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Vac8p, an armadillo (ARM) repeat protein, is required for
multiple vacuolar processes. It functions in vacuole inheritance, cytoplasm-to-vacuole protein targeting pathway,
formation of the nucleus–vacuole junction and vacuole–
vacuole fusion. These functions each utilize a distinct
Vac8p-binding partner. Here, we report an additional
Vac8p function: caffeine resistance. We show that Vac8p
function in caffeine resistance is mediated via a newly
identified Vac8p-binding partner, Tco89p. The interaction
between Vac8p and each binding partner requires an
overlapping subset of Vac8p ARM repeats. Moreover,
these partners can compete with each other for access
to Vac8p. Furthermore, Vac8p is enriched in three separate subdomains on the vacuole, each with a unique
binding partner dedicated to a different vacuolar function. These findings suggest that a major role of Vac8p is
to spatially separate multiple functions thereby enabling
vacuole inheritance to occur concurrently with other
vacuolar processes.
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Vac8p, a vacuolar membrane protein, is required for vacuole
movement from the mother cell to the bud during cell division. Vac8p is a component of the vacuole-specific Myo2p
transport complex. Vac8p directly interacts with Vac17p, an
adaptor dedicated to vacuole movement. Vac17p simultaneously interacts with the myosin V, Myo2p and Vac8p
(1,2). In addition to vacuole inheritance, Vac8p is also
required for the cytoplasm-to-vacuole protein targeting
(Cvt) pathway (3), formation of the nucleus–vacuole junction
(4) and homotypic vacuole–vacuole fusion (5,6).
†

These authors contributed equally to this work.
Current address: Department of Biology, University of Arkansas,
Little Rock, AR 72204-1099; fxtang@ualr.edu.
3

1368

Vac8p contains 11 armadillo (ARM) repeats (7–9), tandem
imperfect repeats of 42 amino acids (10). The ARM
repeats share a conserved three-dimensional structure.
Each ARM repeat forms three a-helices. Tandem ARM
repeats fold over each other and form a superhelix. This
generates an extended surface for protein–protein
interactions (11). Vac8p is both myristoylated and palmitoylated; the acylation is required for targeting the Myo2p–
Vac17p–Vac8p complex to the vacuole membrane (12).
The ARM repeat proteins have been identified in plants,
fungi and animals (10). One of the best studied ARM
proteins b-catenin interacts with more than 20 proteins and
plays essential roles in the maintenance of cell–cell adherens junctions and in the Wnt signaling pathway (13). At
the plasma membrane, b-catenin interacts with E-cadherin.
In the cytoplasm, in the absence of Wnt signaling,
b-catenin is specifically degraded via its interaction with
a destruction complex that includes adenomatous polyposis coli (APC). In the presence of Wnt signaling, degradation is blocked, and b-catenin translocates into the
nucleus where it interacts with the transcription factor
LEF/Tcf (lymphoid enhancer factor/T cell factor) (13). The
crystal structures of b-catenin in separate complexes with
E-cadherin, APC and LEF-1/Tcf demonstrate that multiple
residues on b-catenin are required for its interactions, and
that each partner binds to overlapping regions (14–19).
Vac8p is not a homologue of b-catenin, but like b-catenin, it
binds to several protein partners, and thereby plays
essential roles in multiple cellular processes (3–7,20).
Vac8p–Vac17p interaction is required for Myo2p association with the vacuole and subsequent vacuole movement
(1,2). Vac8p–Apg13p interaction is required for the Cvt
pathway and is specifically required for closure of Cvt
vesicles (3). Vac8p–Nvj1p interaction is required for the
formation of the nucleus–vacuole junction, a tight apposition of a region of the outer nuclear membrane with the
vacuole membrane. The nucleus–vacuole junction is proposed to be a site where a part of the nucleus is engulfed
prior to degradation in the vacuole (4,20). Vac8p is also
required for homotypic vacuole–vacuole fusion; however,
the binding partner(s) for fusion remain to be identified (5,6).
Here, we identify five new putative Vac8p-binding partners. Among them is Tco89p, a binding partner required for
caffeine resistance, a new function of Vac8p. It appears
that each Vac8p-interacting protein is dedicated to a single
Vac8p-related function. Moreover, each binding partner
interacts with an overlapping subset of Vac8p ARM
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repeats, suggesting that the binding of these partners is
mutually exclusive. This mutual exclusivity combined with
the localization of Vac8p to multiple, distinct subdomains
on the vacuole membrane may be part of a mechanism
whereby Vac8p is required for vacuole movement during
the cell cycle and is simultaneously engaged in other
vacuole-related functions.

Results
Vac17p is solely required for vacuole inheritance
Vac8p and Vac17p function together in vacuole movement
(1,2,7). Vac8p is also required for several additional processes. Therefore, we tested whether the Vac8p-binding
protein, Vac17p, is required for Vac8p functions that are
not directly related to vacuole movement. In wild-type
cells, Nvj1p-green fluorescent protein (GFP) is confined to
a region on the nuclear membrane where the nuclear
envelope is in direct contact with the vacuole membrane;
this localization requires Vac8p (4) (Figure 1A). However,
Vac17p is not required for this localization; in vac17D cells,
Nvj1p localizes properly to the nucleus–vacuole junction
(Figure 1A,B). We also tested whether Vac17p is required
for homotypic vacuole–vacuole fusion. In the absence of
Vac8p, vacuoles are fragmented. However, the vacuole
morphology of vac17D is similar to that of wild-type cells
(Figure 1A), demonstrating that vacuole–vacuole fusion is

normal. Third, we tested whether Vac17p is required for
the Cvt pathway, whereby the precursor of vacuolar
aminopeptidase (prApe1p) is imported into the vacuole.
Upon its arrival in the vacuole, prApe1p is matured to
Ape1p (3,7). In vac8D cells, the Cvt pathway is blocked and
only prApe1p is observed. Deletion of Vac17p had a minor
effect on the maturation of Ape1p (Figure 1C).
In addition to the previously identified Vac8p-related functions, we also discovered that vac8D mutants are sensitive
to caffeine. Thus, we tested if vac17D is also caffeine
sensitive. The growth of vac8D cells was completely inhibited in the presence of 0.2% caffeine, while vac17D cells
showed a partial sensitivity (Figure 1D). Taken together,
these results show that while both Vac17p and Vac8p are
required for vacuole inheritance, Vac17p is not critical for
other known functions of Vac8p. Likewise, the other
previously characterized binding partners of Vac8p, Nvj1p
and Apg13p, are not required for vacuole inheritance (3,4).
Identification of additional Vac8p-binding partners
A yeast two-hybrid screen for Vac8p-binding partners
identified eight open reading frames (ORFs) (Table 1). Three
of the eight ORFs Vac17p (2), Apg13p and Vab2p (Vac8pbinding protein 2) (4,23) were identified previously. A ninth
ORF, Nvj1p, was not obtained in this screen, but was
previously identified as a Vac8p-binding partner (4) and thus
was included in our subsequent analyses (Table 2).

Figure 1: While Vac8p is required for
multiple vacuolar processes, Vac17p is
solely required for vacuole inheritance.
A and B) Nucleus–vacuole junctions in wildtype, vac8D and vac17D cells. Cells carrying pNVJ1-2XGFP were labeled with FM464 for 1.5 h and chased for one doubling
time. Red (vacuole) and green (Nvj1p2XGFP) were merged to show the localization of Nvj1p relative to the vacuole
membrane. The formation of nucleus–
vacuole junctions (NVJ) was reported as the
ratio of the number of cells where Nvj1p
localized to a crescent bar or spot between
the nucleus and vacuole versus the number
of total cells with detectable GFP fluorescence. More than 50 GFP-containing cells
were scored for each strain. Scale bar is
5 mm. C) Maturation of aminopeptidase I
(Ape1p) in wild-type, vac8D and vac17D cells.
Crude extracts from 0.2 OD600 of cells
were loaded onto 10% SDS-PAGE. Immunoblot analysis using anti-Ape1p antibodies
was performed. D) Caffeine resistance of
wild-type, vac8D and vac17D cells. Logphase cells were spotted onto YEPD (yeast
extract-peptone-dextrose) and YEPDþ0.2%
caffeine plates and incubated at 248C for 2
and 4 days, respectively.
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Table 1: Yeast two-hybrid screen for Vac8p-binding partnersa
ORF

Gene

Function

Residues
obtained

YCL063W

VAC17

290–425

YPL180W

TCO89

YPR185W

APG13

YDR359C

VID21

YEL005C
YIL129C

VAB2
TAO3

Myo2p receptor specific for
vacuole inheritance (1,2)
A subunit of the TORC1
complex (21)
A phosphorylated protein
required for the Cvt
pathway and autophagy (3)
A component of the NuA4
histone acetyltransferase
complex (22)
Vac8p binding (4,23)
Protein involved in cell
morphogenesis and
proliferation, associated
with protein kinase
Cbk1p (24)
Uncharacterized
Uncharacterized

YEL043W
YFR035C
a

388–799
356–738

442–469

148–282
1935–1963

393–627
3–345

The C1 library was used for the yeast two-hybrid screen (25).

Based on shared phenotypes, at least two of the five new
potential Vac8p-binding partners, Tco89p and Vid21p, likely
function with Vac8p. tco89D and vac8D share at least one
phenotype in common: both tco89D and vac8D are equally
sensitive to caffeine (Table 2). Moreover, Tco89p is found
on the vacuole membrane (21,23). Tco89p was recently
reported to be a member of the yeast Tor (target of
rapamycin) complex 1 and is required for the maintenance
of cell wall integrity (21).
The other new candidate partner is Vid21p. Both vac8D
and vid21D have elevated levels of b-1,6-glucan and b-1,3glucan, two of the four major components of the yeast cell
wall (26). Despite this overlap in phenotypes, the current
known function for Vid21p is as a component of the NuA4
Table 2: Functional analysis of Vac8p-binding partnersa
Gene

Vacuole
inheritance

Caffeine

Cvt

NVJ

Cell
wall

Vacuole
fusion

VAC17
TCO89
APG13
NVJ1*b
VID21
VAB2
TAO3
YEL043W
YFR035C


þ
þ
þ
þ
þ
þ
þ
þ

þ/

þ
þ
þ
þ
þ
þ
þ

þ
þ

þ
þ
þ
þ
þ
þ

þ
þ/
þ

þ
þ
þ
þ
þ

þ
þ
þ
þ

þ
þ
þ
þ

þ
þ
þ
þ
þ
þ
þ
þ
þ

histone acetyltransferase complex (22). It remains to be
determined whether Vid21p has a second localization and
function as a Vac8p-binding partner.
These potential Vac8p-binding partners that had not been
previously analyzed were deleted from LWY7235 (wild
type) and the corresponding knockout strains were analyzed for Vac8p functions including vacuole inheritance,
Cvt pathway, localization of Nvj1p to the nucleus–vacuole
junction, vacuole–vacuole fusion, as measured by vacuole
morphology, and sensitivity to 0.2% caffeine (Table 2).
Each potential Vac8p-binding partner with an identifiable
Vac8p function appeared to be primarily required for only
one Vac8p-related process (Table 2). Some of the candidate partners identified in the yeast two-hybrid test
showed no known phenotypic relationship to Vac8p. These
may not function with Vac8p, but rather may function with
the other yeast ARM repeat protein, Srp1p (27).
Vac8p localizes to discrete domains on the
vacuole membrane
In wild-type cells, Vac8p is enriched in at least two types of
patches on the vacuole membrane. Vac8p accumulates at
nucleus–vacuole junctions, an extended interface
between the outer membrane of the nucleus and the
vacuole (4,20), and at vacuole–vacuole junctions, sites of
homotypic vacuole fusion (28) (Figure 2). Notably, Vac17p
is not required for the accumulation of Vac8p in either of
these regions (Figure 2). These observations suggest that
Vac8p may localize to specific regions of the vacuole
membrane, each of which is dedicated to a single function.
To test this hypothesis further, we asked whether Vac8p
accumulates in a third region on the vacuole that contains
Vac17p. Vac17p is found in a few small spots on the
vacuole membrane (2), but the levels of endogenous
Vac17p are too low to accurately test the degree of Vac8p
colocalization with Vac17p. Therefore, we used a stabilized
vac17 mutant, vac17-DPEST, whose protein levels are
10-fold higher than those of wild type. Vac17p-DPEST
accumulates in large patches on the vacuole membrane
in regions near the bud tip or the mother-bud neck (2).
Notably, in the presence of Vac17p-DPEST-GFP, there was
a significant redistribution of Vac8p-monomeric red
fluorescent protein (mRFP) to the regions of the vacuole
membrane at the bud tip of small-budded cells and at the
mother-bud neck in large-budded cells, the same sites
where Vac17p-DPEST-GFP accumulates (Figure 2). These
results suggest that in wild-type cells, a portion of Vac8p
colocalizes with Vac17p on the vacuole in a third region
that is distinct from the nucleus–vacuole junction or the
vacuole–vacuole junction.

a

þ, wild type; , mutant; NVJ: the proper localization of Nvj1p;
caffeine: resistance to 0.2% caffeine; cell wall: synthesis of cell
wall components (26). Vacuole fusion was deduced from vacuole
morphology.
b
*NVJ1 was identified in an independent yeast two-hybrid
screen (4).
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Each Vac8p function requires a subset
of ARM repeats
The observations that each Vac8p-binding partner has a
unique function and that Vac8p localizes to at least three
Traffic 2006; 7: 1368–1377
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Figure 2: Vac8p is enriched at a minimum of three sites on the vacuole membrane. Vector (pRS416), VAC17-GFP and
vac17-DPEST-GFP plasmids were transformed into vac17D cells that contain
a genomic copy of VAC8-mRFP. The transformants were grown to early log phase
and subjected to fluorescence microscopy.
Arrowheads indicate the concentration of
Vac8p at the nucleus–vacuole junction.
Scale bar is 5 mm.

distinct regions on the vacuole suggest that Vac8pmediated coordination of multiple vacuole functions may
be analogous to the orchestration of multiple cellular
processes by b-catenin. The multiple binding partners of
b-catenin compete with each other for access to specific
ARM repeats. Thus, we generated a series of vac8 mutants each missing a single ARM repeat. Each mutant
was analyzed for all known Vac8p functions (Figure 3A).
In addition, using a yeast two-hybrid test, the interactions
between each mutant with known Vac8p-binding partners
were examined (Figure 3B).
These studies showed that ARM2 and ARM5 were
required for each Vac8p function and for Vac8p interaction
with each binding partner. In addition, each function also
required a set of additional repeats that varied for each
individual function. For example, vacuole inheritance
required the least ARM repeats; in addition to ARM2 and
ARM5, deletion of ARM6 partially blocked vacuole inheritance. In contrast, proper localization of Nvj1p to the
nucleus–vacuole junction required ARM2–6 and ARM10–
11 (Figure 3A). The results obtained in the functional assay
largely paralleled the results of the ability of the ARM
deletion mutants to bind each partner.
The total cellular levels of each mutant Vac8p were similar
to those of wild-type Vac8p (Figure 3C). In addition, all
mutant proteins localized to the vacuole membrane (Figure 3D). However, Vac8p-DARM1, DARM2 and DARM3
had lower levels of protein on the vacuole membrane; an
antibody sandwich technique was required to visualize
Vac8p in these three mutants (Figure 3D).
The lower levels of Vac8p in the vac8-DARM1, DARM2 and
DARM3 mutants are unlikely to account for the loss of
Traffic 2006; 7: 1368–1377

specific Vac8p functions; the levels of Vac8p-DARM1 and
DARM2 were similar, yet Vac8p-DARM1 functioned similarly to wild-type Vac8p. That the levels of vacuolemembrane-associated Vac8p-DARM1, DARM2 or DARM3
are lower than those of wild type suggests that Vac8p
association with the vacuole membrane requires the first
three ARM repeats. While acylation of Vac8p is the major
means by which Vac8p associates with the vacuole
membrane, in the absence of acylation, approximately
10–15% of the Vac8p remains on the vacuole (7) presumably because of interaction between Vac8p and some
unknown vacuolar membrane protein(s).
Vac8p-binding partners may compete with each
other for access to Vac8p
The observation that interactions between Vac8p and its
binding partners require an overlapping subset of the ARM
repeats (ARM2 and ARM5) raised the possibility that the
Vac8p-binding proteins compete with each other for
access to Vac8p. Further support that competition occurs
is that a 10-fold increase in Vac17p (Vac17p-DPEST-GFP)
redistributed Vac8p-mRFP from the nucleus–vacuole
junction and the vacuole–vacuole junction to a ‘Vac17p’containing domain (Figure 2).
Competition for access to Vac8p would be influenced both
by the steady-state levels of each binding partner and by
the relative affinities for Vac8p of each binding partner. We
do not currently have an in vitro assay to measure relative
affinities, instead we analyzed the levels of each partner.
The intracellular steady-state levels of Vac8p are higher
than the levels of all the Vac8p-binding partners. Recent
genome-wide studies of intracellular protein levels estimated that there are 5700 Vac8p molecules, 1900 Nvj1p
molecules, 500 Vac17p molecules, 243 Tco89p molecules
1371
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Figure 3: ARM2 and ARM5 of Vac8p
are required for all Vac8p functions
tested. A) Functional analysis of Vac8p
mutants missing a single ARM repeat.
Each Vac8p mutant was transformed into
a vac8D strain and analyzed for vacuole
inheritance (Inheritance), vacuole–vacuole
fusion (Fusion), resistance to caffeine (Caffeine), the cytoplasm-to-vacuole protein
targeting pathway (Cvt) and the proper
localization of Nvj1p to the nucleus–vacuole junction (NVJ). Required: >85% of
cells have mutant phenotypes; partially
required: 35–85% of cells have mutant
phenotypes; not required: <35% of cells
have mutant phenotypes. B) ARM2 and
ARM5 are required for Vac8p interaction
with its binding partners. Full-length
Vac8p (WT) or Vac8p missing one ARM
repeat as indicated was fused with the
Gal4p-binding domain in one plasmid (Tryptophan, TRP, marker). The same fragments
listed in Table 3 and full-length of NVJ1
were fused with the Gal4p-activation
domain (Leucine, LEU, marker). Both the
Gal4p-binding domain and Gal4p-activation
domain constructs were introduced into
PJ69-4A and patched on SC-LEUTRP-HIS-ADE plates containing 30 mM
3-amino-triazole, and grown at 248C for
4 days. *TCO89 and NVJ1 plates were
grown for 8 and 12 days, respectively. C)
Deletion of a single ARM repeat does not
affect cellular Vac8p levels. Crude extracts
were analyzed for Vac8p levels. The same
membrane was also probed with antiPgk1p antibodies. D) ARMs 1–3 play a role
in Vac8p localization. The vacuole membrane (red) was visualized with mouse antiVma2p and rhodamine-red-conjugated donkey anti-mouse IgG. Vac8p (green) was
labeled with rabbit anti-Vac8p and Alexa488-conjugated goat anti-rabbit IgG. *For
Darm1, Darm2 and Darm3, Vac8p was
labeled with rabbit anti-Vac8p, goat antirabbit IgG and Alexa-488-conjugated donkey anti-goat IgG. Scale bar is 5 mm.
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and 150 Apg13p molecules per cell (23,29). We used HA
(influenza hemagglutinin)-tagged functional proteins to further estimate the relative levels of Vac8p and Vac17p on the
vacuole, and observed that the vacuolar level of Vac8p is
about 300-fold higher than that of Vac17p (Figure 4).
That Vac8p levels are higher than that of each of its binding
partners suggests that not all the cellular Vac8p is bound to a
partner protein. Thus, there is unlikely to be global competition for access to Vac8p. However, the fact that an
increased level of Vac17p causes redistribution of Vac8p
suggests that competition for binding to Vac8p occurs.
Low levels of Vac8p preferentially support
vacuole inheritance
In order to further test for potential competition for access
to Vac8p, we lowered the steady-state levels of Vac8p
10-fold via expression of VAC8 from the VAC17 promoter
(Figure 5A). This level of Vac8p is still higher than endogenous Vac17p levels, most likely because unlike Vac17p,
Vac8p does not contain known rapid degradation signals.
The low levels of Vac8p did not affect its localization
(Figure 5B,C).
Lowering Vac8p levels 10-fold affected a subset of Vac8p
processes. For example, it resulted in a dramatic loss of
Nvj1p-GFP concentration at the nucleus–vacuole junction
(Figure 5D,E). Moreover, 10-fold less Vac8p resulted in
partial caffeine sensitivity (Figure 5F). However, there was
very little effect on vacuole inheritance and vacuole–
vacuole fusion (Figure 5E). This lack of effect is likely due
to the fact that very few Vac8p molecules are required to
achieve normal vacuole inheritance and vacuole–vacuole
fusion. In case of vacuole inheritance, it is also possible
that the relative affinity of Vac17p for Vac8p may be high.
Thus, when Vac8p levels are reduced 10-fold, vacuole
inheritance is preferentially maintained. It appears that
there is a correlation between relative levels of each

Vac8p-binding protein and the effect of lowered Vac8p
on the corresponding functions.

Discussion
Five new Vac8p-binding partners were identified in this
study. Among them, Tco89p was found to be required for
a novel Vac8p function: caffeine resistance. Tco89p is
a component of the Tor complex 1 (21,30,31). Consistent
with this function, a portion of Tco89p localizes at punctate
clusters adjacent to the plasma membrane, the major site
of the Tor complexes. However, immunogold electron
microscopy showed that Tco89p is predominantly present
on the vacuole membrane (21,32). This localization further
supports the hypothesis that Tco89p associates with
Vac8p. Moreover, like vac8 mutants, tco89D is hypersensitive to caffeine (21).
Our results indicate that Vac8p interacts with multiple
proteins, each dedicated to a distinct function. There are
at least three places on the vacuole membrane where
Vac8p concentrates, each involved in a single Vac8p-related
function. These observations raise the question of whether
the diverse functions of Vac8p are coordinated with each
other. As described further, we postulate that in rapidly
dividing cells, organelle inheritance and organellar functions
occur simultaneously, yet are spatially segregated.
The best known example of the separation of organelle
inheritance from organellar function is the temporal separation
of Golgi function from Golgi inheritance observed in vertebrate cells (33,34). At the onset of mitosis, the Golgi divides
and Golgi function temporarily ceases. Vertebrate cells are
predominantly in interphase and spend a small fraction of their
time in mitosis. Thus, a transient block in Golgi function may
not have a large effect on cellular physiology.
In a rich environment, yeast cells rapidly divide and thus
most of their life cycle is dedicated to organelle inheritance
and cell division (35–37). For yeast cells and higher
eukaryotic cells that undergo rapid division, a temporary
cessation of organelle function may be detrimental.
Indeed, yeast organelles likely remain functional during
their inheritance. Note that vacuole inheritance, the formation of a nucleus–vacuole junction and vacuole–vacuole
fusion all occur simultaneously within a single cell (38).

Figure 4: Vac8p levels are 300-fold higher than Vac17p levels
on the vacuole membrane. Vacuoles isolated from vac8D
(pVAC8-6XHA) or vac17D (pVAC17-3XHA) were loaded onto a
10% SDS-PAGE with the indicated amounts of proteins. After
immunoblotting, the relative intensities of HA epitopes were
estimated with Scion ImageTM software. The intensities of both
bands were summed for each sample; there were no detectable
bands in the no-HA control in the indicated molecular weight range.
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There may be novel mechanisms to enable organelle
inheritance and organellar functions to occur at the same
time. Our findings that Vac8p, a member of the myosin V
vacuole transport complex, is required both for vacuole
inheritance and several additional vacuole-related processes
suggest that Vac8p plays a pivotal role in coordinating
vacuole inheritance with other vacuolar functions.
In further support that Vac8p plays a role in the coordination of multiple processes, it appears that Vac8p partners
1373
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Figure 5: A 10-fold reduction in Vac8p levels has distinct consequences for each Vac8p function. A) Expression of VAC8 under the
control of VAC17 promoter results in a 10-fold reduction in Vac8p levels. vac8D cells carrying vector (pRS416), wild-type VAC8 or PVAC17-VAC8
plasmid were subjected to immunoblot analysis. 1 indicates 0.2 OD600 cells. To compare the amounts of sample loaded, the same membrane
was also probed with anti-Vph1p antibodies. B, C) PVAC17-Vac8p is associated with the vacuole membrane. The vacuole membrane (red) and
Vac8p (green) were visualized as before. In B, Vac8p was visualized with rabbit anti-Vac8p antibodies and Alexa-488-conjugated goat anti-rabbit
IgG. In C, *Vac8p (green) was visualized with rabbit anti-Vac8p antibodies, goat anti-rabbit IgG and Alexa-488-conjugated donkey anti-goat IgG.
Scale bar is 5 mm. D, E) PVAC17-Vac8p supports vacuole inheritance and homotypic vacuole fusion but does not maintain proper localization of
Nvj1p. Inheritance: vacuole inheritance. Fusion: vacuole morphology was used to assess vacuole fusion. Cells with less than six vacuole lobes
were counted as wild type. The ratio of wild-type cells was reported. NVJ: nucleus–vacuole junction formation was reported as described in
Figure 1B. Scale bar is 5 mm. F) PVAC17-Vac8p partially restores caffeine resistance. vac8D cells carrying the indicated plasmids were spotted
onto SC-URA (Uracil) and SC-URAþ0.2% caffeine plates, and incubated at 248C for 3 and 5 days, respectively.

compete with each other for access to Vac8p. First,
increasing Vac17p levels recruits Vac8p to a new location
on the vacuole membrane (Figure 2). Second, lowering the
steady-state levels of Vac8p differentially affects Vac8p
functions and has the least effect on vacuole inheritance
1374

and homotypic vacuole–vacuole fusion (Figure 5). Third,
overexpression of Nvj1p partially inhibits vacuole inheritance
(4). That the binding partners compete for access to Vac8p is
consistent with the finding that ARM2 and ARM5 are
required for all Vac8p-related functions tested (Figure 3).
Traffic 2006; 7: 1368–1377
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We propose that Vac8p binds each partner at the correct
place on the vacuole membrane to ensure that a single
function occurs at a unique membrane subdomain. Binding
of Vac17p to Vac8p on the segregation structure may
prevent the binding of other Vac8p partners and thus
dedicate that region to vacuole membrane movement.
Similarly, the complex between the as yet unidentified
fusion partner(s) and Vac8p may reside at the vacuole–
vacuole junction and function solely for vacuole–vacuole
fusion. Moreover, it is likely that binding of Nvj1p to Vac8p at
the nucleus–vacuole junction excludes other Vac8p-binding
partners. During vacuole inheritance, the nucleus–vacuole
junction remains in the mother cell and does not move into
the bud (our unpublished observations).

Table 3: Strains used in this study
Strains

Genotype

Source

LWY7235

MATa leu2,3-112 ura3-52 his3-D200
trp1-D901 lys2-801 suc2-D9
MATa leu2,3-112 ura3-52 his3-D200
trp1-D901 lys2-801 suc2-D9
vac17D::TRP1
MATa leu2,3-112 ura3-52 his3-D200
trp1-D901 lys2-801 suc2-D9
ade8D::HIS3
MATa leu2,3-112 ura3-52 his3-D200
trp1-D901 gal4D gal80D
LYS2::GAL1-HIS3 GAL2-ADE
met::GAL7-lacZ
MATa leu2,3-112 ura3-52 his3-D200
trp1-D901 lys2-801 suc2-D9
vac8D::VAC8-mRFP-HIS3
vac17D::TRP1

(46)

LWY5798

LWY2887

PJ69-4A

LWY7656

The biogenesis and inheritance of the yeast vacuole has
several similarities with the biogenesis and inheritance of
other yeast organelles including the late Golgi (39), the
cortical endoplasmic recticulum (ER) (40) and peroxisomes
(41). Each of these organelles likely functions throughout
the cell cycle. In addition, in the absence of inheritance,
each organelle appears to have alternative pathways to
generate an organelle in the bud (42–44). Notably, the
inheritance of each organelle requires the interaction of
a class V myosin, Myo2p for most organelles and Myo4p
for the cortical ER (45). The myosin V motors likely attach
to each organelle via organelle-specific receptors. Based
on our observations of vacuole inheritance, we postulate
that a component(s) of these receptors may have multiple functions, and like Vac8p, may serve to spatially
coordinate organelle inheritance with function. Moreover,
we predict that the spatial separation of organelle inheritance and other organellar functions may be a common
occurrence in rapidly dividing cells.

Materials and Methods
Yeast strains and plasmids
Yeast strains used in this study are listed in Table 3. A mRFP tag (47) was
integrated chromosomally to generate VAC8-mRFP as described (48).
vac8-DARMs 1-3 were constructed using the TransformerTM Site-Directed
Mutagenesis Kit (ClonTech, Mountain View, CA, USA). vac8-DARMs 4-8 were
constructed by the QuickChangeTM Site-Directed Mutagenesis Kit (Stratagene, La Jolla, CA, USA). vac8-DARMs 9-11 were described previously (7).
pPVAC17-VAC8 was constructed by in vivo recombination in LWY2887. The
VAC8 ORF, amplified with V17promV8 (GATAAGAAACAGCTCGCATAAGGAAACA AGGACACATCGAT TAATGGGTTCATGTTGTAGTTGC) and
V8n17UTR (CGAAT AAACATTTGGAGCAAAAGAAGAGTAAGTTAGGTAAAGGAGGCCTAGTCCCGCTTTTGA), was cotransformed with
pVAC17D1-96, which was linearized with BamHI/PacI. Plasmids were
recovered from the yeast transformants and sequenced.

(2)

(7)

(25)

This study

TAGATACATGGTGAGCAAG GGCGAG) from pEGFP2. This fragment was
cotransformed into LWY7235 with SacI/NotI-digested pNVJ1. Plasmids
from transformants exhibiting a GFP signal were recovered and sequenced.

At least two distinct alleles of Vac17p are commonly
found in Saccharomyces cerevisiae
During the course of these studies, we found that the VAC17 gene
(GenBank AY532640) from LWY7235 had 25 nucleotide differences when
compared with the VAC17 gene isolated from the strains BY4741 or S288c
(Saccharomyces Genome Database http://www.yeastgenome.org/). These
differences include 11 nucleotides in the ORF that result in seven amino
acid changes. They are S74N, P116S, T210A, T255P and S330P, and an
insertion of two amino acid residues, Leu and Asn, after residue 393. Most
of these differences are also found in the VAC17 genes of other closely
related species of yeast (see http://db.yeastgenome.org/cgi-bin/FUNGI/
nph-showAlign?locus=YCL063W for a detailed alignment). We tested for
functional differences between these alleles, but none were observed.

Immunofluorescence labeling and microscopy
Yeast vacuoles were labeled with FM4-64 (Molecular Probes, Eugene, OR,
USA) as described (7). Cells were observed using an Axioscope 2 (Carl Zeiss
MicroImaging, Jena, Germany) or the DeltaVision RT Restoration Microscopy System (Applied Precision, Issaquah, WA, USA).
Indirect immunofluorescence was performed to visualize Vac8p. Spheroplasts were prepared as described (2). For cells with Vac8p levels similar
to wild type, Vac8p was labeled with rabbit anti-Vac8p (1:100) and Alexa488 conjugated goat anti-rabbit IgG (1:200). For cells with low levels of
Vac8p, spheroplasts were treated with a ‘‘sandwich’’ of rabbit anti-Vac8p
(1:100), goat anti-rabbit IgG (1:240), and Alexa-488-conjugated donkey
anti-goat IgG (1:200). Vacuolar membranes were visualized with mouse
monoclonal anti-vacuolar ATPase (60 kD subunit) (1:100) (Molecular
Probes) and rhodamine-red-conjugated donkey anti-mouse IgG (1:200)
(Jackson Immuno Research, West Grove, PA, USA). Images were obtained
with a laser scanning confocal system (MRC-1024, Bio-Rad, Hercules, CA,
USA) as described (7). A single slice of a Z series is shown for each sample.

Immunoblot analysis
pNVJ1 was constructed by inserting the NVJ1 gene amplified with NVJup
(CGGGATCCGGAC ATTACGCTTGAGAA) and Nvjdown (CGGGATCCG ATGACTGCGTATCTATC) into the BamHI site of pRS415. pNVJ1-2XeGFP
(enhanced GFP) was constructed by in vivo recombination. The enhanced
GFP fragment was amplified with NvjGFPdown (AATTGTGAGCGGATAACAATTTCACACAGGAAACAG CTATGACCATGATCTAGAGTCGCGGCC)
and NVJ1cGFP (GCACAAGTG AACACTGAACAAGCATACTCTCAACCATT-
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Total cell extracts were prepared as described (7). Briefly, five OD600 units
of exponentially growing cells (OD600 ¼ 0.2–0.5) were lysed by vigorous
vortexing with 0.5 mm glass beads in 50 mL of sorbitol lysis buffer (0.3 M
sorbitol, 10 mM Tris, pH 7.5, 0.1 M NaCl, 1 mM MgCl2, 1.0 mM ethylenediaminetetraacetic acid and 1 Sigma protease inhibitor cocktail) for 2 min
at 48C. Extracts were mixed with 17 mL of 4 SDS loading buffer, heated at
808C for 10 min and then centrifuged at 20 800 g for 5 min. Ten to 30 mL
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was run on a 10% SDS-polyacrylamide gel. Proteins were transferred to
nitrocellulose membranes and subjected to immunoblot analysis for Vac8p,
Pgk1p or Ape1p.

Comparison of vacuole-membrane-associated
Vac17p and Vac8p levels
To compare relative levels of Vac17p and Vac8p, we constructed p6XHAVAC8 and p3XHA-VAC17, which support vacuole inheritance to 90 and
70%, respectively. Vacuoles were isolated from vac8D (p6XHA-VAC8) and
vac17D (p3XHA-VAC17), and the proteins were separated on a 5–10%
gradient SDS-PAGE. After immunoblotting, the relative intensity of the
HA epitope in each lane was measured using Scion Imageä software.
Figure 4 shows a representative blot. The doublet bands may result from
partial degradation or posttranslational modification. These bands were
absent in vacuoles without HA-tagged proteins. The relative intensities of
the doublet bands were measured (Figure 4), and the relative level of
[Vac8p]/[Vac17p] was calculated with the following formula:
½Vac8p
475ðintensity of Vac8pÞ
15 000 ng ðVac17pÞ
¼

½Vac17p
1156ðintensity of Vac17pÞ
10 ng ðVac8pÞ
3ðHA in Vac17pÞ
 300:

6ðHA in Vac8pÞ
Results presented are the average from three experiments. For each
experiment, bands of similar intensities were used to ensure that the
measured intensities were within the linear range of the enhanced
chemiluminescence reagent.

Acknowledgments
We thank Dr Phil James for the yeast two-hybrid strain PJ69-4A and the
two-hybrid libraries; Dr Benjamin Glick for the eGFP plasmid; Dr Roger
Tsien and Dr David Drubin for the mRFP plasmid. We are grateful to
Christopher Toret for advice on constructing the chromosomally integrated
VAC8-mRFP; Tom Monninger and Randy Nessler and the University of
Iowa Central Microscopy Research Facility for guidance in the use of the
confocal microscope. We thank members of the Weisman lab for helpful
discussions. This work was supported by a National Institutes of Health
grant, R01-GM50403 (to L. S. W.) and an American Heart Association
Predoctoral Fellowship 0410029Z (to Y. P.).

References
1. Ishikawa K, Catlett NL, Novak JL, Tang F, Nau JJ, Weisman LS.
Identification of an organelle-specific myosin V receptor. J Cell Biol
2003;160:887–897.
2. Tang F, Kauffman EJ, Novak JL, Nau JJ, Catlett NL, Weisman LS.
Regulated degradation of a class V myosin receptor directs movement
of the yeast vacuole. Nature 2003;422:87–92.
3. Scott SV, Nice DC III, Nau JJ, Weisman LS, Kamada Y, Keizer-Gunnink
I, Funakoshi T, Veenhuis M, Ohsumi Y, Klionsky DJ. Apg13p and Vac8p
are part of a complex of phosphoproteins that are required for
cytoplasm to vacuole targeting. J Biol Chem 2000;275:25840–25849.
4. Pan X, Roberts P, Chen Y, Kvam E, Shulga N, Huang K, Lemmon S,
Goldfarb DS. Nucleus-vacuole junctions in Saccharomyces cerevisiae
are formed through the direct interaction of Vac8p with Nvj1p. Mol Biol
Cell 2000;11:2445–2457.
5. Veit M, Laage R, Dietrich L, Wang L, Ungermann C. Vac8p release from
the SNARE complex and its palmitoylation are coupled and essential for
vacuole fusion. EMBO J 2001;20:3145–3155.
6. Wang YX, Kauffman EJ, Duex JE, Weisman LS. Fusion of docked
membranes requires the armadillo repeat protein Vac8p. J Biol Chem
2001;276:35133–35140.

1376

7. Wang YX, Catlett NL, Weisman LS. Vac8p, a vacuolar protein with
armadillo repeats, functions in both vacuole inheritance and protein
targeting from the cytoplasm to vacuole. J Cell Biol 1998;140:
1063–1074.
8. Pan X, Goldfarb DS. YEB3/VAC8 encodes a myristylated armadillo protein
of the Saccharomyces cerevisiae vacuolar membrane that functions in
vacuole fusion and inheritance. J Cell Sci 1998;111:2137–2147.
9. Fleckenstein D, Rohde M, Klionsky DJ, Rudiger M. Yel013p (Vac8p), an
armadillo repeat protein related to plakoglobin and importin alpha is associated with the yeast vacuole membrane. J Cell Sci 1998;111:3109–3118.
10. Coates JC. Armadillo repeat proteins: beyond the animal kingdom.
Trends Cell Biol 2003;13:463–471.
11. Huber AH, Nelson WJ, Weis WI. Three-dimensional structure of the
armadillo repeat region of beta-catenin. Cell 1997;90:871–882.
12. Peng Y, Tang F, Weisman LS. Palmitoylation plays a role in targeting
Vac8p to specific membrane subdomains. Traffic 2006; in press.
13. Zhurinsky J, Shtutman M, Ben-Ze’ev A. Plakoglobin and beta-catenin:
protein interactions, regulation and biological roles. J Cell Sci 2000;
113:3127–3139.
14. Graham TA, Weaver C, Mao F, Kimelman D, Xu W. Crystal structure of
a beta-catenin/Tcf complex. Cell 2000;103:885–896.
15. Huber AH, Weis WI. The structure of the beta-catenin/E-cadherin
complex and the molecular basis of diverse ligand recognition by
beta-catenin. Cell 2001;105:391–402.
16. Poy F, Lepourcelet M, Shivdasani RA, Eck MJ. Structure of a human
Tcf4-beta-catenin complex. Nat Struct Biol 2001;8:1053–1057.
17. Graham TA, Clements WK, Kimelman D, Xu W. The crystal structure of
the beta-catenin/ICAT complex reveals the inhibitory mechanism of
ICAT. Mol Cell 2002;10:563–571.
18. Xing Y, Clements WK, Kimelman D, Xu W. Crystal structure of a
beta-catenin/axin complex suggests a mechanism for the beta-catenin
destruction complex. Genes Dev 2003;17:2753–2764.
19. Xing Y, Clements WK, Le Trong I, Hinds TR, Stenkamp R, Kimelman D,
Xu W. Crystal structure of a beta-catenin/APC complex reveals a critical
role for APC phosphorylation in APC function. Mol Cell 2004;15:523–533.
20. Roberts P, Moshitch-Moshkovitz S, Kvam E, O’Toole E, Winey M,
Goldfarb DS. Piecemeal microautophagy of nucleus in Saccharomyces
cerevisiae. Mol Biol Cell 2003;14:129–141.
21. Reinke A, Anderson S, McCaffery JM, Yates J III, Aronova S, Chu S,
Fairclough S, Iverson C, Wedaman KP, Powers T. TOR complex 1
includes a novel component, Tco89p (YPL180w), and cooperates with
Ssd1p to maintain cellular integrity in Saccharomyces cerevisiae. J Biol
Chem 2004;279:14752–14762.
22. Krogan NJ, Baetz K, Keogh MC, Datta N, Sawa C, Kwok TC, Thompson
NJ, Davey MG, Pootoolal J, Hughes TR, Emili A, Buratowski S, Hieter
P, Greenblatt JF. Regulation of chromosome stability by the histone
H2A variant Htz1, the Swr1 chromatin remodeling complex, and the
histone acetyltransferase NuA4. Proc Natl Acad Sci U S A 2004;
101:13513–13518.
23. Huh WK, Falvo JV, Gerke LC, Carroll AS, Howson RW, Weissman JS,
O’Shea EK. Global analysis of protein localization in budding yeast.
Nature 2003;425:686–691.
24. Nelson B, Kurischko C, Horecka J, Mody M, Nair P, Pratt L, Zougman A,
McBroom LD, Hughes TR, Boone C, Luca FC. RAM: a conserved
signaling network that regulates Ace2p transcriptional activity and
polarized morphogenesis. Mol Biol Cell 2003;14:3782–3803.
25. James P, Halladay J, Craig EA. Genomic libraries and a host strain
designed for highly efficient two-hybrid selection in yeast. Genetics
1996;144:1425–1436.
26. Page N, Gerard-Vincent M, Menard P, Beaulieu M, Azuma M, Dijkgraaf
GJ, Li H, Marcoux J, Nguyen T, Dowse T, Sdicu AM, Bussey H. A
Saccharomyces cerevisiae genome-wide mutant screen for altered
sensitivity to K1 killer toxin. Genetics 2003;163:875–894.

Traffic 2006; 7: 1368–1377

Vac8p Coordinates Multiple Processes
27. Yano R, Oakes ML, Tabb MM, Nomura M. Yeast Srp1p has homology
to armadillo/plakoglobin/beta-catenin and participates in apparently
multiple nuclear functions including the maintenance of the nucleolar
structure. Proc Natl Acad Sci U S A 1994;91:6880–6884.
28. Wang L, Seeley ES, Wickner W, Merz AJ. Vacuole fusion at a ring of
vertex docking sites leaves membrane fragments within the organelle.
Cell 2002;108:357–369.
29. Ubersax JA, Woodbury EL, Quang PN, Paraz M, Blethrow JD, Shah K,
Shokat KM, Morgan DO. Targets of the cyclin-dependent kinase Cdk1.
Nature 2003;425:859–864.
30. Schmelzle T, Hall MN. TOR, a central controller of cell growth. Cell
2000;103:253–262.
31. Khalfan WA, Klionsky DJ. Molecular machinery required for autophagy
and the cytoplasm to vacuole targeting (Cvt) pathway in S. cerevisiae.
Curr Opin Cell Biol 2002;14:468–475.
32. Wedaman KP, Reinke A, Anderson S, Yates JIII, McCaffery JM, Powers
T. Tor kinases are in distinct membrane-associated protein complexes in
Saccharomyces cerevisiae. Mol Biol Cell 2003;14:1204–1220.
33. Shorter J, Warren G. Golgi architecture and inheritance. Annu Rev Cell
Dev Biol 2002;18:379–420.
34. Altan-Bonnet N, Sougrat R, Lippincott-Schwartz J. Molecular basis for
Golgi maintenance and biogenesis. Curr Opin Cell Biol 2004;16:364–372.
35. Weisman LS. Yeast vacuole inheritance and dynamics. Annu Rev
Genet 2003;37:435–460.
36. Lew D, Weiner T, Pringle JR. Cell cycle control in Saccharomyces
cerevisiae. In: Pringle JR, Broach JR, Jones EW, editors. The Molecular
and Cellular Biology of Yeast Saccharomyces. Plainview, NY: Cold
Spring Harbor Laboratory Press; 1997, pp. 607–695.
37. Gomes de Mesquita DS, ten Hoopen R, Woldringh CL. Vacuolar
segregation to the bud of Saccharomyces cerevisiae: an analysis of
morphology and timing in the cell cycle. J Gen Microbiol 1991;137:
2447–2454.
38. Weisman LS. Organelles on the move: insights from yeast vacuole
inheritance. Nat Rev Mol Cell Biol 2006;7:243–252.

Traffic 2006; 7: 1368–1377

39. Rossanese OW, Reinke CA, Bevis BJ, Hammond AT, Sears IB,
O’Connor J, Glick BS. A role for actin, Cdc1p, and Myo2p in the
inheritance of late Golgi elements in Saccharomyces cerevisiae. J Cell
Biol 2001;153:47–62.
40. Estrada P, Kim J, Coleman J, Walker L, Dunn B, Takizawa P, Novick P,
Ferro-Novick S. Myo4p and She3p are required for cortical ER inheritance in Saccharomyces cerevisiae. J Cell Biol 2003;163:1255–1266.
41. Hoepfner D, van den Berg M, Philippsen P, Tabak HF, Hettema EH. A role
for Vps1p, actin, and the Myo2p motor in peroxisome abundance and
inheritance in Saccharomyces cerevisiae. J Cell Biol 2001;155:979–990.
42. Tam YY, Fagarasanu A, Fagarasanu M, Rachubinski RA. Pex3p initiates
the formation of a preperoxisomal compartment from a subdomain of
the endoplasmic reticulum in Saccharomyces cerevisiae. J Biol Chem
2005;280:34933–34939.
43. Hoepfner D, Schildknegt D, Braakman I, Philippsen P, Tabak HF.
Contribution of the endoplasmic reticulum to peroxisome formation.
Cell 2005;122:85–95.
44. Kragt A, Voorn-Brouwer T, van den Berg M, Distel B. ER-directed
Pex3p routes to peroxisomes and restores peroxisome formation in
a Saccharomyces cerevisiae pex3u strain. J Biol Chem 2005;280:
34350–34357.
45. Pruyne D, Legesse-Miller A, Gao L, Dong Y, Bretscher A. Mechanisms
of polarized growth and organelle segregation in yeast. Annu Rev Cell
Dev Biol 2004;20:559–591.
46. Bonangelino CJ, Catlett NL, Weisman LS. Vac7p, a novel vacuolar
protein, is required for normal vacuole inheritance and morphology. Mol
Cell Biol 1997;17:6847–6858.
47. Campbell RE, Tour O, Palmer AE, Steinbach PA, Baird GS, Zacharias
DA, Tsien RY. A monomeric red fluorescent protein. Proc Natl Acad Sci
U S A 2002;99:7877–7882.
48. Longtine MS, McKenzie A III, Demarini DJ, Shah NG, Wach A, Brachat
A, Philippsen P, Pringle JR. Additional modules for versatile and
economical PCR-based gene deletion and modification in Saccharomyces cerevisiae. Yeast 1998;14:953–961.

1377

