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Actin and dynamin2 dynamics and interplay during
clathrin-mediated endocytosis

Alexandre Grassart,' Aaron T. Cheng,' Sun Hae Hong,' Fan Zhang,? Nathan Zenzer,? Yongmei Feng,?
David M. Briner,? Gregory D. Davis,? Dmitry Malkov,? and David G. Drubin'

1Deporfmem of Molecular and Cell Bioclogy, University of California, Berkeley, Berkeley, CA 94720
“Cell-Based Assays/Reporter Cell Lines, Sigma-Aldrich Research Biotech, St. Louis, MO 63103

lathrin-mediated endocytosis (CME) involves the

recruitment of numerous proteins to sites on the

plasma membrane with prescribed timing to me-
diate specific stages of the process. However, how cho-
reographed recruitment and function of specific proteins
during CME is achieved remains unclear. Using genome
editing to express fluorescent fusion proteins at native
levels and live-cell imaging with single-molecule sensitiv-
ity, we explored dynamin2 stoichiometry, dynamics, and
functional interdependency with actin. Our quantitative
analyses revealed heterogeneity in the timing of the early

Introduction

Clathrin-mediated endocytosis (CME) is a key process in all
eukaryotes by which portions of the plasma membrane, along
with extracellular material, are internalized (McMahon and
Boucrot, 2011). The recruitment and the cooperative actions
of clathrin coat proteins together with cargo, adaptors, and over
40 accessory proteins mediate the formation of membrane in-
vaginations called clathrin-coated pits (CCPs). Eventually, a new
vesicle is formed. Live-cell imaging studies provided important
details about the spatial and temporal organization of the fac-
tors involved in this sequence of events (Gaidarov et al., 1999;
Ehrlich et al., 2004; Kaksonen et al., 2005; Taylor et al., 2011).
However, how this ordered orchestration takes place is poorly
understood. Live-cell imaging in mammalian cells revealed
high heterogeneity in clathrin-mediated endocytosis dynamics
and vesicle formation efficiency at the plasma membrane
(Loerke et al., 2009). The extent to which this variability re-
flects technical limitations versus genuine molecular differences
is an important issue that remains to be settled. In addition, full
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phase of CME, with transient recruitment of 2-4 molecules
of dynamin2. In contrast, considerable regularity charac-
terized the final 20 s of CME, during which ~26 mole-
cules of dynamin2, sufficient to make one ring around the
vesicle neck, were typically recruited. Actin assembly gen-
erally preceded dynamin2 recruitment during the late
phases of CME, and promoted dynamin recruitment. Col-
lectively, our results demonstrate precise temporal and
quantitative regulation of the dynamin2 recruitment influ-
enced by actin polymerization.

mechanistic understanding of CME will require accurate mea-
surement of endocytic protein stoichiometry. Recently, in fis-
sion yeast the combination of quantitative imaging with genomic
integration, which enables fluorescent fusion derivatives of
native proteins to be expressed at physiological levels, has
proved very powerful for determining the stoichiometry of
proteins in dynamic cellular structures (Wu and Pollard, 2005).
With the recent revolution in genome editing (Doyon et al.,
2011; Gibson et al., 2013), similar analyses should be feasible
in mammalian cells.

In mammalian cells, dynamin2, a GTPase responsible for
vesicle scission, has been extensively studied (Ferguson and
De Camilli, 2012). Structural studies suggest that ~13 dynamin
dimers can form a helical supra-structure that will encircle the
neck of a budding vesicle (Hinshaw and Schmid, 1995; Chappie
et al., 2011; Faelber et al., 2011). By varying parameters such
as protein concentration or membrane tension in vitro, several
models for dynamin’s vesicle scission mechanism have been
proposed (Morlot and Roux, 2013). However, testing how these
models translate in vivo is challenging. Live-cell imaging revealed
© 2014 Grassart et al. This article is distributed under the terms of an Attribution—
Noncommercial-Share Alike-No Mirror Sites license for the first six months after the pub-
lication date (see http://www.rupress.org/terms). After six months it is available under a

Creative Commons License (Aftribution-Noncommercial-Share Alike 3.0 Unported license,
as described at http://creativecommons.org/licenses/by-nc-sa/3.0/).
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Figure 1. Dynamin2 recruitment to endocytic sites. (a) TIRF microscopy image of a representative SKMEL-2 hCLTAEN/hDNM2EN cell expressing both
CLTARFP and DNM2-EGFP. Bar, 5 pm. (b) Representative montage (top) and average fluorescence intensity profile (bottom) for endocytic events (tracks = 42;
n = 3 cells). Shaded bars represent SEM. Bar, 500 nm. (c) Representative overlays of a cropped region (10 x 10 pm) of cell imaged for 120 frames (240 s)
in which all DNM2-GFP tracks (in green) are displayed (identically in both images), whereas CLTA-RFP tracks (in red) are segmented by lifetime and dis-
played as tracks <20 s or >20 s on top or bottom images, respectively. Bar, 2 pm. (d) The mean percentage of CLTA punctae (+SEM), of <20 s or >20's
duration, that display robust dynamin recruitment (tracks = 903 or 815, respectively; n = 5 cells; *, P < 0.0001). (e) The percentage of CLTA punctae



that peak dynamin2 recruitment occurs near the end of the
clathrin lifetime (i.e., the moment of vesicle scission; Merrifield
et al., 2002; Soulet et al., 2005; Taylor et al., 2011). Interest-
ingly, it has also been reported that a lower level of dynamin2
recruitment precedes this burst (Taylor et al., 2011; Aguet et al.,
2013). So far, the dynamin2 kinetic recruitment signature dur-
ing this “early” stage remains poorly defined. Dynamin2 inten-
sity at sites of CME was reported to flicker during the early
stage, and its lifetime to vary dramatically from several seconds
to a few minutes (Mattheyses et al., 2011; Taylor et al., 2011).
The early population of dynamin2 has been suggested to regu-
late CCP lifetime and maturation (Sever et al., 2000; Damke
et al., 2001; Loerke et al., 2009; Taylor et al., 2012), and was
suggested to function in a checkpoint that monitors CCP matur-
ation (Loerke et al., 2009). Assessing such possible dynamin2 fun-
ctions requires accurate analysis of recruitment dynamics and
the number of molecules recruited.

A growing body of work supports a role for the actin
cytoskeleton in CME. A recent study established that mem-
brane tension is an important determinant of the CME de-
pendency on actin in mammalian cells (Boulant et al., 2011).
This work may partially explain previous pharmacological
studies reporting varying degrees of cargo uptake depen-
dency on actin assembly (Lamaze et al., 1997; Fujimoto
et al., 2000; Saffarian et al., 2009). However, important
unanswered questions remain about the regularity of actin
recruitment, when actin assembles at CME sites, how actin
is recruited, and how actin recruitment affects subsequent
events. Interestingly, many actin regulators interact directly
or indirectly with dynamin2, suggesting that actin and dyna-
min cooperate during CME, and reinforcing the conclusion
that actin plays a role during the late stages of CME (Menon
and Schafer, 2013). Recently, such a model has been rein-
forced by discovery of a feedback loop between dynamin and
actin to promote vesicle scission (Taylor et al., 2012). Inter-
estingly, dynaminl/2 double-knockout cells form tubules
decorated with actin (Yarar et al., 2005; Ferguson et al., 2009).
This observation strongly supports a role for actin before
and independent of dynamin2 engagement. However, current
live-cell imaging studies seem to contradict this model be-
cause actin polymerization was only detected during a time
window shared with dynamin2 (Merrifield et al., 2002; Yarar
et al., 2005; Saffarian et al., 2009). Because actin imaging is
notoriously challenging, it is possible that actin is recruited
before dynamin2 but was not detected (Collins et al., 2011).
Importantly, simultaneous imaging of dynamin2 and actin
has yet to be performed.

In the present study, we used the advantages of genome ed-
iting using zinc finger nucleases together with quantitative mi-
croscopy with single-molecule sensitivity to analyze the native
dynamics of dynamin2 and its interplay with actin during CME.

Results

Analysis of dynamin2 dynamics during
clathrin-mediated endocytosis

First, we sought to quantitatively analyze dynamin2 dynamics
during CME. To do so, we used a genome-edited SK-MEL-2
cell line coexpressing C-terminal genomic fusions of Tag-RFP-t
to clathrin light chain A (CLTA), and of enhanced green fluores-
cent protein (eGFP) to dynamin2 (DNM2; hCLTA*/hDNM2EY,
clone Til3; Doyon et al., 2011). Use of these genome-edited
cells provides several unique advantages. First, effects of dy-
namin overexpression such as cytotoxicity are avoided (Fish
et al., 2000). Second, by not editing all alleles, potential ef-
fects of the fluorescent tags on CME dynamics are minimized
(Doyon et al., 2011). Third, the stoichiometry of the core ma-
chinery remains unperturbed. Finally, integration of sequences
encoding fluorescent tags at the native genomic loci via genome
editing provides uniform fluorescent protein expression across
the entire cell population, affording us the ability to perform
unbiased, global analyses of protein recruitment and disassem-
bly kinetics.

We analyzed CME dynamics in the genome-edited cells
using total internal reflection fluorescence (TIRF) microscopy,
which allowed high temporal and spatial resolution at the ven-
tral face of the plasma membrane. At steady state, we observed
a high degree of colocalization between DNM2-GFP and CLTA-
RFP punctae, as described previously (Fig. 1 A; Doyon et al.,
2011). By simultaneously imaging clathrin and dynamin2 in
living cells, we observed that dynamin2 was recruited to clath-
rin punctae near the end of their lifetimes, consistent with dyna-
min’s role in catalyzing membrane scission (Fig. 1 B). We
analyzed dynamin’s recruitment to clathrin punctae by collect-
ing intensity traces for multiple CCPs using a time resolution
of 2 s. The clathrin fluorescence followed a very similar profile
to what was observed by others. Typically, clathrin intensity
increased gradually and slowly, reached a plateau, and then
quickly decreased. In addition, we observed significant detail in
our analysis of dynamin2 dynamics. First, we observed that the
majority of dynamin2 traces show similarity in duration and
profile. In 90% of events, dynamin? intensity increased once
clathrin intensity plateaued. Infrequently (10% of events), dy-
namin2 recruitment started during the clathrin recruitment phase
(Fig. S1 A). Despite this variation, averaging of multiple traces
had only a limited effect on the dynamin2 signature (Fig. 1 B).
Importantly, we could also observe some additional features
common to all traces. First, we did not observe simultaneous
initial recruitment of clathrin and dynamin2. Second, the maxi-
mum for clathrin assembly invariably precedes the maximum
for dynamin2 recruitment. Finally, the dynamin2 intensity
dropped dramatically over ~4-6 s, ultimately returning to the
pre-recruitment level. These observations suggest that timing of

having lifetimes <20 s or >20 s (tracks = 21,455; n = 5 cells). (f and g) Global lifetime distribution of CLTA-RFP and DNM2-GFP punctae (mean = 48 + 1.4 s
or 18 = 1.6 s, respectively; tracks = 21,455 or 1,706, respectively; n = 5 or 3 cells, respectively). (h) Representative fluorescence intensity profiles of
CLTA-RFP and DNM?2-GFP for clathrin tracks <20 s (top), 20-60 s (middle), or 60-100 s (bottom). Blue line denotes time of maximum DNM2-GFP fluores-
cence (tracks = 10). (i) CLTA-RFP-DNM2-GFP punctae lifetime dot plot (left) and CLTARFP punctae lifetime relative to time from endocytic site initiation to
maximum DNM2-GFP fluorescence. Each dot represents a single endocytic event (tracks analyzed = 46).
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dynamin2 recruitment and assembly might be dependent on the
passage of a certain threshold of CCP assembly or maturation.

Recently, dynamin has been proposed to control lifetimes
of clathrin punctae in mammalian cells (Loerke et al., 2009).
Therefore, we sought to determine under native expression con-
ditions if dynamin dynamics are correlated with CCP lifetime.
Using a semi-automatic tracking analysis, we measured the
global lifetime distributions for clathrin and dynamin2 punctae.
In contrast to the wide variance of clathrin lifetimes (Fig. 1 F),
we found a considerably more limited dynamin?2 lifetime distri-
bution, with an average lifetime of 18 = 1.6 s (Fig. 1 G). This
result indicates that dynamin2 lifetime is independent of clath-
rin lifetime.

We next sought to determine whether the timing of dyna-
min2 recruitment to clathrin-coated structures (CCSs) depends
on clathrin lifetimes. We observed that initial dynamin2 re-
cruitment mostly occurs after the first 20 s of clathrin recruit-
ment (Fig. 1 B). Interestingly, previous studies of clathrin
lifetimes suggested that CCPs with lifetimes under 20 s are
abortive (Ehrlich et al., 2004; Loerke et al., 2009). Because
dynamin is required for scission events, we hypothesized that
nonproductive events should be devoid of dynamin2. There-
fore, we performed a global analysis, dividing clathrin punc-
tae into two subpopulations using a threshold of a 20-s clathrin
lifetime. In support of our hypothesis, dynamin punctae over-
whelmingly (91 + 2.7%) overlapped with clathrin punctae
with lifetimes greater than 20 s, which comprised 56% of all
clathrin punctae, but rarely (~5.9 + 1.1%) overlapped with
punctae with shorter lifetimes (Fig. 1, C—E). These observa-
tions are in agreement with the previously posited hypothe-
sis that short-lived clathrin punctae represent nonproductive
events (Ehrlich et al., 2004; Loerke et al., 2009). Our results
using simultaneous two-color imaging of tagged clathrin and
dynamin2 expressed at endogenous levels support the conclu-
sion that a transition occurs in the subset of clathrin structures
with lifetimes greater than 20 s that allows them to become
productive in vesicle formation.

We next determined whether dynamin?2 exhibits different
behavior at CCPs of different lifetimes, which would suggest
that the dynamin2 recruitment profile is affected by or affects
CCP maturation rates. Dynamin2 intensity profiles were deter-
mined for three subpopulations of CCPs based on their clathrin
lifetimes (Tcrc): Tere <20s,20 s <Tepe<60s, and 60 s < T <
100 s (Fig. 1 H). Consistent with our analysis described above,
we rarely detected dynamin2 in CCPs with lifetimes under 20 s.
Dynamin2 profiles for the two other clathrin subpopulations
revealed highly regular association/dissociation kinetics.
Importantly, we did not observe a correlation between dynamin2
lifetimes and CCP lifetimes (Fig. 1 I). Accordingly, our analysis
showed that for CCPs with longer lifetimes, dynamin2 was re-
cruited later. This result establishes a strong association between
dynamin2 recruitment timing and CCP lifetime (Fig. 1 I). Thus,
these results demonstrate that the kinetics of the final stage of
CME involving dynamin2 recruitment are highly regular. The
regularity of dynamin2 dynamics revealed that clathrin-mediated
endocytosis can be separated mechanistically into at least two
distinct phases. The first phase, during which clathrin accumulates,
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is considerably variable in duration, whereas the subsequent
phase, involving dynamin recruitment and function in scission,
is highly regular.

Mechanism of dynamin2 recruitment

and function

Understanding dynamin2’s scission mechanism requires
knowledge of the number of molecules present as a function
of time. Previously, expression of fluorescent fusions of pro-
teins expressed from their native promoters was shown to en-
able measurement of the number of molecules associated with
specific structures in live yeast cells (Wu and Pollard, 2005;
Sirotkin et al., 2010). Here, we decided to measure the number
of dynamin2-GFP molecules at endocytic sites in live human
cells. First, we used a genome-edited cell line in which all
dynamin2 was expressed at the endogenous genomic loci
from the natural promoter as GFP fusions (Doyon et al., 2011).
Next, we calibrated our imaging system for the fluorescence
of single GFP molecules as described previously (Fig. 2;
Cocucci et al., 2012). Briefly, purified GFP molecules were
allowed to coat coverslips at low density and were then im-
aged (Fig. 2, A—C). By analyzing the intensity distribution of
the detected spots, we observed that most GFPs showed simi-
lar intensities (Fig. 2 D). To verify that the spots correspond to
single molecules, we imaged our sample at a high frequency
of 10 Hz and analyzed their intensity profiles over time. In a
majority of cases, we observed that the intensity of an individ-
ual GFP spot decreased in an irreversible, single-step manner
(Fig. 2 E). This observation validates our ability to detect
and measure the intensity of single GFP molecules by TIRF.
We then imaged dynamin2 under the same calibrated settings
(Fig. 2 F). Finally, we determined the number of dynamin2
molecules over time using the established intensity standard.
We observed that the brightest peak of dynamin2 corresponded
to an average recruitment of ~35 molecules (13 molecules;
Fig. 2 G). Based on recent structural analyses (Chappie et al.,
2011; Faelber et al., 2011), our results indicate that sufficient
dynamin?2 is present at endocytic sites to form at least one full
turn around a vesicle neck. Interestingly, in ~56% of individ-
ual events, ~26 + 5 molecules of dynamin2 were recruited,
sufficient to form no more than one turn around the vesicle
neck (Fig. 2 H). In a minority of events, we observed that suf-
ficient dynamin?2 is recruited to assemble either 2 or 3 complete
turns (44 + 8 molecules and 77 + 8 molecules, respectively;
Fig. 2 H and Fig. S1, B and C). Therefore, our results indicate
that under physiological conditions, only short dynamin2 heli-
ces are generated.

Previously, the role of dynamin catalytic activity and do-
mains has been extensively investigated in vitro and in vivo.
Using EM, it was observed that dynamin locked in the GTP-
bound conformation forms membrane tubules decorated by dy-
namin helices (Takei et al., 1995). We used our quantitative
approach to determine in living cells whether a similar enrich-
ment of endogenous dynamin2 at endocytic sites could be de-
tected. For this analysis, we directly targeted the dynamin2
GTPase domain with the inhibitor Dynasore (Macia et al., 2006)
in our genome-edited cells. Although dynamin drugs can have
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Figure 2. Quantitation of dynamin2 recruitment to endocytic sites. (a) Schematic representation of the TIRF imaging setup used for the experiments. This
illustration shows that purified eGFP molecules were deposited at a low surface density on a polylysine-coated coverslip. After extensive washes, molecules
were illuminated continuously with TIRF and recorded at a frequency of 10 Hz. (b) Frame from a TIRF acquisition time-series obtained using 100-ms ex-
posures. The spots represent eGFP molecules. Bar, 1 pm. (c) Representative kymograph from a time-series of eGFP imaging. Bar, 1 pm. (d) Distribution of
eGFP intensity measured (n = 215). (e) Representative fluorescence intensity trace corresponding to single bleaching step. (f) Frame from a TIRF acquisi-
tion time-series for a genome-edited DNM2E<! SK.MEL-2 cell line endogenously expressing DNM2-GFP. Bar, 5 pm. (g) Average number of DNM2-GFP
molecules recruited at the plasma membrane as a function of time (n = 40 endocytic sites in 3 cells). (h) Distribution of dynamin2 molecules in function of

the theoretical capacity to form helices (n = 40 in 3 cells).

off-target effects (Park et al., 2013), our approach avoided
perturbation of dynamin stoichiometry, which occurs during
transient overexpression of dynamin mutants. Interestingly, we
observed that dynamin2 molecules were recruited to endocytic
sites over a longer than normal time and in higher than normal
numbers in response to Dynasore (Fig. S3, A, C, D, E, and F).
This elevated dynamin2 recruitment suggests formation of ad-
ditional helices. Overall, our live-cell imaging and quantifica-
tion results are congruent with those of previous EM studies
(Takei et al., 1995).

Although the role of dynamin2’s GTPase activity has been
studied extensively, less is known about the function of its PH
domain. Therefore, we tested its role by acutely inhibiting this
domain using MiTMAB, a surface-active cationic amphiphi-
lic compound (Quan et al., 2007). After 30 min of perfusion, we
observed that endogenous dynamin2 was still recruited to the
plasma membrane (Fig. S3 A). This result is in agreement with
results of previous studies using transient overexpression of a
dynamin PH domain mutant (Bethoney et al., 2009). Accord-
ingly, we observed that an overexpressed PH mutant was still

Native dynamics of actin and dynamin2 in CME ¢ Grassart et al.
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recruited to endocytic sites (Fig. S4 D). In contrast to results for
GTPase inhibition, we determined that insufficient dynamin2
was recruited to complete a complete helix when cells were treated
with MiTMAB (Fig. S3 F). This result suggests a role for the
PH domain in dynamin helix formation.

Previously, extremely dim and transient bursts of dyna-
min2 recruitment during early stages of CME were observed in
cells overexpressing dynamin2 (Taylor et al., 2011; Aguet et al.,
2013). To date, the significance of these events remains un-
known, as does the contribution of protein overexpression to the
occurrence of these events. Under native expression, we did not
observe stable dynamin2 recruitment before 20 s after clathrin
appearance, but we did observe rare and transient recruitment
events before the stable dynamin recruitment during the late
stages of CME (Fig. S1 D). These early, transient events may
represent abortive dynamin2 recruitment to CCPs. If this inter-
pretation is correct, recruitment of dynamin below a certain
threshold concentration is predicted to be insufficient for stable
dynamin2 recruitment.

To test this hypothesis, we depleted DNM2-GFP using
siRNAs against dynamin2, and sorted the cells by fluorescence-
activated cell sorting (FACS) into two subpopulations based on
the intracellular dynamin2 concentration: cells showing either
moderate or low dynamin2 expression (i.e., the measured GFP
intensity directly reflects the level of dynamin2 expression;
Fig. 3 A). When dynamin2 was expressed at the lowest levels,
we observed that dynamin2 punctae appeared in exceedingly
short bursts, most of which existed for only 1-2 acquisition
frames (24 s; Fig. 3, B, C, and H). We observed that these
bursts represent only to 2—4 dynamin molecules (Fig. 3, F and I).
This behavior is similar to the infrequent dynamin2 short
bursts observed under normal conditions (Fig. S1 D). There-
fore, our results indicate that dynamin2 stable recruitment, but
not targeting, is dependent of its own concentration. However,
as observed in dynamin knockout cells (Ferguson et al., 2009),
the low concentration of dynamin2 did not abolish or prevent
CCS formation (Fig. 3 B). Interestingly, we observed that upon
moderate dynamin2 depletion, both clathrin and dynamin life-
times were extended, but dynamin2 was still recruited and re-
mained stably at the CCSs (Fig. 3 B). We determined that in
such cases only ~13 + 3 dynamin2 molecules were recruited
(Fig. 3, E and I). Our data suggest that the early dynamin2
bursts may represent abortive attempts to form stable dynamin2
rings, and that stable dynamin2 assembly in later stages of
CME requires passage of a threshold for the local number of
dynamin2s recruited.

Actin is an integral component of the

CME machinery

Many lines of evidence point to coordination between dynamin
and actin function during CME. However, detection of actin at

endocytic sites by live-cell imaging has been inconsistent. As a
result, whether actin is an integral component of the CME ma-
chinery, or only contributes to distinct subpopulations of CCPs,
remains unclear. Importantly, the roles for actin in dynamin
functions remain incompletely understood. In previous studies,
actin recruitment during CME was examined by use of overex-
pressed fluorescent actin, F-actin probes, or by microinjection
of fluorescent G-actin. Therefore, perturbation of actin dynam-
ics and increased fluorescence background might have con-
founded attempts at actin detection. Interestingly, recent correlative
light-electron microscopy results suggested that the frequency
of actin recruitment might be underestimated by light micros-
copy (Collins et al., 2011). Moreover, dynamin2 and actin have
not yet been visualized simultaneously in real time.

We therefore sought to quantitatively analyze the dynamic
interplay between actin and dynamin2. Zinc-finger nucleases
(ZFNs) that target the 5’ terminus of the B-actin gene (ACTB)
were designed and used in previously genome-edited SK-MEL-2
cells bearing either CLTA-RFP (SK-MEL-2 hCLTA®N!) or
DNM2-GFP (hDNM2™!: Doyon et al., 2011). We generated
two cell lines, \CLTAFN/hACTBEY and hDNM2ENhACTBEY, in
which one ACTB allele was tagged with TagGFP or TagRFP-t,
respectively (Fig. 4, A and B; and Fig. S5, A and B). As ex-
pected, hACTBEN cells displayed fluorescent structures that co-
localized with phalloidin-stained stress fibers and actin-rich
lamellipodia (Fig. S5 A). This result demonstrates that the fluor-
escent ACTB is readily incorporated into a variety of actin
structures without detectably perturbing them. In fixed cells, the
fluorescent ACTB colocalized with phalloidin cortical punctae,
and a subset of CLTA-RFP and DNM2-GFP punctae (Fig. 4 B
and Fig. S5 B). Interestingly, by editing hACTB®™/hCLTA® in
the U20S cell line, we observed that clathrin structures typi-
cally are linearly organized in a pattern distinct from that seen
in the SK-MEL-2 cell line (Fig. S5, B and C). We observed that
these CCPs are often distributed along actin stress fibers but
also appear in cortical actin punctae like those seen in SK-MEL-2
cells. This observation provides further support for a strong as-
sociation between clathrin and actin structures. We next sought
to elucidate the precise timing and extent of actin recruitment at
endocytic sites using live-cell TIRF microscopy.

Analysis of DNM2-GFP and ACTB-RFP dynamics in the
genome-edited SK-MEL-2 cells showed that actin polymeriza-
tion overlaps with dynamin2 recruitment (Fig. 4, B-D). Strik-
ingly, we observed that nearly all dynamin-containing endocytic
events (87 = 1.6%) displayed RFP-ACTB recruitment, demon-
strating that actin is an integral component of dynamin-associated
endocytic events (Fig. 4, E and F). We further analyzed the dynam-
ics of these events and observed that the timing of actin assembly
at endocytic sites is somewhat variable relative to dynamin recruit-
ment. Nonetheless, RFP-ACTB preceded DNM2-GFP in the ma-
jority (~60%) of recruitment events (Fig. 4 G). This observation,

Time = 2 s/frame. Bar, 5 pm. (d-f) Average DNM2-GFP molecule recruitment (+SD) profiles showing number of molecules as a function of time for cells
subjected to varying degrees of dynamin depletion in an allDNM2 allele GFP-tagged SK-MEL-2 cell line (n = 15, 17, 22). (g) Overlay of profiles in d-f.
Green indicates control, blue moderate, and red severe knockdown conditions. (h) Average DNM2-GFP lifetime (+SEM) in control, moderate, or severe
DNM2-GFP knockdown conditions (n = 3,386, 1,519, 1,704; 9 cells) from CLTA- and DNM2-edited cell line. (i) Average of maximum DNM2-GFP mol-
ecules recruited (+SD) in control, moderate, or severe DNM2-GFP knockdown conditions (n = 15, 17, 22).
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Figure 4.  Actin dynamics in genome-edited SK-MEL-2 cells. (a) Schematic overview depicting the targeting strategy for integration of Tag-RFP-t (RFP) at the
B-actin (ACTB) genomic locus. White boxes represent ACTB exons. HA, donor plasmid region of homology to ACTB sequence. Blue letters, start codon.
(b) TIRF microscopy image of a representative SK-MEL-2 hDNM2/hACTB cell expressing both DNM2-GFP and RFP-ACTB. Yellow box defines inset. Bars:
(main panels) 10 pm; (insets) 2 pm. (c) Representative kymograph depicting endocytic events with dynamin-GFP (in green) and RFP-ACTB (in red). Bar,
5 pm. (d) Representative montage of an endocytic event. Bar, 1 pm. () Average DNM2-GFP and RFP-ACTB fluorescence intensity (+SD) profile (tracks =
10; 3 cells). (f) Percentage of DNM2-GFP punctae (+SEM) displaying RFP-ACTB recruitment (number of tracks analyzed = 645; n = 3 cells; *, P < 0.0001).
(g) Percentage of RFP-ACTB (+SEM) punctae arriving before, coincident, or after DNM2-GFP arrival (number of tracks analyzed = 100; n = 3 cells).

made without overexpressing any proteins, supports the conclu-
sions that actin acts during multiple steps of CME and that its
action is tightly linked with dynamin function.

We next sought to examine the functional interplay between
actin and dynamin2 during CME. Due to the transient nature of
the appearance of actin and dynamin2 together at endocytic
sites, we developed a similar approach to that used recently
by Taylor et al. (2012). In their studies, clathrin dynamics and

scission events were examined before, during, and after latrun-
culin A treatment to inhibit actin assembly. Their studies indi-
cated that actin assembly promotes scission efficiency, similar
to conclusions from studies of yeast (Aghamohammadzadeh
and Ayscough, 2009; Kishimoto et al., 2011). However, that
study focused only on productive events (scission events). Here,
by taking advantage of the two-color hCLTAEN/hDNM2EN
genome-edited cell line, we were able to perform a complemen-
tary unbiased investigation to measure the influence of actin
dynamics on all dynamin events.

Addition of the F-actin—stabilizing drug jasplakinolide
(1 uM) to cells resulted in an immediate (2—4 s) and dramatic



decrease in the fluorescence intensity of DNM2-GFP membrane
punctae (Fig. 5, A and B; and Fig. S5, G-J). Consistent with
previous reports, clathrin punctae lifetimes increased dramati-
cally, suggesting a stalling of CCP progression (Fig. 5, A and B;
Yarar et al., 2005; Boulant et al., 2011; Taylor et al., 2012).
Analysis of DNM2-GFP membrane punctae after drug exposure
also revealed a global increase in dynamin lifetimes (Fig. 5,
A and E). Moreover, the number of dynamin2 punctae per unit
membrane area decreased (by 63%), which is likely due, at least
in part, to an observed significant decrease (66% reduction) in
the frequency of DNM2-GFP appearance at CME sites (Fig. 5,
B-D). By measuring the kinetics of dynamin2 recruitment, we
observed that the rate of assembly/recruitment was slower as
compared with the control condition (Fig. 5, F and G). How-
ever, an approximately similar level of dynamin2 was ultimately
recruited after a significantly longer time than in untreated cells
(Fig. 5 F). We also observed a lower slope for dynamin2 depar-
ture, which suggests perturbation of the dynamin?2 scission effi-
ciency, as was observed by Taylor et al. (2012) (Fig. 5 G). The
slower recruitment kinetics could explain the overall lower dy-
namin intensity. Our results indicate that actin plays an impor-
tant role in the recruitment of dynamin?2.

Interestingly, in contrast to jasplakinolide treatment, exposure
of cells to drugs such as latrunculin A (Fig. 5 H) or cytochalasin D
(CytoD; Fig. S5, D-F) that block actin polymerization caused a
rapid stabilization of dynamin2 at endocytic sites (Fig. 5 H).
We determined that approximately similar numbers of dynamin2
molecules were eventually recruited before the dynamin2 disas-
sembled (Fig. 5 I). The rates of both recruitment and departure
were reduced (Fig. 5 J). By varying the drug concentration, we
observed that this effect is dose dependent (Fig. 5 H and
Fig. S5, D and E). Together, these experiments demonstrate that
actin dynamics have multiple effects on dynamin during the late
stages of CME. First, F-actin participates in the initial dynamin
recruitment. Because actin assembly can precede dynamin re-
cruitment, it is likely that actin acts indirectly on dynamin at
this stage. Upon inhibition of actin polymerization, the persis-
tence of dynamin2 after it reaches its normal concentration at
endocytic sites indicates that actin polymerization participates
in vesicle scission with dynamin?2.

Discussion

In this study we used quantitative fluorescence microscopy to
examine the dynamics and functional interplay between clath-
rin, dynamin2, and actin, all expressed at native levels in cell
lines constructed using genome-editing technology. Clathrin
lifetimes were variable, just as they are in yeast, but our results
also revealed high regularity during the last ~20 s of CME,
which is also similar to budding yeast. This temporal sequence
is most often defined by stable recruitment of ~26 molecules of
dynamin2, providing the capacity to form a single loop around
the vesicle neck. This step is preceded by transient, irregular re-
cruitment events of 2—4 dynamin2 molecules. Second, we showed
that actin is an integral component of the CME machinery and
that its assembly usually precedes dynamin2 recruitment.
Finally, our results also indicate that F-actin plays three separate

functions during CME (Fig. 6). First, F-actin participates indi-
rectly in the initial dynamin2 recruitment. Second, its interplay
with dynamin2 regulates the final, robust dynamin2 assembly,
and lastly, F-actin promotes vesicle scission.

Clathrin lifetime heterogeneity, CME
productivity, and organization

By studying the dynamics of clathrin at the plasma membrane,
several groups have observed high heterogeneity in clathrin
lifetime (Ehrlich et al., 2004; Merrifield et al., 2005; Yarar et al.,
2005; Loerke et al., 2009; Boulant et al., 2011; Banerjee et al.,
2012; Taylor et al., 2012). In the present study, we confirmed
that even when clathrin is expressed at native levels, its dynam-
ics are characterized by considerable heterogeneity. The signi-
ficance and the origin of clathrin heterogeneity remain open
questions. Previously, a subpopulation of clathrin punctae char-
acterized by short lifetimes (<20 s) was observed. Several lines
of evidence suggested that these events might not be productive
(Loerke et al., 2009; Taylor et al., 2011). In the present study,
we tested this hypothesis by analyzing the recruitment of dyna-
min2, one of the best-studied factors involved in vesicle scis-
sion, to clathrin structures of different lifetimes. Our findings
support the conclusion that endocytic sites must mature suffi-
ciently in order to proceed irreversibly toward vesicle forma-
tion. This conclusion is congruent with the proposal that some
ill-defined minimum threshold (e.g., clathrin assembly, cargo
recruitment, etc.) must be satisfied to avoid termination of CME.
During the preparation of this manuscript, an independent analy-
sis using our cell line reached similar conclusions, strengthen-
ing the proposal that a CCP assembly checkpoint may exist
(Aguet et al., 2013).

Roles and recruitment of dynamin2

during CME

Most studies investigating dynamin dynamics during CME
relied on overexpression of the neuronal dynaminl isoform in
nonneural cells, and assumed that dynaminl and dynamin2 act
similarly during CME. However, accumulating evidence sug-
gests that the different dynamin isoforms have divergent func-
tional properties (Altschuler et al., 1998; Soulet et al., 2006; Liu
et al., 2008). As a result, our understanding of dynamin regula-
tion during CME has been limited. There is a crucial need to ex-
amine the function and dynamics of the correct dynamin isoform
under unperturbed conditions. In the present study, our analysis
focused on the dynamics of dynamin2 expressed at endogenous
levels. In the SK-MEL-2 cell line, we could detect dynaminl
mRNA but not protein by RT-PCR and immunoblotting, respec-
tively (Fig. S2). From this analysis, we conclude that dynamin2
molecules outnumber dynaminl in SK-MEL-2 cells by greater
than 70-fold. In the future it will be important to explore simul-
taneously the native dynamics of dynaminl, dynamin2, and dy-
namin3 in appropriate cellular contexts.

Dynamin domain functions have been intensively investi-
gated, but the mechanisms governing dynamin2 recruitment to
CME sites remain poorly understood. In the present study, we
observed that the timing of stable dynamin2 recruitment during
CME correlates well with clathrin lifetime (stable recruitment
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Figure 5. Effects of actin inhibitors on dynamin kinetics. (o and b) Representative TIRF microscopy kymograph analysis (a; time = 2 s/pixel, 360 s
total) and maximum intensity projection of fluorescence over time, and (b) of a SK-MEL-2 hCLTA®™N/hDNM2N cell subjected to acute 1 pM jasplakinolide
exposure. White line in panel a marks time of drug addition. A maximum infensity projection of fluorescence intensity over time (b; of imaging duration =
120 s) was generated for each condition ending or beginning 30 s before or after drug exposure, respectively. Number of punctae analyzed = 323 and
245, respectively. Bars: (a) 5 pm; (b) 2 pm. (c) Relative number of DNM2-GFP membrane punctae (+SEM), both dim and bright, before and affer 1 pM
jasplakinolide exposure (number of punctae analyzed = 369 and 134, respectively; n = 3 cells; *, P = 0.0005). (d) Relative DNM2-GFP initiation
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of dynamin2 occurs ~20 s before vesicle scission irrespective when dynamin levels are severely reduced. Our results are
of clathrin lifetime). Previous studies reported that small consistent with those of a previous study, which found that
amounts of dynaminl could be detected early during CME CCPs still form in dynamin KO cells (Ferguson et al., 2009).
(Taylor et al., 2011, 2012). Here, we showed that short dyna- Finally, the concentration dependence for dynamin stabiliza-
min2 bursts represent 2—4 molecules, which can be detected for tion at CCPs could explain why upon overexpression, dyna-
dynamin2 expressed at endogenous levels. By varying dyna- min2 recruitment can be detected at earlier times and shows
min2 levels, we observed that a minimum threshold of dynamin prolonged lifetimes (Mattheyses et al., 2011; Taylor et al., 2011).
concentration is necessary for its stable recruitment. These Such observations may have led to erroneous conclusions,

early, irregular recruitment events likely represent abortive dy- which reinforce the importance of maintaining proper stoichi-
namin recruitment to CME sites (Fig. 6). Our data suggest that ometry of the proteins under investigation.

the stable dynamin?2 recruitment reflects passage through some Much has been learned from in vitro studies of dyna-
sort of ill-defined transition point during CME. The conditions min’s scission mechanism, but more work is needed to explore
that favor dynamin2 recruitment to a critical concentration re- dynamin’s scission mechanism in the cellular context with the

quired for stable assembly need to be explored further. Because full complexity of interacting proteins and under physiologi-
dynamin2’s PH domain is not required for initial recruitment, it cal conditions. Recent structural studies provided information
is likely that the recruitment timing for dynamin?2 is dependent on the detailed molecular organization of the dynamin assem-

on its local concentration and on the state of the CCP. bly, and indicated that dimerization of the dynamin G domain
In addition to the well-described dynamin2 role in vesi- occurs only upon completion of one turn of the helix (Faelber
cle scission and CCP maturation, it has been proposed that dy- et al., 2011). Considering that formation of a ring around the

namin might also control an early CME checkpoint (Loerke vesicle neck is proposed to be sufficient to stimulate the GTPase
et al., 2009). In this regard, our results indicate that the rapid activity, these results indicate that assembly of enough dy-
and irregular recruitment of 2—4 dynamin molecules could namins to encircle the neck may be sufficient to trigger scis-
regulate CCP maturation. Once the CCP is mature, dynamin sion. Here, we determined that during CME in live cells typi-
could be further and stably recruited at the neck of the vesicle. cally only 26 dynamin2 molecules are recruited to the vesicle
Therefore, a minimum dynamin concentration threshold could neck, which is sufficient to form a short helix that encircles the
be in line with this hypothesis. However, this model is not neck once. Because CCPs extend away from the plasma mem-
consistent with the observation that CCSs are still formed brane, it is possible that TIRF illumination might contribute

rate (+SEM) before and after 1 pM jasplakinolide exposure (number of tracks analyzed = 1,150 and 450, respectively; n = 3 cells; *, P = 0.0001).
(e) Maximum fluorescence intensity/lifetime dot plot for DNM2-GFP tracks before and after 1 yM jasplakinolide exposure. Each dot represents a single
DNM2 track (number of tracks analyzed = 1,017 and 641, respectively). Imaging began 180 s before drug addition, and terminated 180 s affer drug
addition. Tracks existing within these time frames (before and after drug addition) were analyzed. (f] Average number of DNM2-GFP molecules recruited
to endocytic sites as a function of time in cells subjected to 1 pM of jasplakinolide or control conditions (n = 15). (g) Slope of DNM2-GFP recruitment
and departure in cells subjected to 1 yM of jasplakinolide or control conditions. (h) Representative TIRF microscopy kymograph analysis of DNM2-GFP
fluorescence over fime in SKMEL-2 hCLTA®N/hDNM2EN cells exposed to varying concentrations (0-1.0 pM) of latrunculin A actin assembly inhibitor. Drug
exposure begins at kymograph start and continues throughout entire kymograph. (i) Average number of DNM2-GFP molecules recruited to endocytic sites
as a function of time in cells subjected to 0.1 pM of latrunculin A or control conditions (n = 15). (j) Slope of recruitment and departure of DNM2-GFP in
cells subjected to 1 yM of jasplakinolide or control conditions (n = 15).
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to some variation and possibly an underestimate in our dyna-
min quantification. In the future, it will be important to use
additional calibration methods to quantify fluorescently tagged
molecules. Interestingly, in a minority of events, sufficient dy-
namin2 molecules were present to encircle a vesicle neck two
or three times. Because in vitro studies have shown that mem-
brane tension can play an important role in scission efficiency
(Roux et al., 2006), this observation could reflect a local adap-
tation of the endocytic machinery. It will be important to ex-
plore whether the stoichiometry of others factors is also changed
during these events.

CME dynamics and the role of the

actin cytoskeleton

For more than 15 years, the role of actin during CME has been
investigated and debated, and varied conclusions have been
drawn. Several studies found evidence for an actin role during
late events (Merrifield et al., 2002; Yarar et al., 2005; Taylor
et al., 2012), but depending on the cell type, other studies
failed to detect a function for actin during CME. Interestingly,
it has also been proposed that actin recruitment to a CME site
is dependent on clathrin lifetime (Saffarian et al., 2009). A re-
cent study found evidence that actin assembly at CME sites
is necessary when membrane tension is elevated to a certain
point (Boulant et al., 2011). However, whether actin assembly
at endocytic sites is integral to CME, irrespective of mem-
brane tension, had yet to be determined. To answer this ques-
tion, we directly investigated the dynamic interplay between
dynamin and actin during CME in cells expressing both pro-
teins at native levels. We demonstrated that actin is an integral
component of the CME machinery because a burst of actin as-
sembly is observed at essentially all sites of endocytosis. Here,
our study focused on the SK-MEL-2 cell line. However, actin
has been implicated in different endocytic roles in different
cell lines (Fujimoto et al., 2000). To explore such potential
variability, we also edited clathrin and actin in the human U20S
cell line (Fig. S5 B). We observed that actin cytoskeleton ar-
chitecture is markedly different in U20S versus SK-MEL-2
cells. We observed fewer cortical actin patches corresponding
to endocytic sites, but a higher alignment with actin stress fi-
bers, similar to what was observed in HeLa cells (Bennett et al.,
2001). It will be important in the future to perform similar anal-
yses in other cell types.

Interestingly, despite the regularity of actin assembly oc-
curring at CME sites, some variability was observed in the re-
lative timing of actin assembly and dynamin recruitment. This
variability might reflect modulation of actin polymerization by
local membrane tension and/or other factors. However, stable
dynamin2 recruitment most often occurred subsequent to actin
assembly. This observation indicates that actin can assemble at
endocytic sites before and independent of dynamin recruitment.
Consistently, in mammalian cells lacking dynamin (derived from
a dynamin1/2 double-conditional knockout mouse), CCPs with
long tubular necks decorated with actin filaments accumulate
(Ferguson et al., 2009). It will be important in the future to
determine the mechanism by which actin assembles before dy-
namin recruitment.
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Materials and methods

ZFN design

Enhanced obligate heterodimer ZFNs (55-r975a1-Fokl-EL and 56-982al-
Fokl-KK) designed to target 50 bp of the start codon of human ACTB were
engineered at Sigma Life Science. ZFNs were prescreened for activity in
K562 cells using Surveyor nuclease (CEL; Transgenomic) to detect for in-
sertions or deletions (Guschin et al., 2010). In brief, Accuprime Taq HiFi
(Invitrogen) was used to amplify a short region surrounding the ZFN target
site in a 28-cycle PCR. Resulting amplicons were denatured, slowly re-an-
nealed and treated with Cel-1 for 20 min at 42°C, and then separated on
10% criterion gels (Bio-Rad Laboratories) and visualized by ethidium
bromide staining.

Donor design

A donor plasmid carrying Tag-RFP fused to the N terminus of the ACTB
gene (Sigma Life Science) was subjected to site-directed mutagenesis by
QuikChange (Agilent Technologies). Specifically, to confer increased fluor-
ophore photostability, the Tag-RFP marker was mutated to Tag-RFP+ (see
Shaner et al., 2008) by mutation of Tag-RFP amino acid position 162 from
serine to threonine (AGC—ACC).

Generation of genome-edited cell lines

ZFN and donor plasmids were transfected into cells using a singlecuvette
Nucleofector device (Lonza) as per the manufacturer’s protocol. In brief,
cells grown to ~80% confluency were harvested by trypsinization, and
10° SK-MEL-2 cells were resuspended in Nucleofector solution R and trans-
fected using Nucleofector program T-020. U20S cells were resuspended
in Nucleofector solution V and transfected using Nucleofector program
X-001. After transfection, cells were transferred to 37°C, 5% CO,. Recov-
ered cells were sorted for RFP-positive or RFP- and GFP-positive signals
using a MoFlo high-speed cell sorter (Dako) directly as single cells into 96-
well plates.

Cell culture

SK-MEL-2 cell clone Ti13 (hCLTA™!/hDNM2ENT edited) partially tagged,
clone Ti20 ((DNM2™! edited) partially tagged, and clone Ti95 ((DNM2EN<!
edited) all tagged were described previously in Doyon et al. (2011). In
brief, ~1.5 kb of genomic DNA sequence surrounding the CLTA and
DNM?2 stop codons from SK-MEL-2 cells were amplified using the following
primers: SK-MEL-2 CLTA-HA-F, 5-GGTGGGCTGACCTTGAT-3'; SK-MEL-2
CLTAHAR, 5'-TCTATAACCTGTGCTATCCGAG-3’; DNM2-HA-F, 5'-1GT-
TTIGCCAACAGTGACCTC-3’; and DNM2-HAR, 5'-GTGCAGGGGG-
TCAGAGAATA-3'. The resulting amplicons were cloned into pCR8-TOPO
(Invitrogen) vector and a unique Kpnl restriction site was introduced via
QuikChange (Agilent Technologies) site-directed mutagenesis with the fol-
lowing primers: SK-MEL-2 CLTA-QC-F, 5-CAAGCAGGCCCCGCTGGTG-
CACGGTACCGCCACCCTGTGGAAACACTACATCTGC-3’, SK-MEL-2
CLTA-QCR, 5'-GCAGATGTAGTGTITCCACAGGGTGGCGGTACCGTG-
CACCAGCGGGGCCTGCTTG-3'; DNM2-QCF, 5-CCAGCCGAACCAT-
CCCTGCTCGACGGTACCTCGAGGGGGGCGTGCTCT-3'; and DNM2-
QCR, 5-AGAGCACGCCCCCCTCGAGGTACCGTCGAGCAGGGATG-
GTTCGGCTGG-3'. Finally, RFP or GFP was amplified using the “Kpnl” prim-
ers, which encode an N+erminal GTSGGS linker and cloned into the Kpnl site
of the CLTA or DNM2 homology arm constructs, respectively. SK-MEL-2 and
U20S were maintained under 5% CO, at 37°C in DMEM/F12 (Invitrogen)
supplemented with 10% FBS (HyClone). SK-MEL2 cells were used for these
studies because of their high fransfection efficiency, good and homogenous
adherence fo glass coverslips, and robust endocytic dynamics.

TIRF microscopy and live-cell imaging

TIRF microscopy images were captured using MetaMorph software on a
microscope (model IX-81; Olympus) using an APON 60x/1.49 NA TIRF
oil objective and a camera (ORCA-R2; Hamamatsu Photonics). The system
was maintained at 37°C using a WeatherStation chamber and tempera-
ture controller (Precision Control). At 16-24 h before imaging, cells were
seeded onto uncoated glass coverslips in growth medium. During imaging,
cells were maintained in DMEM without phenol red (Life Technologies) that
was supplemented with 5% FBS (HyClone) and 10 mM Hepes (Life Tech-
nologies). A 488-nm solid-state laser (Melles Griot) and a 561-nm diode-
pumped solid-state laser (Melles Griot) were used to excite GFP and RFP
fluorophores, respectively. For lifetime analysis, images were acquired
every 2 s for 3-6 min, with an exposure time of 800 ms. Simultaneous
two-color TIRF images were obtained using a DV2 image splitter (MAG
Biosystems) to separate GFP and RFP emission signals. Microscopy images



were adjusted for brightness, color balance, and/or contrast uniformly
across all pixels, as necessary, in Image) (v1.46r; National Institutes of
Health). To aid in visualization, microscopy images were enlarged for fig-
ures, where necessary, using the “bicubic smoother” interpolation algo-

rithm in Adobe Photoshop (Adobe).

Microscope calibration and single molecule counting

Borosilicate no. 1 coverslips (Corning) were precleaned by three consec-
utive washes in acetone, 70% ethanol, and Milli-Q water (EMD Milli-
pore). Then, coverslips were further cleaned using oxygen gas plasma for
5 min. Finally, poly-lysine coating was used to functionalize coverslips.
Using fluorescent beads and dynamin2-GFP-expressing SK-MEL cells, the
488-nm laser was aligned and the appropriate TIRF angle was deter-
mined. Then, purified GFPs (Kerafast) in PBS were directly added to the
imaging chamber at a final concentration of 10 ng/ml. After 3 min of in-
cubation, proteins were extensively washed and imaged in PBS. We used
an exposure time of 100 ms within the linear range of the camera avoid-
ing any saturation of the camera, allowing rapid acquisition frequency
and minimizing photobleaching. No binning was used. A reduced field
of acquisition was used, but a similar field of acquisition and position
were maintained during an entire imaging session. Images were re-
corded using a camera (sCMOS Flash 4.0; Hamamatsu Photonics), and
a 100x/1.45 NA oil objective (PlanApo; Olympus) was used. For data
analysis, we used Icy software to determine the intensity distribution of
purified GFP. Spots were detected using a wavelet-based algorithm. For
step-bleaching and dynamin2-GFP intensity measurement, we used Im-
age). We drew a 5 x 5-pixel square (312.5 nm x 312.5 nm) centered
on the maximum intensity pixel and collected the mean and integrated
intensity of the area. To better estimate the intensity due to the protein of
interest, purified GFP, or dynamin2-GFP, we performed a background
subtraction. We averaged the integrated intensity detected locally (in the
same area used for the object detection) during 20 s within at least 30 s
between the spot departure or arrival. After transfer to Microsoft Excel,
the background value was subtracted from the measured intensity and
the number of molecules was determined by dividing the mean measured
fluorescent intensity of single-step bleaching of purified GFP.

Drug perturbations

Cells were prepared as described for livecell imaging. During realtime
imaging, a 2-5x concentrated solution of actin drug in DMSO (cytochala-
sin D; Sigma-Aldrich), jasplakinolide (Sigma-Aldrich), latrunculin A (Sigma-
Aldrich), MITMAB (Abcam), or Dynasore (Sigma-Aldrich) was applied to
the cell chamber at a volume of two- to fivefold (in imaging media) over
that of the starting imaging media volume.

siRNA-mediated knockdown

The day before transfection, 5.0 x 10° cells were plated into each well of
6-well plates. Transfection was performed using Lipofectamine RNAiMax
according to the manufacturer’s instructions (Invitrogen). In brief, 5 pl of
transfection reagent was mixed with 250 pl of Opti-MEM (Gibco) for
15 min at RT. After incubation, the solution was combined with 200 pmol
of siRNA previously diluted in 250 pl Opti-MEM and incubated further for
15 min at room temperature. The combined solution was directly added to
each well pre-aliquoted with 1.5 ml of growth media. A nontargeting siRNA
pool (siRNA control; ON-TARGETplus SMARTpool siRNA no. 4; Thermo
Fisher Scientific) and Silencer Select validated siRNA (5-ACAUCAACAC-
GAACCAUGA-3’; siRNA ID no. s4212; Life Technologies) against dyna-
min2 were used for depletion experiments.

Quantitative transferrin uptake assay by fluorescence-activated cell
sorting (FACS) analysis

At least 2,000 cells were analyzed for each time point. After 30 min of ex-
posure with DMSO, Dynasore, or MiTMAB, endocytosis was assayed by
continuous incubation of 20 pg/ml transferrin conjugated to Alexa Fluor
647 at 37°C for indicated times. Cells were then transferred to ice and
surface-bound transferrin-Alexa Fluor 647 was removed using ice-cold
acid buffer (DMEM, 0.5% acetic acid and 0.5 M NaCl) for 45 s. The cell
culture medium was then neutralized by extensive washes of DMEM-BSA.
Cells were collected using EDTA-Trypsin, washed, and fixed in cold 1%
PFA. Intracellular fluorescence of transferrin-Alexa Fluor 647 was quanti-
fied by FACS (FC500; Beckman Coulter). Results are expressed as a per-
centage of the intracellular fluorescence measured after 20 min of
incubation for controls cells treated with DMSO. Results were normalized
to the surface expression of transferrin receptor, evaluated by incubation of
the cells with transferrin-Alexa Fluor 647 on ice for 1 h.

FACS of dynamin2 knockdown cells

2 d after siRNA transfection, cells were harvested by trypsinization and
FACS sorted using a MoFlo high-speed sorter (Dako). For each depletion
condition (moderate or severe), at least 10° cells were sorted for GFP inten-
sity. The following criteria were used: (1) moderate depletion group = GFP
intensity of ~20-50% relative to control, and (2) severe depletion group =
GFP intensity of ~0-25% relative to control. Cells were directly seeded
onto glass coverslips in 6-well plates, maintained at 37°C, 5% CO,, and
imaged by TIRF microscopy 24 h after sorting (72 h after transfection).

Immunofluorescence and fluorescence staining of fixed cells

Cells were grown on glass coverslips in 6-well plates overnight before fix-
ation in 4% paraformaldehyde at room temperature for 20 min. After
three washes with PBS, the coverslips were quenched with 1 mg/ml
NaBH, for 15 min twice, and the cells were permeabilized in 0.1% sapo-
nin/PBS or 0.1% Triton X-100/PBS. After brief washing with PBS, the cov-
erslips were incubated with Alexa Fluor 350~ or Alexa Fluor 568-conjugated
phalloidin (Molecular Probes) at a 1:1,000 dilution for 2 h at room tem-
perature. For immunofluorescence, cells were stained with anti-AP2
(mouse AP antibody; Abcam) or anti-HA (mouse 12CAS5; Roche) at a
1:1,000 dilution for 1 h. Appropriate secondary antibody coupled to
Alexa Fluor 568 was used at a 1:1,000 dilution for 45 min. After three
washes with PBS or PBS with 0.5% BSA and 0.1% saponin, the coverslips
were mounted on glass slides using Prolong Gold Antifade reagent (Invit-
rogen) or were visualized directly.

Particle detection, tracking, and image analysis

Particle defection and tracking were performed using Imaris 7.1 software
(Bitplane). Before particle detection, images were first subjected to back-
ground subtraction. The “Spots” module of Imaris was then used to au-
tomatically defect pointlike particles with an estimated spot diameter of
350 nm (~3 pixels). After automatic detection, detected spots were filtered
based on satisfying minimum “intensity standard deviation” and “quality”
control parameters. Only spots with values higher than the set threshold
values were considered for analyses. Quality is defined as the intensity at
the center of the spot, Gaussian filtered by 3/4 of the spot radius. Appro-
priate threshold values were confirmed by visual inspection of correct
particle detection. To trace objects through sequential frames of time data,
a Brownian motion particle-tracking algorithm was applied. A maximum
search distance of 350 nm was defined to disallow connections between
a spot and a candidate match if the distance between the predicted future
position of the spot and the candidate position exceeded the maximum dis-
tance. A gap-closing algorithm was also implemented to link track segment
ends fo track segment starts to recover punctae that were interrupted by the
temporary disappearance of particles. The maximum permissible gap
length was set equal to seven frames. Track outputs were then visually in-
spected and, as necessary, edited to correct for tracking errors. Only punc-
tae that appeared and disappeared during the lifetime of the acquisition
(i.e., 181 frames, 6 min) were subjected to lifetime analyses.

Statistical analysis

Paired or unpaired two-tailed t tests were used to assess for signifi-
cance. All tests were performed using Prism (GraphPad Software) and
data are presented as mean = SEM, unless otherwise indicated. All ex-
periments were repeated at least twice, unless otherwise explicitly stated
in the figure legends.

Online supplemental material

Fig. S1 shows the variability in dynamin2 recruitment during CME. Fig. $2
presents RT-PCR and Western blot analysis of dynamin isoforms in the
SK-MEL-2 cell line. Fig. S3 contains an analysis of dynamin2 recruitment
and function during CME in cells exposed to dynamin inhibitors. Fig. S4
shows the effect of dynamin PH* overexpression on dynamin localization
and the effect of dynamin inhibitors on AP2 localization and actin cyto-
skeleton organization. Fig. S5 shows actin localization in genome-edited
SK-MEL-2 and U20S cell lines, the effect of cytochalasin D on dynamin2
dynamics, and the effects of jasplakinolide on dynamin2 and the actin
cytoskeleton. Online supplemental material is available at http://www

.jcb.org/cgi/content/full/jcb.201403041/DC1.
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