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Green fluorescent protein (GFP) and its variants are widely used tools for studying protein localization and dynamics of events such as
cytoskeletal remodeling and vesicular trafficking in living cells. Quantitative methodologies using chimeric GFP fusions have been developed for
many applications; however, GFP is somewhat resistant to proteolysis, thus its fluorescence persists in the lysosome/vacuole, which can impede
quantification of cargo trafficking in the endocytic pathway. An alternative method for quantifying endocytosis and post-endocytic trafficking
events makes use of superecliptic pHIuorin, a pH-sensitive variant of GFP that is quenched in acidic environments. Chimeric fusion of pHluorin to
the cytoplasmic tail of transmembrane cargo proteins results in a dampening of fluorescence upon incorporation of the cargo into multivesicular
bodies (MVBs) and delivery to the lysosome/vacuole lumen. Thus, quenching of vacuolar fluorescence facilitates quantification of endocytosis
and early events in the endocytic pathway. This paper describes methods using pHluorin-tagged cargos for quantification of endocytosis via
fluorescence microscopy, as well as population-based assays using flow cytometry.

Video Link

The video component of this article can be found at http://www.jove.com/video/54587/

Introduction

Vesicular trafficking plays an important role in maintaining organelle identity and function in eukaryotic cells, and is a key mechanism for
regulating protein and membrane composition of individual cellular compartments. At the plasma membrane, fusion of exocytic vesicles delivers
new proteins and membranes to the surface of the cell, whereas vesicles generated through endocytosis remove membrane and proteins

from the surface for subsequent recycling or targeting to the lysosome. Thus, endocytosis is important for nutrient uptake and for responses to
the extracellular environment. Exocytosis and endocytosis are balanced to regulate plasma membrane surface area, and to allow turnover of
damaged proteins.

Studies in yeast and mammalian cells have identified a large number of proteins involved in endocytosis, as well as multiple endocytic pathways
that promote internalization of specific cargos or that act in response to a variety of environmental conditions. The best-studied pathway is
clathrin-mediated endocytosis (CME), in which clathrin and cytosolic accessory proteins assemble into a coat structure to stabilize the nascent
endocytic vesicle. Experiments in the buddmg yeast Saccharomyces cerevisiae have yielded key insights into the dynamics and order of
recruitment for many endocytic protelns Notably, the CME machinery is highly conserved through evolution such that the majority of CME-
related proteins in yeast have human orthologs; thus, budding yeast has been an important tool for understanding mechanisms of endocytosis
that are conserved in higher eukaryotes. For example, studies using budding yeast determined that formation and maturation of CME structures
(referred to as cortical actin patches in yeast) involves the sequential recruitment of many proteins, beginning with clathrin and cargo-binding
adaptor proteins, followed by recruitment of addltlonal endocytic accessory proteins, activation of Arp2/3-mediated actin polymerization, and
recruitment of proteins involved in vesicle scission 2 Recruitment of CME machinery proteins to cortical actin patches is a highly ordered and
stereotypical process, and the precise order of recruitment for many proteins has been established with respect to other components of the CME
machinery. Importantly, recent studies have confirmed a similar order of recruitment for CME proteins at clathrin-coated pits in mammalian cells*.

In addition to CME, many cell types possess one or more clathrin- |ndependent endocytic (CIE) pathways that rely on alternative mechanisms
to promote vesicle formation and internalization from the plasma membrane 57 In yeast, we recently identified a CIE pathway that utilizes the
small GTPase Rho1 and its activating guanine nucleotide exchange factor (GEF), Rom1%°. Rho1 activates the formin Bni1 to promote actin
polymerlzatlon10 " , which is required for this form of clathrin-independent endocytosis in yeast12 Moreover, the a-arrestin family of proteins
recruit the ublqumn ligase Rsp5 to promote cargo ubiquitination and subsequent internalization through CME™" , and also promote cargo
internalization via the CIE pathway, possibly through direct interaction with proteins involved in CIE®. A variety of CIE pathways also exist

in mammalian cells, including clathrin-independent and phagocytic pathways that rely on the Rho1 ortholog, RhoA®"®. The role of RhoA
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in mammalian CIE is poorly understood; thus, studies in budding yeast may provide additional mechanistic insights that are applicable to
mammalian CIE.

Accurate quantification of endocytic events can provide important information about the roles of specific proteins in regulating endocytosis, and
can reveal the effects of mutations on cargo internalization or progression through the endocytic pathway. For this purpose, biochemical methods
can be utilized to monitor ligand uptake or to measure rates of degradation of endocytic cargo proteins. In living cells, fusion of green fluorescent
protein (GFP) and its variants to cargos of interest allows direct visualization of cargo transport. However, GFP-tagged cargos are of limited use
for quantification of endocytosis because GFP is resistant to degradation in the lysosome (or vacuole in yeast). Moreover, GFP fluorescence

is only partially sensitive to changes in pH, and remains detectable within the vacuole lumen®?'. Consequently, fluorescence of the GFP tag
persists in the vacuole long after the remainder of the cargo has been degraded, and whole cell-based quantification of cargo intensity may be
inaccurate due to long-term GFP fluorescence in the vacuole.

In order to overcome the drawbacks of vacuolar GFP fluorescence, we previously made use of superecliptic pHIuorin, a pH-sensitive variant

of GFP that fluoresces brightly at neutral pH, but loses fluorescence in acidic environments such as the lumen of the vacuole/lysosome20’22’23.
Placing a pHluorin tag on the cytoplasmic tail of endocytic cargos permits visualization of the cargos at the plasma membrane and on early
endosomes, where the pHluorin tag remains exposed to the cytoplasm (Figure 1A). As early endosomes mature, the endosomal sorting
complex required for transport (ESCRT) machinery packages surface-localized cargos into vesicles that bud into the lumen of the endosome,
generating multivesicular bodies (MVBs)24. For cargos that have been incorporated into internal MVB vesicles, the pHIluorin tag faces toward
the vesicle lumen. Internal MVB vesicles are acidified; thus, pHIuorin-tagged cargos lose fluorescence on early endosomes as they mature into
MVBs®. Subsequent fusion of the MVB with the vacuole delivers the MVB luminal contents for degradation, and pHIluorin tags remain quenched
in the acidic environment of the vacuole lumen.

This paper provides detailed descriptions of quantitative endocytic assays using cargos with cytoplasmic pHluorin tags in yeast. Strains
expressing pHIluorin-tagged cargos can be used in kinetic and/or endpoint assays, depending on the properties and trafficking behavior of

the specific cargo. In addition, some pHluorin-tagged cargos are amenable to high-throughput analysis methods, including flow cytometry.
Importantly, the pHIluorin tag is a versatile tool for studying endocytic events in living cells, allowing quantification of endocytosis and comparison
of endocytic function in wild-type and mutant strains.

1. Solutions and Media

1. Prepare the Following Stocks, Media and Plates:

1. To prepare 10x YNB, dissolve 67 g of yeast nitrogen base lacking amino acids in 1 L of water. Sterilize by filtration through a 0.22 pm
nitrocellulose filter.

2. Prepare YNB medium using 1x YNB (from 10x stock) with 2% dextrose (from a sterile 50% w/v stock) and 1x amino acid/nutrient
mixture (from 100x stock, see step 1.1.4). For plasmid selection, omit individual amino acids or nutrients as needed. For induction of
Mup1 expression, additionally omit methionine from the amino acid/nutrient mixture.

3. Prepare YNB plates using 1x YNB (from 10x stock), 2% dextrose (from a sterile 50% w/v stock), 0.7 g/L amino acid/nutrient mixture
(see step 1.1.5) and 2.5% agar. Prepare plate medium by autoclaving 25 g of agar and 0.7 g of amino acid/nutrient mixture per 860 ml
of water. Allow the mixture to cool to 55 °C, then add 100 ml of 10x YNB and 40 ml of 50% glucose. Pour plates (approximately 30 ml
of medium per 10 cm dish), allow the medium to solidify at room temperature, and store plates at 4 °C.

4. Prepare 100x amino acid/nutrient stock solution (for liquid medium) by dissolving the following in 100 ml of deionized water: 0.1 g L-
Methionine, 0.3 g each of L-leucine and L-lysine, and 0.2 g each of L-histidine, L-tryptophan, adenine and uracil (other amino acids
and nutrients may be included as needed for specific strains). Use gentle heat if needed to dissolve, and sterilize through a 0.45 pm
nitrocellulose filter. Store at room temperature with protection from light. For plasmid selection, prepare stock solutions lacking specific
components as needed.

5. Prepare amino acid/nutrient mixture (for plates) by combining the following: 0.5 g of adenine, 4 g of L-leucine, and 2 g each of L-
histidine, L-lysine, L-methionine, L-tryptophan, L-tyrosine and uracil. Grind with a mortar and pestle, and store with protection from light.
For plasmid selection, prepare mixtures lacking specific components as needed, and use 0.7 g of amino acid mixture per liter of plate
medium (see step 1.1.3).

2. Prepare 8-well chamber slides for microscopy by coating the surface of the slide with concanavalin A (ConA). To each well of the chamber
slide, add 25 pl of 2 mg/ml ConA dissolved in water. Using a pipette tip, spread the ConA across the bottom surface of the well, then allow the
slide to air dry at room temperature for at least 4-8 hr. Ideally, use chamber slides within 24 hr of ConA coating.

3. Generate yeast strains with in-frame fusions of GFP or pHluorin to the endocytic cargo of interest using the polymerase chain reaction (PCR)-
based integration method described in Longtine et al. and Goldstein and McCusker®>?®.

NOTE: Plasmids containing pHIuorin tagging cassettes with resistance genes for kanamycin (KANMX6) and nourseothricin (NATMX4) were
described previouslyzo.

1. Amplify GFP or pHIluorin cassettes containing selectable markers with primers containing additional sequences specific to the site of
genomic integrationzo’zs.

2. Transform the resulting PCR product into the desired yeast strain using the lithium acetate method?.

3. Select for integration of the cassette by growing cells on YPD plates containing the appropriate drug. To prepare plates, autoclave 10 g
yeast extract, 20 g peptone, 0.1 g tryptophan and 25 g agar in 960 ml water. Before pouring plates, allow the mixture to cool to 55 °C,
then add 40 ml of 50% glucose and either G418 to a final concentration of 200 ug/ml for KANMXE6 selection, or nourseothricin to a final
concentration of 100 ug/ml for NATMX4 selection.

4. Confirm integration of the GFP or pHluorin tag in individual colonies by PCR and/or Western blotting using anti-GFP antibodies, as well
as by detection of the tagged protein by fluorescence microscopyzo.

Copyright © 2016 Journal of Visualized Experiments October 2016 | 116 | e54587 | Page 2 of 14


http://www.jove.com
http://www.jove.com
http://www.jove.com

L]
lee Journal of Visualized Experiments www.jove.com

NOTE: Specific yeast strains and plasmids used in this study are listed in Tables 1 and 2, respectively.

2. Endpoint Assay for Steady-state Fluorescence of Constitutively Internalized Endocytic
Cargo

6.

Inoculate cells (~3 small colonies) in 5 ml of YNB medium lacking amino acids or nutrients as required for plasmid maintenance (if
applicable). Grow cells for 16-24 hr in an orbital shaking incubator at 30 °C, with 250 rpm shaking. Alternatively, streak a ~1-2 mm colony of
cells onto a YNB plate lacking amino acids or nutrients for plasmid selection, and grow cells overnight at 30 °C.

Measure the density (ODgqg) of each overnight culture using a spectrophotometer. Prepare a 5 ml dilution at 0.35-0.4 ODggo/ml in YNB
medium lacking amino acids or nutrients for plasmid maintenance, and grow for approximately 3 hr at 30 °C with shaking. If using cells
streaked on a plate, skip this step and proceed with step 2.4 (see below).

Measure the density (ODgq) of cells, which should now be between 0.6-1.0 ODggo/ml. Transfer 1.5 ml of culture to a microfuge tube, and
pellet cells at 8,000 rpm (6,800 x g) for 2 min. Remove 1,475 pl of supernatant.

Bring cells to a fluorescence microscope. Before imaging each sample, prepare a slide by resuspending the cells in the remaining medium,
and mount 3 pl of cell suspension under a cover slip. Alternatively, prepare 8-well chamber slides as described below in protocol 3, using
YNB medium as appropriate for plasmid selection. Ideally, image cells with a 100X, 1.4 or higher numerical aperture (NA) oil immersion
objective lens, a 12- or 16-bit camera, and excitation/emission filters optimized for GFP fluorescence.

NOTE: If using cells grown by streaking on a plate, prepare the slide by placing 3 pl of fresh YNB medium on a cover slip. Using a pipette tip,
collect a small colony of cells from the plate, disperse the cells into the YNB medium, and mount the resulting suspension on a glass slide
immediately before imaging.

Image 4-6 random fields of cells for each condition, using the same acquisition parameters (i.e., filter sets and exposure time) for all images
within an experiment.

NOTE: Collecting a brightfield or DIC image for each field can be helpful for cells where the pHIluorin signal is quenched in MVB and vacuolar
compartments.

Quantify fluorescence intensity of at least 30-50 cells for each condition (see protocol 5).

3. Kinetic Assay for Quantification of Endocytosis of Cargos that Undergo Regulated
Endocytosis

N

o0k w

10.

1.

Inoculate 2-3 colonies of yeast cells (approximately 2 mm in diameter per colony) in 5 ml of YNB medium lacking methionine and additional
amino acids or nutrients for maintaining plasmid selection. Grow cultures for 16-24 hr at 30 °C with shaking.

NOTE: In this paper, protocols for studying regulated endocytic cargo proteins will make use of the methionine permease, Mup1. Other
cargos that undergo regulated endocytosis are also suitable for tagging with pHIuorin (for example, the uracil permease Fur4, which
accumulates at the plasma membrane in the absence of uracil, and internalizes in response to externally applied uracil); for these cargos,
media conditions should be modified to reflect the specific expression, induction and internalization conditions for that cargo.

Measure the density (ODgqp) of each overnight culture approximately 3 hr before imaging. Prepare a 5 ml dilution at 0.35-0.4 ODgge/ml in YNB
medium lacking methionine and additional amino acids or nutrients for plasmid maintenance, and grow at 30 °C with shaking.
Pre-equilibrate the microscope's environmental chamber or heated stage (if available) to 30 °C during the 3 hr incubation of step 3.2.
Transfer 1 ml of cell culture to a microfuge tube, and pellet cells at 8,000 rpm (6,800 x g) for 2 min. Remove 975 pl of supernatant.

Prepare a ConA-treated, 8-well glass-bottomed chamber slide for imaging (protocol 1.2).

Add 200 pl of YNB medium lacking methionine and additional amino acids or nutrients for plasmid selection to each well. Resuspend the cell
pellet from step 3.4 in the remaining supernatant, and drop 2.5 pl of cell suspension into the center of each well. Disperse cells across the
surface of the well by pipetting up and down, and allow cells to settle for 5-10 min.

Place the chamber slide on an inverted fluorescence microscope equilibrated to 30 °C (see step 3.3). Locate a field of cells using brightfield
illumination.

Add 50 pl of YNB medium containing 100 pg/ml methionine (pre-warmed to 30 °C) to the 200 pl of medium in the well to obtain a final
methionine concentration of 20 pg/ml. Avoid disrupting the medium in the well in order to prevent the cells from floating from the bottom.
Allow the cells to equilibrate for 2 min before beginning imaging. Immediately before capturing the first image, adjust the microscope to the
desired focal plane (typically, an equatorial focal plane works best).

Acquire GFP and brightfield (or DIC) images at 5 min intervals for 45-60 min, using identical acquisition parameters for all images within a
time series (for example, 100X 1.4 NA oil immersion objective and 500 msec acquisition time using GFP filter, 100 msec acquisition time
using DIC filter).

NOTE: If the microscope's stage and imaging software do not allow for automatic correction of focal plane drift, it may be necessary to
manually readjust the focus prior to each imaging time point. Moreover, acquisition times will vary between microscopes due to differences in
illumination and filters, and optimal conditions should be determined manually prior to beginning the experiment. If an endocytic cargo other
than Mup1 is used, it may be necessary to modify the acquisition time and imaging intervals, as well as the duration of the experiment, to
reflect the internalization kinetics of that cargo.

Quantify fluorescence intensity of individual cells at each time point (see protocol 5), and express values as a percentage of the initial
intensity of the first image.

4. Endpoint Assay for Quantification of Endocytic Cargos that Undergo Regulated
Endocytosis

1.
2.

Prepare cells for imaging as described in protocol 3 (steps 3.1 through 3.6).
Image 4-5 random fields of cells for each condition immediately before adding methionine, using brightfield and GFP filter sets.
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3. Add 50 pl of YNB medium containing 100 pg/ml methionine (pre-warmed to 30 °C) to the 200 pl of medium in the well to obtain a final
methionine concentration of 20 pg/ml. Avoid disrupting the medium in the well in order to prevent the cells from floating from the bottom.

4. Image 4-5 random fields of cells 30 min after addition of methionine, using the same acquisition parameters as for the 0 min time point (step
4.2).

5. Quantify fluorescence intensity of at least 30-50 cells for each time point (see protocol 5). Express values as the percentage of Mup1-
pHluorin internalized after 30 min using the formula: [Mean intensity at 0 min - Mean intensity at 30 min}/[Mean intensity at 0 min] x 100%.
NOTE: It is possible to simultaneously perform up to eight endpoints assays by staggering the start time of each assay. Table 3 provides an
example workflow for eight simultaneous assays.

5. Post-acquisition Analysis

1. Export images from acquisition software as a 16-bit tagged-image file format (.tif or .tiff format).

NOTE: Other file formats may also be suitable, and should ideally use lossless compression algorithms. 8-bit images are generally not
suitable for quantification purposes.

2. Open files using Imaged software (freely available at 'Open' option in the 'File' menu. Use the fluorescence image for quantification, and the
brightfield/DIC image as a reference to identify the location of cells and to exclude dead cells (if present), which appear darker than live cells
when viewed by DIC and are autofluorescent when viewed with GFP excitation/emission filters.

3. Perform a background subtraction on the fluorescence image. For images with an uneven background signal, use the 'Background
Subtraction' algorithm found in the 'Process menu'. Use the default setting (rolling ball radius of 50 pixels), which is generally sufficient for
quantification purposes.

NOTE: An alternative background subtraction method for images with uniform background is described in step 5.3.1.-5.3.2; however, the
above method also works for uniform background.

1. For images with uniform background (i.e., background intensity is approximately constant at all edges and in the center of the image),
perform a manual background subtraction. Click on the 'freehand selections' button found in the main ImageJ window, and select 3-5
random regions within the image that do not contain cells.

2. Open the 'Set Measurements' function located in the 'Analyze' menu, select the 'Mean Gray Value' parameter, and measure intensity
values using the 'Measure' function (also found in the 'Analyze' menu). Calculate the average value from the 3-5 measured regions,
and subtract from all subsequent measurements in that image.

4. For quantification of kinetic assays (protocol 3), generate a single, stacked image for the time series. Open the fluorescence images from
each time point in chronological order, and generate a stack using the 'Images to Stack' function (found in the 'Image’ menu, under the Stacks
sub-menu).

Outline a cell using the freehand selection tool, making sure to include the entire cell but as little area outside of the cell as possible.

Measure the following parameters: 'Area, Integrated Density' and 'Mean Gray Value'. Select parameters using the 'Set Measurements'

function, located in the 'Analyze’ menu.

NOTE: Integrated Density corresponds to the sum of all pixel intensities within the selected region, and Mean Gray Value corresponds to

[Integrated Density/Area], which corrects intensity values for cell size.

7. Open the 'ROI Manager' located in the 'Analyze' menu, under the 'Tools' sub-menu. In the ROl Manager window, click the 'Add' button to
enter the highlighted region as a new region of interest (ROI).

8. Repeat steps 5.4 through 5.6 for the remaining cells in the image. Exclude any dead cells as assessed by brightfield/DIC and fluorescence
(dead cells appear darker in DIC images, and have autofluorescent cytoplasmic signal when viewed with GFP excitation/emission; see
Figure 2F), and any cells that touch the edge of the image. Save the selected ROIs as a .zip file by clicking the 'More' button in the 'ROI
Manager' window, and export all measurements to a spreadsheet or statistical analysis software.

9. For quantification of kinetic assays (protocol 3), outline and measure a cell from the initial time point as described in steps 5.4 and 5.5. Use
the same ROI for measurement of all subsequent time points in the experiment.

10. For endpoint assays (protocols 2 and 4), measure a minimum of 30-50 cells for each condition. Perform quantification for at least 2-3 images,
and include all cells in each image that meet the criteria outlined in step 5.8 in the analysis.

11. Assess statistical significance between samples using one-way ANOVA, followed by Tukey's multiple comparison test for post hoc analysis.

o o

6. Population Analysis of Mup1-pHluorin Endocytosis by Flow Cytometry

1. Inoculate 2-3 colonies of yeast cells (approximately 2 mm in diameter per colony) in 0.5 ml of YNB medium lacking methionine and additional
amino acids or nutrients for maintaining plasmid selection. Grow cells in 5 ml round-bottom tubes for 16-24 hr at 30 °C on a roller drum.

2. Add 1.5 ml of YNB medium lacking methionine and additional amino acids or nutrients for plasmid maintenance, and grow at 30 °C for an
additional 3 hr on a roller drum.

3. Transfer 1 ml of cells into each of two 5 ml round-bottom tubes. Add 0.25 ml of YNB -Met medium to the first tube (-Met condition), and 0.25
ml of YNB medium containing 100 pg/ml methionine to the second tube to give a final methionine concentration of 20 ug/ml (+Met condition).
Incubate cells at 30 °C for 45 min on a roller drum.

4. Analyze cells by flow cytometry, selecting forward scatter (FS) as a measure of cell size, and Mup1-pHluorin fluorescence intensity from a
fluorescein isothiocyanate (FITC) filter as a measure of cargo internalization.

5. Use the slider buttons to adjust the voltage of the FS and FITC channels to optimize detection for the size range and fluorescence intensity of
the yeast cells being used (for these experiments, settings used were 50 V for FS and 400 V for FITC).

NOTE: Voltage for both channels will vary depending on the flow cytometer being used. This step should be done before or during the 45 min
treatment with methionine (step 6.3).

6. Measure FS and fluorescence intensity for 10,000 cells from each condition, using the high flow rate setting. Generate a scatter plot of FS
against fluorescence intensity: click 'add graph', select FITC (x-axis) and FS (y-axis), and graph 1,000 points (the software will display values
for 1,000 cells, even though 10,000 cells were measured).

NOTE: For maximal consistency, analyze cells 45-50 min after addition of methionine; for experiments involving large numbers of samples,
stagger addition of methionine to accommodate the time required for flow cytometry analysis.
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7. Include -Met and +Met conditions for wild-type (WT) cells as a control. Using the gate function, assign a vertical gate using the WT
+Met condition, such that approximately 5% of the brightest cells fall to the right of the gate. Use this gating for all other conditions in the
experiment.

Representative Results

Steady-state localization and quantification of the constitutively internalized endocytic cargo protein Ste3

To demonstrate that pHluorin-tagged cargos can be utilized for quantification of endocytosis in living cells, localization of chimeric GFP and
pHIuorin fusions with the cytoplasmic C-terminal tail of Ste3, the a-factor pheromone receptor in yeast, were compared. Ste3 is a G protein-
coupled receptor (GPCR) that is constitutively transported to the plasma membrane, internalized, and targeted to the vacuole for degradatlon
Thus, under steady-state conditions, the majority of Ste3 localizes to the vacuole lumen, as seen in wild-type (WT) cells expressing Ste3-GFP
(Figure 2A). In contrast, cells lacking the genes encoding the four clathrin-binding adaptor proteins Ent1 Ent2, Yap1801 and Yap1802 (ent1A
ent2/ yap1801A yap1802A, hereafter referred to as 4A) fail to stabilize clathrin at sites of endocyt08|s and are severely defective in CME*®

4A cells require expression of the epsin N-terminal homology (ENTH) domain of either Ent1 or Ent2 for V|ab|I|ty . The ENTH domain is not
sufficient for endocytosis in 4A cells, as shown by retention of Ste3-GFP at the plasma membrane in 4A+ENTH1 cells expressing the ENTH
domain of Ent1 (Figure 2A) 0. similar plasma membrane retention in 4A+ENTH1 cells has been observed for other endocytic cargos, including
Ste2-GFP (the a-factor pheromone receptor) and Mup1-GFP or Mup1-pHluorin (a methionine permease) 8. In contrast, expression of full-length
Ent1 from a plasmid in 4A cells (4A+Ent1) restores endocytosis and localization of Ste3-GFP to the vacuole. 4A+ENTH1 cells were recently used
in a genetic screen to identify a CIE pathway in yeast that relies on the actin- modulatlng GTPase Rho1 and its GEF, Rom1, as well as the formin
Bni1 and members of the a-arrestin family of proteins involved in cargo sortlng 8, Consistent with a role in CIE, expression of ROM1 or the a-
arrestin LDB19 from high-copy plasmids in 4A+ENTH1 cells improved internalization of Ste3-GFP (Figure 2A).

Cells expressing Ste3-GFP or other GFP-tagged endocytic cargos have bright vacuoles due to accumulation and proteolytic resistance of the
GFP tag. In contrast cells expressing Ste3-pHluorin have very low levels of vacuolar fluorescence due to quenching of the pHIluorin tag in acidic
environments®. As seen previously, WT and 4A+Ent1 cells showed very little detectable Ste3-pHluorin by fluorescence microscopy (Figure 2B).
In contrast, Ste3-pHIuorin was readily detectable at the plasma membrane of 4A+ENTH1 cells, while vacuolar Ste3-pHluorin remained nearly
undetectable in all cases. High-copy expression of ROM1 or LDB19 reduced the amount of detectable Ste3-pHluorin at the cell surface, similar
to results with Ste3-GFP, although vacuolar Ste3-pHluorin remained nearly undetectable in all cases.

To compare the effectiveness of GFP- and pHIluorin-tagged cargos as tools for quantifying changes in the endocytic capacity of cells, whole-

cell fluorescence of Ste3-GFP and Ste3-pHIluorin was measured in WT and 4A cells. Although changes in Ste3-GFP localization were readily
detectable by microscopy (Figure 2A), differences in overall fluorescence intensity were not statistically significant between WT, 4A+Ent1 and 4A
+ENTH1 cells transformed with empty vector (Figure 2C) . Likewise, 4A+ENTH1 cells transformed with vector, ROM1 and LDB19 had similar
whole-cell fluorescence intensities. Notably, 4A+ENTH1 cells transformed with ROM1 or LDB19 were significantly dimmer than WT cells (Figure
2C)8 '8 however, Ste3-GFP protein levels were similar as assessed by immunobilotting (Figure 2E). While the difference in intensity may be
due in part to changes in vacuole size or morphology, or to differences in retention of the GFP tag in the vacuole, quantification of Ste3-GFP
fluorescence does not reflect the changes in localization observed by fluorescence microscopy (Figure 2A). In contrast, quantification of Ste3-
pHluorin intensity demonstrated that 4A+ENTH1 cells transformed with vector were significantly brighter than WT or 4A+Ent1 cells, and high-
copy expression of ROM1 or LDB19 in 4A+ENTH1 cells reduced Ste3-pHluorin intensity to levels that were similar to WT and 4A+Ent1 (Figure
2D). Thus, quantification of steady-state Ste3-pHIluorin intensity accurately reflects the differences in localization observed by fluorescence
microscopy.

Kinetic internalization assays using the regulated endocytic cargo, Mup1

Quantification of fluorescence intensity for constitutively internalized cargos at steady-state can reveal differences in the endocytic capacity

of mutant cells compared to WT cells. However, it is possible that some cargos may reach the same steady-state distribution and intensity in
WT and endocytic mutant cells, even though the mutant cells have a delay in endocytosis or slower kinetics for cargo internalization. Instead,
pHluorin-tagged cargos that undergo regulated endocytosis in response to a specific stimulus or ligand can be used to monitor the kinetics of
endocytosis. For this purpose, internalization of the high-affinity methionine permease, Mup1, was monitored™2. In the absence of extracellular
methionine, Mup1 expression is upregulated, and the permease is retained at the plasma membrane; upon addition of methionine to the
medium, Mup1 undergoes rapid internalization and targeting to the vacuole'

To monitor the kinetics of Mup1 internalization, WT strains expressing Mup1-GFP or Mup1-pHluorin from the genomic locus were grown

in the absence of methionine in order to accumulate fluorescent Mup1 at the plasma membrane (Figure 3A, 0 min time point). Time-lapse
imaging of cells was then performed at 5 min intervals in the absence or presence of methionine to monitor cargo internalization and changes

in fluorescence. As expected, GFP- and pHluorin-tagged Mup1 imaged in the absence of methionine remained at the plasma membrane for the
entire 45 min observation perlod . In contrast, cells imaged in the presence of methionine showed progressive depletion of the fluorescence
signal from the cell surface, consistent with cargo internalization. Notably, Mup1-GFP fluorescence accumulated in internal structures (i.e.,
endosomes and the vacuole), whereas Mup1-pHluorin localized to internal punctae that likely correspond to early endosomes, but was not seen
in the vacuole.

Copyright © 2016 Journal of Visualized Experiments October 2016 | 116 | e54587 | Page 5 of 14


http://www.jove.com
http://www.jove.com
http://www.jove.com

lee Journal of Visualized Experiments www.jove.com

When fluorescence was quantified across all time points for individual cells, Mup1-GFP and Mup1-pHluorin intensity showed little change in the
absence of externally applied methionine during the course of the 45 min experiment, consistent with the protein remaining stably localized to
the plasma membrane (Figure 3B). In contrast, whole-cell Mup1-pHluorin intensity rapidly decreased in the presence of methionine, such that a
50% reductlon in fluorescence intensity was observed after approximately 20-25 min, and an 80% reduction was observed after approximately
40 min? Mup1 -GFP cells also showed a decrease in fluorescence intensity upon addition of methionine; however, the kinetics of fluorescence
loss were delayed compared to those of Mup1-pHIuorin, such that a 50% decrease in intensity was only observed after 40 min. As seen in
Figure 3A, Mup1-GFP was barely detectable at the plasma membrane at this time, indicating that persistent vacuolar GFP fluorescence
prevented accurate quantification of endocytic events at the cell surface.

Endpoint assays using the regulated endocytic cargo, Mup1

In addition to quantitative, kinetic assays of endocytosis as described above, regulated endocytic cargos such as Mup1 can also be used for
endpoint assays, similar to quantification of steady-state Ste3-pHluorin intensity. For this purpose, the assay for quantification of Mup1-pHluorin
internalization was modified to aIIow comparison of mean fluorescence intensities from populations of cells imaged immediately before or 30

min after addition of methionine®'®. This approach allows comparison of the percentage of Mup1 internalized between WT and endocytic mutant
cells.

In agreement with the results of the kinetic assay (Figure 3), Mup1-pHluorin was rapidly depleted from the plasma membrane in WT cells
(Figure 4A), such that approximately 60% of Mup1-pHluorin was internalized 30 min after addition of methionine (Figure 4B). As expected,
Mup1-pHluorin internalization was similarly efficient in 4+Ent1 cells, while internalization was significantly reduced in 4A+ENTH1 cells,
consistent with a severe defect in endocytosis. High- copy expression of ROM1 or the a-arrestin LDB19, which is specifically required for

Mup1 internalization via both CME and CIE pathways 1 , improved internalization of Mup1-pHIuorin, consistent with their ability to promote
endocytosis in 4A+ENTH1 cells™® . Notably, although steady-state Ste3-pHluorin intensity in 4A+ENTH1 cells expressing high-copy ROM1

or LDB19 was indistinguishable from WT or 4A+Ent1 cells, internalization of Mup1-pHIuorin was only partially improved in 4A+ENTH1 cells
expressing high-copy ROM1 or LDB19 (Figure 4C). Thus, these data indicate that kinetic and/or endpoint assays can reveal differences in
endocytic rates between WT and mutant strains for some cargos, even though similar steady-state distribution of other cargos may be achieved
in the same strains.

Population-based analysis of Mup1-pHIuorin internalization using flow cytometry

High-throughput analysis of larger populations of cells using flow cytometry can provide an alternative to performing kinetic and endpoint assays
for cargo internalization by microscopy. For this purpose, fluorescence intensity of Mup1-pHluorin was compared in WT cells from a culture
grown in the absence of methionine (WT -Met, which should be "bright") or in the presence of methionine for 45 min (WT +Met, which should be
"dim" compared to untreated cells based on the 80% reduction in fluorescence intensity seen in Figure 3B). After analysis by flow cytometry,

a vertical gate was applied to the WT +Met condition, where ~5% of cells were contained on the right-hand side of the gate, and corresponded
to the brightest cells within the population (Figure 5A and 5B, red population). When the same gate was applied to the WT -Met condition,
approximately 65% of cells fell into the bright category, demonstrating that flow cytometry can be used to readily observe differences in Mup1-
pHluorin fluorescence intensity between populations of cells before and after addition of methionine. In contrast, the distribution of bright versus
dim cells was indistinguishable in 4A+ENTH1 -Met and +Met conditions using the same gate applied to the WT +Met population, consistent
with defective endocytosis. Thus, flow cytometry can detect changes in the endocytic capacity of cells, and permits rapid analysis of large
populations of cells. Importantly, flow cytometry can also be used in genetic screens as a tool for sorting and selection of mutant cells with
defective endocytosis (K. Wrasman and B. Wendland, manuscript in preparation)SS.

B.

Independent
Endocytosis

Vacuole

Figure 1: Schematic of pHluorin-tagged cargo progression through the endocytic pathway. (A) Chimeric fusion of a pHluorin (pHI) tag on
the cytoplasmic tail of endocytic cargo proteins results in detectable fluorescence (green) of the cargo at the plasma membrane (PM). Following
endocytosis, cargo proteins are delivered to the early endosome (Endo), where the pHIuorin tag remains exposed to the cytoplasm, and is thus
fluorescent. Subsequently, the ESCRT machinery promotes cargo sorting and incorporation into luminal vesicles of multivesicular bodies (MVB).
MVBs then fuse with the vacuole to deliver proteins and membrane components for degradation. Upon incorporation into MVBs, the pHluorin tag
becomes quenched (grey) due to acidification. (B) Use of pHluorin-tagged cargos has facilitated the discovery and characterization of proteins
involved in a clathrin-independent endocytic (CIE) pathway in yeast. In cells with defective clathrln mediated endocytosis, high-copy expression
of the GTPase Rho1, as well as its activating GEF Rom1, promote cargo internalization vna CIE®. Moreover, although the a-arrestin family (a-Arr)
of proteins has known roles in promoting cargo ubiquitination and internalization via CME"™*", roles for a-arrestins in CIE were recently identified,
likely due to interaction with CIE proteins rather than through recruitment of ubiquitin ligases 8 . Please click here to view a larger version of this
figure.
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Figure 2: Localization and quantification of Ste3-GFP and Ste3-pHIuorin in wild-type and endocytic mutant cells. (A) WT, 4A+Ent1

and 4A+ENTH1 cells expressing genomically encoded Ste3-GFP and transformed with vector, high-copy ROM1 or high-copy LDB19 as
indicated were visualized by fluorescence microscopy (top row) or DIC (bottom row). Ste3-GFP images were adjusted to the same maximum
and minimum intensities to allow direct comparison of Ste3 localization. (B) WT, 4A+Ent1 and 4A+ENTH1 cells expressing genomically encoded
Ste3-pHluorin were transformed and imaged as described in panel A. Scale bar = 2 ym. (C, D) Quantification of fluorescence intensity for Ste3-
GFP (C) and Ste3-pHluorin (D) strains used in panels A and B. For each condition, whole-cell fluorescence was quantified for a minimum of 40
cells. Values were corrected for cell size, and expressed in arbitrary units (a.u.) as mean + SEM (*** p <0.001 compared to WT; Tt p <0.001
compared to 4A+ENTH1 + vector). (E) Relative expression of Ste3-GFP assessed in WT, 4A+Ent1 and 4A+ENTH1 cells transformed with
vector, high-copy ROM1 or high-copy LDB19 as indicated. Cell extracts were prepared as described previouslyzo, and equal amounts of each
sample were resolved by SDS-PAGE. Ste3-GFP expression was assessed by immunoblotting with anti-GFP antibodies, and protein loading was
assessed using anti-GAPDH. (F) Wild-type cells expressing genomically encoded Ste3-GFP viewed by fluorescence microscopy (Ste3-GFP
panel) and DIC optics, with a dead cell indicated by arrows. Dead cells appear autofluorescent in the GFP filter, and are darker when viewed by
DIC. Scale bar = 2 ym. Please click here to view a larger version of this figure.
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Figure 3: Kinetic assay of Mup1-GFP and Mup1-pHluorin internalization. (A) Wild-type cells expressing genomically encoded Mup1-GFP
(upper two panels) or Mup1-pHluorin (lower two panels) were grown to mid-logarithmic phase in YNB medium lacking methionine to induce
Mup1 expression and retention at the plasma membrane. Cells were then imaged by fluorescence microscopy every 5 min in the absence
(- Met) or presence (+ Met) of 20 ug/ml methionine. For each time point within a condition, identical maximum and minimum intensity values
were applied to allow comparison of fluorescence intensity and localization. 0, 5, 10, 20 and 40 min time points are shown as indicated for all
conditions. Scale bar = 2 ym. (B) Quantification of Mup1-GFP and Mup1-pHluorin internalization in wild-type cells from panel A. Whole-cell
fluorescence intensity of Mup1-GFP (- Met, purple squares; + Met, blue diamonds) or Mup1-pHluorin (- Met, green triangles; + Met, red circles)
was measured for individual cells imaged at 5 min intervals, and expressed as a percentage of the initial fluorescence intensity (mean + SEM,

n = 6 cells per condition). Reprinted from Prosser et al. (2010)20 with permission from the publisher. Please click here to view a larger version of
this figure.
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Figure 4: Endpoint assay of Mup1-pHluorin internalization. (A) WT, 4A+Ent1 and 4A+ENTH1 cells expressing genomically encoded Mup1-
pHluorin and transformed with vector, high-copy ROM1 or high-copy LDB19 as indicated were grown to mid-logarithmic phase in YNB medium
lacking methionine. Random fields of cells were imaged by fluorescence microscopy immediately before (- Met) or 30 min after (+ Met) addition
of 20 pg/ml methionine. All images were adjusted to the same maximum and minimum intensity values. Scale bar = 2 ym. (B) Quantification

of Mup1-pHluorin internalization in cells from panel A. For each condition, whole-cell fluorescence intensity was measured for a minimum of
40 cells and corrected for cell size. The percentage of Mup1-pHluorin internalized was calculated by comparing mean intensity values before
and after 30 min treatment with methionine. Values are shown as mean + SEM (n = 4; *** p <0.001 compared to WT, i p <0.05 compared to 4A
+ENTH1 + vector). This figure has been modified from Prosser et al. (2015)18 with permission from the publisher. Please click here to view a
larger version of this figure.
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Figure 5: Population analysis of Mup1-pHuorin internalization by flow cytometry. (A) WT and 4A+ENTH1 cells were grown to mid-
logarithmic phase in YNB medium lacking methionine. Cells were then incubated in the absence (- Met) or presence (+ Met) of 20 ug/ml
methionine for 45 min prior to analysis by flow cytometry. For each condition, forward scatter (in arbitrary units, a.u.) was plotted against
fluorescence intensity (a.u., using a FITC filter) for 1,000 cells out of a total of 10,000 cells measured. Populations were further analyzed by
applying a vertical gate (blue arrow) to the WT + Met condition, where approximately 5% of the brightest cells (shown in red) fell on the right-
hand side of the gate. The gating generated for the WT + Met condition was then applied to the remaining conditions to allow comparison of
sample distributions. (B) Summary of the percentage of dim cells (black points, to the left of the gate) and bright cells (red points, to the right of
the gate) for WT and 4A+ENTH1 + Met trials shown in panel A. Please click here to view a larger version of this figure.
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Strain Genotype Source
SEY6210° MAT a his3-A200 trp1-A901 leu2-3,112 ura3-52 | Laboratory plasmid
lys2-801 suc2-A9
BWY2858 STE3-GFP::KANMX6 Prosser et al. (2010)'
BWY2995 STE3-pHIluorin: KANMX6 Prosser et al. (2010)'
BWY3036 ent1A::LEU2 ent2A::HIS3 yap1801A::HIS3 Prosser et al. (2010)'
yap1802A::LEU2 STE3-pHIluorin::KANMX6 +
pEnt1 [CEN TRP1]
BWY3037 ent1A::LEU2 ent2A::HIS3 yap1801A::HIS3 Prosser et al. (2010)'
yap1802A::LEU2 STE3-pHIluorin::KANMX6 +
pENTH1 [CEN TRP1]
BWY3399 ent1A::LEU2 ent2A::HIS3 yap1801A::HIS3 Prosser et al. (2010)'®
yap1802A::.LEU2 STE3-GFP::KANMX6 + pEnt1
[CEN TRP1]
BWY3400 ent1A::LEU2 ent2A::HIS3 yap1801A::HIS3 Prosser et al. (2010)'
yap1802A::.LEU2 STE3-GFP::KANMX6 + pEnt1
[CEN TRP1]
BWY3817 MUP1-GFP::KANMX6 Prosser et al. (2010)'
BWY3818 MUP1-pHluorin::KANMX6 Prosser et al. (2010)'
BWY4153 ent1A::LEU2 ent2A::HIS3 yap1801A::HIS3 Prosser et al. (2011)
yap1802A::LEU2 MUP1-pHIluorin::KANMX6 +
pEnt1 [CEN TRP1]
BWY4154 ent1A:LEU2 ent2A::HIS3 yap1801A::HIS3

yap1802A::LEU2 MUP1-pHIuorin::KANMX6 +
pENTH1 [CEN TRP1]

Prosser et al. (201 1)7

Al strains used in this study are isogenic to SEY6210 except at the indicated loci.

Table 1: Yeast strains used in this study.

Plasmid Description Source

pRS426 2u URA3 Sikorski and Hieter, 1989
pBWO0768 pRS414::ENT1 [CEN TRP1] pEnt1, Laboratory plasmid
pBWO0778 pRS414::ent1(aa1-151) [CEN TRP1] pENTH1, Laboratory plasmid
pBW1571 pFA6a-pHIuorin-KANMX6 Prosser et al. (2010)'
pBW2053 YEp24::ROM1 [2y URA3] pROMH1 (Prosser et al., 2011)’

pRS426-Ldb19

LDB19prom-LDB19 [2p URA3]

Prosser et al. (2015)15

pFABa-GFP(S65T)-kanMX6

pFA6a-GFP-KANMX6, PCR-based integrating
plasmid for GFP-tagging in yeast

Longtine et al. (1998)"

Table 2: Plasmids used in this study.
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Time (min) Action(s)

-5 Image sample 1 (-Met)

0 Add methionine to sample 1
Image sample 2 (-Met)

5 Add methionine to sample 2
Image sample 3 (-Met)

10 Add methionine to sample 3
Image sample 4 (-Met)

15 Add methionine to sample 4
Image sample 5 (-Met)

20 Add methionine to sample 5
Image sample 6 (-Met)

25 Add methionine to sample 6
Image sample 7 (-Met)

30 Add methionine to sample 7
Image sample 8 (-Met)
Image sample 1 (+Met)

35 Add methionine to sample 8
Image sample 2 (+Met)

40 Image sample 3 (+Met)

45 Image sample 4 (+Met)

50 Image sample 5 (+Met)

55 Image sample 6 (+Met)

60 Image sample 7 (+Met)

65 Image sample 8 (+Met)

Table 3: Example workflow for staggering 8 Mup1-pHIuorin endpoint assays.

Applications of pHIluorin for quantification of endocytic events in yeast cells makes use of transmembrane cargos in which the fluorescent tag is
fused to the cytoplasmic tail of the protein (Figure 1A). For the assays described here, cargos are brightly fluorescent when the pHluorin tag is
exposed to neutral environments, but become quenched when the pHluorin tag encounters acidic conditions. Thus, a pHIuorin-tagged endocytic
cargo is readily detected at the cytoplasmic face of the plasma membrane and on early endosomes, but becomes "dim" when incorporated

into luminal MVB vesicles or upon delivery to the vacuole lumen. In general, newly synthesized endocytic cargos likely leave the endoplasmic
reticulum (ER) and reach the plasma membrane before GFP and many of its variants have fully matured; thus, pHluorin-tagged cargos that have

not yet reached the cell surface are predicted to remain undetectable unless exit from the ER or Golgi is impaired.

Use of pHluorin-tagged endocytic cargos such as Ste3 and Mup1 has facilitated characterization of a number of proteins involved in the yeast
CIE pathway (Figure 1B)8'18. Specifically, the methods described in this paper have been used to demonstrate that increased production of the
actin-modulating GTPase Rho1 and its GEF Rom1 promote endocytosis in a variety of yeast mutants with defects in CME?. In addition, pHIluorin-

tagged cargos were recently used to quantitatively demonstrate that a-arrestins, which have well-established roles in CME
selective roles in both CME and CIE, and have mechanistically distinct functions in the two pathways18.

6 play cargo-

For the protocols outlined in this paper, several important factors should be considered in order to obtain consistent, quantitative results.

First, Mup1-GFP or Mup1-pHluorin expression and fluorescence may decrease as yeast cells approach or enter the stationary growth phase
(unpublished results); thus, cells grown from an overnight culture should be diluted and re-grown for an additional 3 hr (see steps 3.1-3.2

and 6.1-6.2). In addition, when staggering multiple experimental conditions or strains in endpoint assays or for analysis by flow cytometry, it

is important to collect data for all samples after the same duration of methionine treatment in order to allow comparisons between individual
conditions. For post-acquisition analysis, quantification should be performed using 16-bit images, since conversion to 8-bit format causes data
loss that can affect the fluorescence intensity values. Moreover, background subtraction should be performed prior to quantification (step 5.3),
since the background signal can significantly occlude differences in intensity between samples.

Whereas pHluorin-tagged Ste3 and Mup1 have proven amenable to quantification, not all cargos will be well-suited to pHluorin tagging.

For example, attempts to tag the a-factor receptor Ste2 have yielded inconsistent quantitative results, possibly due to lower fluorescence
intensity of Ste2-pHIluorin compared to that of Ste3 or Mup1 (unpublished results), although it is possible that tandem pHIuorin tags could
improve the signal intensity. In addition, cargos with very slow rates of ligand-induced endocytosis may not be amenable to pHIluorin tagging for
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quantification, especially if the half-time of internalization is longer than the yeast cell cycle (approximately 90 min). For such cargos, a decrease
in fluorescence could arise from endocytosis and/or from partitioning of the cargo between mother and daughter cells during division. Thus,
testing individual cargos of interest is recommended in order to determine whether their expression and kinetics are suitable for pHluorin-tagging
and quantification.

Although recent studies using pHIluorin have focused mainly on endocytic events at the plasma membrane, pHIluorin-tagged cargos can be
used to study later trafficking events in the endocytic pathway. For example, Mup1-pHluorin has been successfully used in flow cytometry-
based assays of ESCRT-mediated cargo sorting into MVBs® , since the pHIluorin tag becomes quenched upon incorporation into MVB luminal
vesicles®. This approach is similar to the more recently described luciferase reporter of intraluminal deposition (LUCID) assay, which makes
use of cargos with a cytoplasmic luciferase tag to generate a bioluminescent signal in the presence of luciferin®*°. Similar to quenching of
pHluorin fluorescence upon incorporation into MVB luminal vesicles, bioluminescence in the LUCID assay is attenuated upon incorporation of
the luciferase tag into MVB vesicles. While pHIluorin and LUCID assays are conceptually similar, pHluorin-tagged cargos can be used to study
endocytosis and MVB maturation in intact cells.

Alternative methods exist for quantification of endocytosis, and have provided valuable information on rates of cargo internalization in wild-
type and endocytic mutant cells. Examples include monitoring uptake of radiolabeled ligands such as a-factor (which binds to the pheromone
receptor Ste2) and uracil (which is internalized by the permease Fur4)4°’41, or monitoring the rate of degradation for endocytic cargos such as
Ste3 as they are internalized and transported to the vacuole*?. These biochemical approaches require cell lysis, and are thus not suitable for
direct quantification in living cells. Alternatively, fluorescently labeled a-factor, the fluid-phase dye Lucifer Yellow, or the styryl dye FM4-64 can
be used to visualize endocytosis in living cells, but do not allow direct monitoring of endogenously expressed cargo proteins40’ 344 For these
approaches, persistence of fluorescence in the vacuole lumen may complicate quantification, as seen with GFP. It is also possible to use GFP-
tagged cargos for quantification of endocytosis by measuring whole-cell fluorescence intensity and subtracting the signal from cytoplasmic

and endosomal/vacuolar compartments; however, endosomes and vacuoles are often in close proximity to the plasma membrane. In contrast,
pHIluorin-tagged endocytic cargos are quenched in MVB/vacuole compartments, which can be a distinct advantage for quantification of trafficking
events compared to the more widely used GFP tag. Our future studies will expand upon current knowledge of endocytic pathways and cargo
sorting in yeast to identify additional factors that contribute to CME and CIE, and to understand the mechanisms that regulate cargo-sorting
decisions.
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