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Abstract
The pH-sensitive GFP variant pHluorin is typically fused to the extracellular domain of
transmembrane proteins to monitor endocytosis. Here we have turned pHluorin inside-out, and
demonstrate that cytoplasmic fusions of pHluorin are effective quantitative reporters for
endocytosis and MVB sorting. In yeast in particular, fusion of GFP and its variants on the
extracellular side of transmembrane proteins can result in perturbed trafficking. In contrast,
cytoplasmic fusions are well tolerated, allowing for the quantitative assessment of trafficking of
virtually any transmembrane protein. Quenching of degradation-resistant pHluorin in the acidic
vacuole permits quantification of extra-vacuolar cargo proteins at steady-state levels and is
compatible with kinetic analysis of endocytosis in live cells.
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Introduction
Although considerable advances have been made in understanding the mechanisms and
regulation of vesicular transport, the development of novel techniques to visualize and
quantify trafficking events will undoubtedly enhance our understanding of these processes.
In particular, the Aequorea victoria green fluorescent protein (GFP) and its subsequent
variants have been used extensively for studying protein, membrane and cytoskeletal
dynamics in living cells. However, two important factors limit the use of GFP derivatives
for quantitative analysis of cargo movement via vesicular trafficking: resistance to
proteolysis in the lysosome (or vacuole in organisms such as Saccharomyces cerevisiae,
which will be used in the present study) and insensitivity to changes in pH (1).

Persistent vacuolar fluorescence of GFP-cargo chimeras is readily apparent when
monitoring trafficking through the endocytic pathway. Internalized cargo proteins are
frequently targeted to the lysosome or vacuole for degradation, and the stable GFP tag often
remains detectable for extended periods following degradation of the cargo protein. Thus,
persistence of vacuolar GFP can confound whole-cell quantitative analysis of internalized
cargo chimeras. Other fluorescent markers used in studies of endocytic trafficking, such as
the lipophilic dye FM4-64 and the fluid-phase marker Lucifer yellow (2), have been used to
follow endocytosis quantitatively. However, both dyes are used as general markers of
endocytosis, and cannot be used to monitor trafficking of specific cargos. It is also worth
noting that transmembrane cargo proteins that are commonly used for studying anterograde
transport from the endoplasmic reticulum to the plasma membrane are frequently targeted
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for vacuolar proteolysis, thus GFP-tagged markers of numerous trafficking pathways besides
endocytosis can render quantitative analyses difficult.

Several variants of GFP have been generated that, in theory, could reduce the accumulation
of detectable fluorescence in the vacuole. For example, protease-sensitive variants, in which
cleavage sites have been introduced into the sequence of GFP, are degraded upon delivery to
sites of protease activity (3–5); however, their usefulness might be limited by the efficiency
of cleavage. Instead, pH-sensitive GFP variants, known as pHluorins, display changes in
excitation and/or emission properties depending on the pH of their local environment (6).
Upon lowering of pH, ratiometric pHluorin shows a decrease in excitation at 395 nm with a
concomitant increase in excitation at 475 nm, while ecliptic and super-ecliptic pHluorin
show a pronounced dampening of excitation at both wavelengths (6,7). In wild-type yeast,
cytoplasmic pH has been determined to lie between 6.5 and 7 when cells are grown in media
with a pH of 5.5, while vacuolar pH has been reported at 5.45 under similar growth
conditions (8–10). Although ratiometric pHluorin fluorescence is readily detectable within
the above pH range, ecliptic pHlourin as well as the super-ecliptic variant, which has
enhanced fluorescence (7), are detectable at cytosolic pH but not at the lower pH within the
vacuole.

In the present study, we sought to use super-ecliptic pHluorin as a tool for quantitative
analysis of endocytosis in yeast. Past studies using pHluorin in mammalian cells have placed
the tag on the extracellular face of transmembrane proteins such as synaptobrevin or the
transferrin receptor (6,11,12). This approach is not amenable for use in yeast because GFP
does not fold correctly in the ER lumen, which can lead to degradation, loss of function or
mistargeting (13,14). Instead, we reasoned that placing a cytoplasmic pHluorin tag on a
cargo protein that reaches the vacuole via incorporation into multivesicular bodies (MVBs)
would result in quenching of the fluorescent tag within the vacuole lumen. As shown in
Figure 1, a cytoplasmic fluorescent tag remains exposed to the cytosol while at the plasma
membrane, but is packaged into the lumen of internal vesicles within MVBs by the ESCRT
machinery (15). Upon fusion with the acidic vacuole, the contents of the MVB are degraded,
and although GFP fluorescence remains detectable, pHluorin is expected to lose
fluorescence. In this study, we demonstrate that chimeric cargo proteins with a cytoplasmic
pHluorin tag can be used for quantitative analysis of endocytosis in yeast cells. We also
demonstrate that the pHluorin tag can be used to study the properties and dynamics of
endocytic pathway intermediates by showing that the cytosolic contents of luminal MVB
vesicles are acidified prior to MVB fusion with the vacuole.

Results
pHluorin-tagged cargos are not fluorescent in the yeast vacuole

We generated pHluorin plasmids for PCR-based tagging of endogenous genes by
homologous recombination, similar to those described by Longtine et al. (16), with selection
using resistance genes for kanamycin (KANR) and nourseothricin (NATR). A GFP or
pHluorin tag was introduced on the cytoplasmic C-terminus of the pheromone receptor
Ste3p, a cargo protein that is constitutively internalized, incorporated into MVBs, and
targeted to the vacuole lumen in wild-type (WT) cells (17). While vacuolar Ste3-GFP was
clearly visible, very little GFP signal could be detected at the cell surface. In contrast, Ste3-
pHluorin was barely visible at the cell surface, with almost no detectable signal in vacuoles
(Figure 2). We occasionally observed small fluorescent punctae in Ste3-pHluorin cells,
which might correspond to Golgi-derived vesicles in transit to the plasma membrane or
newly internalized Ste3p destined for the vacuole.
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Mutations that impair endocytosis cause accumulation of detectable Ste3-pHluorin at the
cell surface

We recently demonstrated that yeast cells lacking the four clathrin-binding endocytic
adaptor proteins Ent1p, Ent2p, Yap1801p and Yap1802p (ΔΔΔΔ) and complemented with
an epsin N-terminal homology (ENTH) domain are defective in endocytosis (18). The
essential function of the ENTH domain appears to be involved in recruitment of Cdc42p
regulatory components to the bud; thus, the essential function is unlikely to be a role solely
in endocytosis (19). Consistent with the previous finding that a single copy of any full-
length adaptor can complement internalization defects in ΔΔΔΔ cells (18,20), localization of
Ste3-GFP or Ste3-pHluorin inΔΔΔΔ + Ent1 cells was indistinguishable from WT (Figure 2).
In contrast, Ste3-GFP and Ste3-pHluorin accumulated at the surface of ΔΔΔΔ cells
expressing only the Ent1 ENTH domain (ENTH1). However, vacuolar Ste3-GFP was also
detectable in ΔΔΔΔ + ENTH1 cells, whereas no vacuolar signal was seen with Ste3-
pHluorin. Thus, increased steady-state levels of Ste3p at the cell surface can serve as an
indicator of a reduced endocytic capacity.

Given the loss of detectable fluorescent signal in the vacuole of pHluorin-tagged cells, we
next sought to quantify differences in extra-vacuolar Ste3p by measuring the total cellular
fluorescence of Ste3-GFP and Ste3-pHluorin in WT, ΔΔΔΔ + Ent1 andΔΔΔΔ + ENTH1
cells. Fluorescence intensity of Ste3-GFP measured from images acquired with equivalent
parameters was similar in all strains tested (p>0.4, Figure 3A), even though the ΔΔΔΔ +
ENTH1 cells retained a greater proportion of Ste3p at the plasma membrane. Our inability to
detect changes in total cellular fluorescence in GFP-tagged cells indicates that the persistent
GFP fluorescence in the vacuole prevents accurate quantification of cargo retention at the
surface of endocytic mutant cells. In contrast to Ste3-GFP, fluorescence intensity of
pHluorin-tagged Ste3p in ΔΔΔΔ + ENTH1 cells was 2.5-fold greater than in WT or ΔΔΔΔ +
Ent1 (Figure 3B). In addition, we assessed the expression level of Ste3-GFP or Ste3-
pHluorin in WT, ΔΔΔΔ + Ent1 and ΔΔΔΔ + ENTH1 cells to determine whether changes in
Ste3p expression levels could account for the observed differences in fluorescence levels.
Unexpectedly, we found that Ste3p is expressed at a similar steady-state level in all strains
tested, rather than an increased level in ΔΔΔΔ + ENTH1 cells arising from its retention at
the cell surface (Figure 3C). This might indicate a compensatory mechanism for regulating
the expression level of Ste3p when endocytosis is blocked. Thus, total cellular fluorescence
levels of Ste3-pHluorin can indicate changes in the ability of cells to transport the receptor
to the vacuole, and subcellular localization can be used to determine the step(s) within the
secretory and/or endocytic pathway at which the block in transport occurs.

pHluorin-tagged cargo allows kinetic analysis of endocytosis in live cells
Because Ste3p is constitutively internalized and targeted to the vacuole, it is not amenable to
kinetic analysis of endocytosis. To develop a fluorescence-based assay that more directly
analyzes endocytosis, we instead used the methionine transporter Mup1, which is retained at
the cell surface in the absence of methionine, but is rapidly internalized and targeted to the
vacuole when methionine is present in the medium. Using this cargo, we predicted that we
would observe a decrease in Mup1-pHluorin fluorescence with time in methionine-treated
cells. We first compared the localization and fluorescence intensity of Mup1-GFP and
Mup1-pHluorin in WT cells grown in the absence of methionine. Both Mup1-GFP and
Mup1-pHluorin maintained relatively constant levels of Mup1p fluorescence during the 45-
minute observation period, with very little accumulation of Mup1-GFP in the vacuole over
the entire time frame (Figure 4, panels A and B). In contrast, methionine-treated cells
showed a decrease in Mup1p at the cell surface, with a concomitant increase in the vacuole
for Mup1-GFP. When we quantified the fluorescence intensity of pHluorin-tagged cells, we
observed a rapid decrease in Mup1p fluorescence within 5–10 min, and intensity levels

Prosser et al. Page 3

Traffic. Author manuscript; available in PMC 2011 September 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



decreased by approximately 80% of the initial signal within 40–45 min. In Mup1-GFP cells,
GFP fluorescence initially remained similar to cells grown in the absence of methionine for
20–25 min, and showed a gradual decrease in GFP fluorescence to approximately 50% of
the initial signal by 45 min. While the initially slow kinetics of GFP fluorescence loss
underscores the insensitivity of GFP to pH and proteolysis, the eventual loss of GFP
fluorescence is likely due to the slow rate of GFP degradation in the vacuole. Overall, the
pHluorin tag provides a distinct advantage for quantitative analysis of receptor-mediated
endocytosis in live cells over the more widely used GFP tag, since quenching of the
pHluorin tag is likely to occur more rapidly than degradation of protease-resistant
molecules.

Vacuole hydrolase activity is not required for quenching of pHluorin fluorescence
Since either degradation or acidification of the pHluorin tag can each account for a loss in
fluorescence signal, we made use of strains lacking the vacuolar hydrolases PEP4, PRB1
and PRC1 to determine whether reducing proteolytic activity within the vacuole lumen
would result in increased cellular fluorescence. In protease-deficient (pep4Δ, prb1Δ, prc1Δ)
cells, Ste3-GFP showed a localization similar to that seen in WT cells; however, the
protease-deficient cells appeared brighter, presumably due to stabilization of GFP that failed
to be degraded in the vacuole (Figure 5A). In contrast, Ste3-pHluorin was not readily
detectable in the vacuole of either WT or protease-deficient strains, and fluorescence
intensity did not appear to be enhanced in the protease-deficient Ste3-pHluorin cells
compared to WT Ste3-pHluorin cells. Furthermore, quantification of total cellular Ste3-GFP
or Ste3-pHluorin fluorescence confirmed that Ste3-GFP fluorescence intensity was nearly
twice as high in protease-deficient cells compared to WT (Figure 5B). In contrast, Ste3-
pHluorin intensity was similar in both WT and protease-deficient cells, and both pHluorin
strains had much lower fluorescence intensity than the equivalent GFP-tagged strains.
Western blotting showed an increase in Ste3p levels for the protease-deficient strain
compared to WT, confirming that vacuole-targeted cargos fail to be properly degraded
(Figure 5C). Thus, pH-dependent quenching of pHluorin is likely to be the predominant
cause of fluorescence loss within the vacuole.

Vacuole acidification and incorporation of cargo into MVB vesicles is required for
quenching of the cytoplasmic pHluorin tag

We next asked whether the acidic environment of the yeast vacuole can lead to quenching of
the pHluorin tag. To confirm that loss of Ste3-pHluorin fluorescence was due to pH-
dependent quenching, we neutralized vacuolar pH using the v-ATPase inhibitor
Bafilomycin-A1. Unlike vehicle (DMSO)-treated cells, Bafilomycin-A1 treatment restored
vacuolar pHluorin fluorescence in WT cells (Figure 6A). Since Ste3p was tagged on its
cytoplasmic face, incorporation into intraluminal MVB vesicles is likely required for
acidification and quenching. To determine whether Ste3-pHluorin quenching occurs as a
result of its packaging into MVBs, we expressed dominant-negative Vps4E233Q, an AAA-
type ATPase required for the formation of luminal vesicles to produce an MVB (21). As
expected, we found that both Ste3-GFP and Ste3-pHluorin localized to the vacuolar limiting
membrane and to the pre-vacuolar class E vps compartment (Figure 6B). Together, these
findings are consistent with vacuolar quenching of pHluorin downstream of incorporation
into MVB luminal vesicles.

The lumen of internal MVB vesicles is an acidified compartment
Because the luminal contents of vesicles that are incorporated into MVBs are topologically
equivalent to the cytosol, it is currently thought that they are protected from acidification
until heterotypic fusion of the MVB with the vacuole occurs. Upon vacuole delivery,
degradation of the lipid bilayer of MVB luminal vesicles is thought to allow for mixing of
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the luminal contents with the acidic and hydrolytic environment of the vacuole. However,
whether acidification of the luminal content of MVB vesicles occurs prior to MVB-vacuole
fusion has not been directly tested to our knowledge. Thus we sought to apply pHluorin-
tagged cargos to address this question. If the interior of MVB luminal vesicles is acidified
prior to heterotypic fusion with the vacuole, we predict that Ste3-pHluorin would be
quenched upon incorporation into MVB vesicles. Neutralization of the acidic pH of MVBs
using the v-ATPase inhibitor Bafilomycin-A1 would then restore fluorescence of the
quenched fluorophore. In contrast, if the luminal environment has a pH that more closely
matches that of the cytosol, we would predict that Ste3-pHluorin would normally be
detectable at the MVB without a need for neutralization with Bafilomycin-A1.

We first assessed the co-localization of Ste3-GFP with mCherry-tagged Ist1, a protein
localized to late endosomes/MVBs and functions in concert with the ESCRT-III machinery
to promote sorting into MVBs (22). While MVBs labeled with Ist1-mCherry were often
found in close proximity to the vacuole, Ist1 itself rarely, if ever, co-localized with Ste3-
GFP in the vacuole (Figure 7). However, Ste3-GFP was readily detectable in MVBs and co-
localized with Ist1-mCherry in DMSO-treated cells with normal, acidic vacuole pH,
suggesting that cargo en route to the vacuole transits through these structures. Because the
GFP tag is not sensitive to changes in pH, neutralization of the vacuole with Bafilomycin-
A1 did not enhance the co-localization of Ste3-GFP with Ist1-mCherry. In contrast, Ste3-
pHluorin did not co-localize with Ist1-mCherry under conditions of acidic vacuolar pH,
indicating that the pHluorin tag is exposed to an acidic environment within MVB luminal
vesicles as shown in Figure 1, and is unlikely to be on the limiting membrane facing the
more neutral cytosol. Notably, treatment of cells with Bafilomycin-A1 restored co-
localization of Ste3-pHluorin with Ist1-mCherry. Although internal Ste3-pHluorin-
containing structures were occasionally seen in DMSO-treated cells, they rarely co-localized
with Ist1-mCherry, and the rare structures that did contain both tagged proteins might
correspond to maturing late endosomes with Ste3-pHluorin that had not yet been
incorporated into MVB vesicles (data not shown). Thus, the lumen of MVB vesicles is
likely acidified prior to fusion with the vacuole.

Discussion
Previous studies have made use of an extracellular pHluorin-tag for analyzing endocytic
events such as transferrin receptor internalization in mammalian cells (6,11,12). Such
approaches require modulation of extracellular pH in order to quench cell surface-localized
receptors, leaving only newly-internalized receptors detectable. pHluorins have also been
used to study synaptic vesicle fusion and recycling, as well as for measurement of pH in
intracellular compartments (6). In yeast and in some other organisms, extracellular or
luminal GFP tagging can be problematic because of inefficient folding of GFP within the
ER lumen or subsequent mistargeting (13,14). In our system, we have instead engineered
chimeric Ste3p and Mup1p receptors with super-ecliptic pHluorin on the cytoplasmic face.
As these chimeras become incorporated into MVBs, the pHluorin signal is dampened
without a need for rapid changes in pH of the medium, which could cause unanticipated
cellular responses.

To date, quantitative analysis of endocytosis in yeast has relied primarily upon biochemical
assessment of internalization using radiolabeled markers such as uracil or the alpha mating
pheromone, or by assessing the stability of endocytic cargo proteins such as Ste3p in
cycloheximide-treated cells (23). While these approaches can be used to accurately detect
changes in the rate of ligand uptake for mutants with reduced endocytosis, they are not
compatible with real-time visualization and analysis of live cells. Our pHluorin-based
approach allows us to quantify changes in the steady-state level of the constitutively-
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internalized endocytic cargo protein Ste3p and to monitor rates of internalization during
receptor-mediated endocytosis of the methionine transporter Mup1 in living cells; we
envision its use as an additional tool for higher throughput analyses such as flow cytometry
and fluorescence-activated cell sorting (FACS). One distinct advantage of using a receptor
such as Mup1p instead of the more widely-used biochemical alpha-factor uptake assay is
that the alpha-factor receptor Ste2p is expressed only in haploid MATa cells, while Mup1p is
expressed in both haploid mating types as well as in diploid cells.

Our ability to observe pre-vacuolar Ste3-pHluorin in Vps4E233Q-expressing cells that are
defective in MVB biogenesis demonstrates that the cytoplasmic pHluorin-cargo chimeras
can be used to study defects at specific trafficking stages prior to vacuole fusion, and our
finding that Ste3-pHluorin is quenched in Ist1-labeled late endosome/MVB structures
highlights the possible applications of a cytoplasmic pHluorin tag in studying MVB sorting.
Notably, an in vitro reconstitution of MVB biogenesis has recently been described (24), thus
the cytoplasmic pHluorin tag can provide an in vivo approach that is complementary to the
reported biochemical technique.

Overall, we report a novel and versatile approach to quantitative analysis of endocytosis
using cargo proteins bearing a cytosolic pHluorin tag to overcome the known proteolytic
resistance and pH-insensitivity of GFP in the vacuole. The ability to use PCR-based
approaches for tagging of genes by homologous recombination in yeast will facilitate
quantitative analysis of a wide variety of cargo proteins. Although our studies were
performed in yeast, the cytosolic pHluorin tag can also be employed in other systems. We
envision the use of cytoplasmic pHluorin chimeras in diverse applications, including studies
of specific cargo trafficking requirements, MVB biogenesis, vacuole/lysosome acidification,
mutagenic screens in yeast, and RNAi-based screens in mammalian cells.

Materials and Methods
Strains and plasmids

The strains and plasmids used in this study are listed in tables 1 and 2, respectively.

Genomic integration
For genomic integration of GFP or pHluorin at the STE3 locus, we designed primers as
described in Longtine et al. (16), using the F2 and R1 plasmid-specific sequences.
Transformations were performed according to standard procedures using the lithium acetate
method, and integrations were confirmed by colony PCR and Western Immunoblot (data not
shown).

Microscopy and quantification of fluorescence intensity
For imaging and flow cytometry analyses, cells were transformed with an empty pRS426
vector (URA3, 2μ) or with dominant-negative Vps4E233Q for experiments assessing Ste3p
incorporation into MVBs. Additionally, ΔΔΔΔ cells, which require an ENTH domain for
viability, were transformed with Ent1 (TRP1, CEN) or ENTH1 (TRP1, CEN) as indicated.
Cells were maintained in synthetic medium (yeast nitrogen base supplemented with amino
acids and 2% dextrose) lacking uracil (YNB-ura), and grown to mid-logarithmic phase prior
to analysis. Unless otherwise stated, media buffered to a pH of 5.5 was used for
experiments.

Images were captured using an Axiovert 200 inverted microscope (Carl Zeiss) equipped
with a Cooke Sensicam (Cooke, Romulus, MI), an X-Cite 120 PC fluorescence illumination
system, a 100X, 1.4 numerical aperture (NA) plan-Apochromat oil immersion lens, and

Prosser et al. Page 6

Traffic. Author manuscript; available in PMC 2011 September 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



SlideBook 4.2 software. All images within an experiment were captured using identical
exposure conditions, and modifications to brightness and contrast were applied equally
among GFP- or pHluorin-tagged strains in order to maintain the relative fluorescence
intensity between strains. For quantification of fluorescence intensity, 16-bit image files
were analyzed in ImageJ v1.41n. Background subtraction was performed prior to
measurement of integrated density, and values were corrected for cell size.

For Bafilomycin-A1 treatment, cells were transferred to YNB-ura medium buffered to pH
7.25 in 25 mM Tris-HCl containing either 10 μM Bafilomycin-A1 or an equivalent volume
of vehicle (DMSO). Images were captured after 10 min of treatment.

Preparation of cell extracts
Cells grown to mid-logarithmic phase were washed in phosphate-buffered saline, prior to
resuspension in Laemmli buffer containing 6 M urea. Cells were lysed by grinding with 0.4–
0.6 mm glass beads, and proteins were then resolved by SDS-PAGE and detected by
Western immunoblotting with rabbit anti-Ste3 and rabbit anti-GAPDH antibodies.

Methionine uptake assay
To perform kinetic analysis of endocytosis, cells expressing Mup1-GFP or Mup1-pHluorin
were grown overnight in synthetic YNB medium lacking methionine (YNB -Met). Cells
were then diluted to a density of 0.3–0.4 OD/ml in YNB -Met, and were grown to a density
of 0.7–0.8 OD/ml. Cells were then seeded onto Concanavalin A-coated 8-well glass-
bottomed chamber slides (LabTek) containing YNB -Met and were allowed to settle before
imaging. Immediately before imaging, methionine was added to a concentration of 20 μg/
ml, and images were then captured at 5-minute intervals for 45 min. During image
acquisition, cells were maintained at a constant temperature of 30°C.
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Figure 1. Transit of cargo bearing a cytoplasmic tag through the endocytic pathway
During endocytosis, transmembrane proteins retain their topology with respect to the
cytoplasm and the extracellular space or vesicle lumen. However, membrane-associated
proteins destined for degradation in the vacuole are often packaged into internal vesicles
within the multivesicular body (MVB) via the ESCRT machinery. Upon fusion of MVBs
with the vacuole, the internal vesicles are exposed to vacuolar hydrolases, and their contents
are degraded. Although a cytoplasmic GFP tag (left) can be delivered to the vacuole in such
a manner, it retains detectable fluorescence within the vacuole (denoted as a green tag)
because of resistance to degradation by vacuolar proteases and changes in pH. In contrast, a
cytoplasmic pHluorin tag (right), which is similarly resistant to degradation but is sensitive
to changes in pH, loses its fluorescence (denoted as a black tag) upon incorporation into
internal MVB vesicles and delivery to the acidic vacuole.
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Figure 2. Quenching of a pHluorin-tagged endocytic cargo protein in the vacuole lumen
Wild-type (WT), ΔΔΔΔ + Ent1 and ΔΔΔΔ + ENTH1 cells tagged with C-terminal GFP (left
panels) or pHluorin (right panels) at the STE3 locus. For each fluorescent tag, any
adjustment to the brightness or contrast of images was identical for all strains in order to
accurately reflect differences in fluorescence intensity. Furthermore, all images were
captured under identical exposure conditions. Corresponding differential interference
contrast (DIC) images are presented for all panels.
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Figure 3. pHluorin used for quantification of steady-state levels of extravacuolar cargo by
fluorescence microscopy
Fluorescence intensity (in arbitrary units, a.u.) of WT, ΔΔΔΔ + Ent1 and ΔΔΔΔ + ENTH1
cells expressing Ste3-GFP (A) or Ste3-pHluorin (B). Values are presented as mean ± s.e.m.,
with the number of measured cells indicated in parentheses (One-way ANOVA with
Tukey’s Multiple Comparison post-hoc test, ***p<0.001). (C) Western immunoblot of cell
extracts from WT, ΔΔΔΔ + Ent1 and ΔΔΔΔ + ENTH1 strains tagged at the endogenous
STE3 locus with either GFP or pHluorin and probed with anti-Ste3 or anti-GAPDH
antibodies as indicated.

Prosser et al. Page 11

Traffic. Author manuscript; available in PMC 2011 September 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4. pHluorin used for kinetic analysis of endocytosis
(A) Cells tagged with Mup1-GFP or Mup1-pHluorin were imaged in the absence (− Met) or
presence (+ Met) of methionine at the indicated times. For each series, maximum and
minimum intensities were normalized to the same level for each image in order to reflect
changes in the relative Mup1p fluorescence over time. (B) Total cellular fluorescence of
Mup1-GFP or Mup1-pHluorin was measured at 5 min intervals from cells growing in the
absence (− Met,  for Mup1-GFP and  for Mup1-pHluorin) or presence (+ Met,  for
Mup1-GFP and  for Mup1-pHluorin) of methionine. Fluorescence intensity was
normalized to the first time point of the series, and values are presented as mean ± s.d.
(n=6).
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Figure 5. Detection of fluorescently-tagged Ste3p in protease-deficient cells
(A) WT and protease-deficient (pep4Δ, prb1Δ, prc1Δ) cells expressing GFP-or pHluorin-
tagged Ste3p were imaged by fluorescence microscopy, with maximum and minimum
intensity adjustments applied equally to all samples to demonstrate the relative fluorescence
intensity in each strain. (B) Total cellular fluorescence was measured for individual cells
from the strains shown in panel A. Values are presented as mean ± s.e.m., with the total
number of cells measured per condition indicated in parentheses. (C) Western immunoblot
of cell extracts from WT and protease-deficient strains tagged with either GFP or pHluorin
at the endogenous STE3 and probed with anti-Ste3 or anti-GAPDH antibodies as indicated.

Prosser et al. Page 13

Traffic. Author manuscript; available in PMC 2011 September 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 6. Manipulation of vacuolar pH or delivery into multivesicular bodies affects quenching
of luminal pHluorin
(A) pHluorin-tagged cells treated with vehicle (DMSO) or Bafilomycin-A1 (Baf-A1).
Arrows indicate bright vacuoles. (B) GFP- and pHluorin-tagged cells expressing dominant-
negative Vps4E233Q. Arrows indicate fluorescence at the vacuolar limiting membrane.
Corresponding differential interference contrast (DIC) images are presented for all panels.
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Figure 7. Acidificatioin of MVB vesicles detected with Ste3-pHluorin
Cells endogenously tagged with Ste3-GFP or Ste3-pHluorin and expressing Ist1-mCherry
were treated for 10 min in the presence of vehicle (DMSO) or Bafilomycin-A1 (Baf-A1)
prior to imaging by fluorescence microscopy.
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Table 1

Strains used in this study

Strain Genotype Source

SEY6210 MATα his3-Δ200 trp1-Δ901 leu2-3 ura3-52 lys2-801 suc2-Δ9 Laboratory strain

BWY2858 SEY6210; Ste3-GFP::KAN This study

BWY2995 SEY6210; Ste3-pHluorin::KAN This study

BWY3036 SEY6210; ent1Δ::LEU2 ent2Δ::HIS3 yap1801Δ::HIS3 yap1802Δ::LEU2 Ste3-pHluorin::KAN + pBW0768 This study

BWY3037 SEY6210; ent1Δ::LEU2 ent2Δ::HIS3 yap1801Δ::HIS3 yap1802Δ::LEU2 Ste3-pHluorin::KAN + pBW0778 This study

BWY3399 SEY6210; ent1Δ::LEU2 ent2Δ::HIS3 yap1801Δ::HIS3 yap1802Δ::LEU2 Ste3-GFP::KAN + pBW0768 This study

BWY3400 SEY6210; ent1Δ::LEU2 ent2Δ::HIS3 yap1801Δ::HIS3 yap1802Δ::LEU2 Ste3-GFP::KAN + pBW0778 This study

BWY3749 SEY6210; pep4::LEU2 prb1::HisG prc1::HIS3 Ste3-GFP::KAN This study

BWY3750 SEY6210; pep4::LEU2 prb1::HisG prc1::HIS3 Ste3-pHluorin::KAN This study

BWY3817 SEY6210; Mup1-GFP::KAN This study

BWY3818 SEY6210; Mup1-pHluorin::KAN This study
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Table 2

Plasmids used in this study

Plasmid Description Details Source

pBW0659 pFA6a-GFP(S65T)-kanMX6 C-terminal GFP(S65T)-KAN integrating plasmid M.S. Longtine (16)

pBW0768 pENT1 (TRP1) pRS414::ENT1 (TRP1, CEN) Laboratory plasmid

pBW0778 pENTH1 (TRP1) pRS414::ent1 (aa1-151) (TRP1, CEN) Laboratory plasmid

pBW1571 pFA6a-pHluorin-kanMX6 C-terminal Super-ecliptic pHluorin-KAN integrating plasmid This study

pBW1679 pFA6a-pHluorin-natMX4 C-terminal Super-ecliptic pHluorin-NAT integrating plasmid This study

pMB103 pVPS4E233Q pRS416::VPS4E233Q (URA3, CEN) M. Babst

pMB243 pIST1-mCherry (URA3) pRS426::Ist1-mCherry (URA3, 2μ) M. Babst (25)

pCI-super-ecliptic synaptopHluorin Synaptobrevin-pHluorin mammalian expression plasmid G. Miesenbock (6)
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