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ABSTRACT Endophilins are SH3- and BAR domain-containing proteins implicated in membrane remodeling and vesicle forma-
tion. Endophilins A1 and A2 promote the budding of endocytic vesicles from the plasma membrane, whereas endophilin B1 has been
implicated in vesicle budding from intracellular organelles, including the trans-Golgi network and late endosomes. We previously re-
ported that endophilins A1 and A2 exist almost exclusively as soluble dimers in the cytosol. Here, we present results of fluorescence
fluctuation spectroscopy analyses indicating that, in contrast, the majority of endophilin B1 is present in multiple copies on small,
highly mobile cytoplasmic vesicles. Formation of these vesicles was enhanced by overexpression of wild-type dynamin 2, but sup-
pressed by expression of a catalytically inactive dynamin 2 mutant. Using dual-color heterospecies partition analysis, we identified
the epidermal growth factor receptor on endophilin B1 vesicles. Moreover, a proportion of endophilin B1 vesicles also contained cav-
eolin, whereas clathrin was almost undetectable on those vesicles. These results raise the possibility that endophilin B1 participates

in dynamin 2-dependent formation of a population of transport vesicles distinct from those generated by A-type endophilins.

INTRODUCTION

Endophilins are 40-50 kDa peripheral membrane proteins
implicated in sensing and inducing membrane curvature
during vesicle formation (1). Although divided into three
classes (A, B, and C) based on their amino acid sequences,
all endophilins share a common domain composition,
including an N-terminal amphipathic helix (termed Helix-
0) followed by a Bin/amphiphysin/Rvs domain, a variable-
length linker region, and a C-terminal Src Homology 3
(SH3) domain. The Bin/amphiphysin/Rvs domains homodi-
merize into crescent-shaped structures, creating positively
charged concave surfaces that interact with negatively
charged phospholipids in membranes (2-5). Helix-0 pene-
trates the lipid bilayer and is apparently essential for mem-
brane binding (6-9).

Endophilin A1 (EndoAl) is the best characterized mem-
ber of the endophilin family, primarily due to its critical role
in synaptic vesicle recycling (10). It interacts via its SH3
domain with dynamin (Dyn), a large (~100 kDa) GTPase
that catalyzes membrane scission, and with synaptojanin,
a phosphoinositide phosphatase required for uncoating of
clathrin-coated vesicles (11,12). The precise function of
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EndoAl in the membrane vesiculation process is not
entirely understood. Its ability to induce membrane curva-
ture (2) and scission (13) in vitro suggests that it may carry
out similar activities on the plasma membrane of cells.
Indeed, disruption of EndoAl function or expression re-
sulted in defective synaptic vesicle recycling and an in-
crease in the number of clathrin-coated pits in a variety of
experimental systems (14—17). However, knockout of all
three type A endophilins in mice increased the number of
clathrin-coated vesicles in synapses without affecting the
number of clathrin-coated pits (18). This surprising result
indicates that, at least in mouse synapses, endophilin is
not essential for inducing membrane curvature or scission
but instead functions cooperatively with synaptojanin in
the uncoating process (18,19). In contrast to EndoA1, which
participates largely in clathrin-dependent pathways, endo-
philin A2 (EndoA2) has recently been implicated vesicle
formation during clathrin-independent endocytosis (20,21).

Whereas the class A endophilins function primarily on
the plasma membrane, endophilin B1 (EndoB1) is concen-
trated on internal membranes (22) and has been linked to
intracellular trafficking pathways, including those involving
mitochondria, endosomes, and the trans-Golgi network.
Endo B1 was independently identified by two groups in
screens for binding partners of Bax, a protein that induces
mitochondrial pore formation during apoptosis (23,24).
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Hence, the protein is also referred to as Bif-1 (Bax interact-
ing factor 1). Endogenous EndoB1 has been localized by
immunofluorescence staining to the Golgi complex (25),
mitochondria (26-28), and Rab7-positive late endosomes
(29,30). Functional studies have implicated EndoB1 in
vesicle budding from the trans-Golgi network and degrada-
tive endocytosis of the epidermal growth factor (EGF) re-
ceptor (31). However, it has been best characterized for its
roles in autophagy and apoptosis (32—34).

We previously showed that EndoA2 exists almost exclu-
sively as a single, dimeric species in the cytosol of living
cells (35). In this study, we used a variety of fluorescence
fluctuation spectroscopy (FFS) analysis techniques to
examine the properties of EndoB1. Autocorrelation analysis
(36) and brightness analysis (37) both revealed the existence
of two distinct species of EndoB1, including a cytosolic,
soluble fraction, and a much larger pool associated with
small intracellular vesicles. Unlike our previous study that
was limited to the detection of proteins associated with
cellular vesicles, this work seeks to identify changes in the
labeled vesicle population that occur as a result of a delib-
erate perturbation. We found that the mean-binned bright-
ness versus protein concentration provides a suitable
measure for detecting changes in the brightness or concen-
tration of the labeled vesicle fraction. We gain additional
insight by performing brightness spike analysis, which iden-
tifies if a gain in brightness is associated with an increase in
the labeled vesicles population. By applying these methods,
we found that the formation of these EndoB1-containing
vesicles was dependent on the GTPase activity of dynamin
2 (Dyn2). Using dual-color heterospecies partition analysis
(HSP) (38), we identified the epidermal growth factor recep-
tor (EGFR) on EndoBl-containing structures, confirming
that these structures were bounded by membrane bilayers.
In addition, a substantial proportion of EndoB1 vesicles
also contained caveolin, whereas clathrin was almost unde-
tectable on those vesicles. This study suggests that EndoB 1
may be involved in the intracellular EGFR and caveolin traf-
ficking pathways.

MATERIALS AND METHODS
Constructs and cell transfection

GFP-EndoAZ2, rat Dyn2-mCherry, rat Dyn2(K44A)-mCherry, and Clathrin
light chain (CLC)-mCherry were cloned as previously described (35,39).
EGFR-EGFP was a gift from Alexander Sorkin (Dept. of Cell Biology, Uni-
versity of Pittsburgh) and was previously characterized in (40). Human En-
doB1 (accession number NM_016009), and Human caveolin 1 (CAV1)
(accession number BC009684) were introduced into either pEGFP-N1 or
pmCherry-N1 plasmid (Clontech, Mountain View, CA) at an Xhol and an
EcoRI sites. pPEGFPCl-epsinl was purchased from Addgene (#22228)
(Cambridge, MA). U20S cells were obtained from American Type Culture
Collection (ATCC) (Manassas, VA) and maintained in 10% fetal bovine
serum and Dulbecco’s modified Eagle’s medium (DMEM) media. Trans-
fection was carried out using TransFectin reagent (Bio-Rad, Hercules,
CA) according to the manufacturer’s instructions 24 h before measurement.
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EGF was purchased from Sigma-Aldrich (St Louis, MO). EGF stock solu-
tion was prepared according to the manufacturer’s instructions. For the EGF
assay, cells were incubated with Dulbecco’s modified Eagle’s medium
serum-free medium for at least 4 h. Cells were treated with either
100 ng/ml or 1.5 ng/ml EGF, then incubated for 0.5 h before measurements.

Instrumentation

Fluorescence fluctuation experiments were carried out using a modified
Zeiss Axiovert 200 microscope (Thornwood, NY) as previously described
(41). A mode-locked Ti:sapphire laser (Tsunami, Spectra-Physics, Moun-
tain View, CA) pumped by an intracavity doubled Nd:YVO, laser (Mil-
lenia, Spectra Physics) served as the source for two-photon excitation.
All the measurements were taken for 60 s with a 63 x Plan Apochromat
oil immersion objective (N.A. = 1.4) (Zeiss, Germany). The excitation po-
wer measured at the objective ranged from 1.0 to 1.2 mW at 1000 nm. These
power levels were sufficiently low to avoid saturation and bleaching (42).
Both EGFP and mCherry can be simultaneously excited with 1000 nm
two-photon excitation. The fluorescence emission was separated into two
different detection channels with a 580 nm dichroic mirror (585DCXR,
Chroma Technology, Rochingham, VT). The green channel was equipped
with an 84 nm wide band-pass filter centered at 510 nm (FF01-510/84-25
Semrock, Rochester, NY) to eliminate the reflected fluorescence of
mCherry.

Data analysis

Single channel brightness values were determined by a generalized form of
Mandel’s Q-parameter analysis with the brightness &egens calculated for
each second of photon count data (43,44). The average (&segmenr) Tepresents
the apparent brightness value of the sample. The normalized brightness b is
calculated dividing the average brightness by the monomer GFP brightness
that was independently measured at the beginning of the experiments, b =
(Esegment) Emonomer If the sample is a two species mixture, the apparent
brightness is then given by a nonlinear combination of the brightness ¢
and the occupation number N of each species, (€scgment) =(e,°Ny+&,°N,
/(e1N1+€,N-) (45). The molar concentration of labeled proteins was deter-
mined from the intensity data according to (45). The scatter data were
smoothed by binning into concentration intervals and calculation of the
mean for each bin. Binning was accomplished by software written in Inter-
active Data Language. The algorithm requires a minimum of n data points
per bin and a minimum bin interval of Ac. In case the interval Ac contains
less than n data, the program dynamically increases the interval to ensure
the minimum number of data points per bin is met. The mean of the binned
data was plotted for each bin interval. The same procedure was also applied
to brightness spike analysis, which has been described recently (39).

The same raw data were also used to calculate the autocorrelation func-
tion g(7) (46). The experimental autocorrelation function g(7) was fitted to
theoretical functions using a two-dimensional (2D)-Gaussian beam profile
to recover the residence or diffusion time 7r. The residence time of mono-
meric and dimeric GFP have been characterized and scaled according to the
Stokes-Einstein relation assuming spherical proteins (46). The residence
time of functional proteins includes its interaction with cellular factors
and is therefore not a direct measure of size (47). Nevertheless, the resi-
dence time reveals the mobility of the complex and can be used collabora-
tively with brightness analysis (39).

Spike count analysis was introduced to determine the relative concentra-
tion and apparent brightness of a rare but bright species that is mixed with a
high concentration of a much dimmer species (39). A similar technique has
been used to detect intensity spikes from an otherwise homogenous sample
(48). A cut-off value of eight times the monomeric GFP brightness was used
to select brightness spikes. The actual cut-off value was chosen to be high
enough to differentiate the dim species (dimeric endophilins) from the
bright species, but low enough to obtain sufficient brightness spikes within



the total length of the acquisition time. The data are segmented into inter-
vals of 1 s, and the brightness ;.gnen, is determined for each segment inter-
val. The spike-count rate (SCR) in units of events per minute is defined by
the number of events that have &;cgcn, Value greater than the cut-off value
per 60 s of data. The maximal possible value is 60 min~' for a segment in-
terval of 1 s. Although choosing a shorter segment time increases this
maximum number, the uncertainty in the brightness calculation increases
as well and makes the identification of spikes more difficult.

Dual-color HSP analysis was performed as previously described (38,39).
HSP identifies the heterospecies, which consists of GFP- and GFP-
mCherry-labeled protein species. Complexes that carry only the mCherry
label are excluded by the analysis. The HSP-brightness vector b = (b,,
by) identifies the heterospecies with b, and b, representing the brightness
observed in the green and red detection channel, respectively. Each HSP-
brightness corresponds to a point on a 2D brightness plot. If the heterospe-
cies values consist of only the green species, then the b, and b, ratio will
follow the GFP intensity ratio of the two channels, and the b vector will
fall along the “green species only line.” If the heterospecies values consist
of a green- and red-labeled species, then the b, and b, ratio will deviate from
the GFP intensity ratio, and the b vector will fall in the “green-red comobile
zone.” Each day that measurements were taken, GFP and a GFP-mCherry
fusion protein were used as calibration markers for the green-only and
green-red species, respectively.

RESULTS
Association of EndoB1 with cytoplasmic vesicles

Brightness analysis (49) was used to compare the oligo-
meric states of GFP-tagged EndoA2 and EndoBl1 in the
cytoplasm of U20S cells. As stated, we previously reported
that EndoA2, and the closely related isoform EndoA1, exist
almost exclusively as tight homodimers in the cytoplasm of
CV-1 cells (35). In contrast, a plot of normalized brightness
units as a function of EndoB 1-GFP concentration shows that
EndoB1 can associate into higher order complexes (Fig. 1, A
and B). The normalized brightness units were very scattered,
and the degree of scatter was not reduced by simply
increasing the number of experiments. Although the lowest
brightness units obtained were ~2, indicative of dimers,
brightness units of ~5-10 clearly predominated. To ascer-

Characterizing Endophilin B1 with FFS

tain that this difference between EndoB1 and EndoA2 was
not the result of differences between cell lines, we character-
ized the brightness of EndoA2 in U20S cells and found that,
as in CV-1 cells, a dimeric brightness value was retained
throughout the concentration range examined (Fig. 1 A).

The fluorescence intensity trace taken from U20S cells ex-
pressing EndoB1-GFP is mainly constant (Fig. S1 A in the
Supporting Material). Unlike the intensity, brightness is a sen-
sitive marker of rare but intense fluctuations. A graph of the
brightness &egmen, determined every second along the data
trace resulted in numerous brightness spikes (Fig. S1 B)
when the individual data traces of EndoB1 were subjected
O Egeomens analysis, indicating that rare but bright species
were intermixed with dim species of EndoB 1. Thus, the scat-
ter in the average brightness values of EndoB1 in Fig. | A most
likely reflects the statistical variations in the detection of rare
but bright events during an FFS measurement. To better visu-
alize the data trend we reduced the scatter by graphing the
mean of the binned data (n = 6, Ac = 200 nM) in Fig. 1 B.
As expected, EndoA2 has a brightness value of two across
its concentration range, as the oligomerization of this protein
is concentration independent. The average brightness of
EndoB1 increases as a function of its average cellular concen-
tration up to ~1 uM, and appears to plateau. This behavior
suggests that the incorporation of EndoB1 into complexes
may be saturating or subject to control by limiting cellular co-
factors. Variation in the concentration of these putative cofac-
tors from cell to cell could potentially also contribute to the
observed scatter in EndoB1 brightness values.

We next turned to autocorrelation analysis to characterize
the mobility of EndoB1 in cells. Single residence times, Tpy,
were obtained whenever autocorrelation curves could be
described by single-species models. Otherwise, two species
models were used to fit the curves and both m; and 7, were
obtained (Fig. S2). Among 58 cells examined, autocorrela-
tion curves from 51 cells required two species fitting. A his-
togram of the residence times mp; and T, for the 58 cells is
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displayed in Fig. 2 A. The average residence time 1p; was
2.7 ms with a relative standard uncertainty of 55%, whereas
the average residence time Tp, was 58.5 ms with a relative
standard uncertainty of 65%. For comparison, we also
plotted the histogram of the residence times of EndoA2
(Fig. 2 B). In this case, virtually all the data could be
described by a single-species model, yielding an average
residence time of 2.54 ms with a relative standard uncer-
tainty of 21%. Thus, the autocorrelation data corresponded
well with the molecular brightness data and further support
our original observation that EndoA2 exists largely as a sol-
uble protein in the cytosol. In contrast, two distinct popula-
tions of EndoB1 coexist in the cytoplasm, one population
consisting of small soluble species and the other having a
much larger size and a higher EndoB1 copy number. Based
on their brightness values and residence times, the larger
particles likely represent a population of cytoplasmic
membrane-bounded vesicles containing multiple copies of
EndoB1.

The autocorrelation analysis suggests that a cytoplasmic
and a vesicle-bound population of EndoB1 contribute to
the measured brightness b of Fig. 1. The brightness of
such a mixture is given by b = f1b; + fob, with b, and b,
representing the brightness of the cytoplasmic and vesicle-
bound population. The fractional intensity f; is the ratio of
the intensity from the cytoplasmic population to the total
fluorescence intensity, whereas f, = 1 — fj is the fractional
intensity of the vesicle-associated population. We use sub-
scripts 1 and 2 to denote the cytoplasmic and vesicle-asso-
ciated population throughout the rest of the work. We gain
additional insight into the two terms f1b; + f2b, that deter-
mine the brightness of the mixture by considering the ampli-
tudes a; and a; of the two-species fit to the autocorrelation
function, since a; /a, equals the ratio of the two brightness
terms, f1b1/(f2b2). The experimental amplitude ratio a; /a,

decreases with increasing brightness and levels off at large
brightness values (Fig. S3). This result implies that the
vesicle bound-population is mainly responsible for the
observed brightness increase with concentration (Fig. 1 B).

The individual brightness values of the two species
remain unresolved. However, because vesicles can contain
several copies of the EndoB1, we expect that the brightness
b, of the cytosolic species will be small when compared to
the brightness b, of the vesicle-associated species. This is
consistent with the observation of brightness spikes in
Fig. S1 B, which reflect the presence of bright but rare ves-
icles. In case no vesicle event occurs during a short segment,
the brightness of the segment is expected to be low and char-
acterizes the dim, cytosolic species. Thus, a strategy for esti-
mating the cytosolic brightness is to identify the lowest
segmented brightness values of each experiment. The lowest
values for the data in Fig. S1 B fall between a monomer and
a dimer brightness. The same result was observed for 72%
of the FFS measurements on EndoB1. Examples of such
segmented brightness curves are shown in Fig. S4 for the
measured concentration range. Because any labeled vesicles
passing through part of the observation volume will raise the
brightness of the segment, the minimum brightness value
provides an upper bound for b;. The brightness gain with
concentration (Fig. 1 B) indicates that the number of bright
vesicle events increases with concentration. Thus, it is ex-
pected to be more difficult to find segmented brightness
values that are free of vesicle events at high than at low con-
centrations, which agrees with our observations. Over 90%
of the FFS measurements at concentrations below 600 nM
exhibit a minimum segmented brightness in the range of a
monomer or dimer, while the percentage falls to 50% for
¢ > 1200 nM. However, because we were able to find
segmented brightness values that range from ~1 to ~2 over
the entire concentration range, the data strongly suggest

FIGURE 2 Distribution of residence times, mp;
and 7p,, recovered from the autocorrelation anal-
7 ysis of EndoB1 (A) and EndoA2 (B). For EndoBl1,
51 cells from a total of 58 cells examined required
a two species fit. The average residence time of the
4 first species was 2.7 = 1.5 ms and the average resi-
dence time of the second species was 58.5 =+
38.1 ms. For EndoA2, all the autocorrelations
were fitted with a single species model with an
average residence time of 2.5 *+ 0.5 ms. To see
this figure in color, go online.
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that the oligomerization state of cytoplasmic EndoBl
cannot exceed a dimer.

Dyn2 promotes the formation of EndoB1-
containing cytoplasmic vesicles

Dyn2 catalyzes membrane scission during the formation of
endocytic vesicles from the plasma membrane and of trans-
port vesicles from a subset of intracellular organelles,
including the trans-Golgi network and late endosomes (re-
viewed in (50)). It was previously reported that, unlike
A-type endophilins, EndoB1 does not contribute to the for-
mation of endocytic vesicles from the plasma membrane
(22). Therefore, we asked whether Dyn?2 affected the gener-
ation of EndoB1-containing vesicles, which are likely to
originate from intracellular organelles. To address this ques-
tion, single species analysis was performed on cells that
were cotransfected with EndoB1-GFP and Dyn2-mCherry.
Only the brightness of EndoB1-GFP was measured and
analyzed. Because the red fluorescence emission is
completely outside of the green detection band, the presence
of red fluorescent protein was ignored spectroscopically and
was used solely to identify cells coexpressing both proteins.
Fig. 3 displays the mean-binned (n = 6, Ac = 200 nM)
brightness (b) of EndoB1 in the presence of exogenous
Dyn2. At concentrations of EndoB1-GFP below 1 uM, co-
expression of Dyn2 did not appreciably affect the brightness
distribution (compared with Fig. 1 A). However, at higher
EndoB1 concentrations, the brightness of EndoB1 in cells
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FIGURE 3 Brightness of EndoB1-GFP in the presence of exogenous
Dyn2-mCherry (gray solid triangles) and Dyn2(K44A)-mCherry (blue
solid circles). The green and red line represent the mean-binned (n = 6,
Ac = 200 nM) brightness in the presence of Dyn2-mCherry and
Dyn2(K44A)-mCherry, respectively. To see this figure in color, go online.
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coexpressing exogenous Dyn2 did not saturate, as they
had in cells expressing only endogenous Dyn2 (Fig. 1 B).
Thus, it appears that Dyn2 is an important factor in the for-
mation of EndoB 1-containing vesicles. Similar experiments
were performed with a dominant-negative Dyn2 mutant,
K44A, which is known to interfere with membrane vesicu-
lation in cells (51). The mean-binned (n = 6, Ac =
200 nM) brightness (b) of EndoB1 in cells coexpressing
Dyn2(K44A) (Fig. 3) were clearly lower than in cells ex-
pressing either wild-type Dyn2 or only endogenous Dyn2
(see Fig. 1 B).

This difference could be explained by a higher concentra-
tion of EndoB1-containing vesicles with Dyn2 expression
than with Dyn2(K44A) expression. However, it is also
possible that the vesicle concentration is largely unchanged,
but Dyn2 expression leads to brighter vesicles than does
Dyn2(K44A) expression. The average brightness of the
sample cannot distinguish between these two scenarios.
We applied brightness spike analysis on the data presented
in Fig. 3 to determine if exogenous Dyn?2 affects the relative
concentration of EndoB 1-containing vesicles. As described
in more detail in the Materials and Methods section, the
brightness is calculated for every second of data acquisition.
Bright but rare events give rise to brightness spikes on top of
the background brightness of the dim species (Fig. S1 B).
The SCR is determined by counting the number of spike
events above a threshold value per minute of data acquisi-
tion time. The SCR is related to the concentration of bright
species (39), which, in this case, are EndoB1-enriched com-
plexes. A SCR of 0 min~' corresponds to the absence of
brightness spikes in the sample. The SCR value increases
as the concentration of the bright species increases and sat-
urates at 60 min~', which is caused by a brightness above
the threshold value during every second of collected data.

The SCR values in the presence of exogenous Dyn2 and
Dyn2(K44A) are graphed as a function of labeled EndoB1
concentration (Fig. 4). Although the individual SCR values
are scattered, it appears that Dyn2 generally leads to higher
SCR values than the dominant-negative Dyn2. We binned
the data (n = 6, Ac = 200 nM) to reduce the scatter. As ex-
pected the mean-binned SCR curve with Dyn2 exceeds the
mean-binned SCR curve with Dyn2(K44A) (Fig. 4). Thus,
at any given concentration of labeled EndoB1 the number
of observed brightness spikes is higher with Dyn2 than
with Dyn2(K44A). A higher SCR indicates a higher concen-
tration of EndoB1-containing vesicles, which provides an
explanation for the brightness increase observed in Fig. 3.
We also calculated the SCR of the EndoB1 data shown in
Fig. 1 (Fig. S5) and plotted the mean-binned (n = 6,
Ac = 200 nM) SCR in Fig. 4. These data reflect the SCR
for cells in the presence of endogenous Dyn2. Interestingly,
the averaged brightness spike rate for endogenous SCR falls
in between the rates observed for exogenously expressed
Dyn2 and the dominant-negative Dyn2 mutant, K44A. In
addition, the averaged brightness of EndoB1 in cells
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FIGURE 4 SCR of EndoB1 versus the labeled EndoB1 concentration.
The green line represents the mean (n = 6, Ac = 200 nM) of the binned
spike count rate for EndoB1-GFP in the presence of Dyn2-mCherry. The
red line corresponds to the mean (n = 6, Ac = 200 nM) of the binned spike
count rate for EndoB1-GFP in the presence of Dyn2(K44A)-mCherry. To
see this figure in color, go online.

coexpressing Dyn2(K44A) (Fig. 3) were clearly lower than
in cells expressing only endogenous Dyn2 (Fig. | B). Taken
together, these results indicate that active Dyn2 acts as a
cofactor to promote the formation of EndoB1-containing
vesicles.

CAV1 associates with EndoB1-containing
vesicles

Having established that EndoB1 is associated with vesicles,
we sought to further characterize these vesicles by identi-
fying their coat proteins. We used HSP analysis to determine
whether EndoB1-GFP comigrates with either CAV1-
mCherry or clathrin light chain (CLC)-mCherry. HSP allows
detection and quantification of the coexistence of two species
within the same complex (38). As described in Materials and
Methods, each HSP-brightness vector b = (bg, bg) identifies
apointon a 2D brightness plot (Fig. 5 A). HSP-values that fall
on the green line of that plot denote a green-labeled species
that does not interact with the red-labeled protein. Any asso-
ciation of red-labeled protein with the green-labeled protein
displaces the HSP brightness away from the green line into
the gray area, which we call the green-red comobile zone.
Brightness vectors that fall along a line within the green-
red comobile zone have the same ratio of green- and red-
labeled proteins per complex (dashed lines, Fig. 5 A). A
larger slope of the line corresponds to a higher ratio of the
green- to red-label. Thus, at a given green value, a species
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with a higher red brightness value b, contains more red pro-
teins than a species with a lower b, value (e.g., sample Il
and sample I in Fig. 5 A).

We first determined whether we could detect the comigra-
tion of CLC-mCherry with GFP-tagged epsinl, a protein
known to play an important role in clathrin-mediated endo-
cytosis (52). As shown in Fig. 5 B, virtually all the HSP vec-
tors were in the green-red comobile zone, demonstrating
that epsinl was indeed associated with clathrin-coated ves-
icles. In contrast, when cells coexpressing GFP-epsinl with
CAV1-mCherry were examined, the HSP brightness vectors
were largely distributed along the green line (Fig. 5 B).
Moreover, the relatively few data points that distributed to
the green-red co-mobile zone had much lower b, values
than those obtained with the GFP-epsinl/CLC-mCherry
system. Thus, our results indicate that epsinl associates
preferentially with clathrin-coated rather than caveolin-
coated vesicles.

We then tested whether EndoB1 associates with vesicles
containing clathrin or caveolin. Fig. 6 shows that all HSP
vectors from cells expressing EndoB1-GFP and CLC-
mCherry localized along the green species only line,
whereas many of the HSP vectors from cells expressing En-
doB1-GFP and CAV1-mCherry were found in the green-red
comobile zone, confirming the association of EndoB1 with
caveolin-containing vesicles. In contrast, HSP was unable to
detect association between EndoB1 and clathrin-containing
vesicles. This negative result could potentially arise from
the absence of clathrin-containing vesicles in the sample,
which cannot be ruled out by HSP. However, brightness
spikes in the red-detection channel clearly indicate the pres-
ence of mCherry-labeled clathrin-containing vesicles
(Fig. S7). If these clathrin-containing vesicles exist at a
much lower concentration than the EndoB1-containing ves-
icles, then HSP analysis would be dominated by the bright-
ness of the EndoB 1-GFP carrying vesicles, and therefore we
would be unable to identify the interaction. Although the
concentration of the vesicles cannot be directly quantified,
the segmented brightness provides additional insight. A
strong association of EndoB1-GFP with CLC-mCherry
should result in simultaneous brightness spikes in the green-
and red-detection channel to indicate the presence of both
proteins on a vesicle. However, brightness spikes in both
channels appeared uncorrelated as illustrated in Fig. S7.
These observations suggest that the association of EndoB1
with clathrin-containing vesicles, if it exists, is either
weak or only involves a small subset of the vesicles.

Ligand-dependent association of EGFR and
EndoB1-containing cytoplasmic vesicles

EGFR is known to migrate through the cytoplasm on both
clathrin-coated (53) and caveolin-coated (54) vesicles. We
employed HSP analysis to determine if a subset of the
EndoB1-containing particles could represent cytoplasmic
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transport vesicles that deliver EGFR from one organelle to
another in these pathways. The resulting HSP brightness
vectors were analyzed and plotted in Fig. 7 A. Under normal
growth conditions, most HSP brightness vectors were in the
green-red comobile zone, demonstrating that EndoB1 asso-
ciates with a subset of vesicles that also contain EGFR. If
EndoB1 is a genuine factor for transporting EGFR, we
would also expect that the association of EGFR and EndoB1
will respond to EGF. Indeed, the HSP brightness vectors
clustered around a low-brightness region upon serum starva-
tion, which is consistent with a reduction in the number of
EGFR-containing vesicles. Upon adding 100 ng/ml EGF,
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FIGURE 6 HSP analysis of EndoB1. The HSP brightness values for En-

doB1-GFP and CLC-mCherry (red solid circles) and for EndoB1-GFP and
CAV 1-mCherry (blue solid triangles). To see this figure in color, go online.

° :p:::xg;(\:” FIGURE 5 HSP analysis of cells cotransfected
s with green and red fluorescent-labeled proteins.
(A) Dual-color HSP brightness plot: The gray

° o

. shaded zone represents all possible brightness
values that identify the presence of protein com-
plexes carrying both green and red labels. Samples
I and II have the same average amount of green-
labeled proteins per diffusing complex, but sample
II contains more red-labeled proteins per diffusing
complex than sample I. The green line represents
the limit where complexes carrying both colors
are absent. (B) The HSP brightness values for

® GFP-Epsinl and CLC-mCherry (red solid circles)

and for GFP-Epsinl and CAVI1-mCherry (blue
solid triangles). To see this figure in color, go
online.

the HSP brightness values increased, indicating that
EndoB1 is able to associate with ligand-activated EGFR
vesicles (Fig. 7 B).

It has been reported that clathrin-mediated endocytosis
of EGFRs is induced by low EGF concentrations (e.g.,
1.5 ng/ml; equivalent to the endogenous EGF concentration
present in serum), whereas caveolin-mediated EGFR uptake
predominates at EGF concentrations higher than ~20 ng/ml
((54), but see (55) for a conflicting view). To determine if
EndoB1 and EGFR associate with each other under condi-
tions that favor EGFR transport on clathrin-coated vesicles,
HSP brightness vectors were obtained using serum-starved
cells or cells treated with 1.5 ng/ml EGF (Fig. S6).The slope
of the brightness vectors were similar in both cases,
although a higher fraction of brightness values were located
in the low-brightness region upon serum starvation. We
plotted the HSP brightness versus the intensity of each chan-
nel together with the mean of the binned data (n = 5, DF =
30 keps) to investigate this difference (Fig. 8, A and B). The
green HSP brightness b, was greater in EGF-treated cells
than in serum-starved cells at every intensity F, of the green
channel (Fig. 8 A). Because F is proportional to the concen-
tration of EGFR-EGFP, this result indicates that EGF
treatment increases the brightness of EGFR-EGFP at every
concentration of labeled receptor. Similarly, the red HSP
brightness b, increased for every intensity F, of the red chan-
nel (Fig. 8 B). Taken together, these data suggest that adding
EGF at 1.5 ng/ml produced an increase in the brightness of
EGFR-EGFP and EndoB1-mCherry, which is consistent
with the presence of a higher concentration of vesicles car-
rying both proteins. Thus, it appears that EndoB1 is associ-
ated with EGFR in vesicles mobilized by the addition of
EGF at a concentration known to induce only clathrin-medi-
ated endocytosis. Finally, we performed spike count anal-
ysis of the data from the green channel. The SCR and the
mean-binned SCR (n = 5, DF = 30 kcps) demonstrate an
increase in the number of bright events in the green channel

Biophysical Journal 111, 565-576, August 9, 2016 571



Li et al.

FIGURE 7 HSP analysis of EGFR and EndoB1.
(A) HSP brightness values for EGFR-EGFP and
A EndoB1-mCherry under normal growth condition.
(B) HSP brightness values for EGFR-EGFP and
EndoB1-mCherry when serum starved for at least
4 h (red solid circles) and after incubation with
EGF (100 ng/ml) for 0.5 h (blue solid triangles).
To see this figure in color, go online.
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upon adding the ligand (Fig. 8 C). This establishes that the
number of EGFR-containing vesicles increased by addition
of EGF.

DISCUSSION

Our studies highlight the use of FFS for characterizing small
cytoplasmic complexes, such as interorganelle transport
vesicles, which are below the limit of resolution of conven-
tional live-cell imaging approaches. In contrast to the early
stages of endocytosis on the plasma membrane, which have
been studied effectively using total internal reflection fluo-
rescence microscopy, few biophysical techniques are avail-
able to directly examine the trafficking of intracellular
vesicles. Three-dimensional single-particle tracking ap-
proaches have provided insight into the trajectories, spatial
confinement, and energy dependence of moving vesicles,

0 10 20 30 40 50 60 70
by (kHz)

but have been less informative regarding their protein
composition. FFS is ideally suited to study the protein
composition of intracellular vesicles. Intracellular vesicles
are typically present at low concentrations, but each vesicle
has multiple copies of a particular protein, giving rise to
large fluctuations easily detected by FFS measurements. In
this study, we showed that multiple copies of EndoB1 asso-
ciate with vesicles that also contain multiple copies of cav-
eolin, but which are largely devoid of clathrin. These results
also highlight the specificity of the vesicle formation pro-
cess, because EndoB1 and clathrin were not observed on
the same vesicle even under cooverexpression conditions
(Fig. 5).

Both autocorrelation and brightness analyses reveal that
EndoB1 exists as multiple species (Figs. S1 B and 2). Auto-
correlation identifies a fast and a slow diffusing species. The
fast diffusing species has an average residence time of
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FIGURE 8 HSP brightness for EGFR-EGFP and EndoB1-mCherry versus intensity when serum starved for at least 4 h (blue solid circles) and after in-
cubation with EGF (1.5 ng/ml) for 0.5 h (red solid triangles). (A) Green-channel brightness b, versus green-channel intensity F, and mean-binned data. (B)
Red-channel brightness b, versus red-channel intensity F, and mean-binned data. (C) Spike count rate of the green channel versus F, and mean-binned data.

To see this figure in color, go online.
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~2.5 ms, similar to that of EndoA2 and corresponding to the
residence time of a soluble protein in the cytoplasm. The
slowly diffusing species has an average residence time close
to 60 ms, consistent with its association with cytoplasmic
vesicles. The brightness spikes (Fig. S1 B) reveal that the
second species consists of rare but bright particles. The
low number of events of the rare species introduces consid-
erable scatter into the measured FFS parameters.

It is currently not feasible to quantify the brightness and
concentration fraction of each species. First, the concentra-
tion fraction for the individual species cannot be determined
from autocorrelation analysis alone, because the brightness
associated with each diffusing species is unknown. Second,
the signal/noise ratio of FFS experiments in cells is gener-
ally not sufficient to identify the brightness of each species
in a mixture (56). Although combining autocorrelation and
brightness analysis could facilitate resolution of a binary
mixture in certain circumstances, this approach is not suit-
able for our study. First, the small number of bright events
already introduces significant scatter in the average bright-
ness measured in each cell (Fig. 1 A). A meaningful separa-
tion of brightness or concentration into two species appears
futile under these conditions. Second, it is likely that the
copy number of EndoB1 varies from vesicle to vesicle,
which would lead to a distribution of brightness species,
complicating quantitative modeling efforts.

We sought to gain insight into the nature of the EndoB1
complexes by considering the average brightness, which
for a mixture of two species with normalized brightness b;
and fractional intensity f; for species i is b = f1b; + f2b;.
We noticed that for the majority of data sets the lowest
brightness in a one-second segment was between a mono-
mer and a dimer (Figs. SI B and S4). As explained earlier
we expect that these segments represent the properties of
the soluble fraction with minimal or no interference from
vesicle-bound EndoB1. We therefore concluded that the
oligomeric state of soluble EndoB1 is not higher than a
dimer over the entire concentration range studied. Because
the cytoplasmic brightness b; is limited to not exceed two
and the fractional intensity f] has to be < 1, the maximum
contribution from the cytoplasmic population to the bright-
ness is fjb; = 2. Thus, the increase in brightness above two
in Fig. | B is due to vesicle-bound EndoB 1. This conclusion
is further corroborated by the behavior of the amplitude ra-
tio ay /a,, which equals fib, /f,b,. This ratio decreased as b
increased (Fig. S3), which demonstrates that the vesicle-
bound contribution f,b, to the total brightness b grows rela-
tive to the cytoplasmic component f;b,. Thus, the increase
in the brightness b predominantly reflects an increase in
the copy number or concentration fraction of vesicle-bound
EndoB1. Spike count analysis enables us to identify if the
increase in average brightness mainly reflects a growth in
the relative vesicle concentration or in the protein copy
number per vesicle. Using this approach we demonstrated
that Dyn2(K44A) decreased the population of labeled
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EndoB1-containing vesicles and that adding EGF to starved
cells increased the population of EGFR vesicles.

The low number of bright vesicle events captured during
each data acquisition interval introduced significant scatter
in the measured brightness values (Fig. 1 A). Averaging of
brightness measurements from cells expressing labeled
EndoB1 at similar concentrations is expected to reduce
the scatter, because the number of sampled vesicle events
is increased. Indeed, the concentration dependence of
the brightness data only became apparent after binning
of the data in concentration intervals and determination of
the mean brightness from each bin (Fig. 1 B). The brightness
of EndoB1 increases with protein concentration until it pla-
teaus at concentrations higher than 1 uM. We believe this
saturation reflects a limiting cellular factor. One such factor
implicated by our data is Dyn2, which may be present in
limiting amount in cells. Upon overexpression of Dyn2,
the brightness values of EndoB1 increased continuously as
a function of EndoB1 concentration (Fig. 3). Overexpres-
sion of a dominant-negative Dyn2 mutant resulted in a
significant reduction of brightness (Fig. 3). Thus, it appears
that the activity of endogenous Dyn2 is sufficient to
accommodate low concentrations of EndoB1. However,
EndoB1 brightness saturates at higher EndoB1 concentra-
tions because of the limiting activity of endogenous Dyn2.

The residence times of EndoB1-containing cytoplasmic
particles, together with the involvement of Dyn2 in their
formation, strongly suggests that they represent mem-
brane-bounded transport vesicles. This possibility was
further supported by our finding that EndoB1 comoves
with an integral membrane protein, the EGFR, and by a
very recent report showing that Dyn2 and EndoB1 coop-
erate in the formation of vesicles containing Atg9, an inte-
gral membrane component of the autophagic pathway (57).
The EGFR is a classic marker of biosynthetic and endo-
cytic membrane trafficking pathways. Newly synthesized
EGFR transits through the endoplasmic reticulum and
Golgi apparatus on its way to the plasma membrane (58).
After EGF-dependent internalization, it then shuttles
through multiple endocytic compartments that mediate its
recycling or lysosomal degradation. In our studies, we typi-
cally monitored changes in the association of EGFR with
EndoB1-containing particles 30 min after cells were treated
with EGF. Thus, it is likely that these changes reflect
events occurring at later stages of the endocytic process,
and are not directly related to the formation of endocytic
vesicles at the plasma membrane.

An early report claimed that the EGFR is internalized pre-
dominantly via clathrin-mediated endocytosis when cells
are exposed to low (1.5 ng/ml) EGF concentrations, and
additionally via clathrin-independent mechanisms when
exposed to high (20 ng/ml and higher) EGF concentrations
(54). Because high EGF concentrations induced sorting of
EGFRs into caveolin-positive structures on the plasma
membrane, it was surmised that caveolar uptake accounted
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for a major portion of the clathrin-independent EGFR inter-
nalization. However, the importance of caveolin-mediated
EGFR endocytosis has been questioned in several more
recent reports (55,59) and new data point to a role for cav-
eolin in EGFR trafficking in later stages of degradative
endocytosis, such as transport from late endosomes to lyso-
somes (60). This finding is consistent with reports that
EndoB1 also promotes late endocytic trafficking by acting
in complex with Beclin and PI3KC3 (Vps34) (61). There-
fore, we suspect that EndoB1 is associated with caveolin
in the late stages of degradative endocytosis. Our data also
indicate that the association between EndoB1 and caveolin
is not 100%, as some of the HSP brightness vectors fell
on the green species only line (Fig. 6), suggesting that cav-
eolin may not be the sole coat protein involved in EndoB1-
mediated transport. For example, we observed association
of EndoB1 and EGFR in vesicles mobilized under condi-
tions known to induce only clathrin-mediated endocytosis
(Figs. S6 and 8). On the other hand, no apparent association
of EndoB1 and CLC on vesicles was detected in this study
(Figs. 6 and S7). It is not obvious how these two observa-
tions can be reconciled. It might be possible that EndoB1
only associates with EGFR after clathrin dissociated from
the EGFR vesicles. Alternatively, EndoB1 may associate
only with a small subset of clathrin-containing vesicles,
which would lead to HSP data that appear close to the
noninteracting line. Further work will be required to conclu-
sively identify the transport processes mediated by EndoB 1-
containing vesicles and to clarify the mechanistic aspects
underlying recruitment of EndoB1 to these vesicles.

The HSP brightness values for some samples seem
strongly correlated with data points that appear to fall along
a line, such as observed for epsinl and CLC (Fig. 5 B) and
for EGFR and EndoB1 (Fig. 7). Such a correlation suggests
that the copy numbers of the two proteins associated with a
vesicle are linked. This link might be caused by direct phys-
ical interactions as suggested by literature for epsinl and
CLC (62). However, it is also possible that such a link is
established indirectly by intermediary factors. Our data sug-
gest that the copy number of EGFR and EndoB1 are linked.
A direct physical interaction between these two proteins has
not been reported. However, EndoB1 has been demonstrated
to be important for the degradative endocytic pathway for
EGFR (31,61). Therefore, it is possible that the association
of EGFR and EndoBlis mediated by some currently un-
known factor.

Our study demonstrates that fluctuation spectroscopy can
contribute to our understanding of intracellular trafficking
events by providing insight into the association of proteins
with small cytoplasmic vesicles in live cells. We showed
that brightness and brightness spike analysis offers a prom-
ising approach to detect the influence of perturbations, such
as added ligands, on the labeled vesicle population. This
strategy allowed us to identify changes in the relative con-
centration of the fluorescent vesicle population. Fluctuation
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data from cellular vesicles are not trivial to analyze. We
believe that the approaches described in this work provide
a useful starting point for future work and will serve
to stimulate the development of improved analytical
procedures.
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Figure S1. FFS data of EndoB1-GFP taken in an U20S cell with a concentration of 110nM. (A) Fluorescence
intensity trace and (B) segmented brightness determined by &segment @nalysis. Dashed line indicates the calibrated
dimer brightness for reference.
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Figure S2. Autocorrelation of EndoB1-GFP taken in U20S cell. (A) A fit (green line) to a single species model
failed to describe the experimental autocorrelation (symbols). (B) The experimental data was fit to

af(tz)+a,f(tz,) with f(t;z)=(1+t/ z')_l. The fit (red line) determined the residence times (7,= 1.8

ms, 7, =49.2 ms).




Figure S3. Amplitude ratio a;/a, versus
' ' ' brightness b of EndoB1-GFP (A).The mean-
binned (n = 4, Ab = 1) amplitude ratio shown by the
41 i red line decreases with growing brightness and then
o plateaus.
@ 3 !
el sk &
[ ]
W 2 .
1+ -~ :
F
0 = = .
] 5 10 15 20
b (brightness units)
10 T T | -
] ¢ =160 nM | c=4100M | || c=550nMm]
| |
&1 |
a |
44 . 1 s a &t a |
| | . aa o Fla A ™
. AT L T I a/l ‘”'-.'.) N a0 I".“-_ P i\ ahd : | A T I
BT e T Y T e e YOMAAT - i i -
04 | I . . . 1 . T .
. [ i Vo I .
8| ¢c=770nM |/ | t ¢=1200nM 1} | () f ¢ = 1600 nM_
| | i [ 1 | |
+ N a1 . || | e Il T * a s
a H I Y ' I I i I+ sl fird |+ | | 4
.DB" |II “ Illlu [ T IIIII 'I‘ 'I | 4 | III ‘I l! I‘I. II 'Il'i ‘l ".'I.'. III [ I.IIIII' ,‘.l Il..' |II|‘I II II A e
Y L S L O O AV P LT R O AR W V) G W T (A TR P A
al ._A'I| |4 | IA|III ‘III‘ \ 1] IR ERT | ‘;‘ LI‘ a | s | A._.. .I.I | a P A as :‘.“‘:. s, | W
LD T T el L L ) : D S
04 - - - . i - - r - - 1 - - r r |
") 10 40 50 60 10 20 40 50 ) 10 20 40 50 &0

2'0_ 30
time (sec)

—
time (sec)

S
time (sec)

Figure S4. Segmented brightness b of EndoB1-GFP in U20S cell. The segmented brightness is graphed for
selected concentrations. The blue line indicates the monomeric brightness, and the red line identifies the dimeric
brightness. The minimum of the segmented brightness of each graph falls in the range of monomeric to dimeric
brightness.




Figure S5. SCR of EndoBl1 versus the labeled

- . - T - . EndoB1 concentration in the presence of
LE1GD-;E1EDJ5 Dynz endogenous Dyn2. The mean (n = 6, Ac = 200 nM) of
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