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SUMMARY

Coated pits assemble by growth of a clathrin lattice,
which is linked by adaptors to the underlying
membrane. How does this process start? We used
live-cell TIRF imaging with single-molecule EGFP
sensitivity and high temporal resolution to detect
arrival of the clathrin triskelions and AP2 adaptors
that initiate coat assembly. Unbiased object iden-
tification and trajectory tracking, together with a
statistical model, yield the arrival times and numbers
of individual proteins, as well as experimentally
confirmed estimates of the extent of substitution of
endogenous by expressed, fluorescently tagged
proteins. Pits initiate by coordinated arrival of cla-
thrin and AP2, which is usually detected as two
sequential steps, each of one triskelion with two
adaptors. PI-4,5-P, is essential for initiation. The
accessory proteins FCHo1/2 are not; instead, they
are required for sustained growth. This objective
picture of coated pit initiation also shows that
methods outlined here will be broadly useful for
studies of dynamic assembilies in living cells.

INTRODUCTION

Membrane traffic establishes, maintains, and reorganizes most
of the principal compartments of a cell. It does so while retaining
the compositional and functional heterogeneity of the donor
and acceptor membranes. Clathrin-coated vesicles, the first
membrane traffic carriers recognized and analyzed in detail,
have become a paradigm for efforts to understand molecular
mechanisms of other modes of vesicular transport (Harrison
and Kirchhausen, 2010). They carry cargo, such as transferrin,
immunoglobulins, low-density lipoprotein (LDL), hormones,
and signaling receptors, from the plasma membrane to endo-
somes and between endosomes and the trans-Golgi network.
The “canonical” coated pit is an invaginating structure in
which assembly of a curved clathrin lattice, linked by adaptors
and other proteins to deformation of the underlying membrane,
gives rise to a coated vesicle by constriction and (dynamin-cata-

lyzed) scission (Kirchhausen, 2009; Traub, 2009). Because it
takes place at the cell surface, coated pit assembly is particularly
favorable for detailed molecular analysis by live-cell fluores-
cence microscopy. Our current picture of the stages in the
formation of coated pits and coated vesicles derives primarily
from real-time imaging of living cells by total internal reflection
fluorescence (TIRF) and spinning-disk confocal microscopy to
follow the formation of coated pits and vesicles at the plasma
membrane (Ehrlich et al., 2004; Gaidarov et al., 1999; Mettlen
et al., 2010; Saffarian et al., 2009; Taylor et al., 2011). We can
formally distinguish several sequential stages corresponding to
nucleation, growth and invagination, budding and scission, and
uncoating. The whole cycle occurs in about 1 min.

The most important structural components of the coat are
clathrin and its AP2 (x-B2-pu2-c62) heterotetrameric adaptor
complex. Coated pit formation proceeds by sequential addition
of clathrin triskelions and adaptors, generating a sharply curved
coat; adaptor-mediated interactions with membrane-bound
proteins (and lipids) deform the underlying membrane; dynamin
mediates scission when the deformation has created a suitably
narrow neck; and auxilin, which arrives immediately following
scission, recruits Hsc70 to direct uncoating (Lee et al., 2006;
Massol et al., 2006). Hip1R, which binds clathrin light chains,
recruits actin, which is required in some instances for coated-
vesicle maturation and budding (Ferguson et al., 2009; Gottfried
et al., 2009; Merrifield et al., 2002; Saffarian et al., 2009). A
number of accessory proteins associate with coated pits at
specific stages of assembly and disassembly (Henne et al.,
2010; Reider et al., 2009; Toshima et al., 2006; Traub, 2009),
but their functions are less certain. Eps15, epsin, FCHo1 and
FCHo2 (FCHo1/2), and intersectin form a complex that appears
to collect at the rim of a coated pit (Henne et al., 2010; Reider
et al., 2009; Saffarian et al., 2009; Tebar et al., 1996). This “rim
complex” accumulates during early stages of coated pit
assembly, but its components are excluded from a budded
coated vesicle. It has been proposed that the rim complex
components are required for coated pit initiation because coated
vesicles fail to form in their absence. Other, nonessential compo-
nents are required for incorporation of particular cargo mole-
cules (Goodman et al., 1996; Miller et al., 2011; Yu et al., 2007).

Our present understanding of coated pit initiation comes from
ensemble biochemical assays and from live-cell imaging that did
not achieve levels of sensitivity and temporal resolution required
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Figure 1. Schematic Representation of the Experimental Setup and
Computational Analysis

(A) TIRF imaging setup used for the experiments. This illustration shows an
example of the recruitment of clathrin and AP2 adaptors to the plasma
membrane (yellow) of a cell attached through the modified PEG support to
a glass coverslip. Each clathrin triskelion contains three light chains that,
depending on the expression level, might or might not be replaced by
ectopically expressed EGFP-LCa (green). The imaging experiments used here
were designed to detect and track with single-molecule sensitivity the arrival of
the first clathrin (or AP2) molecules to the site of coated pit initiation.

(B) Distribution of numbers of triskelions containing none, one, two, or three
EGFP-LCa molecules. Incorporation of EGFP-LCa follows a binomial distri-
bution, as shown in this example for a replacement of 60%.

(C) Frame from a TIRF time series showing fluorescent spots corresponding to
coated pits labeled with clathrin EGFP-LCa. Scale bar, 5 um. The fluorescence
intensity trace (blue) corresponds to the profile from a single clathrin-coated pit
imaged during its initiation phase. A step-fitting function (black) was used to
determine the fluorescence intensity and dwell time (duration) associated with
the first two steps (indicated by their respective numbers); these values were
combined to generate the fluorescence intensity distribution shown in the gray
histogram of (D).

(D) Data flow and computational analysis. Stage 1 shows the weighted
contributions (green) for the calculated distribution of the number of EGFPs
corresponding to different modes of triskelion recruitment (weights a4 to ag)
constrained by the known molecular structures. For example, in the case of
clathrin, EGFPs can only arrive in sets of one, two, three, etc., as part of one or
more triskelions, each containing either zero, one, two, or three EGFP-LCa,
and their relative amounts are weighted by the extent of light-chain replace-
ment (B). Stage 2 shows the combined weighted distribution of numbers of
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to detect arrival of individual molecules (Kirchhausen, 2009;
McMahon and Boucrot, 2011; Taylor et al., 2011; Traub, 2009).
Molecular species clearly necessary to launch assembly of
a committed coated pit at the inner plasma-membrane surface
are clathrin and AP2s; PI-4,5-P, may be essential to bring AP2
to the membrane (Antonescu et al., 2011; Boucrot et al., 2006;
Zoncu et al.,, 2007); and members of the rim complex are
required at some early stage (Henne et al., 2010; Reider et al.,
2009). Any ensemble measurement or any set of low-sensitivity
imaging sequences is likely to obscure temporal sequences
and potential causal relationships.

We describe here measurements that determine the sequence
of initial events in individual coated structures (Figure 1). We
used unbiased object detection and trajectory tracking to
analyze live-cell TIRF images recorded with single-molecule
enhanced green fluorescent protein (EGFP) detection and high
temporal resolution. Because we could detect the arrival of indi-
vidual clathrin triskelions and AP2 adaptors to sites of coated
pit initiation (Figures 1A-1C), we could apply computational
modeling to determine the stoichiometry of the protein
complexes at early time points as well as the extent of substitu-
tion of endogenous by ectopically expressed fluorescently
tagged chimeras (Figure 1D). We find that all pits initiate with
two sequential events, and each event is usually a coordinated
arrival of one triskelion and two AP2 complexes but is sometimes
two triskelions and four AP2s. PI-4,5-P, is essential. FCHo1 and
FCHo2 are not essential to initiate coated pit formation but rather
to sustain growth of the clathrin coat and invagination of the
membrane.

RESULTS

Recruitment of Clathrin to Coated Pits Detected

with Single-Molecule Sensitivity

To study the molecular events during initiation of a coated pit at
the cell surface, we first established that our TIRF microscope
and our analytical tools (see Extended Experimental Procedures
and Figure S1 available online) would allow detection of the fluo-
rescence contributed to a diffraction-limited spot by a single
EGFP. We imaged biotinylated EGFPs captured by avidin
on the surface of a glass coverslip modified (to prevent non-
specific adsorption of protein) with an inert layer of biotinylated
poly(ethylene glycol) (PEG) (Bécking et al., 2011). The decrement
in a single photobleaching step of the intensity from a diffraction-
limited spot (Figures S1A and S1B) obeyed a normal distribution,
and we could take the average of that distribution as the

EGFPs (blue) from stage 1 and the calculated EGFP distribution obtained by
convolving the distribution of calculated EGFP molecules with Gaussians (light
blue), for which the means and SDs were derived from the single-molecule
calibration of fluorescence intensity. Calibrations are presented in Figure S1.
Stage 3 corresponds to the comparison between the calculated EGFP inten-
sity distribution (blue trace) and the experimentally determined EGFP
measurements (gray). The number of clathrin triskelions recruited during a step
is obtained by an iterative search process that minimizes the least-squares
difference of the cumulative distribution functions between the experimentally
measured and the calculated EGFP distribution values yielding the final
weighted contribution and light-chain substitution parameters (stage 4).

See also Figure S1.



fluorescence signal from one EGFP (Figure S1C). We then found,
as expected, that the intensity thus calibrated scaled linearly with
the number of EGFP molecules captured within the spot (Fig-
ure S1D). We confirmed that EGFP association with triskelions
or AP2 imaged on a nonmodified glass coverslip did not affect
the amplitude of the photobleaching step by showing that the
amplitude was the same whether EGFP was alone or fused to
a triskelion-bound clathrin light chain LCa (EGFP-LCa) or fused
to the AP2-bound adaptin o2 (c2-EGFP) (Figure S1E); clathrin
and AP2 tagging were achieved by stable expression of EGFP-
LCa and o2-EGFP, respectively (Ehrlich et al., 2004; Loerke
et al., 2011).

We used the TIRF setup thus calibrated with biotinylated
EGFP to follow coated pit formation in BSC1 cells (Figure 1).
Cells were allowed to attach to a layer of biotinylated fibronectin,
which was bridged by avidin to the biotinylated PEG that coated
the coverslip and provided an optically flat support. We
confirmed that the clathrin-dependent endocytic activity was
normal in cells attached to the modified PEG support by showing
that plating onto the modified substrate had no effect on the
kinetics of coat formation. This was determined by live-cell spin-
ning-disk confocal microscopy of fluorescently tagged clathrin
or AP2 imaged in the bottom and top surfaces of the cells and
of uptake of fluorescently tagged transferrin (data not shown).
Cells plated on the modified PEG support also had many fewer
clathrin-coated plaques than did those attached directly to glass
for 1 or more days (data not shown).

We acquired TIRF data at a frequency of ~5.5 Hz to provide
an adequate number of data points and recorded for a total
interval of 60 s to minimize photobleaching and potential photo-
toxicity (see for example Movie S1). The relatively short
recording interval did not, in general, allow us to determine
whether a growing clathrin-coated structure corresponded to
a committed or an abortive pit (Ehrlich et al., 2004; Kirchhausen,
2009; Loerke et al., 2009; Saffarian et al., 2009), as the time
series for most of them ended before complete assembly. We
believe that this uncertainty has no effect on the conclusions
we draw here because, during the initiation phase, the character-
istics of clathrin and AP2 recruitment are the same, regardless of
the duration of the event (Ehrlich et al., 2004; Loerke et al., 2011).

We identified all the fluorescent objects from five independent
cells by using the u-track software package (Jagaman et al.,
2008). We selected events for analysis by applying the following
criteria. (1) The fluorescent spot remained diffraction limited for
the full duration of the time series. (2) The spot moved less
than ~0.16 um (2 pixels/frame) in x and y and did not collide
with other fluorescent objects. These criteria selected plasma-
membrane-bound pits and rejected structures associated with
endosomal membranes that transiently approached the cell
surface. (3) The spot was not present when the time series began
and remained longer than 10 frames (1.7 s). This criterion elimi-
nated transients and ensured that we included only true initia-
tions. The fluorescence intensity of spots that met these criteria
always increased with time (Figures 1C and 2A), which is a prop-
erty established previously for both committed and abortive pits
(Ehrlich et al., 2004; Loerke et al., 2009; Saffarian et al., 2009).
The beginning of the trace was taken as the time point at which
the net fluorescence intensity (over background) was equivalent

to the signal from at least one EGFP (Figures 1C and 2A, right
panels). We inspected the individual traces of all objects that
lasted longer than 15 s and confirmed that the automated
assignment of the starting point agreed with the time chosen
“by hand” in over 80% of such events; the starting point for
the remaining pits was adjusted manually so as to include the
complete initiation phase.

Detailed analysis of clathrin traces for early phases of 537
coated pits from five cells showed that the first detectable events
were two consecutive stepwise increases in fluorescence inten-
sity (Figure 2A, right panels, selected examples). Histograms of
the distribution of time intervals between the first and second
intensity increments and between the second and subsequent
ones, with average dwell times of 2.3 and 1.9 s, respectively,
are in Figure 2B. The rise and fall, rather than single exponential
behavior, of the distributions suggests that more than one rate-
limiting step determines the kinetics of each of these two cla-
thrin-recruitment events. The number of EGFP-LCa per clathrin
triskelion can vary from zero to three, depending on the level of
fluorescent light-chain expression and the degree of substitution
for endogenous clathrin light chain a (LCa) and clathrin light chain
b (LCb) (Figure 1B), and direct inspection indeed showed
considerable variability in the magnitudes of the fluorescence
increments. To determine the number of EGFP-LCa molecules
recruited during each of the consecutive steps, we fitted the
intensity distributions with different models that took into
account variable degrees of light-chain substitution and alterna-
tive contributions of clathrin triskelions during the first and
second steps of recruitment—for example, only one triskelion,
only two triskelions, or a variable combination of one and two
triskelions, etc. For each model and for each of the first two
events, we calculated an expected EGFP frequency distribution
based on the constraint that each event must correspond to
arrival of one, two, or more triskelions, each with zero, one,
two, or three EGFP-LCa, under the assumption that the EGFP-
LCa occupancy follows a binomial distribution that depends on
the ratio of ectopically expressed EGFP-LCa to endogenous
LCa and LCb (see Experimental Procedures and Figure 1B).
We varied both the relative fraction of events in which one,
two, or more triskelions arrived at the plasma membrane and
the extent of light-chain replacement (Figure 1D). From the
EGFP frequency distribution associated with each model, we
then calculated the associated EGFP intensity distribution by
combining the corresponding Gaussians for which the means
and SDs were given by the single-molecule calibration of fluores-
cence intensity (see Experimental Procedures and Figure 1D;
see Figure 2C for all cells grouped together; and see Figure S2A
for cells 1-5). We then calculated the number of clathrin triskel-
ions recruited during each of the two events by minimizing the
least-squares difference between the cumulative distribution
functions of the calculated EGFP intensity for each model, deter-
mined as just described, and the experimentally determined
EGFP measurements.

Selection of the best model was based on the Bayesian infor-
mation criterion (BIC) (Jagaman and Danuser, 2006; Schwarz,
1978) (see Experimental Procedures; Figure 2C). In the model
that gave the best fit, ~75% of the events (either first or second
step) corresponded to addition of a single clathrin triskelion, and
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Figure 2. Recruitment of Clathrin during the Initiation Phase of Coated Pit Formation Detected with Single-Molecule Sensitivity

(A) Plot of the fluorescence intensity traces during the formation of two coated pits containing clathrin EGFP-LCa. The data were obtained from BSC1 cells stably
expressing EGFP-LCa imaged by TIRF microscopy every 170 ms with an exposure of 30 ms per frame. The panels on the right are expanded traces corre-
sponding to the first 10 s during the lifetime of the coated pits; they show the result of the fit (black) obtained by applying a step-fitting function to estimate the
average fluorescence intensity and dwell time of the first two steps during the initiation phase of the pit.

(B) Distribution of dwell times of the first and second steps of clathrin EGFP-LCa recruitment during the initiation phase of coated pit formation. Data from 537
coated pits in five cells. The dark blue line is a fit of a simple model based on two rate-limiting molecular steps.
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the remainder corresponded to addition of two or three triskel-
ions (10%-15% of events each) (Figures 2C and 2D, BIC values
for all cells combined and Figures S2A and S2B for individual
cells 1-5). The best fit gave ~65% replacement of endogenous
light chain by LCa-EGFP (Figure 2C for all cells and Figure S2D
for cells 1-5), which was in excellent agreement with the exper-
imental value of ~60% from conventional western blot analysis
of a large pool of cells (Figure S2E). For some other models,
the quality of the fit was similar to that for the best model (Fig-
ure 2C, models a-d); in these models, a single triskelion also
arrived in ~75% of the events, but the remaining events corre-
sponded to variable arrival of small amounts of two or three
triskelions (Figure 2E). We obtained very poor fits with calcula-
tions that assumed significantly different recruitment models or
different replacement levels (Figure 2C for all cells grouped
together and Figure S2A for cells 1-5).

The analysis thus suggests that coated pit formation generally
begins with arrival of a single triskelion at each of two successive
recruitment steps and that coincident arrival (within the ~170 ms
time resolution of our measurements) of two or three triskelions
can also occur but with much lower probability. These initial
steps are then followed by more rapid recruitment of many addi-
tional triskelions. We established the robustness of the analysis
used to determine how coated pit assembly starts by performing
the calculations just described on simulated “noisy” image
sequences (movies) corresponding to clathrin recruitment during
coated pit formation (see Analytical Validation in Extended
Experimental Procedures and Figure S3).

Recruitment of AP2 to Coated Pits Detected

with Single-Molecule Sensitivity

We investigated recruitment of AP2 tagged with 62-EGFP during
initiation of coated pit formation by using the same approach with
which we detected the early arrival of clathrin (see Movie S2). We
use the cell-attachment and TIRF imaging conditions described
above for the clathrin-recruitment experiments. We recorded
data from 698 coated pits in six different cells. As for clathrin,
we detected two well-defined, stepwise increments in fluores-
cence intensity (Figure 3A, two pits shown as examples), with
average times between successive increments of 2.6 and
2.2 s, respectively. The distributions for these intervals (Figure 3B)
were the same as those for the intervals between initial clathrin
recruitments (Figure 2B) (p > 0.2, step 1; p > 0.12, step 2; Kolmo-
gorov-Smirnov test [KS-test]), indicating that the two processes
are related. The distribution of dwell times between the first

recruitment steps of clathrin or AP2 showed a rise-and-fall profile
that was consistent with more than one rate-limiting event rather
than following an exponential decay that would be consistent
with a single rate-limiting step (see Analytical Validation in
Extended Experimental Procedures and also Figure S4).

We used a Gaussian mixture model, as above, to determine for
each cell the distribution of intensity increments associated with
each of the two recruitment events (Figure 3C for all cells
grouped together and Figure S5A for cells 1-6). There is one
62-EGFP per AP2 heterotetramer, so the distribution of EGFP
intensities corresponds directly to the distribution of tagged
complexes. The distributions showed a strong preference for
two AP2 complexes per event in the first and second increments
(Figure 3D, insets, for all cells grouped together and Figure S5B
for cells 1-6).

We fitted the experimental AP2 distribution data with a recruit-
ment model similar to the one described above for clathrin
triskelions. In the best fit (model d), two AP2 complexes arrive
together in 80% and 60% of the events in the first and second
steps, and four or six (e.g., two or three pairs) arrive in the remain-
ing 20%-40% (Figures 3D and 3E, inset for all cells grouped
together and Figure S5B for cells 1-6). We tested a large number
of other models, all of which gave significantly poorer fits
(Figure 3C for all cells together and Figure S5C for cells 1-6).
Models a, b, ¢, and e were not very different from each other,
and in every case the common feature was the favored arrival
of two AP2s. We varied the degree of endogenous o2 replace-
ment by 62-EGFP and searched for the best fit consistent with
the experimental frequency distributions. The calculated
replacement value was ~84% (Figures 3C and 3E for all cells
and Figure S5D for cells 1-6), which was in excellent agreement
with the ~80% replacement determined experimentally by
western blot (Figure S5E). Analytical validation for these proce-
dures is provided in Extended Experimental Procedures (see
also Figure S6). We further tested the consistency of our models
by adding constraints derived from fitting the clathrin arrival
distributions (75%, one triskelion; 25%, two and three triskel-
ions, Figure S7). The latter distributions yielded a good fit to
the AP2 distributions, giving an estimate that, during the initial
event, 90% of the triskelions arrived with two bound AP2
complexes. Because we did not know how many AP2 were
“dark” (untagged) during any specific step in growth of an indi-
vidual pit, we could not determine whether there was any corre-
lation between the number of AP2 complexes (or clathrin
triskelions) in the first and second recruitment events.

(C) Value of the BIC used to determine the best fit between the experimental data and the recruitment models of clathrin indicated at the bottom. The quality of the
fit increases with more negative BIC values (see Experimental Procedures; Schwarz, 1978). Each point was color coded according to the calculated substitution
level of endogenous light chain by the ectopically expressed EGFP-LCa. The relative contributions of triskelions in models a—d are presented in (E).

(D) The compiled distribution of net fluorescence intensities (fluorescence intensity for a given spot minus the fluorescence intensity of the background, in
arbitrary units) of recruited clathrin EGFP-LCa was determined for the first and second steps during the initiation phase of all pits in the five cells analyzed (gray).
The continuous fluorescence intensity signal (dark blue) is the sum of the relative contributions to the fluorescence signal by the incorporation of one, two, etc.,
EGFP molecules (light blue) that were obtained from the model with the best BIC score (panel C, model c). For the first step, the model represents the arrival of
a single triskelion in ~75% of the events and two and three triskelions in the remaining ~25% (inset). For the second step, the model represents the arrival of one,
two, and three triskelions in ~70%, ~14%, and ~16% of the events, respectively (inset). The calculated extent of endogenous light-chain substitution for all cells
with EGFP-LCa was 65%.

(E) Arrival of triskelions to the first and second steps of the models a-d highlighted in (C). The gray histograms show the relative contributions of triskelions
recruited in the first and second steps of clathrin-coated pit formation for the three models (a, b, and d) with a BIC score closest to the best model (c).

The analyses of the single cells are reported in Figure S2 for cells 1-5. See also Figures S3 and S7 and Movie S1.
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Figure 3. Recruitment of AP2 during the Initiation Phase of Coated Pit Formation Detected with Single-Molecule Sensitivity

(A) Plot of the fluorescence intensity traces during the formation of two coated pits containing AP2 tagged with 62-EGFP. The data were obtained from BSC1 cells
stably expressing o2-EGFP imaged by TIRF microscopy every 170 ms with an exposure of 30 ms per frame. The panels on the right are expanded traces
corresponding to the first 10 s during the lifetime of the coated pits; they show the result of the fit (black) obtained by applying a step-fitting function to estimate the
average fluorescence intensity and dwell time of the first two steps during the initiation phase of the pit.
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Joint Recruitment of Clathrin and AP2 for Coated Pit
Initiation

The strong correlation between the distributions of time intervals
between initial steps of clathrin recruitment and AP2 recruitment
and the fit of the constrained model just described both suggest
that clathrin and AP2 arrive as partners. We therefore adapted
our TIRF configuration to image EGFP and mCherry in the
same experiment, thus allowing us to follow recruitment of ¢2-
EGFP and mCherry-LCa to the same coated pit. We used
BSC1 cells, stably expressing c2-EGFP, that had been trans-
fected 48 hr before the experiment with a plasmid-encoding
mCherry-LCa and modified the microscope to allow simulta-
neous dual-wavelength excitation and detection of both fluoro-
phores. We verified absence of crosstalk between the two
emitted signals. The two intensities were expressed as relative
values to each other because mCherry photobleaches quite
rapidly, making it impractical to obtain an absolute fluorescence
intensity calibration relative to single mCherry.

The representative traces in Figures 4A and 4B show clear
correlation of fluorescence from clathrin and AP2, particularly
during the early stage of coat assembly. The distribution of the
difference between times of initial clathrin and AP2 signals is
a Gaussian centered on 0 s, suggesting that, within the time
resolution of our experiments (170 ms), the two species arrive
together (Figure 4C). Uncertainties in identifying the beginning
of the first step due to the inherently noisy fluorescence intensity
data from cells simultaneously expressing ©2-EGFP and
mCherry-LCa are likely to explain the distribution of observed
timing differences because similar distributions were obtained
by using simulated traces generated with the same signal-to-
noise ratio (data not shown). Another potential source for the
observed uncertainty is coordinated arrival of untagged AP2
with tagged clathrin or the converse; the proportion of tagged
AP2 would have been lower because of low expression of 62-
EGFP in cells transiently expressing LCa-mCherry driven by
the same promoter (E.C. and T.K., unpublished data).

Role of FCHo1 and FCHo2 in Coated Pit Initiation

It has been proposed that FCHo1 and FCHo2 are required for
coated pit initiation because pits fail to form in their absence
(Henne et al., 2010). One line of evidence is absence of AP2-con-
taining pits on the attached plasma membrane of cells imaged
by spinning-disk confocal microscopy after depletion of both

FCHo1 and FCHo2 by RNA interference (RNAI) (Henne et al.,
2010). We reproduced this observation by using small hairpin
RNA (shRNA) with the published depletion protocol and the
same o2-EGFP-expressing BSC1 cells. We confirmed the
absence of AP2 puncta at the cell surface and enhanced cyto-
solic AP2 fluorescence background (Figures 5A and 5B); the
positive control from cells expressing FCHo1/2 at normal levels
showed normal AP2 puncta and lower cytosolic background. A
quantitative comparison showing loss of coated vesicles in the
absence of FCHo1/2 is shown in Figure 5C. As others have found
by using spinning-disk confocal imaging (Henne et al., 2010), we
observed loss of receptor-mediated endocytosis of transferrin in
cells depleted of both FCHo1 and FCHo2. By using spinning-
disk confocal imaging, we found that, in cells lacking AP2
puncta, Alexa647 transferrin failed to internalize and accumulate
in endosomes (Figure 5A). Fluorescence-activated cell sorting
(FACS) analysis confirmed the partial loss of transferrin uptake
in cells subjected to FCHo1/2 depletion (Figure 5D). The partial
effect is in line with the extent of protein depletion determined
by western blot analysis (Henne et al., 2010; Nunez et al.,
2011) and is consistent with an ~50% efficacy of FCHo1/2
depletion determined by real-time quantitative PCR (qtPCR)
(data not shown).

The sensitivity of the spinning-disk confocal microscope is
insufficient, however, to detect the weak fluorescent signals
associated with a small number of fluorescent molecules. We
therefore used the more sensitive TIRF imaging to determine
whether or not FCHo1/2 are required for AP2 recruitment during
the initial phases of coated pit formation described above. We
found a substantial reduction in the number of longer-lived AP2
spots (lifetimes >25 s) in the FCHo1/2-depleted cells but no
decrease in the number of shorter-lived spots (lifetimes <10 s)
(Figures 5E and 5F). The latter are abortive pits that fail to
proceed to complete assembly and pinching. We included two
negative controls to ensure that the short-lived events are bona
fide AP2 pits rather than collisions of cytosolic AP2 with the
plasma membrane. In one experiment, we showed total absence
of AP2 events in cells treated briefly with 1-butanol (Figures 5E
and 5F), a procedure that completely eliminates formation of
clathrin/AP2-coated pits (Boucrot et al., 2006; Henne et al.,
2010). In the other, we showed absence of detectable random
association of EGFP with the plasma membrane in cells express-
ing cytosolic EGFP rather than ¢2-EGFP (Figures 5E and 5F).

(B) Distribution of dwell times of the first and second steps of AP2 62-EGFP recruited during the initiation phase of coated pit formation. Data from 698 pits in
six cells. The dark blue line is a fit of a simple model based on two rate-limiting molecular steps.

(C) Value of the BIC used to determine the best fit between the experimental data and the recruitment models of AP2 indicated at the bottom. The quality of the
fit increases with more negative BIC values. Each point was color coded according to the calculated substitution level of endogenous ¢2 by the ectopically
expressed c2-EGFP. The relative contributions of AP2 recruitment in models a—e are presented in (E).

(D) The compiled distribution of net fluorescence intensities (fluorescence intensity for a given spot minus the fluorescence intensity of the background, in
arbitrary units) of recruited AP2 62-EGFP was determined for the first and second steps during the initiation phase of all pits in the six analyzed cells (gray). The
continuous fluorescence intensity signal (dark blue) is the sum of the relative contributions to the fluorescence signal by the incorporation of one, two, etc., EGFP
molecules (light blue) that were obtained from the model with the best BIC score (panel C, model d). For the first step, the model represents the arrival of two AP2
in ~75% of the events and four and six AP2 in the remaining ~25% (inset). For the second step, the model represents the arrival of two, four, and six AP2 in ~55%,
~30%, and ~15% of the events, respectively (inset). The calculated extent of endogenous ¢2 substitution with 62-EGFP was 84% for all cells.

(E) Arrival of AP2s to the first and second steps of the models a—e highlighted in (C).

The gray histograms show the relative contributions of AP2 recruited in the first and second steps of clathrin-coated pit formation for the four models (a-c and e)
with a BIC score closest to the best model (d).

The analyses of the single cells are reported in Figure S5 for cells 1-6. See also Figures S4, S6, and S7 and Movies S2 and S3.
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Figure 4. Recruitment of Clathrin and AP2 during the Initiation Phase
of the Same Coated Pit

(A) Fluorescence intensity traces corresponding to the recruitment of clathrin
and AP2 during the formation of two coated pits containing clathrin mCherry-
LCa and 62-EGFP. The data were obtained from BSC1 cells stably expressing
62-EGFP and transiently expressing mCherry-LCa. The cells were imaged by
TIRF microscopy with the dual view setup every 170 ms with simultaneous
excitation of mCherry and EGFP using exposures of 30 ms per frame. The
traces correspond to the first 30 s during the lifetime of the coated pits.

(B) The expanded traces show the raw fluorescence signals (light blue, light
orange); the corresponding smoothened plots (dark blue and red) were ob-
tained with a running average filter (window size = 3). The fitted steps (black)
obtained by applying the step-fitting function to the raw signals were then used
to measure the dwell time of the first step and to determine the difference in the
arrival time (At) of AP2 and clathrin during the first step.

(C) Distribution of the difference in the arrival time (At) of clathrin mCherry-LCa
and AP2 ¢2-EGFP during the initiation step of 83 coated pits from five cells.
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We also used TIRF imaging to characterize the dynamics of pit
formation in BSC1 cells overexpressing untagged FCHo1 and
stably expressing c2-EGFP. Although there was no significant
increase in the total number of initiation events (e.g., AP2 spots
with lifetimes >2 s, Figure 5G), we found a clear increase in the
number of longer events—that is, those lasting between 5 and
25 s (Figure 5H). A fraction of these 5-25 s events probably
represent fully formed coated pits that assembled more rapidly
because their AP2 content was equivalent to that of committed
pits that took 40 s or more to form. In addition, FCHo1 overex-
pression led to a noticeable decrease of abortive events lasting
between 2 and 5 s. We conclude that, although FCHo1/2 are
clearly important for ensuring growth and completion of the
coat, they are not essential for coated pit initiation. We propose
instead that the FCHo molecules are part of a larger complex that
stabilizes the assembling coat, allowing further growth of the
clathrin lattice.

DISCUSSION

Our experimental analysis of the first 5 s of clathrin-coated pit
assembly leads to the following molecular description (Figure 6).
There are two early recruitment events that we can resolve here,
followed in rapid succession by additional recruitment of clathrin
and AP2 in steps that we cannot resolve. The two early events
include both AP2 and clathrin, which arrive together at the site
destined to become a coated pit. The molecular description of
a majority of the recruitment events (both first and second) is
one clathrin triskelion and two AP2 complexes; in a smaller frac-
tion of the events, two triskelions and four AP2s participate. This
description clearly rules out the alternative notion inferred from
cells partially depleted of clathrin that triskelions assemble on
a preformed patch of AP2 (Hinrichsen et al., 2006).

Coordinated Arrival of One Triskelion and Two AP2
Complexes

The most straightforward explanation of the observed stoichi-
ometry is that only if two AP2 complexes anchor clathrin to the
membrane will its lifetime there be long enough to allow subse-
quent addition of more clathrins. This interpretation is consistent
with known properties of the components. AP2 binds weakly but
specifically to lipid bilayers (such as the plasma membrane) that
contain PI-4,5-P,; clathrin has no direct membrane contacts.
Once a lattice has begun to form, clathrin-clathrin contacts will
add stability and will greatly increase the mean residence time,
both for clathrin and for the AP2 complexes it binds. Each of
the two resolvable, early addition events includes more than
one rate-limiting molecular step. The rise-and-fall shape of the
dwell-time histogram leads to this conclusion, even without
a specific molecular picture. It is not yet clear, however, which
of the steps implied by the stoichiometry just described deter-
mine the observed kinetics.

A full analysis has required a model that explicitly incorporates
the degree of substitution of untagged components by tagged
ones, the distribution of light-chain occupancies, and the distri-
bution of the number of clathrin trimers that contribute to each
event. In the case of clathrin, each triskelion has three light
chains at equivalent sites occupied randomly by LCa and LCb.
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Figure 5. Effect of FCHo Proteins on Coated
Pit Initiation and Formation

(A) Uptake of Alexa 647 transferrin (magenta) by
BSC1 cells stably expressing 62-EGFP (green) in
the presence and absence of FCHo1 and FCHo2.
Depletion of FCHo1/2 was obtained after a 4 day
incubation with lentivirus encoding short-hairpin
interfering RNA sequences specific for FCHo1 and
FCHo2 (FCHo1/2 shRNA). Cells were incubated
for 10 min at 37°C with 10 ug/ml Alexa 647 trans-
ferrin and then imaged in 3D using spinning-disk
confocal microscopy. The representative images
correspond to maximum z projections from a
stack of 35 imaging planes spaced 0.5 um. Scale
bar, 10 um for both panels.

(B) Representative kymographs from time series
from the bottom attached surface of BSC1 cells
obtained by spinning-disk confocal microscopy.
The cells stably expressing 62-EGFP were imaged
in the presence (top) or absence (bottom) of
FCHo1/2. Time series were obtained 4 days after
treatment of the cells with lentivirus encoding
scrambled or short-hairpin interfering RNA se-
quences specific for FCHo1 and FCHo2. Scale
bar, 10 um for both panels.

(C) Distributions of the numbers of coated pits
longer than 25 s forming in the presence (0.23 +
0.045 committed pits/100 umz/s; total number of
pits = 3,275) and absence (0.042 + 0.027; total
number of pits = 1,139) of FCHo1/2. Error bars
represent cell-to-cell SD; *p < 1074, t test. Data
from five cells for each condition.

(D) FACS analysis to follow the uptake of Alexa
647 transferrin by BSC1 cells stably expressing
62-EGFP in the presence (left) and absence (right)
of FCHo1/2.

(E) Number of coated pit events detected by
TIRF in the presence and absence of FCHo1/2,
respectively. Time series were obtained by
imaging every 170 ms with an exposure of 30 ms
per frame. The number of committed pits (>25 s)
was underrepresented because the length of the
time series used was 1 min in duration.

(F) Distributions of fluorescent spots representing
the number of initiation events with duration longer

than 5 s detected by TIRF microscopy in BSC1 cells stably expressing 62-GFP; 51 s time series were obtained by imaging every 170 ms with an exposure of 30 ms
per frame. The data were obtained from control cells expressing normal amounts of FCHo1 and FCHo2 (0.544 + 0.076 initiations/100 um?/s; n = 4 cells), from cells
depleted of FCHo1 and FCHo2 (0. 696 + 0.23; n = 3 cells), and from control cells briefly exposed to 1-butanol (0.089 + 0.094; n = 3 cells). The last bar shows
the distribution of fluorescent spots detected at the plasma membrane of cells expressing soluble cytosolic monomeric EGFP (0.034; n = 1 cell). Error bars
represent SD.
(G) Distributions of the numbers of fluorescent spots representing initiation events (>2 s) detected by TIRF microscopy in BSC1 cells stably expressing c2-GFP
alone or together with transiently expressed FCHo1. We recorded 51 s time series by imaging every 170 ms with an exposure of 30 ms per frame. The data
were obtained both from control cells expressing normal amounts of FCHo1/2 (0.722 + 0.179; n = 5 cells) and from cells transiently expressing FCHo1 for 3 days
(0.864 + 0.126; n = 5 cells). Error bars represent SD.
(H) The events detected in (G) were divided into three groups: those lasting 2-5, 5-25, and 25-51 s. The data are color coded to differentiate abortive (full color)

from committed pits (striped), and the later were selected by their higher maximum fluorescence intensity.

Thus, depending on the level of expression of the tagged LCa,
a triskelion might have between zero and three fluorophores.
Our data show discernable arrival of up to nine EGFPs in each
of the first two events. Assuming stochastic replacement of
endogenous light chains with the ectopically expressed LCa-
EGFP, we searched for the best correlation of observed and
modeled binomial frequency distributions with the degree of
replacement as a variable. For clathrin, we found the best fit

with a single triskelion in 75% of the events and two or three in
the remaining 25%, with an overall replacement of 65% of the
light chains with EGFP-LCa. For AP2, we detected steps of
between one and four clathrin adaptor complexes and a strong
preference for two. A step with a single AP2 could be arrival of
a pair with one of the complexes untagged (i.e., bearing endog-
enous ¢2). A global fit with different binomial models converged
to one in which two AP2 complexes arrived together in ~80% of
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Figure 6. Proposed Model for Recruitment
of Clathrin and AP2 during the First Five
Seconds of Coated Pit Formation

Schematic representation of the early events
during initiation of coated pit formation. (1) AP2
binds weakly to PI-4,5-P, contained in the plasma
membrane, leading to rapid association and
dissociation. Clathrin has no affinity for the
membrane, and interactions between clathrin and
a single AP2 are also too weak to form a stable
complex. (2) The first recognizable event coordi-
nated binding of a clathrin triskelion to two
membrane-anchored AP2s; the two anchor points

stabilize the resulting complex and increase its residence time at the membrane. (3) The increased residence time of the triskelion/AP2 complex results in the
second resolvable event, incorporation of a further building block, typically consisting of one triskelion bound to two AP2s. In a small proportion of cases (~30%),
the incorporation rate of a second triskelion/AP2 complex is faster than the temporal resolution of data acquisition (170 ms), resulting in the combined model of
70% one triskelion/2 AP2 + 30% two triskelions/4 AP2 in steps one and two. The accessory proteins FCHo1 and FCHo2 are not involved in the initial two steps of

assembly.

the events and four or six AP2 complexes in the rest, with about
80% overall replacement of endogenous 62 by c2-EGFP. We
found no evidence for preclustering of AP2 before arrival of
clathrin.

The models for clathrin and AP2 recruitment yield replacement
levels in excellent agreement with the values measured directly
by western blots from pooled-cell extracts. Moreover, when
we constrain the AP2 recruitment model by the best fit of the
clathrin model—75% of the events with a single triskelion and
25% with two or three—and allow each triskelion to arrive with
one, two, or three associated AP2 complexes, the best fit
converges to a strong preference for two AP2s per step and to
essentially the same replacement values as in the unconstrained
calculation. We further validated the analytical method used to
determine the first steps of clathrin and AP2 recruitment leading
to coated pit formation by showing that the method returned the
same values as those input to models used to generate movies
simulating coated pit formation.

Single-molecule sensitivity in our measurements has been
critical for the robustness of the modeling just described and
for the excellent agreement the models yield with experimentally
determined replacement levels of endogenous by tagged
components. To achieve single-molecule detection in live-cell
imaging without resorting to quantum dots or other large clusters
of fluorophores (Howarth et al., 2008; Howarth and Ting, 2008),
we needed to make a number of improvements in cell handling,
microscope hardware, and data analysis. Attaching cells to
a layer of biotinylated fibronectin bridged by avidin to a coating
of biotinylated PEG allowed access to the cell surface facing
the coverslip, minimized background, and essentially eliminated
formation of coated plaques. Improvements in temperature
control and z axis stability of the microscope stage and use of
TIRF illumination from an intense and stable laser source have
allowed us to record signals from single EGFP molecules that
are ~3 + 0.7 SDs above cellular background in 30 ms exposures
(calculation done by using the AP2 data from all six cells). The
corresponding statistical significance (p > 0.08 + 0.035, t test)
increases if subsequent time points have measurable signal for
the same object (p < 0.05 after 2 + 1 frames). Moreover, rapid
recording—170 ms intervals in our work—enhances the strin-
gency of the criteria we can apply for the maximum displacement
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between frames and the minimum number of frames in which
the object appears. Calibration of the fluorescence intensity
by photobleaching of immobilized EGFP allowed us to make
a direct correspondence between signal strength and number
of molecules contributing to any event we detected.

FCHo1 and FCHo2 Are Not Essential to Initiate Coated
Pit Formation

The experiments described here illustrate the importance of
imaging with single-molecule sensitivity when studying pro-
cesses, such as initiation of assembly, that involve a very small
number of components and the stochasticity that small
numbers inevitably imply. Access to information about the distri-
bution of molecular contributions to the events being analyzed
avoids ambiguities inherent in ensemble measurements and
isolated snapshots. Our reanalysis of the effect of ablating
FCHo1/2 or overexpressing FCHo1 shows that methods (such
as spinning-disk confocal imaging with conventional illumina-
tion) requiring extrapolation from later time points and stronger
signals may lead to incorrect inference. FCHo1/2 are clearly
necessary for coated pit assembly and clathrin-mediated endo-
cytosis of transferrin (Henne et al., 2010), but we have shown that
knockdown of these components does not affect initiation.
Instead, we find that normally initiated coated pits abort in the
absence of FCHo1/2 and that a fraction of coated pits assemble
even faster than usual in the presence of large amounts of
FCHo1. We propose that FCHo1/2 are part of a complex that
stabilizes the nascent coated pit and permits or facilitates
continued growth.

When FCHo1 is overexpressed, the fraction of fully formed
committed coated pits increases, and often they assembled
more rapidly, with a noticeable decrease of abortive events.
When FCHo proteins are missing, coated pits abort assembly,
typically 20-25 s after arrival of the initial clathrin and AP2s.
The average lifetime of coated pits in the BSC1 cells studied
here is 45-60 s; once pit assembly has initiated, clathrin adds
at a relatively steady rate, so that 20-25 s would correspond to
a pit with a roughly hemispherical coat. The critical stage at
which FCHo1/2 and their partners are essential for coat
assembly is therefore near the point at which the invaginated
membrane starts to constrict. We have shown recently that



pits forming on membranes under tension require rescue at this
stage (by actin polymerization) because the net free energy of
membrane deformation begins to increase as constriction
proceeds (Boulant et al., 2011). Thus, by stabilizing the growing
coat, the FCHo proteins and their partners could allow continued
growth to overcome increasing membrane resistance. The
mechanism could involve stabilizing a curved membrane or
reinforcing the clathrin lattice. The FCHo proteins associate
with intersectin, epsin, and Eps15 (Henne et al., 2010). They
have an F-BAR domain, which associates preferentially with
curved membranes; the epsin N-terminal homology (ENTH)
domain has a similar preference. Eps15, Epsin, and FCHo
proteins are present selectively at the rim of an assembling
coat (Henne et al., 2010; Saffarian et al., 2009; Tebar et al.,
1996). FCHo1/2 and epsin might therefore stabilize bilayer
curvature as the pit invaginates or simply recognize membrane
curvature as part of a mechanism that stabilizes (directly or indi-
rectly) the clathrin coat itself.

Model for Coated Pit Initiation

The observed recruitment kinetics suggests the following model
for association of clathrin and AP2 in coated pit initiation (Fig-
ure 6). Cytosolic AP2s are constantly sampling membranes.
Association of AP2 and PI-4,5-P, at a specific site on the
a-subunit favors capture of AP2 at the plasma membrane, but
the affinity for the lipid head group is relatively weak, and the resi-
dence time, in the absence of further interaction, is probably
much less than 1 s. A single clathrin-AP2 contact or a single
AP2-membrane-cargo protein association is also weak and
comparably short lived. If, however, a membrane-associated
AP2 binds a clathrin triskelion that recruits or brings with it an
additional AP2, which can associate with a second PI-4,5-P5 in
the membrane, the three-component cluster (one triskelion and
two AP2 complexes) will then have a much longer membrane
residence time. We propose that this sort of cluster describes
the most probabile initial molecular complex, which is stable (in
general) for the ~1.7 s required for recruitment of a second
clathrin. Because a single clathrin-clathrin interaction is weak
(Fotin et al., 2004), stable association of the second clathrin
will in most cases also require that it have two bound AP2
complexes. The stability and multiple valencies of the resulting
structure will then permit a number of alternative molecular
steps—e.g., recruitment of cytosolic clathrin with no bound
AP2s, recruitment of an additional AP2 to one of the unoccupied
terminal domains, etc.

Our description of initiation is an “average” of most probable
sets of steps, not a proposal for a unique molecular sequence.
Our model includes three central participants: AP2, PI-4,5-P,,
and clathrin. A crucial role for PI-4,5-P, follows from our obser-
vation that loss of this phosphoinositide from the plasma
membrane after acute treatment of cells with 1-butanol prevents
formation of any new coated pits. Our earlier work (Boucrot et al.,
2006, 2010) and that of others (Henne et al., 2010; von Kleist
et al., 2011) has shown that coated pits are absent in cells
depleted of PI-4,5-P,; our current data show that even the initial
molecular recruitment steps fail to occur. We also see no
evidence for association of clathrin-free AP2 with sorting motifs
on the cytosolic extensions of membrane-resident cargo, as this

interaction, together with binding of PI-4,5-P2, would greatly
increase the residence time of clathrin-free AP2, which is
contrary to our observations. Association with clathrin activates
AP2, switching the p2 subunit into its “open” conformation
(Rapoport et al., 1997) and enhancing the likelihood of cargo
capture once coat assembly is underway. This mechanism is
consistent with observations that show capture of LDL (Ehrlich
et al., 2004), transferrin (E.C. and T.K., unpublished data), and
several types of viruses (Cureton et al., 2012; Ehrlich et al.,
2004) to previously initiated assembling pits, rather than cargo-
induced ab initio pit formation.

We have tagged with fluorescent reporters only the clathrin
and AP2 components of a coat. Other proteins could, in
principle, participate in the initiation steps we have followed.
The most important mechanistic reason for a specific heterolo-
gous initiator of any assembly process is to guarantee inclusion
of a particular component. Subsequent recruitment steps can
also have this function, however. We have ruled out a require-
ment for FCHo1/2 as initiators, showing instead that they prevent
assembly from aborting after 15-20 s; they could therefore direct
incorporation of further components essential for later events,
such as fusion of the uncoated vesicle with a target membrane.
We note that a model invoking stochastic initiation, followed by
molecular associations that commit the coat to complete its
assembly, is more consistent with the large body of observations
that have accumulated since our early live-cell imaging studies
(Ehrlich et al., 2004) than is a model invoking a heterologous
initiator.

EXPERIMENTAL PROCEDURES

Cell Biology
All of the procedures used for cell biological manipulations are described in
detail in the Extended Experimental Procedures.

Visualization and Image Analysis

Samples were visualized by using TIRF microscopy with single-molecule
EGFP detection and high temporal resolution or spinning-disk confocal
fluorescence microscopy with high temporal resolution. Coated pits were
detected and tracked by using the u-track software (Jagaman et al., 2008).
The objects thus selected were analyzed further by using additional software
written in Matlab (Mathworks, Natick, MA). We only considered for analysis
those objects whose fluorescence intensity increased with time, appeared
after the time series started, moved less than 0.16 um/frame along the x and
y axis (the average of the movement was 0.41 pixel/frame, and the median
was 0.28 pixel/frame), and did not collide with other fluorescent objects.
Fluorescence intensity traces during the first 10 s of clathrin or AP-2 recruit-
ment thus obtained were fitted by using a step detection function (Smith,
1998) to define the intensity and the dwell time of the molecule incorporation
at the nascent coated pits. To quantify protein recruitment, the cumulative
distributions of intensities of the first and second steps of coated pit formation
for all pits in each cell were together fitted with a model incorporating different
combinations of protein recruitment as well as the extent of substitution in the
cell, i.e., the probability g of a fluorescent molecule being incorporated.
Detailed procedures, including simulations, are described in the Extended
Experimental Procedures.

SUPPLEMENTAL INFORMATION
Supplemental Information includes Extended Experimental Procedures,

seven figures, and three movies and can be found with this article online at
http://dx.doi.org/10.1016/j.cell.2012.05.047.
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