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Trehalose serves as a storage source of carbon and plays important roles under various stress conditions. For example, in
many organisms trehalose has a critical function in preserving membrane structure and fluidity during dehydration/
rehydration. In the yeast Saccharomyces cerevisiae, trehalose accumulates in the cell when the nutrient supply is limited
but is rapidly degraded when the supply of nutrients is renewed. Hydrolysis of trehalose in yeast depends on neutral
trehalase and acid trehalase (Ath1). Ath1 resides and functions in the vacuole; however, it appears to catalyze the
hydrolysis of extracellular trehalose. Little is known about the transport route of Ath1 to the vacuole or how it encounters
its substrate. Here, through the use of various trafficking mutants we showed that this hydrolase reaches its final
destination through the multivesicular body (MVB) pathway. In contrast to the vast majority of proteins sorted into this
pathway, Ath1 does not require ubiquitination for proper localization. Mutagenesis analyses aimed at identifying the
unknown targeting signal revealed that the transmembrane domain of Ath1 contains the information sufficient for its
selective sequestration into MVB internal vesicles.

INTRODUCTION

Trehalose, a nonreducing disaccharide in which two glucose
molecules are connected in an �-1,1-glycosidic linkage, was
first found in the ergot of rye in 1832 (Kopp et al., 1993). This
sugar is widely distributed in various organisms, including
bacteria, fungi, plants, insects, and invertebrates (Elbein,
1974). It was originally believed that trehalose served only as
a sugar and energy reserve in the cell; however, it is now
known that this molecule also functions as a structural com-
ponent, plays a role in transport, and is involved in signaling
(Elbein et al., 2003). But the most significant function of
trehalose is in providing membrane protection against dif-
ferent kinds of stress conditions, such as heat, freezing,
dehydration, anoxia, and nutrient limitation (Crowe et al.,
1984).

Trehalose is quite common in yeast. In Saccharomyces cer-
evisiae, trehalose may constitute as much as 15–20% of its dry
weight when growing in a stress environment. A strong
correlation has been shown between trehalose content and
stress resistance (Van Dijck et al., 1995). When yeast cells
grow on rich carbon sources, they have a very low level of
trehalose. In contrast, as they enter the stationary phase

when nutrients are exhausted or during growth on nonfer-
mentable carbon sources, the level of this disaccharide sub-
stantially increases. Conversely, when nutrients are resup-
plied, trehalose is rapidly mobilized (Nwaka and Holzer,
1998). The enzymes involved in synthesis and degradation
of trehalose are the key regulators of these processes.

Currently the best studied pathway of trehalose biosyn-
thesis is the one that catalyzes UDP-glucose and glucose-6-
phosphate into trehalose by trehalose-6-phosphate synthase
and trehalose-phosphate-phosphatase activities (Thevelein,
1984). On the other hand, the degradation of trehalose is
catalyzed by trehalases. In S. cerevisiae, the hydrolysis of
trehalose depends on two hydrolases: the cytoplasmic neu-
tral trehalase (Nth1) and vacuolar localized acid trehalase
(Ath1; Elbein et al., 2003). There have been many studies
about the regulation and function of Nth1, but limited work
has been done on Ath1. For example, there is still a lack
of consensus concerning the vacuolar localization of Ath1.
Wiemken and coworkers first found that Ath1 localizes in
the vacuole after purification of this organelle by density
gradient centrifugation (Keller et al., 1982). The low pH
required for its maximal activity also suggests a localization
within the vacuole (Mittenbuhler and Holzer, 1988). Re-
cently, however, Jules et al. (2004) proposed that Ath1 is
mainly distributed in the extracellular space. It is known that
Nth1 is responsible for degrading intracellular trehalose and
Ath1 for hydrolyzing extracellular trehalose (Nwaka et al.,
1996). Yet it is not clear how Ath1 gets access to the extra-
cellular substrate nor how this hydrolase transits to the
vacuole, although the early secretory pathway has been
shown to be involved (Harris and Cotter, 1988).

The late endosomes are the convergence point between
endocytic (typically degradative) traffic from the cell surface
and biosynthetic transport through the secretory pathway
(Katzmann et al., 2002; Gruenberg and Stenmark, 2004; Babst,
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2005; Slagsvold et al., 2006). Late endosomes undergo invag-
ination of the limiting lipid bilayer to form internal vesicles
and this process is used to sort lysosomal/vacuolar surface
components from those destined to the interior of this or-
ganelle. Membrane proteins—both cargos destined for deg-
radation and resident lysosomal/vacuolar enzymes des-
tined to be liberated from the membrane—that are being
transported to the lysosome/vacuole lumen are sequestered
into these internal vesicles, whereas components targeted to
the lysosome/vacuole surface are excluded from these struc-
tures and remain on the late endosome-limiting membrane.
The resulting organelles are termed multivesicular bodies
(MVBs) and fuse with lysosomes/vacuoles. During this
event, the MVB-limiting membrane becomes part of the
lysosome/vacuole surface whereas their content is released
into the interior of this organelle, thereby delivering the
different cargo molecules to their correct final location.

The formation of MVBs has been the object of intense
study during the last few years, and part of the molecular
machinery triggering this process has been in part unveiled
(Babst, 2005; Hurley and Emr, 2006; Slagsvold et al., 2006).
The cytoplasmic domain(s) of most of the transmembrane
components destined to the lysosome/vacuole lumen are
mono-ubiquitinated in the late Golgi compartments or en-
dosomal structures or at the plasma membrane (Katzmann
et al., 2002; Reggiori and Pelham, 2002; Hettema et al., 2004).
In the endosomes, these modified proteins are then recog-
nized by the Vps27/Hrs-Hse1/STAM complex (sometimes
referred to as endosomal sorting complex required for trans-
port-0 [ESCRT-0]), which contains several ubiquitin-binding
motifs, and this binding induces the recruitment of the ESCRT-I
complex (Vps23/Tsg101, Vps28, and Vps37) to the endoso-
mal membranes. This recruitment brings ESCRT-I in prox-
imity to, and activates, the ESCRT-II complex (Vps22, Vps25,
and Vps36), which receives ubiquitinated cargoes. ESCRT-II
then promotes the assembly of the ESCRT-III complex
(Vps2, Vps20, Vps24, and Snf7), leading to the concentration
of the cargoes into a membrane domain that will invaginate
inward. This chain of events also requires additional pro-
teins including Bro1/Alix, Vta1, and Vps4, the latter being
required for the recycling of the ESCRT complexes (Babst,
2005; Hurley and Emr, 2006; Slagsvold et al., 2006; Russell et
al., 2006).

To clarify the localization of Ath1 and to unravel its traf-
ficking pathway, we used direct fluorescence microscopy
and enzyme assays with purified vacuoles. Our results con-
firmed the location of Ath1 within the vacuole and further
demonstrated that its vacuolar delivery requires the MVB
pathway. Our analysis of Ath1 sorting into the MVB internal
vesicles has led to the discovery that, unlike most other
cargo proteins of the MVB pathway, this event is ubiquitin-
independent and is mediated by the Ath1 transmembrane
domain. These data provide insight into the molecular
mechanism underlying the biosynthesis of Ath1, and addi-
tional information concerning the molecular mechanism un-
derlying MVB biogenesis.

MATERIALS AND METHODS

Strains and Media
Strains used in this study are listed in Table 1. The YJH1 strain was generated
by PCR-based integration of HA at the 3� end of ATH1 in the BY4742
background using the method of Longtine et al. (1998). Strain YJH38 was
made by replacing the entire coding region of the BSD2 gene with the
Kluyveromyces lactis LEU2 gene that had been amplified with primers contain-
ing 40 base pairs of sequence identical to the flanking regions of BSD2
(Gueldener et al., 2002). Strain XGY5 was made by deleting the BSD2 gene
with plasmid pDB25 (provided by Dr. Valerie Culotta, Johns Hopkins
Bloomberg School of Public Health) in strain L3852.

S. cerevisiae cultures were grown at 30°C in YPD (1% yeast extract, 2%
peptone, 2% glucose), SMT-URA (0.67% yeast nitrogen base, 2% trehalose,
amino acids without uracil, and vitamins), or SMD-URA (0.67% yeast nitro-
gen base, 2% glucose, amino acids without uracil, and vitamins) media. Cells
expressing endogenous Ath1-HA or green fluorescent protein (GFP)-Ath1
were grown to stationary phase to induce expression of ATH1.

Plasmids
The open reading frame together with the terminator of ATH1 was amplified
by the PCR from S. cerevisiae genomic DNA of strain BY4742 and then
digested with MfeI/BamHI. Plasmid pPEP12416 (described in Reggiori et al.,
2000) was digested with EcoRI/BamHI to excise the PEP12 gene, and the
resulting vector was ligated with the above digested ATH1 PCR product to
create the pGFPATH1 plasmid, expressing GFP-Ath1 under the control of a
constitutively active TPI1 promoter. To generate N-terminally truncated
Ath1, the PCR product of the ATH1 gene lacking the first 45-amino acid
coding sequence was digested with MfeI/BamHI and ligated into pPEP12416
between the EcoRI/BamHI sites as described above to create the
pGFPATH1�N plasmid. To generate a C-terminally truncated Ath1, a frag-
ment encoding GFP fused with the first 69 amino acids of Ath1 plus a stop
codon was PCR-amplified from the previously generated plasmid pGFPATH1
and digested with HindIII/BamHI and then cloned into the same sites in

Table 1. Yeast strains used in this study

Strain Genotype Source

apm3� BY4742 apm3�::KAN ResGen
atg1� BY4742 atg1�::KAN ResGen
ath1� BY4742 ath1�::KAN ResGen
BY4742 MAT� his3�1 leu2�0 lys2�0 ura3�0 ResGen
end3� BY4742 end3�::KAN ResGen
fab1� BY4742 fab1�::KAN ResGen
FRY143 SEY6210 vps4�::TRP1 pep4�::LEU2 Cheong et al. (2005)
MHY623 MAT� his3-�200 leu2-3,112 ura3-52 lys2-801 trp1-1 doa4-�1::LEU2 Papa and Hochstrasser (1993)
tul1� BY4742 tul1�::KAN ResGen
vps2� BY4742 vps2�::KAN ResGen
vps4� BY4742 vps4�::KAN ResGen
vps22� BY4742 vps22�::KAN ResGen
vps23� BY4742 vps23�::KAN ResGen
vps27� BY4742 vps27�::KAN ResGen
XGY5 MAT� his3-�200 lys2�201 leu2-3,112 ura3-52 ade2 bsd2�::LEU2 This study
YJH1 BY4742 ATH1-HA::HIS3 This study
YJH35 FRY143 ATH1-HA::KAN This study
YJH38 BY4742 tul1�::KAN bsd2�::LEU2 This study
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pGFPATH1 to generate pGFPATH1�C. To make a GFP-fused transmem-
brane domain of Ath1, a fragment including sequences encoding the GFP-
fused Ath1 transmembrane domain region plus a stop codon was PCR-
amplified from template pGFPATH1�N and digested with and then ligated
into the HindIII/BamHI sites on pGFPATH1�N to generate pGFPATH1TM.
To make the pPromATH1GFPATH1 construct with the endogenous ATH1
promoter, a 500-base pair segment from the promoter region of ATH1 was
PCR-amplified from genomic DNA and digested with XhoI/HindIII and
exchanged with the TPI1 promoter on the plasmid pGFPATH1.

To make single K27R or K37R, or double K27,37R mutations in Ath1, we
took advantage of an AgeI site located between lysines 27 and 37. A partial
N-terminal ATH1 fragment was PCR amplified from the pGFPATH1 plasmid
using primers that introduce an A-to-G point mutation at nucleotide 80,
which changes lysine at position 27 into arginine. The PCR product was
digested with Bsu36I/AgeI and ligated into plasmid pGFPATH1 digested
with the same enzymes, generating pGFPATH1K27R. Additional primers
were used to amplify a fragment of ATH1 with a K37R mutation, which was
digested with AgeI/BamHI and ligated into the same sites in pGFPATH1 or
pGFPATH1K27R to create the pGFPATH1K37R and pGFPATH1K27,37R
plasmids. To make pGFPATH1K2R and pGFPATH1K2,27,37R plasmids, we
used the QuikChange Site-Directed Mutagenesis Kit (Stratagene, La Jolla, CA)
to generate the K2R mutation in the pGFPATH1 and pGFPATH1K27,37R
plasmids. Polar amino acid mutations in the transmembrane domain of Ath1
were made by the SOEing PCR method (Horton et al., 1990). Primers included
altered sequences to amplify fragments of the ATH1 gene with mutations of
N49V, S50A, T65V, and Y68F using template plasmids, pGFPATH1 and
pGFPATH1�N. The PCR products of the mutated ATH1 and ATH1�N were
inserted into the plasmids described above to replace the wild-type ATH1 and
ATH1�N segments. The corresponding gene products are referred to as
GFP-Ath1polarmut and GFP-Ath1�Npolarmut. DNA sequencing was used to
verify all of the introduced point mutations.

The plasmid YEp112 (pHA-Ub; Hochstrasser et al., 1991) was generously
provided by Dr. Mark Hochstrasser (Yale University).

Fluorescence Microscopy
Cells expressing GFP-fused chimeras were grown in SMD-URA medium to
midlogarithmic (log) phase or stationary phase. The vacuolar membrane was
labeled with FM 4-64 (Molecular Probes, Eugene, OR) by incubating cells in
medium containing 20 �M FM 4-64 at 30°C for 15 min and then washing with
YPD medium once and incubating for another 30 min. Fluorescence signals
were visualized with a DeltaVision Spectris fluorescence microscope (Applied
Precision, Issaquah, WA). The images were captured with a CoolSnap camera
and deconvolved using SoftWoRx software (Applied Precision).

Vacuole Preparation and Enzyme Assays
Wild-type and ath1� cells were grown to stationary phase in YPD and
vacuoles from each strain were isolated as described previously (Haas, 1995;
Hutchins and Klionsky, 2001). The acid trehalase, �-mannosidase, �-glucosi-
dase, and NADPH cytochrome c reductase assays were performed as de-
scribed (Opheim, 1978; Johnson et al., 1987; Alizadeh and Klionsky, 1996). All
enzyme assays were performed on lysates loaded onto the ficoll gradient and
on the isolated vacuole fraction. Vacuolar Ath1 activity was normalized
relative to the recovery of �-mannosidase in the vacuole fraction.

Subcellular Fractionation and Immunoblot
Cells from strain YJH1 (BY4742, Ath1-HA) were grown in YPD medium to
stationary phase and incubated in 0.1 M Tris-HCl, pH 9.4, containing 30 mM
2-mercaptoethanol at room temperature for 20 min. Cells were collected by
centrifugation, and the cell pellet was resuspended in spheroplasting medium
(1.2 M sorbitol, 20 mM Tris-HCl, pH 7.5, 40 �g/ml yeast lytic enzyme) and
incubated at 30°C for 30 min with gentle shaking. The spheroplasts were then
subjected to differential lysis in PS200 lysis buffer (20 mM PIPES, pH 6.8, 200
mM sorbitol, 5 mM MgCl2) containing Complete EDTA-free protease inhib-
itor cocktail (Roche Applied Science, Indianapolis, IN) and 1 mM phenyl-
methylsulfonyl fluoride (PMSF). After a preclearing step at 300 � g in an
Eppendorf 5415D microcentrifuge for 5 min at 4°C, the lysate was subjected to
low-speed centrifugation at 13,000 � g for 5 min at 4°C. The low-speed super-
natant (S13) and pellet (P13) fractions were separated for further analysis.

For biochemical characterization of Ath1 membrane association, the P13
fraction was resuspended in equal volumes of PS0 buffer (0.2 M PIPES-NaOH,
pH 7.8) containing 1% Triton X-100 (TX-100), 0.1 M Na2CO3, pH 11, or 1.0 M
KCl. After a 5-min incubation at room temperature, the treated lysates were
centrifuged at 13,000 � g for 5 min at 4°C to separate supernatant and pellet
fractions.

For immunoblotting, antisera against GFP, Pho8, and HA were purchased
from Covance Research Products, (Berkeley, CA), Molecular Probes and Santa
Cruz Biotechnology (Santa Cruz, CA), respectively.

Protease Protection Assay
After subcellular fractionation, the low-speed pellet fraction (P13) was treated
with 50 �g/ml proteinase K (in lysis buffer PS200) alone, 1% TX-100, or both.

After incubation on ice for 15 min, lysates were subjected to 10% trichloro-
acetic acid (TCA) precipitation and processed for Western blot.

Immunoprecipitation
Yeast cells were grown to log phase, and 30 OD600 units (1 U is equivalent to
1 ml of cells at OD600 � 1.0) of cells were collected and lysed by glass beads
in lysis buffer (50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 2 mM EDTA, 0.5%
TX-100, 1 mM PMSF, and protease inhibitor cocktail) with addition of 5 mM
N-ethylmaleimide (NEM). The lysate was incubated with protein A Sepharose
and anti-HA or anti-GFP antibody (Santa Cruz Biotechnology) at 4°C for 4 h.
The Sepharose was washed three times in lysis buffer with 5 mM NEM and
finally eluted in SDS loading buffer. Samples were subjected to SDS-PAGE
and immunoblotted with anti-GFP, anti-HA, anti-Cps1 (generously provided
by Dr. Scott Emr, Cornell University; Cowles et al., 1997), or anti-ubiquitin
(Zymed Laboratories, South San Francisco, CA/Invitrogen, Carlsbad, CA)
antibodies or antiserum.

Endoglycosidase H Treatment
Wild-type cells harboring the pGFPAth1 plasmid were grown to midlog
phase and 5 OD600 units of cells were collected and subjected to TCA precip-
itation. The pellet fraction was dried and resuspended in 100 �l elution buffer
(0.1 M Tris-HCl, pH 7.5, 1% SDS, 1% 2-mercaptoethanol) by sonication. The
sample was heated at 95°C for 5 min and 900 �l of Endoglycosidase H (endo
H) buffer (0.15 M citric acid, pH 5.5) were added. After a quick spin, the
supernatant fraction was split into two tubes. PMSF (2 mM final concentra-
tion) and 1� protease inhibitors cocktail were added to each tube and mixed
by vortex. Endo H (10 mU) was added to one of the two tubes, and both were
incubated at 37°C overnight. The mixture was then TCA-precipitated, and the
pellet fraction was resuspended in 50 �l sample buffer and subjected to
immunoblotting.

RESULTS

Ath1 Is Localized in the Interior of the Vacuole in
S. cerevisiae
To investigate the location of Ath1 in S. cerevisiae and to
identify its biosynthetic pathway, we fused the GFP to Ath1
and directly monitored its localization by live cell fluores-
cence microscopy. According to its amino acid sequence,
Ath1 is predicted to have a transmembrane domain near the
amino terminus based on Kyte-Doolittle hydropathy analy-
sis (Kyte and Doolittle, 1982); the majority of the protein is
present in the carboxyl-terminal tail (Figure 1A). Accord-
ingly, it is highly probable that the catalytically active do-
main of Ath1 is within its C terminus. Thus, we fused GFP
to the N terminus of Ath1 in order to minimize potential
affects on the function of the protein. Importantly, this tag-
ging strategy has been used with other yeast vacuolar hy-
drolases with a similar topology, such as Cps1 and Phm5,
and has been shown to not affect their trafficking and local-
ization (Odorizzi et al., 1998; Reggiori and Pelham, 2001). We
generated a construct, pGFPATH1, which expresses an N-
terminal GFP-fused Ath1 under a strong TPI1 promoter and
transformed it into wild-type and ath1� strains. Cells were
incubated with FM 4-64, a fluorescent red lipid dye that
specifically stains the yeast vacuole membrane (Vida and
Emr, 1995), and imaged by fluorescence microscopy. Most of
the GFP signal was seen enclosed within the red ring-shaped
vacuole membrane, which indicated localization of Ath1 in
the vacuolar lumen (Figure 1B).

Functionality of the fusion chimera GFP-Ath1 was con-
firmed by testing its ability to complement the growth defect
of ath1� cells in medium with trehalose as the sole carbon
source, and expression was confirmed by Western blot
probed with GFP antibody (Figure 1, C and D; Nwaka et al.,
1996). On the Western blot, two protein bands were detected
in cells harboring the pGFPATH1 plasmid but not those
with an empty vector. One of the two bands migrated at
�200 kDa, corresponding to the predicted size of the fusion
protein, GFP-Ath1, whereas the other band with a 25-kDa
molecular mass represented free GFP. The generation of free
GFP was dependent on vacuolar proteinase A, the product
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of the PEP4 gene, because no free GFP could be seen in a
pep4� background (see Figure 4C and our unpublished re-
sults). This finding suggested that the cleavage of GFP from
the fusion protein occurred within the vacuole lumen. To
eliminate the possibility of artifacts resulting from overex-
pression of the protein, we also checked the intracellular

localization and functionality of GFP-Ath1 expressed under
its endogenous promoter. The results were essentially the
same as with the overexpressed protein; however, the fluo-
rescence signal was substantially reduced (see Figure 3B and
our unpublished results).

Recently Jules et al. (2004) showed that more than 90% of
Ath1 activity is detected in the extracellular fraction. This
result was dependent on the use of a modified trehalase
assay using intact cells treated with sodium fluoride to
prevent uptake of glucose generated from hydrolysis of
trehalose; the trehalase assay measures free glucose and
cellular uptake would result in the appearance of a lower
level of extracellular product. Their findings conflict with
previously published data (Keller et al., 1982) and our fluo-
rescence data presented here. To address this discrepancy
we isolated purified vacuoles (Haas, 1995) to directly mon-
itor whether the activity of Ath1 was present within the
vacuole fraction.

Approximately 53% of the total Ath1 activity from wild-
type cells (set to 100%) was recovered in the vacuolar frac-
tion (Figure 2A). As a negative control, ath1� cells, which
should have no acid trehalase activity, yielded 23 and 12%
trehalase activity in the total and vacuole fractions, respec-
tively (Figure 2A). The efficiency of recovery of vacuoles and
the purity of the vacuole fraction were examined by measuring
�-mannosidase (vacuole marker), �-glucosidase (cytosol
marker), and NADPH cytochrome c reductase (endoplasmic
reticulum [ER] marker) activities (Figure 2B). Approxi-
mately 42% of the total vacuoles were recovered, and the
contamination from cytosol and microsomes was �2.5 and
6%, respectively. Together with the fluorescence micros-
copy, these data indicate that Ath1 is primarily localized to
the vacuole.

Ath1 Is Targeted to the Vacuole via the MVB Pathway
It is known that trehalose is distributed on both sides of the
plasma membrane and can be found in the cytosol (Keller et
al., 1982; Elbein et al., 2003). In contrast, it is not clear where
Ath1 hydrolyzes its substrate. There are currently two mod-
els that propose the site of Ath1 activity: The first model is
that Ath1 is transported to the plasma membrane where it
binds trehalose located on the extracellular surface of the
membrane. Both trehalose and trehalase are subsequently
internalized via endocytosis and transported to the vacuole
where the enzyme is activated and trehalose is hydrolyzed
into glucose. In the second model, Ath1 is directly targeted
to the vacuole similar to other vacuolar resident enzymes;
trehalose is delivered to the vacuole through endocytosis,
transport via a vacuole membrane transporter, and/or au-
tophagy and is degraded within the vacuole lumen (Nwaka
and Holzer, 1998). To determine the site of action of Ath1,
we decided to examine the trafficking route of this enzyme.

In yeast, proteins can be sorted to the vacuole through
several different transport pathways including the follow-
ing: 1) The alkaline phosphatase (Alp) pathway delivers
proteins directly from the trans-Golgi network (TGN) to the
vacuole; the carboxypeptidase Y (CpY) pathway routes pro-
teins from the TGN to endosomes and then to the vacuole;
the MVB pathway involves movement of membrane pro-
teins from the TGN to intralumenal endosomal vesicles
(termed multivesicular bodies); the cytoplasm to vacuole
targeting (Cvt)/autophagy pathway delivers proteins di-
rectly from the cytoplasm to the vacuole (Felder et al., 1990;
Klionsky et al., 1992; Marcusson et al., 1994; Cowles et al.,
1997; Odorizzi et al., 1998). The APM3 (Alp pathway), VPS4
(CpY and MVB pathways), and ATG1 (Cvt and autophagy
pathways) genes encode components necessary for these

Figure 1. Ath1 is localized in the vacuolar lumen in S. cerevisiae.
(A) A hydropathy plot was created by the Kyte-Doolittle algorithm
(Kyte and Doolittle, 1982) based on the amino acid sequence of
Ath1, and one transmembrane domain was predicted at amino acids
51–69. Peaks with scores greater than 1.8 (line) indicate a possible
transmembrane region. (B) Wild-type (WT; BY4742) and ath1�
strains were transformed with a plasmid (pGFPATH1) encoding a
GFP-Ath1 fusion protein controlled by a constitutively active,
strong TPI1 promoter. Yeast cells were grown in SMD-URA me-
dium to log phase, treated with FM 4-64 to stain the vacuole and
observed with a fluorescence microscope as described in Materials
and Methods. DIC, differential interference contrast. (C) WT, ath1�,
or the same strains harboring the pGFPATH1 plasmid were
streaked on SMT-URA medium in which trehalose is the sole carbon
source. The plate was grown at 30°C for 7 d. (D) The ath1� strain
harboring either the pRS416 empty vector (�) or pGFPATH1 (�)
plasmid were collected at log phase and whole cell extracts were
subjected to SDS-PAGE. GFP or GFP-Ath1 were detected by immu-
noblot probed with monoclonal anti-GFP antibody. Molecular mass
(kDa) of protein standards is indicated on the right side of the blot.
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pathways (Matsuura et al., 1997; Zahn et al., 2001; Avaro et
al., 2002). If these genes are deleted, the corresponding path-
ways will be blocked. Vps4 is required for both the CpY and
MVB pathways. This protein is a member of the class E Vps
proteins, which are involved in invagination and formation
of the intralumenal MVB vesicles, and vps4� mutant cells
have one enlarged abnormal late endosome structure, called
the class E compartment, in which cargo proteins are accu-
mulated (Raymond et al., 1992; Odorizzi et al., 1998). How-
ever, the vps4� mutant has different phenotypes for cargoes
of the CpY and MVB pathways. Vacuolar hydrolases using
the CpY pathway are generally soluble proteins, which are
not internalized into MVB vesicles. These proteins are par-
tially secreted and mostly accumulate in the class E com-
partment in vps4� mutant cells (Babst et al., 1997). In con-
trast, cargoes of the MVB pathway are those integral
membrane proteins that are normally selectively internal-
ized into MVB vesicles and therefore accumulate on the
limiting membrane of the abnormal late endosome as well as

on the vacuole membrane when Vps4 function is compro-
mised (Reggiori and Pelham, 2001).

To examine the vacuolar sorting pathway of Ath1, we
transformed the pGFPATH1 plasmid into apm3�, vps4�, and
atg1� strains and examined GFP-Ath1 localization. As
shown in Figure 3A, in apm3� and atg1� cells, GFP-Ath1
was localized inside the vacuole lumen, the same as in
wild-type cells, whereas in vps4� cells the green fluorescence
signal was totally mislocalized on the surface of the class E
compartment and the vacuole-limiting membrane. Vps4 is
required for disassembly of the ESCRT complexes that are
involved in the MVB pathway. We decided to extend our
analysis by examining additional mutants representative of
each of the ESCRT complexes to verify that the defect in
localization observed in the vps4� strain was not specific to
this mutant. Mutants defective in the function of Vps27
(ESCRT-0), Vps23 (ESCRT-I), Vps22 (ESCRT-II), and Vps2
(ESCRT-III) displayed mislocalization of GFP-Ath1 similar
to that observed in the vps4� strain (Figure 3A and our
unpublished results). These changes in localization sug-
gested that the vacuolar targeting of Ath1 depends on the
MVB pathway.

Although our data suggest that Ath1 enters the MVB
pathway, there are still two possible routes through which
this could occur. Ath1 could be either directly sorted into the
MVB pathway at the TGN or first secreted to the plasma
membrane by exocytosis and then internalized by endocy-
tosis. To distinguish between these two possibilities, GFP-
Ath1 was expressed in an endocytosis-deficient mutant,
end3�, in which the internalization step of endocytosis is
defective (Raths et al., 1993); Ath1 should be blocked at the
plasma membrane in end3� cells if it goes through the
exocytic and endocytic pathways en route to the vacuole.
Alternatively, if Ath1 is directly sorted into the MVB path-
way, there would not be any effect on Ath1 localization in
end3� cells. We found that GFP-Ath1 was still localized in
the lumen of the vacuole in the end3� mutant (Figure 3A).
Similar results were obtained for GFP-Ath1 expressed under
the control of its endogenous promoter (Figure 3B). This
result eliminated the possibility that Ath1 is delivered to the
plasma membrane before reaching the vacuole and thus
argues against the model that Ath1 binds its substrate, tre-
halose, on the plasma membrane.

Ath1 Is a Glycosylated, Type II Transmembrane Protein
Detection of GFP-Ath1 with GFP antibody revealed a sharp
band migrating at �200 kDa (Figure 4A). After treatment
with endo H, which can remove N-linked glycans, a smaller
band with a molecular mass around 160 kDa appeared and
the higher band disappeared (Figure 4A). As controls for the
endo H treatment we examined CpY (Prc1), which transits
through the secretory pathway and undergoes glycosyl
modification, and aminopeptidase I (Ape1), which is deliv-
ered to the vacuole independent of secretory pathway tran-
sit and is not glycosylated (Klionsky et al., 1992). Prc1
showed the expected change in molecular mass after en-
zyme treatment, whereas Ape1 was unaffected. These re-
sults indicated that Ath1 is glycosylated in a pattern that is
typical of vacuolar proteins; it is not heterogeneously and
extensively glycosylated as seen with proteins such as in-
vertase that are secreted (Hong et al., 1996). Normally, pro-
tein glycosylation occurs in the ER and Golgi lumen, so the
glycosylation of Ath1 also suggests that it transits through
the early secretory pathway. Conversely, the absence of
extensive glycosylation suggested that the protein is un-
likely to be secreted. These data further supported our find-

Figure 2. Acid trehalase activity is primarily localized within the
vacuole. (A) Vacuoles from the same amount of cells of the wild-
type (WT; BY4742) and ath1� strains were prepared and assayed as
described in Materials and Methods. Acid trehalase activity from the
total cell lysate (Total) as well as the vacuole fraction (Vacuole) was
measured. Final vacuolar Ath1 activity was calculated as the activity
present in the vacuole fraction divided by the level of vacuole
recovery according to the percentage of �-mannosidase in the vac-
uole fraction shown in B. The wild-type total Ath1 activity was set
at 100%, and the other values were normalized accordingly. (B)
Enzyme assays of �-mannosidase, �-glucosidase, and NADPH cy-
tochrome c reductase were carried out as described in Materials and
Methods. The percentages of enzyme activity in the vacuole fraction
compared with the total loaded cell lysate from both wild-type and
ath1� strains were plotted. All experiments were repeated three
times independently. Error bar, SD among the repeats.
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ing that Ath1 is transported through the MVB pathway, but
bypasses the plasma membrane.

The MVB sorting of Ath1 implied that it is a membrane
protein, because the invaginated vesicles in the late endo-
some only internalize membrane proteins. Moreover, accord-
ing to the amino acid sequence of Ath1, a transmembrane
domain is predicted near the N terminus, encompassing
amino acids 51–69 (Figure 1A). This feature, together with
its vacuolar trafficking pattern, is similar to that seen with
Cps1, Phm5, and Atg15, vacuolar membrane proteins that
utilize the MVB pathway (Katzmann et al., 2001; Reggiori
and Pelham, 2001; Epple et al., 2003), which implies that

Ath1 is likely also a type II transmembrane protein. To
determine the topology of Ath1, we checked the cleavage
pattern of Ath1 in wild-type, vps4�, and vps4� pep4� cells.
Pep4 is directly or indirectly responsible for the processing
of most vacuolar protein precursors. Ath1 activity is depen-
dent on Pep4 (Harris and Cotter, 1987), but it is unclear
whether Ath1 is proteolytically processed or where its cleav-
age site is located. If Ath1 is a type II transmembrane pro-
tein, its N terminus would be cytosolic and its C terminus
would be located within the ER lumen before its final deliv-
ery into the vacuole. As shown in Figure 4B, in wild-type
cells, after vacuolar delivery via the MVB pathway GFP-

Figure 3. Ath1 is delivered to the vacuole through the
MVB pathway. GFP-Ath1 was either expressed under
the TPI1 promoter (A) or under its endogenous pro-
moter (B) in wild-type (WT), atg1�, apm3�, vps4�,
vps27�, and end3� strains. Cells overexpressing GFP-
Ath1 were grown in SMD-URA medium to log phase,
whereas cells expressing the endogenous level of GFP-
Ath1 were grown to stationary phase to induce Ath1
expression. Vacuoles were labeled with FM 4-64, and
GFP-Ath1 localization was observed with a fluores-
cence microscope.
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Ath1 will be present within the vacuole lumen where it will
be fully accessible to proteases; the GFP moiety may be
cleaved, so that a band corresponding to free GFP can be
detected. In vps4� cells, however, Ath1 was mislocalized to
the vacuole-limiting membrane, so that only the portion
facing the vacuole lumen would be susceptible to cleavage;
in this case free GFP should not be generated. On the other
hand, if any site in the lumenal part of the protein was
processed by vacuolar proteases in the vps4� mutant, we
should be able to detect a GFP-fused protein band, which is
larger than free GFP but smaller than full-length GFP-Ath1.
In vps4� pep4� cells, even the lumenal part of the protein
cannot be cleaved because of lack of Pep4 activity, so neither
free GFP nor any intermediate-sized GFP fusion protein
should be detected. Finally, if Ath1 has the opposite topol-
ogy to that predicted, that is with the N terminus within the
vacuole lumen, free GFP should be detected in both wild-
type and vps4� cells.

Our results were consistent with the cleavage patterns
expected for a type II integral membrane protein (Figure
4C). Whole cell extracts of various strains were resolved by
Western blot and probed with GFP antibody. In the wild-
type strain we saw an �25-kDa band corresponding to free
GFP, whereas we detected only an �37-kDa band in vps4�
cell extracts, which is predicted to correspond to free GFP
plus the cytosolic and transmembrane domains of the Ath1
protein; free GFP or an intermediate-sized band was not
seen in vps4� pep4� cells (Figure 4C), and only full-length
GFP-Ath1 was detected in this background. In wild-type
and vps4� cells, full-length GFP-Ath1 was also detected, but
at a reduced level compared with the vps4� pep4� cells.
These results further suggested that the GFP-Ath1 fusion
protein is indeed targeted to the vacuole because the cleav-
age of GFP was dependent on the activity of the vacuolar
hydrolase, Pep4. These results suggested that Ath1 is a type
II transmembrane protein with the N terminus facing the
cytosol.

To confirm the above results, we applied a biochemical
analysis to examine the Ath1 membrane association and
topology. Ath1 was chromosomally tagged with 3xHA at
the C termimus; the Ath1-HA fusion protein was found to

be functional, because it allowed growth of cells on trehalose
medium (our unpublished results). Expression of Ath1-HA
was detected by immunoblot using antiserum against HA,
and only one protein band representing the fusion protein
was seen in this strain, but not in wild-type cells in which
Ath1 was not tagged with HA (Figure 5A). The presence of
intact Ath1-HA suggested that no cleavage occurred at the C
terminus, which would have removed the HA epitope. Sub-
cellular fractionation experiments were performed to deter-
mine the membrane association of Ath1-HA. Spheroplasts
were prepared and osmotically lysed as described in Mate-
rials and Methods. The cell lysate was separated into low-
speed supernatant (S13) and pellet (P13) fractions by centrif-
ugation at 13,000 � g. As shown in Figure 5A, Ath1-HA was
recovered in the P13 fraction, which is known to contain the
vacuole (Rieder and Emr, 2000). Cytosolic Pgk1 was recov-
ered exclusively in the supernatant fraction, indicating effi-
cient lysis of the spheroplasts and separation of the soluble
and pelletable fractions. To determine whether Ath1 is a
transmembrane protein, we chromosomally tagged the Ath1
C terminus with a 3xHA epitope in the pep4� vps4� back-
ground; in this strain background the Ath1-HA fusion pro-
tein accumulates in its full-length form. Ath1-HA was re-
covered exclusively in the P13 fraction, as in the wild-type
background (Figure 5B and our unpublished results). Next,
the P13 fraction was treated with high pH, high salt, or
detergent. Ath1-HA was recovered in the supernatant frac-
tion only after detergent treatment (Figure 5B). Pho8, a
vacuolar integral membrane protein, served as a positive
control and behaved the same as Ath1-HA. These results
supported the hypothesis that Ath1 is a transmembrane
protein.

As a corollary, to further confirm that the C terminus of
Ath1 is in the vacuolar lumen, we carried out a protease
protection experiment using the strain in which 3xHA was
chromosomally integrated at the C terminus of Ath1 in a
pep4� vps4� background. We have already shown that the
C-terminal part of the Ath1-HA fusion protein was not
cleaved in the cell (Figure 5A), so we used it to monitor the
intact protein. If the C terminus of Ath1 faces the lumen, the
HA tail will be protected from exogenously added protease

Figure 4. Ath1 is a glycosylated, type II transmem-
brane protein. (A) A whole cell extract from wild-type
cells harboring the pGFPAth1 plasmid was prepared
and treated without (�) or with (�) endoglycosidase H
as described in Materials and Methods. Samples were
resolved by SDS-PAGE and subjected to Western blot
probed with anti-GFP, anti-Prc1, and anti-Ape1 anti-
body or antisera (faster migrating species correspond-
ing to free GFP were not detected). Protein bands of
precursor Ape1 (prApe1) and mature Ape1 (mApe1) are
indicated. (B) Schematic diagram of the localization and
cleavage patterns of the GFP-Ath1 chimera in wild-type
(WT), vps4�, and pep4� vps4� strains. The predicted
molecular mass of the GFP-containing species is indi-
cated. (C) Cells from wild-type (WT), vps4�, and pep4�
vps4� strains were transformed with the pRS416 empty
vector (�) or the pGFPAth1 plasmid (�). Whole cell
extracts were analyzed by immunoblotting with anti-
GFP antibody. The asterisks indicate nonspecific bands.
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after gentle osmotic lysis. Otherwise, if the C terminus is in
the cytosol, it will be digested by external protease, and the
fusion protein would not be detected with HA antibody on
the Western blot.

Spheroplasts were generated and gently lysed following
the methods described in Materials and Methods. The P13
fraction was resuspended in lysis buffer containing 200 mM
sorbitol to keep organelles and vesicles intact and treated
with proteinase K in the presence or absence of TX-100. The
Ath1-HA was protease-insensitive when treated with pro-
teinase K alone, but became sensitive when TX-100 was also
present (Figure 5C). These data suggest that the C terminus
of Ath1 is in the vacuole lumen. Together, the above results
agree with our hypothesis that Ath1 is a type II transmem-
brane protein with its N terminus in the cytosol and its C
terminus in the lumen.

Sorting of Ath1 into the MVB Pathway Is
Ubiquitin-independent
Most proteins targeted to the MVB pathway are ubiquitinated
on the cytosolic domain, and the attached ubiquitin serves as a
sorting signal for internalization into MVB vesicles (Hicke and
Riezman, 1996; Roth and Davis, 1996; Katzmann et al., 2001;
Reggiori and Pelham, 2001; Chen and Davis, 2002). For
example, the yeast vacuolar hydrolase Cps1 is a biosynthetic
cargo that is sorted into the MVB pathway for delivery into
the vacuole lumen (Felder et al., 1990). Cps1 is synthesized as
a type II transmembrane protein in its precursor form, trans-
ported through the Golgi network, and then enters into the
endosomal system where it is ubiquitinated, recognized by
MVB-sorting machinery, and selectively internalized into

intralumenal vesicles (Felder et al., 1990). The lysine residue
at amino acid 8, which is one of two lysines, K8 and K12, in
the cytosolic tail of Cps1 has been found to be the ubiquiti-
nation target site. Mutating this lysine to arginine causes
Cps1 to mislocalize to the limiting membrane of the vacuole
(Katzmann et al., 2001). Phm5 has identical characteristics
(Reggiori and Pelham, 2001). Here we have found that Ath1
is also a type II transmembrane protein, and we initially
hypothesized that its MVB sorting is ubiquitin-dependent,
similar to Cps1 and Phm5. To test our hypothesis, we de-
cided to mutate the lysine residues in the cytosolic domain
of Ath1 and examine the localization of the mutant proteins.
According to the predicted amino acid sequence, there are
three lysines in the Ath1 cytosolic domain, at positions 2, 27,
and 37, and we hypothesized that one or more of these
residues would be involved in MVB sorting by becoming
ubiquitinated. To test this hypothesis, we generated GFP-
Ath1 constructs containing mutations of lysine to arginine at
one or more of the positions in the cytosolic domain: K2R,
K27R, K37R, K27,37R, and K2,27,37R and examined their
localization in ath1� cells by fluorescence microscopy. There
were no differences among the wild-type or mutant proteins,
and all of the altered GFP-Ath1 constructs were localized
inside the vacuole lumen (Figure 6A). This result suggested
that Ath1 could still be targeted into the MVB pathway
without ubiquitination.

To extend this analysis, we examined whether Ath1 trans-
port was blocked in mutants that affect sorting through the
MVB pathway other than those involving the ESCRT com-
plexes. Tul1, a transmembrane ubiquitin ligase, is required for
ubiquitination of certain vacuolar proteins that utilize the MVB
pathway. Fab1 is the phosphatidylinositol(3)phosphate 5-ki-
nase that makes phosphatidylinositol(3,5)P2 (Dove et al., 2002).
Proteins that are ubiquitin-dependent for transport, such as
Cps1 and Phm5, are mislocalized on the vacuole-limiting
membrane in fab1� and tul1� cells (Figure 6B; Reggiori and
Pelham, 2002). Until now, only two proteins have been
reported to transit through the MVB pathway in an ubiq-
uitin-independent manner in yeast: Sna3, a possible proton
transporter (Reggiori and Pelham, 2001), and Atg15, a puta-
tive lipase required for breakdown of autophagic bodies and
other intravacuolar vesicles (Epple et al., 2001, 2003; Teter et
al., 2001). Here we used Phm5 and Sna3 as controls repre-
senting ubiquitin-dependent and -independent targeting
proteins, respectively. GFP-Phm5 showed a distribution pat-
tern on the vacuole outer membrane in both tul1� and fab1�
mutants, whereas GFP-Sna3 was detected within the vacu-
ole lumen (Figure 6B). GFP-Ath1 was localized inside the
vacuole lumen in both tul1� and fab1� cells, similar to the
result with GFP-Sna3.

To exclude the possibly that localization of Ath1 is depen-
dent on ubiquitination by an ubiquitin ligase other than
Tul1, we further examined bsd2� and bsd2� tul1� mutant
strains. Bsd2 is an adaptor protein mediating the interaction
of cargo with Rsp5, an ubiquitin ligase that is responsible for
the attachment of ubiquitin to many proteins including Cps1
and Phm5 (Hettema et al., 2004). In tul1� or bsd2� cells,
Phm5 is at least partially mislocalized to the vacuole mem-
brane, whereas in bsd2� tul1� cells, almost all of the protein
is mislocalized (Hettema et al., 2004). Indeed, GFP-Phm5 was
mislocalized to the vacuole membrane in bsd2� and bsd2�
tul1� cells (Figure 6B). In contrast, GFP-Sna3 and GFP-Ath1
were both localized to the vacuole lumen.

While examining the bsd2� and bsd2� tul1� mutants, we
noticed that GFP-Ath1 was partially retained on the ER
membrane when cells were in the early growth phase, in
addition to the vacuole lumenal localization (Figure 6C). In

Figure 5. Ath1 is a transmembrane protein with its C terminus in
the lumen. (A) Wild-type (WT) and Ath1-HA (YJH1) strains were
grown to stationary phase, and the cells were converted to sphero-
plasts. An aliquot was removed for the total sample, and the re-
mainder was fractionated into supernatant (S13) and pellet (P13)
fractions according to Materials and Methods. The Ath1-HA fusion
protein was mostly recovered in the P13 fraction. The cytosolic
protein Pgk1 serves as a control to monitor spheroplast lysis and
separation of the fractions. (B) The Ath1-HA pep4� vps4� strain
(YJH35) was fractionated as above and the P13 fraction was resus-
pended in either high-salt buffer (1 M KCl), high-pH buffer (0.1 M
Na2CO3, pH 11.0), or detergent (1% Triton X-100). After treatment,
samples were centrifuged at 13,000 � g for 5 min and separated into
supernatant (S) and pellet (P) fractions. Antibodies against HA and
Pho8 were used to detect the Ath1-HA fusion protein and Pho8. (C)
The P13 fraction from B was resuspended in PS200 buffer in the
presence (�) or absence (�) of proteinase K and Triton X-100, as
indicated, then resolved by SDS-PAGE, and subjected to Western
blot with anti-HA antibody.
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the late growth phase the ER staining became less prominent
and 80% of the cells displayed primarily a vacuolar local-
ization for GFP-Ath1. In wild-type cells in the early growth
phase a small pool of GFP-Ath1 can also be detected on the
ER membrane (our unpublished results), but the level is
substantially lower than seen in the bsd2� and bsd2� tul1�
mutants. Thus, Bsd2 and/or Rsp5 may have some effect on
the early transport of Ath1, but not the final stage of vacu-
olar targeting that involves the MVB pathway. We also
investigated the localization of GFP-Ath1 in doa4� cells, in
which the removal of ubiquitin from cargo proteins is im-
paired, resulting in a reduction in the free ubiquitin pool.
Cps1 and Phm5 are mislocalized to the vacuole outer mem-
brane in doa4� cells, but Sna3 is not (Reggiori and Pelham,
2001); however, in the doa4� mutants that we tested, we
found that even GFP-Sna3 was mislocalized (our unpub-
lished results), probably because of pleiotropic effects in our
doa4� strain background. Accordingly, we did not pursue
the analysis in this mutant. Overall, these results were con-
sistent with our analysis of Ath1 containing mutated lysine
residues and further suggest that Ath1 can be sorted into the
MVB pathway independent of ubiquitination.

Ath1 Is Ubiquitinated on Its Cytosolic Tail
Although ubiquitination of the cytosolic lysine residues was
not required for correct localization of Ath1, we decided to

examine whether the protein undergoes ubiquitination. Cell
lysates from wild-type and Ath1-HA strains were subjected
to immunoprecipitation with anti-HA antibody. The precip-
itated protein was then examined by Western blot using
antibodies to either HA or ubiquitin. The Ath1-HA protein
band was detected in the HA-tagged strain, but not in wild-
type cells (Figure 7A), which suggested that we were able to
specifically recognize the tagged protein. The Ath1-HA pro-
tein was also detected by anti-ubiquitin antibody (Figure
7A). The band corresponding to the ubiquitinated species
was very faint. This may represent transient ubiquitination
of Ath1, with the major pool of the protein existing in the
de-ubiquitinated form.

To verify this result and further test whether ubiquitina-
tion occurs on the lysine residues of the Ath1 cytosolic tail,
we carried out immunoprecipitation experiments in cells
expressing ubiquitin tagged with HA (HA-Ub; Hochstrasser
et al., 1991). We used the doa4� background to reduce de-
ubiquitination and potentially increase the pool of ubiquiti-
nated Ath1. Protein extracts from cells expressing combina-
tions of HA-Ub, GFP-Ath1, and/or GFP-Ath1K2,27,37R were
immunoprecipitated with anti-HA antibody. The total lysate
and precipitate were then subjected to immunoblotting with
anti-GFP antibody. GFP-Ath1 or GFP-Ath1K2,27,37R were
only detected in lysates from the cells that expressed the
corresponding plasmids (Figure 7B). When cells carried

Figure 6. Ath1 is sorted into the MVB pathway in an
ubiquitin-independent manner. (A) The ath1� strain
was transformed with pGFPATH1 plasmids encoding
Ath1 with the indicated mutations of lysine to arginine
in the cytosolic domain. The localization of the chimeric
proteins was monitored by fluorescence microscopy. (B)
The pGFPATH1, pGFPPHM5, or pGFPSNA3 plasmids
were transformed into tul1�, bsd2� (XGY5), bsd2� tul1�
(YJH38), and fab1� mutant strains. Intracellular local-
ization of all GFP-fused proteins was observed by flu-
orescence microscopy. (C) bsd2� cells expressing GFP-
Ath1 were grown in SMD-URA media. Cells were
collected at early growth phase (OD600 � 0.8–1) and
late growth phase (OD600 � 2–3) and subjected to
fluorescence microscopy. Differential interference con-
trast (DIC) images are presented to the right of the GFP
images.
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plasmids expressing both HA-Ub and GFP-Ath1, the GFP-
Ath1 was coprecipitated with HA-Ub and was detected on
the Western blot with GFP antibody (Figure 7B). Under
these conditions, the level of ubiquitinated GFP-Ath1 was
substantially higher than seen in the wild-type background
(Figure 7A). In contrast to the results with GFP-Ath1, GFP-
Ath1K2,27,37R, which lacks the lysines in the cytosolic tail,
was not coprecipitated with HA-Ub and subsequently could
not be detected with anti-GFP. As a positive control, the
ubiquitinated form of Cps1 was detected in samples from all
three strains that expressed HA-Ub, but not from strains that
did not harbor this plasmid (Figure 7B). These results sug-
gested that Ath1 is normally ubiquitinated and that muta-
tion of the lysine residues in its cytosolic tail prevented this
modification.

The Transmembrane Domain of Ath1 Contains an MVB
Sorting Signal
Currently only Sna3 and Atg15 have been shown to trans-
port into the vacuole via the MVB pathway in an ubiquitin-
independent manner, but it is still unknown what signals
direct them into the MVB pathway. Recent studies showed
that Sna3 is also ubiquitinated; however, without ubiquiti-
nation it still can utilize an alternative mechanism, which
involves the function of Rsp5, to be sorted into the MVB
pathway (McNatt et al., 2007; Oestreich et al., 2007). Here we
showed that the acid trehalase, Ath1, had the same transport
behavior as Sna3. Ath1 is ubiquitinated, but it can be also
targeted into the MVB pathway in an ubiquitin-independent
manner. To understand the ubiquitin-independent sorting
mechanism of Ath1, we decided to examine which region
contains the sorting signal. We generated three constructs,

pGFPAth1�C, pGFPAth1�N, and pGFPAth1TM, which ex-
press Ath1 lacking the lumenal C-terminal domain, or the
cytoplasmic N-terminal tail or contain only the transmem-
brane domain of Ath1, respectively. Both Ath1�C and
Ath1�N were still mostly delivered into the vacuole lumen,
suggesting that neither the cytosolic tail nor lumenal part of
the protein are essential for diversion into the MVB pathway
(Figure 8A). Similarly, the transmembrane domain of Ath1
expressed alone was readily transported into the vacuole.
This result suggested that the transmembrane domain of
Ath1 contains a sorting signal that is sufficient for sorting
into the MVB pathway.

Further analysis by swapping the Ath1 transmembrane
domain for that of the ubiquitin-dependent MVB cargo pro-
tein, Phm5, confirmed this result. As illustrated in Figure 8B,
Phm5 was delivered to the vacuole lumen in the wild-type
strain, but could not be efficiently targeted to the interior of
the vacuole in tul1�, bsd2� tul1�, or fab1� mutants and was
instead largely mislocalized to the vacuole outer membrane.
In contrast, most of the chimeric Phm5/Ath1TM protein was
visible in the vacuole lumen when the Ath1 transmembrane
domain replaced that of Phm5. These results implied that
the transmembrane domain of Ath1 contains an efficient
sorting signal that directed the protein into the multivesicu-
lar body vesicles, which were later delivered into the vacu-
ole lumen.

Although the Ath1 transmembrane domain was quite ef-
ficient at directing GFP into the vacuole lumen, we found
that a small percentage of the cells expressing Ath1�N,
�12%, displayed a small pool of the protein on the vacuole
membrane. This observation suggests that the transmem-
brane domain may not be the only region containing the
MVB-sorting signal. An additional signal located in the cy-
tosolic tail of Ath1, possibly dependent upon ubiquitination,
may provide an alternative mechanism for Ath1 targeting.
Our finding that the Ath1 transmembrane domain itself can
be directly or indirectly recognized by ESCRT machinery is
novel. To understand the details of the recognition sites
within the transmembrane region, we further carried out
mutagenesis of the 23 amino acid membrane-spanning re-
gion. There are four polar residues in the transmembrane
domain: asparagine at position 49, serine 50, threonine 65,
and tyrosine 68. These residues are not typical for a highly
hydrophobic integral membrane domain and are not in the
conserved core region that serves as the signal peptide rec-
ognized by the ER translocon; therefore we hypothesized
that these polar residues might be involved in MVB sorting.

Substitution of all four polar amino acids with hydropho-
bic residues resulted in the majority of GFP-Ath1polarmut
being localized to the vacuole lumen (Figure 8C); however,
in �5% of the cells, a faint vacuole outer membrane staining
was detected, similar to the low level seen with the GFP-
Ath1�N protein. Considering that the N-terminal region
may contain a redundant (ubiquitin-dependent) targeting
signal, we further made the polar residue mutations in the
N-terminal truncated form of Ath1, GFP-Ath1�N, and mon-
itored the cellular localization of the resulting GFP-
Ath1�Npolarmut construct. We found that in �75% of the
cells, the mutant protein was partially mislocalized to the
vacuolar membrane (Figure 8C). In addition, the extent of
the missorting defect was more severe than seen with
either the GFP-ATh1�N or GFP-Ath1polarmut mutations
alone. These results suggest that the polar residues in the
transmembrane domain are involved in the recognition by
the MVB-sorting machinery.

Figure 7. Ath1 is ubiquitinated on its cytosolic domain. (A) Wild-
type (WT) and Ath1-HA (YJH1) cells were immunoprecipitated
with anti-HA antibody as described in Materials and Methods. The
immunoprecipitate was subjected to SDS-PAGE and immunoblot-
ted with anti-HA or anti-Ub antibody. The precipitated Ath1-HA
protein was detected with anti-Ub antibody, indicated as Ub-Ath1-
HA. (B) doa4� (MHY623) cells were transformed with plasmids
expressing HA-Ub alone, GFP-Ath1 alone or together with HA-Ub,
or GFPAth1K2,27,37R (GFP-Ath1KR) alone or together with HA-Ub.
Cell lysates were immunoprecipitated with anti-HA antibody and
then immunoblotted with anti-GFP and anti-Cps1 antibody or an-
tiserum. The asterisk indicates a nonspecific band.
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DISCUSSION

Glycosylation and Localization of Acid Trehalase
Keller et al. (1982) first demonstrated that an active trehalase
zymogen resides in the vacuole. Later, this enzyme was
shown to give a maximal activity at pH 4.5 and thus was
referred to as acid trehalase (Mittenbuhler and Holzer,
1988). Vacuolar glycoproteins are usually modified by uni-
form N-linked oligosaccharides at specific sites and the re-
sulting glycan chains have the same molecular mass. In the
case of most secreted proteins, individual molecules of the
same protein often undergo differential levels of glycosyla-
tion, which generates a mixture of differently sized protein
species that migrate as a smear during SDS-PAGE. This type
of heterogeneous glycosylation has not been seen for any
identified vacuolar hydrolases. Here we examined a GFP-
Ath1 fusion protein expressed under the control of its en-
dogenous promoter and a strong heterologous promoter
and found that the chimera migrated as a sharp band rather
than a smear when resolved by SDS-PAGE (Figure 1). Con-
sistent with this finding, endogenous Ath1 chromosomally
tagged with HA was also detected as only one sharp band
by Western blot, confirming that the protein only undergoes
limited glycosylation (Figure 5). Endoglycosidase H treat-
ment resulted in a molecular mass shift of the protein, and
an apparent reduction in size of �60 kDa (Figure 4). These
results suggested that Ath1 is a glycoprotein with only
limited glycosyl modification. According to its amino acid
sequence, there are 26 potential N-linked glycosylation sites.
With limited glycosylation, each N-linked oligosaccharide
unit is �2.5 kDa. It follows that if all 26 sites are modified,
the glycosylated protein will be 65 kDa larger in molecular

mass than the unglycosylated form, which fits with our
results and is consistent with Ath1 being a vacuole resident
hydrolase.

Controversy concerning the vacuolar localization of Ath1
resulted from a recent study by Jules et al. (2004). They
demonstrated that 90% of the total cellular acid trehalase
activity is extracellular, in the cell wall or on the plasma
membrane. They suggested that the reason why no activity
was detected when incubating intact yeast cells with treha-
lose was due to the rapid uptake into the cells of the glucose
generated by trehalase-dependent cleavage of trehalose.
When sodium fluoride, which impairs the transport of glu-
cose into cells, was used to treat intact yeast cells, 90% of the
acid trehalase activity was recovered in the extracellular
space. By contrast, both our data from fluorescence micros-
copy and enzyme assay with purified vacuoles showed a
clear localization of Ath1 in the vacuole lumen. We also
generated spheroplasts by removing the cell wall and col-
lected the extracellular fraction. If the majority of Ath1 is
located in the cell wall, this fraction should demonstrate the
most enzyme activity; however, we did not detect any ac-
tivity in this fraction and instead, most of the activity was
found in the spheroplast lysates (our unpublished results).
To further investigate whether or not Ath1 is on the plasma
membrane, we looked at the protease sensitivity of the C-
terminal HA-tagged Ath1. We found that the C terminus of
Ath1 faces the vacuolar lumen, and was protected from
exogenous proteinase (Figure 5). Accordingly, it is not pos-
sible that this protein is on the plasma membrane with a
topology that would provide extracellular activity. More-
over, results from Jules et al. (2004) may have been mislead-

Figure 8. The transmembrane domain of
Ath1 contains a sufficient signal for sorting into
the MVB pathway. (A) The pGFPATH1�C,
pGFPATH1�N, and pGFPATH1TM constructs
(shown schematically on the right) were
transformed into ath1� cells separately to
express GFP-tagged Ath1 containing the N ter-
minus and transmembrane domains, the C ter-
minus and transmembrane domains, or only the
transmembrane domain, respectively. All of the
altered proteins were still localized within the
vacuole lumen. (B) The fab1�, tul1�, bsd2� tul1�,
and wild-type (WT) strains expressing either
wild-type GFP-Phm5 or GFP-Phm5/Ath1TM,
in which the original transmembrane domain of
Phm5 was replaced with the transmembrane
domain of Ath1, were examined by fluorescence
microscopy. Differential interference contrast
(DIC) images are presented to the right of the
GFP images in A and B. (C) Wild-type cells
transformed with plasmids expressing GFP-
Ath1�N, GFP-Ath1polarmut (in which four po-
lar amino acid residues in the transmembrane
domain had been replaced with hydrophobic
residues), or GFP-Ath1�Npolarmut mutant pro-
teins were monitored by fluorescence micros-
copy. Images from 500 randomly selected cells
containing a GFP signal from each strain were
analyzed, and cells that showed a weak or par-
tial vacuolar membrane fluorescent signal were
counted. The percentage of cells displaying vac-
uolar membrane fluorescence for each construct
is shown beneath the corresponding image. The
white arrowhead points to the ER.
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ing due to the treatment with sodium fluoride. Sodium
fluoride is toxic to yeast because it inhibits glucose phos-
phorylation, which is involved in the active transport and
retention of glucose in the cell. Once glucose phosphoryla-
tion is impaired, intracellular free glucose can be released
from the cell, moving down the glucose concentration gra-
dient.

Transport of Acid Trehalase
Ath1 transits through the MVB pathway and is delivered to
the vacuole. To date there has been no solid clue to show
how Ath1 is delivered to this organelle. One model suggests
that after it is translocated into the ER and reaches the Golgi
complex, the acid trehalase is delivered to the periplasmic
space where it binds extracellular trehalose and moves to the
vacuole by endocytosis. In another model, Ath1 and treha-
lose are sorted into the vacuole separately. Here we present
the first study illustrating the biosynthetic pathway of Ath1
and we show that its vacuolar transport is through the MVB
pathway. Multivesicular bodies are the convergence point
between the delivery route from the TGN to the lysosomes/
vacuoles and endocytosis (Katzmann et al., 2002; Gruenberg
and Stenmark, 2004; Babst, 2005; Hurley and Emr, 2006;
Slagsvold et al., 2006). However, our analysis of the GFP-
Ath1 chimera in the end3� mutant demonstrates that Ath1
reaches its final localization from the TGN via endosomes
without transiting to the plasma membrane (Figure 3). This
finding indicates that Ath1 does not bind its substrate on the
plasma membrane and thus suggests that the extracellular
trehalose also moves to the vacuole through either endocy-
tosis or another transport pathway. Thus, identification of
the trafficking route of Ath1 further helps us understand the
way it functions and the process of trehalose metabolism.

A New Signal for Protein Sorting into MVB Internal
Vesicles
Most proteins trafficking through the MVB pathway require
ubiquitination as a sorting signal (Babst, 2005; Hurley and
Emr, 2006; Slagsvold et al., 2006). In rare cases, however,
some proteins are internalized into multivesicular bodies
without ubiquitination. Sna3 and Atg15 in yeast and the
�-opioid receptor and Pmel17 in mammalian cells are the
only proteins reported to transit in this manner (Reggiori
and Pelham, 2001; Epple et al., 2003; Hislop et al., 2004; Theos
et al., 2006). Furthermore, it remains questionable whether
sorting of Atg15 is indeed ubiquitin-independent, because it
was shown to be mislocalized to the vacuolar membrane in
a fab1� mutant, but not affected in a tul1� mutant (Epple et
al., 2001, 2003). Tul1 has redundant activity with the Rsp5-
Bsd2 complex, and therefore a possible explanation of the
published result could be that Atg15 is a better substrate for
the Rsp5 ligase than for Tul1 (Hettema et al., 2004).

Here we found that Ath1 is a bona fide member of this
ubiquitin-independent group. The mechanism of targeting
these proteins into the MVB pathway is unknown. Sna3 and
the �-opioid receptor are multispan transmembrane pro-
teins, and the identification of their localization signal with
sequential truncations is particularly difficult because the
transmembrane domains have crucial folding and structural
roles. Ath1, on the other hand, has a single transmembrane
segment, which permits the use of a deletion and/or muta-
tional analysis. In this study we have found that the domain
of Ath1 spanning the lipid bilayer contains sufficient signal-
ing information to target the protein into the MVB pathway
(Figure 7A). Importantly, transplantation of this domain into
Phm5, a protein with a topological organization similar to
Ath1 but that requires ubiquitination to enter the MVB

internal vesicles (Reggiori and Pelham, 2001), allows this
phosphatase to enter the same structures in an ubiquitin-inde-
pendent manner (Figure 7B). Transmembrane domains have
already been implicated as a motif for protein sorting in essen-
tially all the compartments of the secretory pathway and of the
endosomal system, with polar and charged residues playing a
pivotal role in the localization process (Bonifacino et al., 1990;
Munro, 1995; Sato et al., 1996; Rayner and Pelham, 1997;
Letourneur and Cosson, 1998; Lewis et al., 2000; Reggiori et
al., 2000; Reggiori and Pelham, 2002). In particular, it has
been shown that introduction of polar residues into the
transmembrane domain of the endosomal SNARE, Pep12,
directed it into MVB vesicles that were transported into the
vacuole (Reggiori et al., 2000). In this specific case, however,
Pep12 is recognized as an aberrant protein and ubiquitina-
tion by Tul1 targets it for destruction (Reggiori and Pelham,
2002; Hettema et al., 2004). Here we shown that the polar
residues in the Ath1 transmembrane segment play a crucial
role in delivering this protein to the vacuole through the
MVB pathway.

A first major implication of our findings is that eukaryotic
cells possess at least two different systems to deliver integral
membrane proteins into the lysosome/vacuole interior, al-
lowing them to have the flexibility necessary to correctly sort
the numerous biosynthetic and endocytosed cargoes, includ-
ing those without cytoplasmic lysines or without accessible
ones. These two sorting systems are not mutually exclusive
and probably coexist in certain proteins to provide more
efficient localization. For example, Sna3 is ubiquitinated and
that probably facilitates its sorting into multivesicular bodies
(Peng et al., 2003). Along these lines, recent studies show that
Sna3 can utilize both ubiquitin-dependent and -independent
mechanisms for its MVB targeting. Sna3 ubiquitination is
dependent on Rsp5, but the function of Rsp5 is also critical
for the MVB sorting of Sna3 independent of cargo ubiquiti-
nation (McNatt et al., 2007; Oestreich et al., 2007). Here we
found that Ath1 has certain properties that are similar to
Sna3. In particular, Ath1 can be sorted into the MVB path-
way through both ubiquitin-dependent and -independent
routes; however, it appears to utilize a mechanism that is
independent of Bsd2-Rsp5 (Figure 8).

A second important implication of our study regards the
mechanism of MVB biogenesis. The currently accepted
model is that the association of the Vps27/Hrs-Hse1/STAM
(ESCRT-0) complex to the endosomal membrane via its si-
multaneous binding to phosphatidylinositol(3)phosphate
and ubiquitinated cargoes induces the recruitment of ESCRT-I
(Babst, 2005; Slagsvold et al., 2006). This event triggers a
series of sequential reactions, including the recruitment of
the two other ESCRT complexes, which ultimately leads to
the formation of MVB internal vesicles. Our finding evokes the
possibility of an alternative mechanism dependent on the
transmembrane domain of certain MVB cargo proteins for
triggering this process. This idea is supported by the fact
that in mutants such as doa4� and bsd2� tul1�, MVB internal
vesicles are generated in the absence of ubiquitinated car-
goes (Reggiori and Pelham, 2001, 2002). The mechanism by
which transmembrane domains could induce MVB biogen-
esis through interaction with the cytosolic Vps27/Hrs-Hse1/
STAM complex and ESCRT-I factors is not known; however,
our results suggest that the polar residues play a role in the
signal recognition. Additional analysis of Ath1 transport
may provide further information about the mechanism of
protein sorting into the MVB pathway.
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