data not shown). Interestingly, the

rates of EGF uptake were identical in all of the cell lines tested

(Figure 5B). Thus, the effects of μ2-eGFP and σ2-eGFP on rates of

CME appear to be cargo selective.

Our biochemical analyses showed that while the efficiency of

incorporation of α-eGFP into AP2 complexes was �90%, μ2-eGFP

and σ2-eGFP were incorporated less efficiently such that �20% of

AP2 complexes still contain endogenous, untagged subunits. There-

fore, we tested the extent to which these endogenous subunits might

be supporting CME and CCP dynamics in the μ2-eGFP- and σ2-eGFP-

expressing cell lines. As expected, using siRNA to selectively target

the 50UTR of endogenous subunits (see Section 8, Figure S3A), knock-

down of either μ2 or σ2 severely inhibited TfnR uptake in mRuby-

CLCa cells that do not express exogenous AP2 subunits (Figure 5C).

siRNA knockdown of endogenous μ2 did not further decrease the

rates of TfnR uptake in μ2-eGFP; however, siRNA knockdown of

endogenous σ2 further inhibited TfnR uptake in σ2-eGFP-expressing

cell lines, suggesting that the remaining endogenous subunit was, in

part, contributing to CME efficiency in these cells (Figure 5C,D). In

contrast, knockdown of endogenous α2 in α-eGFP overexpressing

cells did not affect TfnR uptake (Figure S3B). Neither siRNA KD of

endogenous μ2 or σ2 affected the rates of CCP initiation (Figure S3C,

E) or the mean CCP lifetimes in (Figure S3 D,F) in the μ2-eGFP- and

σ2-eGFP-expressing cells. Together these results re-enforce concerns

regarding the functionality of both μ2- and σ2-eGFP fusion proteins.

7 | DISCUSSION

TIRFM has become a powerful tool to study CME and the dynamic

behavior of CCPs. First introduced over 20 years ago,12 most studies

have tracked CCPs by overexpressing fluorescently-tagged CLCa,

which are incorporated into clathrin triskelia without affecting their

concentration or function.6,8,44,47 However, the high sensitivity

afforded by the incorporation of up to three copies of eGPF-CLCa/tri-

skelion made it difficult to distinguish small and transient clathrin

assemblies from bona fide CCPs.44 Moreover, because clathrin also

functions on intracellular membranes (eg, endosomes and TGN), these

clathrin-labeled structures could complicate analyses. For these rea-

sons, several groups have begun to use fluorescently-tagged subunits

of the heterotrimeric AP2 complex, the second most abundant com-

ponent of CCPs and one that specifically targets CCP assembly at the

PM. However, few studies have fully characterized the functionality

of these tagged subunits. Here we have compared two commonly

used constructs, μ2-eGFP and σ2-eGFP with a new construct in which

the eGFP tag is incorporated into the unstructured hinge region of

the α-adaptin subunit. While all three fusion proteins are efficiently

incorporated into AP2 complexes when stably overexpressed at

�2-5-fold over endogenous levels, we find that only α-eGFP is fully

functional. Indeed, α-eGFP proved to be a more robust and accurate

fiduciary marker of bona fide CCPs than eGFP-CLCa.

In all cases, the overexpressed AP2 subunits displaced their

endogenous counterparts and were efficiently incorporated into intact

AP2 complexes. Interestingly, overexpression of α-eGFP resulted in

the upregulation of both μ2 and σ2 subunits, and correspondingly

increased the concentration of AP2 at CCPs. Whether the increase in

μ2 and σ2 expression occurred at the transcription level and/or at the

level of protein stabilization remains to be determined.

The most commonly used fluorescently-tagged AP2 subunit, first

introduced by Kirchhausen and colleagues8 is the C-terminally tagged

σ2-eGFP. Indeed, this subunit has been endogenously tagged in

SUM159 breast cancer cells.33-35 However, and in agreement with

previous studies,34 we find that σ2-eGFP expressing cells exhibit

impaired rates of TfnR uptake, as well as altered CCP dynamics,

including increased numbers of short-lived, presumably late abortive

CCPs, and altered maturation rates. While it is possible that the shift

in lifetime distribution of σ2-eGFP labeled coated pits represents

more rapid maturation, we think this is unlikely given the defects in

CME we observed. Furthermore, consistent with impaired CME, ARPE

cells rapidly lose expression of σ-eGFP over time in culture. Interest-

ingly, we also found that �50% of endogenous σ2 and �60% of over-

expressed σ2-eGFP subunits are not incorporated into AP2

complexes, nor targeted to membranes. Whether this residual σ2

exists as free monomers or is incorporated into other complexes

remains to be determined. Finally, the σ2-eGFP construct we used

encodes an internal Kozak sequence and we detect free eGFP that

likely accounts for the nuclear-localized fluorescent signal that we and

others8 detect in cells overexpressing σ2-eGFP. This issue has now

been corrected in genome-edited cells carrying an eGFP tag in the

same region of σ2.34 Based on our data, we conclude that σ2-eGFP is

not a robust fiduciary marker of CCP dynamics, and hence results

stemming from its use should be interpreted with caution.

The μ2-eGFP fusion generated by incorporating eGFP into the

flexible loop in μ2C is also not fully functional. Previous studies had

shown that μ2 bearing an HA or Myc epitope at this location was able

to support efficient Tfn uptake40,41,45; thus, it seemed reasonable to

place an eGFP tag at the same location. However, cells expressing

μ2-eGFP exhibited reduced TfnR uptake, and reduced initiation densi-

ties of both sCLSs and CCPs. This is not entirely surprising as inter-

nally tagging other μ subunits can perturb their function.48 As for

σ2-eGFP, with time in culture, the μ2-eGFP cells also lost expression

more rapidly when compared to cells expressing α-eGFP. Interestingly,

eGFP has been inserted into the same site in endogenous μ2 by

genome-editing a subset of alleles in the polyploid MDA-MB-231 cell

line and used to distinguish “authentic” from “false” CCPs.32 However,

despite �50% knock-in efficiency as assessed by PCR, the levels of

expression of μ2-eGFP in most of the cell lines generated and studied

corresponded to a fraction of untagged endogenous protein (see fig.

S5E in Reference 32), consistent with perturbed function of the
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tagged subunit. The efficiency of incorporation into AP2 complexes

was not assessed. Based on our data, it is unlikely that this construct

is fully functional. Nevertheless, we cannot rule out differences

between cell types, the linkers used (although not specified), nor the

possibility that compensatory mechanisms arose during clonal selec-

tion to restore efficient CME.

The endocytosis defect seen for both σ2-eGFP and μ2-eGFP cells

was cargo selective, in that EGF uptake, which has been shown to be

less AP2-dependent,49,50 and can be mediated by alternative non-

clathrin pathways, was unaffected. This was expected, as other FP-

tagged versions of μ2 also did not exhibit EGFR traffic defects.31,51

Moreover, there is evidence in the literature of endogenously eGFP

tagged σ2 exhibiting mild defects in endocytosis of chimeras bearing

YAAL or EAAALL but not FANPAY, further reinforcing the idea that

defects arising from the introduction of these tags may be a cargo-

selective issue.34 As both σ2 and μ2 are directly involved in cargo rec-

ognition, the bulky eGFP tags on the core AP2 subunits may impair

this function.

Our findings establish α-eGFP as a robust and accurate fiduciary

marker of CCPs. The unstructured hinge region of α adaptin has no

known binding partners. Its unstructured length (�80 aa) is thought to

enable the attached α-appendage domain to flexibly interact with

numerous endocytic accessory proteins during CCP stabilization and

maturation.20 This flexibility perhaps accounts for our findings that

insertion of an eGFP moiety does not interfere with AP2 function.

Indeed, the rates of assembly and maturation of α-eGFP labeled CCPs

are indistinguishable from mRuby-CLCa labeled CCPs. The exception

being that >twofold fewer short-lived, dim (ie, subthreshold) struc-

tures are detected and lifetime distribution curves are no longer popu-

lated by very short-lived (<10 seconds) CCPs. These data suggest that

AP2-labeled structures more accurately track bona fide CCPs.

Using genome-edited fluorescent tags in imaging studies has clear

advantages because of the lack of excess signal resulting from over-

expression, although this problem is mitigated when subunits of obli-

gate heteroligomers are tagged. However, in this work we

intentionally used retroviral vectors to generate overexpressing stable

cell lines as a more versatile tool to study CCP dynamics. Stable cell

lines were generated because overexpression studies using transient

transfection does not allow sufficient time to replace endogenous

AP2 subunits.39 More importantly, the ability to sort for cells mildly

overexpressing fluorescently-tagged AP2 subunits increases the likeli-

hood of their efficient incorporation into intact AP2 complexes. Use

of retroviral-driven overexpression of eGFP-tagged markers rather

than editing the endogenous locus allows for more rapid generation

of labeled cells and greater versatility as the viral constructs are read-

ily applicable to multiple cell lines. This approach also enables analysis

of cell lines that are difficult to genome edit and/or that cannot be

grown from single cell clones, including the ARPE cells used herein.

Moreover, when amplifying cells during clonal selection after genome

editing, compensatory mechanisms can emerge and be selected for,

allowing cells adapt to the possibly perturbed function of tagged pro-

teins. Having identified α-eGFP as a robust and functional marker of

CCPs, genome-edited cells or organisms in which eGFP is inserted

into this site in the endogenous locus are likely to be excellent tools

for analysis of CME. However, as AP2 has two isoforms, identifying

which isoform, AP2A1 or AP2A2, is predominantly expressed in the

cell of choice will be important. Again, mildly overexpressing a single,

nonfunction-perturbing α isoform is an easier proposition.

Altogether, our findings point to the importance of careful bio-

chemical and functional characterization of fluorescently-tagged CCP

markers. They also establish that mild and stable overexpression of

our α-eGFP construct can serve as a robust and accurate fiduciary

marker for CCP dynamics.

8 | METHODS

8.1 | Generation of constructs

All eGFP-tagged AP2 constructs were generated by seamless cloning

techniques and subcloned into a modified pMIB6 retroviral vector. To

avoid background, the BFP and the IRES sequences were removed

from the original PMIB6 backbone using primers:

50-AGCGGCCGCTCGAGATCCTCCGGACTCAGATCC-30

50- GGATCTGAGTCCGGAGGATCTCGAGCGGCCGCT-30.

α-eGFP was designed as a chimeric protein based on a mouse

cDNA construct gifted, and previously described, by the Robinson

lab.40 Briefly, the 30 section of AP2A2 cDNA was removed using a ClaI

site, and replaced by the corresponding AP2A1 region (aa640), which

includes a brain-specific insert (bsi; aa953). eGFP was inserted by

seamless cloning into aa689, which corresponds to the hinge region

of α. 50 sequences were also modified to confer siRNA resistance.40

To generate μ2-eGFP, eGFP was inserted into the loop region

(aa248) of rat AP2M1 cDNA preceded by an HA-tag as described in

previous work.41 There are two short linkers (LE) at each end of eGFP

(aa 246, 447).

σ2-eGFP was generated from a construct gifted to us by the

Kirchausen lab.8 This construct carries eGFP at the C-terminus of

AP2S1 following a linker (DPPVAT), and a secondary Kozak sequence.

To subclone α, μ2 and σ2 sequences into the modified PMIB6

vector, the following primers were used:

α insert specific primers

FWD 50-CCGTAGGCATGGTGAGCAAGGGC-30

REV 50-AGGTTCCCGGACTTGTACAGCTCG-30

α vector specific primers

FWD 50-ACAAGTCCGGGAACCTCCTGGTG-30

REV 50-CTCACCATGCCTACGGGAGCCGG-30

μ2 insert specific primers.

FWD 50-TCGCCACCATGATCGGAGGCTTATTCATCTATAATCAC-30

REV 50-TCTGAGTCCGGACTAGCAGCGGGTTTCGTAAATG-30

μ2 vector specific primers

FWD 50-GCTGCTAGTCCGGACTCAGATCCGTCGAC-30

REV 50-TCCGATCATGGTGGCGAATTCCCGGATCC-30
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σ insert specific primers

FWD 50-TCGCCACCATGATCCGATTCATTCTCATCCAGAAC-30

REV 50-TCTGAGTCCGGATTACTTGTACAGCTCGTCCATGCC-30

σ vector specific primers

FWD 50-CTGTACAAGTAATCCGGACTCAGATCCGTCGAC-30

REV 50-AATCGGATCATGGTGGCGAATTCCCGGATCC-30

Each construct was then transfected into HEK293FT to collect

generated retrovirus 48 hours later.

8.2 | Cell culture, viral infection and siRNA

knockdown

Parental human retinal pigmented epithelium (ARPE-19) cells obtained

from ATCC were used to generate stable cell lines. All cells were cul-

tured in DMEM/F12 supplemented with 10% FBS at 37�C in a 5%

CO2 atmosphere.

Stable ARPE cell lines carrying fluorescently-tagged CLCa were gen-

erated as previously described.44 eGFP-labeled AP2 stable cells lines were

generated by transducing ARPE cells with the corresponding retrovirus.

After 72 hours, cells were isolated in populations with different eGFP

expression levels by fluorescence-activated cell sorting (FACS Moody

Foundation Flow Cytometry, UTSW). Cells exhibiting equivalent over-

expression of eGFP-tagged AP2 subunits at �5 times that of endogenous

were then allowed to grow for 3 weeks, frozen and used as stocks.

siRNA transfection was conducted in DMEM/F12 by

supplementing Opti-MEM with Lipofectamine RNAi-MAX (Invitrogen

13778150). Cells were added to a 6-well plate (200 ,000 cells/well),

and a mix of siRNA and RNAi-MAX was added dropwise while shak-

ing the plate. Two rounds of siRNA were carried out through 5 days

to achieve over 90% target protein knockdown. Sequences used for

knockdown of endogenous α, μ2 and σ2 are below. For knockdown of

μ2, both target sequences were used. μ2 and σ2 target sequences are

found at the 50UTR. α2 has been previously reported.46 Knockdown

levels were then checked by western blot.

Endogenous α 50-GAGCAUGUGCACGCUGGCCA-30

Endogenous σ2 50-CTTCGTGGAGGTCTTAAACGA-30

Endogenous μ2-1 50-GTGTGACTTCGTCCAGTTACA-30

Endogenous μ2-2 50-GGGATAGTGTGAGCTTCATTT-30

8.3 | Endocytosis (uptake) assay

Uptake of TfnR and EGF was measured by already established in-cell

ELISA protocols.46 In brief, 16 ,000 cells per well were seeded in

96-well plates (Costar #9102) and left to attach for 16 hours at 37�C.

Prior to each assay the cells were washed and media replaced with

PBS4+ (1 mM CaCl2, 1 mM MgCl2, 0.2% BSA, 5 mM D-glucose in

1×PBS) for starvation at 37�C for 30 minutes. A subset of cells was

then placed at 4�C, and media was replaced with cold PBS4+ for

surface-bound measurements and blank controls, while timepoints

were incubated in a 37�C water bath. PBS4+ containing: 5 mg/mL of

HTR-D65 (anti-TfnR mAb) or 20 ng/mL Biotin-EGF (Sigma) was then

added for the indicated times. A subset of cells was kept at 4�C for

surface-bound measurements and blank controls while timepoints were

incubated in a 37�C water bath for the indicated time. Cells at 37�C

and blanks were then washed with cold acidic media (0.2 M acetic acid,

0.2 M NaCl, pH 2.3) to remove surface-bound antibodies, followed by

washing with cold PBS. All cells were then fixed in 4% formaldehyde

(Electron Microscopy Sciences) for 5 minutes at 4�C, and followed by

25 minutes at 37�C. All wells were then washed 2× in PBS, followed by

a 0.1% Triton-X in PBS wash for permeabilization. We then proceeded

to block the wells with Q-PBS (2% BSA, 0.1% lysine, 0.01% saponin in

PBS, pH 7.4) for 15 minutes, followed by a second round of blocking

with 5%BSA/2%casein, or 2% casein only for EGF uptake, in PBS for

1 hour. After blocking, the cells were washed 1× with PBS and the

corresponding HRP-conjugated antibody was added and incubated

overnight (anti-mouse secondary for HTR-D65 or Streptavidin-POD for

Biotin-EGF, Sigma). Secondary antibodies were then removed by 6 PBS

washes. OPD developing solution was used to obtain colorimetric read

out by measuring absorbance at 490 nm (Biotek Synergy H1 Hybrid

Reader). Well-to-well variability in cell number was normalized by a

BCA assay (Thermo Fisher Scientific). Internalized ligand was expressed

as the percentage of the total surface-bound ligand at 4�C (ie, without

acid wash step), measured in parallel.

8.4 | Immunoprecipitations and subcellular

fractionation

cDNA encoding the GST-tagged C1-Autosomal Recessive Hyper-

cholesteremia (GST-C1-ARH) was a generous gift of Linton Traub. GST-

C1-ARH protein expression and purification were performed as previ-

ously described.42 GST only control was included in every experiment.

For GST-pulldowns, 1 × 106 ARPE cells were lysed in HEPES buffer

(100 mMHEPES, 0.2 mM EGTA, 0.5 mMMgCl, 1% NP-40, 50 mMNaCl,

1× protease inhibitor, 1× phosphatase inhibitor or sodium orthovanadate,

pH = 7.4), spun at 500 g for 5 minutes to remove nuclei, and checked for

concentration by standard BCA methods. Equivalent amounts of protein

for each sample were added to Glutathione beads saturated with

GST-C1-ARH, and rotated overnight at 4�C. Samples were then washed

with HEPES buffer to remove excess unbound protein, resuspended and

eluted at 90�C for 5 minutes with SDS sample loading buffer.

Pulldown of eGFP was performed using GFP-nAb agarose beads

(Allele Biotech) following the instructions provided by the manufac-

turer, with lysate prepared and analyzed as described above.

For fractionation experiments 1.2 × 106 ARPE cells per genotype

were detached with 10 mM EDTA at 37�C, neutralized with 100 mM

MgCl, washed in 1xPBS, and resuspended in 500 μL of cold fraction-

ation lysis buffer (25 mM HEPES, 250 mM sucrose, 1 mM MgCl2,

2 mM EGTA, pH = 7.4). Cells were lysed by 6 rounds of rapid freeze-

thaw cycles followed by 3 × 10 seconds water-sonication pulses. Cells

were then spun at 500 g for 3 minutes to remove nuclei, and superna-

tant was transferred to tubes for ultracentrifugation. One hundred
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micro liter were kept as input samples. Samples were then spun at

110 000 g for 30 minutes. Resulting supernatant was collected and

TCA-precipitated by standard methods. Both pellet and supernatant

were resuspended in sample buffer. Samples were heat denatured in

sample buffer and analyzed by SDS-PAGE and western blotting.

Following standard semi-dry western blot methods, the following

antibodies were used to visualize proteins: MA3-061 for α2 (Thermo

Fisher), in-house and Abcam ab106542 for μ2, Abcam, ab128950 for

σ2, Sigma A4450 for β1/β2, Abcam ab76020 for Na/K ATPase, Santa

Cruz SC-25778 for GAPHD, Santa Cruz SC138 for GST, in-house

4879 for CLCa. General loading controls were β-actin, β1/2, trihalo-

UV gels (Stainfree BioRad), and Coomassie blue staining.

8.5 | Immunofluorescence

Cells were seeded on 0.1 mg/mL gelatin-coated 22 × 22 mm glass

(Corning, #2850-22) overnight, rinsed three times in 1×PBS and fixed

for 2 minutes at 37�C with a mix of 0.5% Triton-X100 and 2% formal-

dehyde (in PBS), followed by a fixation in 4% formaldehyde for

30 minutes at 37�C. Subsequently, cells were blocked with Q-PBS

without saponin for 30 minutes. Primary and secondary antibodies

were diluted in Q-PBS. Primary antibodies used were: HTR-D65 (Tfn

1:500), CLCa (1:1000 4879 in-house), AP6 (α-adaptin mAb 1:500).

Corresponding secondary labeled antibodies were used at 1:1000.

Cells were mounted on slides with Fluoromount-G.

8.6 | Microscopy and imaging

TIRFM was performed as previously described.14 Briefly, 22x22mm

coverslips were acid-washed and coated with 0.2 mg/mL gelatin

(Corning, #2850-22). For all imaging, a 60x Nikon 1.49 NA TIRFM DIC

objective (Nikon) was used combined with an additional 1.8× tube

lens (yielding a final magnification of 108×), mounted on a Ti-Eclipse

inverted microscope with Perfect Focus System (Nikon). TIRFM illumi-

nation was achieved using an Andor “Diskovery Platform/borealis

widefield illuminator.” Time-lapse series were acquired at a penetra-

tion depth of 80 nm and a frame rate of 1 Hz using a PCO-Edge 5.5

sCMOS camera. During imaging, cells were maintained at 37�C in

DMEM/F12 supplemented with 10% fetal bovine serum.

Confocal images were acquired with a similar setup as described

above, using a 50 μm pinhole disk and an Andor Zyla 4.2 sCMOS camera.

Both microscopes have a custom-built full body environmental

chamber with temperature control and CO2 stage incubator operated

by Bold Line controller and OKO-Touch with SmartBox for data log-

ging, and Molecular Devices MetaMorph software.

8.7 | Quantification and statistical analysis

Experiments were performed with biological replicates and the data

presented are average values ± standard deviations. The intensity of

protein blots was analyzed with the Syngene (chemoluminescence)

and ImageStudio (LICOR Odyssey) softwares. Results are described as

average values ± standard deviations or error of the mean, where indi-

cated. The statistical significance was analyzed by two-tailed Stu-

dent's t-test or One-way ANOVA in Prism 7. Significance is described

as follows, P < .05; P < .01; P < .001; P < .0001.

When cmeAnalysis was used to quantify CCP dynamics using

mRuby-CLCa as the primary channel, intensity threshold was set to

remove the large population of transient structures44 and applied to

all conditions imaged on the same day. When AP2-eGFP was tracked

as the primary channel, we were unable to use the same threshold

because of intensity and behavioral differences between the inde-

pendent cell lines. Instead, we assessed the dynamic properties of

CCPs (tracked in the same cells using mRuby-CLCa as the primary

channel) using DASC (Disassembly Asymmetry Score Classification),

a recently developed computational pipeline that distinguishes abor-

tive coats from bona fide CCPs in an unbiased and intensity

threshold-independent manner,11 and determined the appropriate %

of CCPs (40 ± 3%), which was used to set the thresholding for

cmeAnalysis for all cells. For TIRFM data, statistical significance was

analyzed by two-tailed Student's t-test. *, P < .05; **, P < .005;

***, P < .005.

9 | CODE

The cmeAnalysis code package used for data analyses in this work is

well-established from previous work by our lab.7,10,44,52 A detail

description and validation of the DASC analysis methods can be found

in Wang et al.11
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