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Abstract

Endocytosis, the internalization and transport of extracellular cargo, is an essential cellular
process. The ultimate step in endocytosis is the intracellular degradation of extracellular cargo for
use by the cell. While live cell imaging and single particle tracking have been well-utilized to
study the internalization and transport of cargo, the final degradation step has required separate
biochemical assays. We describe the use of self-quenched endocytic cargo to image the
intracellular transport and degradation of endocytic cargo directly in live cells. We first outline the
fluorescent labeling and quantification of two common endocytic cargos; a protein, bovine serum
albumin, and a lipid nanoparticle, low-density lipoprotein. In vitro measurements confirm that
self-quenching is a function of the number of fluorophores bound to the protein or particle and that
recovery of the fluorescent signal occurs in response to enzymatic degradation. We then use
confocal fluorescence microscopy and flow cytometry to demonstrate the use of self-quenched
bovine serum albumin with standard fluorescence techniques. Using live cell imaging and single
particle tracking, we find that the degradation of bovine serum albumin occurs in an endo-
lysosomal vesicle that is positive for LAMPL.
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The ability to characterize the intracellular transport of extracellular cargo is essential to
understanding human health and disease [1-5]. Extracellular cargo, including nutrients,
toxins, and nanoparticles, bind to the plasma membrane of the cell and are internalized into
membrane-bound endosomes. These endocytic vesicles are then transported by motor
proteins along the cytoskeleton of the cell. The final step in this process is the enzyme-
mediated degradation of cargo within an endo-lysosomal vesicle. Degradation of
extracellular cargo is the step by which extracellular cargo is processed for use by the cell.
Understanding endocytic transport and degradation requires spatial information, to
determine which population of endocytic vesicles is involved in transport, and temporal
information, to follow the motion of the extracellular cargo during transport. For this reason,
fluorescence microscopy, combined with single particle tracking, has been well-utilized for
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the study of endocytic transport [6—15]. While imaging endocytic transport is well-
established, current fluorescence microscopy approaches lack the ability to probe the
degradation of cargo within the cell. For example, it is possible to use live cell imaging to
track cargo and relevant proteins during binding, internalization, and transport, but
degradation must be probed with biochemical assays such as western blotting. This results in
a discontinuity in endocytic transport experiments in which one method, microscopy, is used
to probe the initial internalization and transport, and a second method must be used to probe
the final step in the endocytic process. Our goal is to develop and utilize a method that
allows the complete endocytic pathway, from binding to degradation of cargo, to be probed
with a single technique.

Degradation of cargo within an endocytic vesicle is carried out by lysosomal enzymes such
as the cathepsins [16]. Current methods to probe enzyme activity include the use of self-
quenched, fluorogenic, or FRET-based substrates that report on the activity of a specific
enzyme [17-21]. Commercially available substrates (Anaspec, Sigma-Aldrich, others) are
designed to probe the activity of the lysosomal enzymes. For intracellular studies of
endocytosis, we sought to develop a method that would build on the advantages of single
particle tracking, the ability to follow particle motion and identify relevant proteins, but that
would also allow us to measure a change that indicates where and when degradation of
endocytic cargo occurs. Additionally, we would like a method that can be used across
multiple scales - from subcellular measurements with fluorescence microscopy to the
analysis of tens of thousands of cells with flow cytometry - without any modification to
existing experimental platforms.

Self-quenched substrates, in which a high local concentration of fluorophores bound to a
substrate results in limited fluorescence emission, are good candidates for the imaging of
endocytic transport and degradation. Self-quenching, in comparison to FRET, requires only
a single color fluorophore making it compatible with multicolor imaging and simple optical
setups. Self-quenching of fluorophores bound to substrates has been used previously for
lysosomal enzyme activity assays including solution-phase measurements [22, 23], static
imaging [24, 25], in vivo imaging [26], and flow cytometry [24, 27, 28]. While single
particle tracking has not been used previously in combination with enzyme assays, it has
been used to observe the effect of pH change on viral fusion during endocytic transport [7,
29].

To illustrate the use of self-quenched substrates to probe endocytic transport and
degradation, we first fluorescently labeled two common endocytic cargos in a self-quenched
configuration. The first cargo was a single protein molecule, bovine serum albumin (BSA),
covalently labeled with an amine-reactive fluorophore. The second cargo was a single
particle, low density lipoprotein (LDL), labeled with a lipophilic fluorophore. We first
describe the labeling scheme used for BSA and LDL and the in vitro measurements used to
quantify self-quenching. The results described below confirm that self-quenching is a
function of the number of fluorophores and that the recovery of the fluorescent signal occurs
in response to the enzymatic degradation of proteins. We then use this assay to characterize
the intracellular degradation of BSA, probed with cellular imaging, flow cytometry, and
single particle tracking.

Materials and methods

Cell culture

BS-C-1 cells (ATCC, Manassas, VA) were maintained in a 37°C, 5% carbon dioxide
environment in Minimum Essential Medium (MEM, Invitrogen, Carlsbad, CA) with 10%
(v/v) fetal bovine serum (FBS, Invitrogen). Cells were passaged every 3 days. For
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fluorescence imaging, cells were cultured in 35 mm glass-bottom cell culture dishes
(MatTek, Ashland, MA). Nuclei were stained with 27.25 uM DAPI (4',6-diamidino-2-
phenylindole, D3571, Invitrogen) in full growth medium for 30 minutes prior to
experiments.

Labeling of BSA and LDL with fluorescent dyes

BSA (BP1600, Fisher Bioreagents) was labeled with AlexaFluor647 carboxylic acid
succinimidyl ester (AF647, A20006, Invitrogen) according to the manufacturer’s
instructions. To obtain different labeling ratios, 136 UM BSA was incubated with 91 mM,
68 mM or 0.91 mM AF647 for 1 hr resulting in 2.48, 0.93 or 0.07 AF647 per BSA,
respectively. The labeling ratio of 2.70 AF647 per BSA was obtained by allowing 136 uM
BSA to incubate with 91 mM AF647 for 16 hours. In all cases, the reaction was stopped
with 1.5 M hydroxylamine and free AF647 was separated from BSA using a NAP5 size
exclusion column (17-0853-02, GE Healthcare, Buckinghamshire, UK). Final
concentrations of BSA and AF647 were measured with a UV-Vis spectrophotometer
(DU800, Beckman Coulter, Fullerton, CA, USA).

Human LDL (BT-903, Biomedical Technologies, Stoughton, MA) was labeled with 1,1’-
dioctadecyl-3,3,3’,3’-tetramethylindodicarbocyanine perchlorate (DiD, D-307, Invitrogen)
at a concentration of 1.8 mM for a ratio of 200 DiD molecules per LDL particle. Lower
labeling ratios were achieved by diluting the DiD stock solution by 25, 50 and 500-fold.
LDL and DiD were mixed every 10 min for 1 hr before removal of excess DiD on a NAP5
size exclusion column. The ratio of DiD molecules per LDL particle was measured using a
UV-Vis spectrophotometer.

Gel electrophoresis

Samples were prepared in Laemmli SDS sample buffer (BP-110R, Boston BioProducts).
Each sample (10-15 pg) was loaded onto a precast polyacrylamide gel (4-20%, 161-1105,
Bio-Rad, Hercules, CA) and run at 130 V for 1 hr. Gels were stained with SimplyBlue
SafeStain (LC6060, Invitrogen) for 1 hr and destained in water for at least 2 hr.

Pepstatin treatment

Pepstatin A methyl ester (pepstatin, 516485, EMD Chemicals), a cell permeable derivative
of pepstatin A, was used to inhibit the activity of acid proteases. The activity of pepsin in
solution was inhibited by the addition of 7 nM pepstatin for 5 min prior to the addition of
BSA. Cells were incubated in serum-deficient medium (MEM with 0.2% FBS) for 18 hr
before incubation with 10 uM pepstatin. Cells were pre-treated with pepstatin for 2 hrs and
it remained present throughout the course of each experiment.

Confocal fluorescence microscopy

Images were collected with a FluoView 1000 laser scanning confocal microscope (Olympus,
Center Valley, PA) using a 1.42 N.A., 60x, oil immersion objective. DAPI was excited with
a 405 nm diode laser and AF647 was excited by a 635 nm diode laser. For DAPI, a 430-470
nm band pass filter was used to filter emission and for AF647 a 655-755 nm band pass filter
was used. For all images, the pinhole was set to obtain a 1 pm thick optical slice.

Single particle tracking fluorescence microscopy

For two-color, single particle tracking experiments, an inverted microscope (Olympus 1X71,
Center Valley, PA) in an epi-fluorescent configuration with a 1.45 N A, 60x, oil immersion
objective (Olympus) was used. Excitation was supplied by two lasers: an argon ion laser
tuned to 514 nm (35-LAP-431-208, Melles Griot, Carlsbad, CA) and a red diode (635-25C,
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Coherent, Santa Clara, CA). Excitation beams were overlapped using a dichroic mirror
(Z514BCM, Chroma, Rockingham, VVT) and focused on the back focal plane of the
microscope objective. A shutter (Uniblitz, Rochester, NY) limited exposure of the cells to
the lasers. Cells were illuminated by both laser lines using a dichroic mirror (Z514/633RPC,
Chroma). Emission was separated into two channels based on wavelength using a 620 nm
long pass filter (620DCXR, Chroma). Excitation light was filtered out of the emission by the
appropriate filters: EYFP - HQ580/50 (Chroma), AF647 - HQ680/60 (Chroma). A second
620 nm long pass filter (Chroma) was used to image both emission paths side by side on a
single CDD camera (DU-888, Andor, South Windsor, CT). Images were recorded at a rate
of 0.5 frames/s with a 250 ms exposure. Experiments were conducted at 37°C.

Image analysis

Image J (http://rsh.info.nih.gov/ij/) was used for tracking and quantifying colocalization.
Particle tracking was performed with the Image J plugin, ‘“Manual Tracking’”’
(http://rsb.info.nih.gov/ij/plugins/track/track.html). The intensity of BSA-AF647-containing
endosomes, referred to as particles, was determined using ImageJ with the MOSAIC plugin
[30]. The MOSAIC Particle Tracker 2D/3D feature was used to detect the center of each
particle in the image. Coordinates and images were imported into MATLAB and a custom
written function which determined the average intensity within a 2 pixel radius of each
particle was applied. The average background was determined in ImageJ for an area within
the cell that did not contain particles (typical area 30-60 um?). The background was then
subtracted from the particle intensities and any remaining values that were below zero were
eliminated from further analysis as false-positive detections. The particle intensities (3039
particles in the control cells, 3259 in pepstatin-treated cells values) were then compared
using a Wilcoxon signed-rank test for a p-value of 0.005. Images for publication were
background subtracted and intensities were adjusted equally within each data set.

Flow cytometry

Cells were cooled to 4°C for 15 minutes before incubation with BSA-AF647 for 15 minutes.
Unbound BSA-AF647 was removed by washing 2 times with 2 mL of full growth medium.
After a 1 hr incubation at 37°C, cells were trypsinized, pelleted (9000 rcf for 5 min), and
washed with Leibovitz’s L-15 medium (21083, Invitrogen). Flow cytometry was carried out
on a BD LSR-II flow cytometer (Becton Dickinson, Franklin Lakes, NJ). For each
experiment, 30,000 cells were sampled.

Results and discussion

Fluorescent labeling of BSA and LDL

We illustrate two labeling schemes; covalent attachment of fluorophores to an individual
protein molecule, BSA, and the use of a lipophilic fluorophore to label a naturally occurring
lipoprotein nanoparticle, LDL. Specifically, BSA was labeled with amine-reactive
AlexaFluor647 (AF647) according to the manufacturer’s instructions as described in the
Materials and Methods. BSA-fluorescein has been used previously as a self-quenched
substrate [22]. Fluorophores such as AF647 that emit in the red region of the visible
spectrum are advantageous for multicolor imaging experiments in combination with variants
of green fluorescent protein that emit in the blue-green region. LDL was labeled with a
lipophilic fluorophore, DiD, that inserts into the lipid component of LDL. The ratio of
fluorophores to BSA or LDL was calculated based on their absorption measured with UV-
Vis spectrophotometry as described in the Materials and Methods.
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Dequenching increases with the number of fluorophores

The number of fluorophores covalently bound to BSA or inserted into the lipids of LDL was
controlled by the concentration of fluorophores added to BSA or LDL during labeling.
Dequenching, defined as an increase in fluorescence in response to a decreased local
concentration of fluorophores, was measured for increasing numbers of fluorophores bound
to BSA or LDL. The measurements were carried out in solution using an enzyme to degrade
BSA or LDL and thereby reduce the local concentration of fluorophores (Fig. 1). BSA-
AF647 was incubated with 0.1 mg/mL pepsin, an acid protease known to degrade BSA [31,
32], for 1 hr at 37°C in a TCA solution at pH 1.2. As a control, BSA-AF647 was incubated
in the same TCA solution at pH 1.2 to ensure the low pH did not lead to a change in
emission. LDL-DiD was incubated with trypsin, a protease shown previously to degrade
LDL [14], in PBS for 2 hr at 37°C. As a control, LDL-DiD was incubated in PBS at 37°C in
the absence of trypsin. Data were analyzed identically for BSA and LDL. The emission of
either BSA-AF647 or LDL-DiD was measured with a fluorimeter (RF-5301PC, Shimadzu,
Japan) before and after incubation with the enzyme (Fig. 1A and C). Emission
measurements were normalized by the absorption of BSA-AF647 or LDL-DiD before and
after incubation although there was little change in absorption (Supplementary Material, Fig.
S1). Dequenching was measured as the change in fluorescence intensity following
enzymatic treatment (Fig. 1B and D). No change in emission would be indicated by a value
of 1. For low numbers of fluorophores, little change was observed after incubation with
pepsin or trypsin. For example, BSA labeled with an average of 0.93 AF647 molecules per
BSA increased emission by a factor of 1.75 after incubation with pepsin (Fig. 1B). An
identically labeled sample that was not exposed to pepsin had a change in fluorescence
intensity of 0.97, essentially no change in intensity. The low level of dequenching observed
for 0.93 AF647 molecules per BSA is expected for a Poisson distribution of fluorophores
bound to BSA. LDL labeled with 1 DiD molecule per LDL particle showed no change in
emission (0.94) after incubation with trypsin (Fig. 1D). An identically labeled sample that
was not exposed to trypsin also showed no change in emission (1.01). In comparison,
increasing the number of fluorophores resulted in a greater change in fluorescence intensity.
BSA labeled with an average of 2.70 AF647 molecules increased emission by a factor of
18.25 and LDL labeled with an average of 200 DiD molecules increased emission by a
factor of 2.32. Unless noted otherwise, a labeling ratio of 2.48 AF647 molecules per BSA
molecule, with a dequenching value of 11.73, was used for the experiments described below.

Dequenching is specific to enzyme activity

Control experiments described above demonstrate that dequenching does not occur in
response to pH or temperature, but instead requires the presence of a proteolytic enzyme. To
confirm that enzymatic activity was specific, dequenching was measured in the presence of
an enzyme inhibitor. The enzymatic activity of pepsin and other acid proteases is inhibited
by pepstatin [33, 34]. AF647-BSA was incubated with both pepsin and pepstatin for 1 hr as
described in the Materials and Methods. Treatment of AF647-BSA with pepsin results in a
dequenching value of 11.7. In comparison, the addition of pepstatin reduced dequenching to
0.5 (Fig. 2A). Gel electrophoresis confirms that the degradation of BSA by pepsin is
inhibited by pepstatin (Fig. 2B).

Self-quenching as an intracellular assay of enzyme activity

Dequenching provides a method to probe protein or particle degradation in solution, as
described above, and also in live cells. Upon enzymatic degradation and the separation of
the fluorophores, the fluorescent signal increases, indicating that degradation has occurred.
This approach has the advantage of an increase in signal as an indicator of a cellular event,
as compared to decreases in signal which are difficult to decouple from photobleaching.
Cellular experiments can be carried out on the subcellular level, probing the degradation of
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cargo in individual endocytic vesicles, or on the cellular level using either fluorescence
microscopy to image individual cells or flow cytometry to measure dequenching in tens of
thousands of cells.

degradation of BSA is inhibited by pepstatin: Cellular imaging and flow

Use of a self-quenched substrate such as BSA-AF647, in combination with an enzyme
inhibitor, makes it possible to determine which lysosomal enzyme, or combination of
enzymes, is responsible for the degradation of endocytic cargo. Traditionally these
measurements have been carried out with biochemical assays such as western blotting.
Probing degradation directly in the cell makes it possible to determine at which intracellular
site a specific enzyme is involved in degradation and removes the need for antibodies or
other indirect probe of protein degradation. The intracellular degradation of albumin by
cathepsin D has been determined previously [35, 36], making BSA a good substrate to test
the use of self-quenching in intracellular measurements. Cathepsin D, like pepsin, is an acid
protease that is inhibited by pepstatin.

Confocal fluorescence microscopy was used to image cells incubated with 80 pg/mL BSA-
AF647 for 1 hr at 37°C. Fluorescence microscopy images show a punctate BSA-AF647
signal indicative of BSA-AF647 within endocytic vesicles (Fig. 3A). In comparison, cells
incubated with pepstatin, which inhibits cathepsin D, show the same punctate staining, but
weaker fluorescence (Fig. 3B). An analysis of the intensity of each endocytic vesicle,
described in the Materials and Methods, in control and pepstatin-treated cells showed that,
on average, the intensity of the BSA-AF647-containing vesicles was 1.5-fold greater in
control cells than in pepstatin-treated cells. The intensity analysis was carried out for >3000
endosomes for 7 cells of each condition, p = 0.005. The reduced degradation of BSA-AF647
in pepstatin-treated cells is in good agreement with previous inhibition assays [28].

Cellular imaging has the advantage of providing spatial information, but is relatively low
throughput as individual cells or organelles must be imaged and analyzed. In comparison,
flow cytometry measures the fluorescence intensity of individual cells at relatively high
speeds (~10,000 cells/min). While spatial information is lost, there are clear advantages to
acquiring large amounts of data rapidly. Flow cytometry (BD LSR-11) was used to measure
the emission of cells following a 1 hr incubation with 80 pg/mL BSA-AF647 in either
untreated or pepstatin-treated cells (Fig. 4). Analysis of flow cytometry data shows that
untreated, control cells show greater fluorescence intensity, normalized to 90%, as compared
to pepstatin-treated cells, 44%. These results are in good agreement with previous flow
cytometry measurements showing pepstatin resulted in a 30-50% inhibition of BSA
degradation in macrophages [28].

BSA is degraded in LAMP1-positive vesicles

Single particle tracking is an especially powerful method for the study of endocytic
transport. The use of a self-quenched endocytic cargo, used in combination with single
particle tracking, allows us to follow intracellular transport and determine the intracellular
site of degradation directly. To utilize this approach for the study of BSA degradation,
LAMP1, a late endosomal and lysosomal protein [15, 37-42], was labeled with EYFP and
used to generate BSC-1 monkey kidney cells that stably express LAMP1-EYFP [14, 43].
BSA-AF647 was incubated with cells at a concentration of 80 ug/mL for 30 min in full
growth medium. These conditions allow BSA-AF647 to be internalized into endocytic
vesicles [44, 45]. Two-color live cell imaging, using a custom built microscope with laser
excitation, was used to image LAMP1-EYFP and BSA-AF647 simultaneously in real time
in live cells. Data were collected as a series of images (0.5 Hz) and analyzed to detect
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increases in the BSA-AF647 signal (Fig. 5). BSA-AF647 was considered to dequench if the
emission intensity, localized within an endo-lysosomal vesicle, increased by at least a factor
of 2 within 100 s. Endo-lysosomal vesicles containing BSA-AF647 that underwent
dequenching were then scored for the presence of LAMP1-EYFP. BSA-AF647 and
LAMP1-EYFP were considered colocalized if they overlapped and moved through the cell
together for at least 10 seconds. Of 10 BSA-AF647 dequenching events, all were localized
in a LAMP1-positive vesicle. Two-color imaging with LAMP1-EYFP provides the first
confirmation that BSA is degraded in a LAMP1-positive vesicle.

Conclusions

Self-quenched substrates allow us to combine single particle tracking fluorescence
microscopy with the measurement of enzyme activity. We apply this method to the study of
endocytosis in which cellular transport is followed by enzymatic degradation. We first
describe the fluorescent labeling scheme and in vitro characterization for the self-quenching
of BSA and LDL, two common endocytic cargos. We then use self-quenched BSA, in
combination with static cellular imaging and flow cytometry, to illustrate the suitability of
self-quenched substrates for use with existing fluorescence microscopy and flow cytometry
platforms. Using two-color single particle tracking fluorescence microscopy, we find that
the degradation of BSA occurs in an endo-lysosomal vesicle that is positive for LAMP1.
BSA, or the human analog, is essential for human health [46, 47]. It is also increasingly
important in nanobiotechnology for nanoparticle and drug delivery [48-50]. Determining the
intracellular site and mechanism of BSA degradation is essential for the design of BSA-
mediated delivery systems. While the use of standard fluorophores makes it possible to
probe cellular location as a function of time, the change in intensity of self-quenched cargo
is an indicator for the site at which cargo undergoes degradation providing a valuable new
method for the study of endocytosis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

Dequenching of BSA and LDL as function of fluorophore number. (A) Emission spectra
(625 nm excitation) of BSA-AF647 labeled with an average of 2.70 AF647 molecules per
BSA molecule in solution (TCA, pH 1.2). Final spectra were measured after a 1 hr
incubation at 37°C. Absorption spectra are included in Supplementary Material, Fig. S1. (B)
Fluorescence emission increased with increasing numbers of AF647 conjugated to BSA. A
value of 1 indicates no change in emission. (C) Emission spectra (600 nm excitation) of
LDL-DiD in a PBS solution. Final spectra were measured after a 2 hr incubation at 37°C in
the presence of trypsin. Absorption spectra showed little change after the 1 hr incubation.14
(D) Fluorescence emission increased with increasing numbers of DiD inserted into the lipid
component of LDL. Error bars represent the standard deviation of 3 experiments.
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Fig. 2.

Dequenching of BSA is specific to protease activity. (A) Dequenching was not observed
when BSA-AF647 was incubated with a combination of pepsin and pepstatin, a pepsin
inhibitor. (B) Gel electrophoresis (4-20% gradient, polyarcrylamide, SimplyBlue SafeStain)
shows that the degradation of BSA (67 kDa) by pepsin is inhibited by pepstatin. Pepsin (35
kDa) is visible on the gel while pepstatin (0.7 kDa) and the degraded BSA fragments are too
small to observe.
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Fig. 3.

Cellular imaging of BSA dequenching. (A) A representative confocal fluorescence
microscopy image of a cell following a 1 hr incubation with BSA-AF647. (B) The same
incubation and imaging parameters were used to image cells treated with pepstatin, an
inhibitor of acid proteases. Nuclei were stained with DAPI (blue). Unmerged and brightfield
images are included in Supplementary Material (Fig. S2).

Anal Biochem. Author manuscript; available in PMC 2013 May 15.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuei\ Joyiny Vd-HIN

Humphries and Payne Page 13

200

Control
Pepstatin-treatec

400

200

Counts

100-

102 10° 104

Fluorescence Intensity

Fig. 4.

Flow cytometry was used to measure the emission of cells incubated with BSA-AF647.
Treatment of cells with pepstatin decreased the BSA-AF674 signal. A representative scatter
plot is shown in Supplementary Material, Fig. S3.
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Fig. 5.

Two-color single particle tracking of BSA-AF647 and LAMP1-EYFP. (A) Snapshots
illustrate the dequenching of BSA-AF647 (red) in a LAMP1-positive endo-lysosomal
vesicle (green). Images were recorded at a rate of 0.5 Hz. (B) Intensity of the BSA-AF647 as
a function of time. The horizontal bar under the intensity trace indicates the period of time
during which BSA-AF647 was colocalized with a LAMP1-vesicle.
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