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Vacuole Fusion at a Ring of Vertex Docking Sites
Leaves Membrane Fragments within the Organelle

trans (Ungermann et al., 1998b). trans-SNARE com-
plexes are essential for release of vacuolar Ca2! (Peters
and Mayer, 1998) but are then dispensable (Ungermann
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Dartmouth Medical School et al., 1998b, 1999b). Fusion requires a distinct cascade

of protein actions. Released vacuolar Ca2!activates cal-7200 Vail Building
Hanover, New Hampshire 03755 modulin (Peters and Mayer, 1998), which associates with

the V0 domain of the vacuolar ATPase and induces V0-V0
pairing in trans (Peters et al., 2001). Protein phosphatase
1 (Glc7p) triggers the last known stage of the fusionSummary
subreaction (Conradt et al., 1994; Mayer et al., 1996; Xu
et al., 1998; Peters et al., 1999).Three membrane microdomains can be identified on

docked vacuoles: “outside” membrane, not in contact Since vacuoles are 1–3 "m in diameter, their surfaces
are visible by light microscopy and amenable to analysiswith other vacuoles, “boundary” membrane that con-

tacts adjacent vacuoles, and “vertices,” where bound- of spatial dynamics during docking and fusion. We now
report that fusion does not occur at the “boundary”ary and outside membrane meet. In living cells and in

vitro, vacuole fusion occurs at vertices rather than membrane where docked vacuoles touch, but rather
at vertex rings around the disc of apposed boundaryfrom a central pore expanding radially. Vertex fusion

leaves boundary membrane within the fused organelle membrane. Proteins that are essential for docking and
fusion (Ypt7p, Vps33p, Vps39p, Vam3p, Vac8p, andand is an unexpected pathway for the formation of

intralumenal membranes. Proteins that regulate dock- Glc7p) are enriched at vertices. Vertex ring fusion leaves
boundary membrane in the lumen of the fused organelle.ing and fusion (Vac8p, the GTPase Ypt7p, its HOPS/

Vps-C effector complex, the t-SNARE Vam3p, and pro-
tein phosphatase 1) accumulate at these vertices dur-
ing docking. Their vertex enrichment requires cis- Results
SNARE complex disassembly and is thus part of the
normal fusion pathway. Many wild-type yeast have a few clustered vacuoles.

Fusion of these vacuoles is readily triggered by activa-
tion of the MAP kinase pathway (Bone et al., 1998; WangIntroduction
et al., 2001) by osmotic stress, caffeine, or heat. Time-
lapse confocal microscopy of living cells with vacuolesOrganelle docking and fusion is catalyzed by a conserved

set of chaperones (Sec18p/NSF, Sec17p/#-SNAP, and labeled by both FM4-64 and GFP-tagged Vph1p, an
integral membrane protein, reveals unexpected aspectsLMA1), integral membrane SNAREs which associate in

cis (on the same membrane) or in trans (on docked of the fusion pathway (Figures 1A–1C; see Supplemental
Movies 1–7, corresponding to these fusion events andorganelle membranes), GTPases (Novick and Zerial,

1997), and Ca2!-responsive proteins (Sudhof and Rizo, others, at http://www.cell.com/cgi/content/full/108/3/
357/DC1). Docked vacuoles have outside membrane,1996; Burgoyne and Morgan, 1998). Little is known of the

spatial relationships among these proteins, though proper which is not in contact with other vacuoles, boundary
membrane, which is apposed to a neighboring vacuole,spatial disposition may be essential for fusion.

We study organelle traffic through the homotypic fu- and vertices, where boundary membranes or boundary
and outside membranes meet.sion of yeast vacuoles (Wickner and Haas, 2000). This

reaction occurs in three steps. “Priming” prepares vacu- Vacuole fusion in vivo begins with separation of the
boundary membrane from the external membrane atoles for attachment, or “docking,” which leads to “fu-

sion” and the complete mixing of lumenal contents. vertex sites. This initial event of fusion can be monitored
in three ways. First, a drop in fluorescence intensity isPriming is initiated by the Sec18p ATPase (Mayer et

al., 1996), which disassembles cis-SNARE complexes observed at vertex sites (Figure 1A, arrowheads). Sec-
of Vam3p, Vam7p, Vti1p, Ykt6p, and Nyv1p (Nichols et ond, the boundary membrane becomes mobile (resem-
al., 1997; Ungermann et al., 1998a, 1999a) and releases bling a flag in the wind) adjacent to the region of lowered
Sec17p and the HOPS (homotypic fusion and vacuole fluorescence intensity. Third, the external membrane,
protein sorting)/Vps-Class C complex. HOPS includes which prior to fusion is sharply concave at the vertex
the Sec1p homolog Vps33p, the nucleotide exchange site, relaxes to a flat or convex shape as its attachment
factor Vps39p, and Vps11, 16, 18, and 41p (Price et al., to the boundary region is severed. Fusion terminates
2000b; Seals et al., 2000; Wurmser et al., 2000). After with release of the boundary membrane into the vacuole
release from the cis-SNARE complex, HOPS activates lumen, accompanied by an apparent increase in its
Ypt7p (Ungermann et al., 2000; Wurmser et al., 2000) Brownian motion and rounding of the external mem-
for the “tethering” stage of docking (Ungermann et al., brane. Boundary membrane that enters the lumen fre-
1998b). Tethering is essential for SNARE association in quently fragments or vesiculates (Figures 1A–1C, see

Supplemental Movies 1–7 at http://www.cell.com/cgi/
content/full/108/3/357/DC1). The interval between the1For contact and other information, please see http://www.dartmouth.

edu/!wickner initiation of fusion and its completion by release of the



Figure 1. Vertex Ring Fusion

(A–C) Vacuole fusion initiates and completes at vertex sites. Cells expressing Vph1-GFP were grown to mid-log phase at 30$C with shaking
in 10 ml YPD, 3 "M FM4-64 (Molecular Probes). Aliquots (250 "l) were sedimented, resuspended in 20 "l YPD, and applied to a flow cell
(Wang et al., 2001). YPD with 24.0 mM caffeine was then perfused until nonadherent cells were cleared. Arrowheads denote sites where fusion
is about to occur. Shown are frames from Supplemental Movies 1–3 at http://www.cell.com/cgi/content/full/108/3/357/DC1.
(D–E) Internal membranes arise from vacuole fusion in cells with defects in autophagy, CVT, or MVB transport. Cells were grown to mid-log
at 30$C (the fab1-%1 mutant and its parent were grown at 24$C) in YPD with 3 "M FM4-64. Aliquots (250 "l) were centrifuged and the pellets
were resuspended in 60 "l YPD or YPD ! 24.0 mM caffeine and incubated 5 min at 23$C. Caffeine-treated cells containing apposed vacuoles
were monitored for 30 s, and vacuole fusion and fusion-dependent internal-membrane formation frequencies were scored. Untreated control
cells were examined and frequency of vacuolar internal membranes was determined (prefusion).
(F) Fusion initiates at vertices in vitro. Standard fusion reactions (Experimental Procedures) were incubated (27$C, 60–90 min), mounted in
agarose with reaction fusion buffer, stained with FM 4-64, and subjected to time-lapse confocal microscopy. Arrowheads denote where fusion is
about to occur. The top and bottom show frames from Supplemental Movies 8 and 9 at http://www.cell.com/cgi/content/full/108/3/357/DC1.
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Figure 2. Authentic Docking

(A) Vacuole clustering is ATP-dependent and sensitive to Gdi1p. Purified vacuoles were used in a microscopic docking assay (Experimental
Procedures) in the presence or absence of ATP and Gdi1p (300 "g/ml). Reactions (30 "l; 20 min, 25$C) were stopped by chilling on ice.
Vacuoles were stained with FM4-64 (10 "M, 2 min, 0$C) and mixed with 150 "l of 0.8% low-melting agarose in PS buffer. Aliquots (15 "l) were
transferred to prechilled slides and placed under a cover slip. After 10 min at 4$C, 50–100 random fields were observed by fluorescence
microscopy in the rhodamine channel. A montage of representative clusters for each reaction are shown.
(B) The size of vacuole clusters reflects docking efficiency. Vacuole clusters were categorized as dimer, trimer, tetramer, or pentamer and
larger. Approximately 500 vacuoles were counted for each reaction, and the percentage of vacuole clusters in each category was determined.
(C) Docked vacuoles lack large pores. Confocal micrographs of calcein-labeled (green) and FM4-64-counterstained (red) vacuoles, incubated
with no inhibitor, excess Sec17p, or BAPTA.
(D) Reactions with a 1:10 ratio of calcein-labeled:unlabeled vacuoles and no inhibitor, excess Sec17p, or BAPTA were analyzed by confocal
microscopy and scored for labeling (calcein-positive) and adjacency (calcein-positive and adjacent to another positive vacuole). Bars show
means of three independent experiments with 95% confidence intervals.
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Figure 3. Vacuole Morphology

Cells with proteins tagged with GFP were
grown in SD medium at 30$C to OD600 & 1–2,
and then 1 ml of culture was centrifuged
(10,000 ' g, 2 min, 4$C), suspended in 1 ml
of PBS (pH 7.5), collected as above, and sus-
pended in 100 "l of SD medium. Cells were
observed by Nomarski optics (DIC; 50 ms ex-
posure) and by fluorescence microscopy in
the FITC channel (1 s exposure). Vacuoles
isolated from these strains were embedded
in 0.8% low-melt agarose.

boundary membrane into the fused vacuolar lumen var- Internal membrane formation was observed in 96%
of fusion events (Figure 1D) but was seen in only 5% ofies from (1 s (Figure 1A) to several seconds (Figure

1B). Quantitation of the fluorescence intensity along the docked vacuoles prior to fusion. Intralumenal mem-
branes within endocytic organelles also arise throughboundary, from one vertex to the other, as a function of

time (Figure 1B, right), shows a broadening of the profile invagination and scission of the limiting membrane
(Odorizzi et al., 1998), rather than as products of fusionof the fused vacuole membrane (Figure 1B, arrow 1)

as the boundary membrane separates at the opposite events. For this reason we asked whether internal mem-
branes would arise through fusion in mutants defectivevertex (arrow 2). Release at the opposite vertex occurs

thereafter (arrow 3). In cells with clusters of several for the autophagy (aut), cytosol-to-vacuole (cvt), and
multivesicular body (fab1) pathways. In each of thesedocked vacuoles, fusion often results in the formation

of a single vacuole containing a large fragment of intralu- mutant strains, mobile intralumenal membranes were
observed within the fused vacuoles (Figure 1D), andmenal membrane within a few seconds (Figure 1C).

These observations indicate that vertices are functional fusion occurred rapidly (Figure 1E). Thus, previously de-
scribed membrane-invagination pathways cannot ac-sites of fusion initiation and propagation and that organ-

elle-limiting membrane can be consumed through inter- count for the accumulation of lumenal membranes dur-
ing fusion.nalization rather than conserved during fusion.
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Studies of in vitro fusion of purified vacuoles (Wickner Table 1. Relative Abundance Levels of GFP-Tagged Proteins
on Vacuole Membranes and Their Enrichment at Interfacesand Haas, 2000) have established the stages of the reac-
of Docked Vacuolestion and identified responsible protein and lipid cata-

lysts. Fusion of purified vacuoles that had docked in Relative Enrichment at
vitro also originates at vertices and yields lumenal mem- GFP-Tagged Proteins Abundance Docking Site
branes (Figure 1F, see Supplemental Movies 8 and 9 at Vacuolar marker Pho8p N.D. )
http://www.cell.com/cgi/content/full/108/3/357/DC1). Vacuole inheritance Vac8p 150 !
Multiple fusion events can occur within seconds (Figure t-SNARE Vam3p 40 !

HOPS complex Vps39p 33.3 !1F, arrows), with kinetics that are comparable to those
Vps33p 20 !seen in vivo (Figures 1A–1E).

GTPase Ypt7p 400 !
Protein phosphatase I Glc7p 67 !

Docked Vacuole Clusters with GFP-Tagged Vacuolar ATPase Vph1p 200 )
Proteins Vma11p 50 )

Since fusion occurs at vertices of docked vacuoles, the
proteins that catalyze this reaction may be enriched at
vertex sites. To test this, we need authentic docking

ogy (Figure 3), and each fusion protein is evenly distrib-clusters and visible fluorescent tags on individual pro-
uted on the surface of isolated vacuoles. Glc7p is largelyteins. As reported (Mayer and Wickner, 1997), primed
cytosolic.vacuoles form large docked clusters well before fusion

The abundance of GFP-tagged proteins, expressed(Figure 2A). Formation of clusters of five or more vacu-
under their native promoters, was compared to that onoles (Figure 2B) requires ATP and is sensitive to Gdi1p,
wild-type vacuoles by immunoblot and was unalteredwhich extracts Ypt7p and blocks tethering/docking
(see Supplemental Figure S1A at http://www.cell.com/(Haas et al., 1995; Mayer and Wickner, 1997). To deter-
cgi/content/full/108/3/357/DC1). As each protein wasmine whether these docked vacuoles have detectable
tagged with the same GFP module, we could comparefusion pores, vacuoles were loaded with calcein, a poly-
their relative abundance on vacuole membranes by im-anionic fluorophore of 623 Da. Calcein-loaded vacuoles
munoblot (Table 1; see Supplemental Figure S1B). Thewere mixed with unlabeled vacuoles at a ratio of 1:10 and
relative abundance of these proteins ranges from Ypt7pcounterstained with FM4-64. Standard fusion incubation
(400 relative units) to Vam3p (40) and Vps33p (20).yields large vacuoles with lumenal calcein (Figure 2C).

We also examined the vacuole-targeting efficiency ofWe asked whether detectable pores form between vacu-
these proteins in wild-type cells or after fusion with GFPoles after they first associate (tethering) but before Ca2!-
(see Supplemental Figure S2 at http://www.cell.com/triggered fusion. Excess Sec17p blocks fusion at an
cgi/content/full/108/3/357/DC1), and we found that theearly stage. It allows priming but recaptures SNAREs
wild-type (see Supplemental Figure S2A) and GFP-into a cis-complex, blocking all steps after tethering
tagged (see Supplemental Figure S2B) proteins are tar-(Wang et al., 2000). BAPTA blocks a late Ca2!-dependant
geted to vacuoles with similar efficiencies. The function-step, downstream of trans-SNARE pairing (Peters and
ality of the GFP-tagged proteins was examined by theMayer, 1998; Ungermann et al., 1999b). The diameters
in vitro homotypic vacuole fusion assay. The loss ofof vacuoles incubated with excess Sec17p or BAPTA
function of any of these proteins blocks vacuole fusionremained similar to freshly isolated vacuoles (Figure 2C).
(Haas et al., 1995; Nichols et al., 1997; Ungermann andCalcein transfer between docked vacuoles would have
Wickner, 1998; Peters and Mayer, 1998; Ungermann etincreased both the number of labeled vacuoles and the
al., 1999a; Peters et al., 1999; Price et al., 2000a). Vacu-fraction that are adjacent to other labeled vacuoles (“ad-
oles with each of the GFP-tagged proteins have normaljacency” is the percentage of vacuoles which are both
fusion activity (see Supplemental Figure S3) and arecalcein-labeled and share boundary membrane with
thus functionally intact.other labeled vacuoles). Neither labeling nor adjacency

indices increased in the presence of BAPTA as com-
pared to samples with excess Sec17p (Figure 2D). Thus, Vertex Enrichment of Fusion Proteins

Our microscopic assay of docking, combined with GFP-though small or transient fusion pores may form during
docking, the transfer of small (623 Da) as well as large tagging, allows study of protein enrichment at docking

sites. In docked vacuole clusters, proteins may beaqueous probes (e.g., Pep4p in our standard assay) is not
a simple consequence of docking but occurs only at the evenly distributed over the vacuole surface or may be

enriched at outside edges, at the boundary midpointslast kinetically distinguishable stage of vacuole fusion.
Armed with the ability to generate authentic docking (the center of where the membranes of two docked

vacuoles are apposed), or at vertices, where outsideclusters in vitro, we then GFP tagged the vacuolar t-SNARE
(Vam3p), HOPS complex subunits (Vps39p, Vps33p), a edge meets border or where multiple boundary regions

meet (Figure 4A). Due to the geometry of docked vacu-small G protein (Ypt7p), protein phosphatase 1 (Glc7p),
V0 subunits Vma11p and Vph1p, and Vac8p, a protein oles, larger amounts of membrane are present at the

borders between docked vacuoles and at the verticesinvolved in vacuole inheritance and fusion (Pan and
Goldfarb, 1998; Wang et al., 2001; Veit et al., 2001). than at the outside edges of vacuole clusters. We there-

fore used ratiometric fluorescence microscopy to studyVacuolar alkaline phosphatase (Pho8p) provided a con-
trol, since it has no direct role in the fusion pathway. the enrichment of GFP-tagged proteins with respect to

the lipophilic styryl dye FM4-64, providing a quantitativeEach protein was expressed under its own promoter.
Each of these strains, expressing a GFP-tagged protein measure of local changes in GFP concentration per unit

membrane.in place of the wild-type, has normal vacuole morphol-
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Figure 4. Protein Distributions on Docked Vacuoles

(A) The membrane regions of docked vacuoles are outside, boundary, and vertices.
(B) The FM4-64 and GFP channel images of a docked cluster of Pho8p-GFP vacuoles, and their ratio after subtracting background (Experimental
Procedures).
(C–J) Vacuoles were either docked or clustered by cosedimentation without docking incubation, as indicated, and analyzed for the ratio of
GFP to FM4-64 fluorescence as described in Experimental Procedures.

Vacuoles bearing the various GFP-tagged proteins pared by sedimentation of unprimed vacuoles. Sedi-
mentation causes vacuole clustering, which cannot by-were primed and docked, stained, and observed by fluo-

rescence microscopy. To determine whether observed pass the normal Ypt7p-, HOPS-, and SNARE-dependent
mechanisms of the authentic fusion pathway.distributions of GFP-tagged proteins were specific to

authentic docking, control vacuole clusters were pre- To establish the utility of the ratiometric assay, we
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Figure 5. Morphometric Analysis of Protein Localization

(A) Mean ratios. Each bar shows mean ratio * 95% confidence intervals. Vacuoles were docked or cosedimented (spin). Morphological classes
are (V)ertex, (B)oundary midpoint, and (O)utside edge.
(B) Cumulative distribution plots show the range of values obtained for each location. The intersection of each data series with the 50th

percentile line indicates the median value. For each treatment, an average of 408 individual ratio measurements on 10–15 vacuole clusters
were obtained from at least two independent experiments. More than 700 individual ratio measurements are summarized in this figure.
(C) Cumulative distribution plots of data for individual clusters bearing Vps33-GFP. Each line connects measurements for a single cluster of
vacuoles. Solid lines show vertex measurements; dashed lines show outside edge measurements.

studied GFP-tagged Vac8p, known to be enriched at distributed homogenously on docked vacuoles (Figure
4B). In contrast, Vac8-GFP concentrates at vacuole-vacuole:vacuole junctions in vivo (Pan and Goldfarb,

1998), and Pho8p, a vacuolar membrane protein that vacuole junctions (Figure 4C) with the largest accumula-
tions of Vac8-GFP found in punctate structures at theis not required for membrane fusion. Pho8-GFP was
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vertices. Morphometric analysis (Figure 5) shows that or whether the vacuoles were docked or cosedimented
(Figure 5B, bottom). In contrast, the boundary midpointsthe enrichment is significant. Vac8p was not enriched at

vertices in cosedimented clusters (Figure 4C), indicating of docked vacuoles show some enrichment of Ypt7p,
Vps33p, and Vps39p (Figure 5B, middle). The most strik-that Vac8-GFP accumulation occurs during docking but

not as a nonspecific consequence of vacuole:vacuole ing quantitative enrichment is seen at the vertices of
docked vacuoles (Figure 5B, top) for Vac8p (red opencontact.

We next examined the localization of those proteins, circles), Glc7p (red filled circles), Ypt7p (red diamonds),
Vps33p (red triangles), Vps39p (red inverted triangles),which are established as participating directly in each

stage of the vacuole fusion reaction. GFP-tagged Ypt7p and Vam3p (red squares). Almost the entire range of
enrichment values of these proteins at the vertices of(Figure 4D), the vacuole Rab/Ypt GTPase, and two sub-

units of its HOPS effector complex, Vps33p and Vps39p docked vacuoles is significantly shifted from that seen
at outside edges (bottom) or at the vertices of vacuoles(Figures 4E and 4F), were strongly enriched at the vertices

of vacuoles, that were authentically docked but not at clustered by sedimentation (top, corresponding black
symbols). The enrichment of proteins such as Vps33pjunctions between vacuoles clustered by sedimentation.

Vam3p-GFP also accumulated at vertices of docked was not just seen at the vertices of a few docked vacuole
clusters. Rather, every cluster examined showed a com-vacuoles but not of vacuoles clustered by sedimentation

(Figure 4G). Protein phosphatase 1 (Glc7p) triggers the parable range of vertex enrichment values (Figure 5C,
solid lines), and these were well resolved from the valuesfusion of docked vacuoles and is the last known catalyst

in the vacuole fusion cascade. Glc7p-GFP localizes to at outside edges (dotted lines). The greater enrichment
at vertices of Vps33p and Vps39p relative to Ypt7p maythe vertices of docked vacuoles but is not enriched at

vertices when vacuoles are clustered by sedimentation reflect that Ypt7p has +10 times the molar abundance as
these HOPS subunits on vacuoles. Even if stoichiometric(Figure 4H). In contrast, the V0 subunits Vma11p and

Vph1p, tagged with GFP, are not detectably enriched complexes were to assemble at vertices between HOPS
and Ypt7p, the greater molar abundance of Ypt7p mightat boundaries or vertices of docked vacuoles (Figures

4I and 4J). Since Vph1p is a 100 kDa polypeptide, the account for its lower ratio of enrichment.
Two tests were performed to determine whether ver-vertex enrichment seen for other proteins does not arise

from an exclusion of bulky proteins from the boundary tex enrichment of proteins is part of the normal vacuole
fusion pathway. Excess Sec17p allows priming, but theregions. Taken together (Table 1), protein accumulation

at docking junction vertices is a regulated and selective SNAREs are recaptured into a cis-complex (Wang et
al., 2000). Vacuole tethering in the presence of excessprocess.

Localization data was subjected to morphometric Sec17p still requires Ypt7p; clusters of five or more vac-
uoles accounted for 60% of vacuoles in standard incu-analysis (Figure 5). In docked vacuoles, the enrichment

of Vac8, Ypt7p, Vps33p, Vps39p, Vam3p, and Glc7p bations and 67% in the presence of excess Sec17p, but
only 9% in the presence of both excess Sec17p andat the vertices (V) is highly significant (Figure 5A) and

different from the corresponding outside edge values added Gdi1p. However, tethered vacuole clusters that
are formed in the presence of excess Sec17p do not(p ( 0.005 for Glc7p, p ( 0.0001 for the others). Each

mean ratio of GFP-tagged protein to lipid is shown with show protein enrichment at contact domains (Figures
6A–6C). The block by excess Sec17p is overcome as cis-its 95% confidence interval. Enrichments are readily vis-

ualized with cumulative distribution plots (Figure 5B). In SNARE complexes are disassembled by excess Sec18p
(Wang et al., 2000), and vertex enrichment is restoredsuch plots, each of the ratio values is presented as a

data point; as a cohort, they form a curve. Curves are as well (Figures 6A–6C). Since this disassembly of cis-
SNARE complexes by Sec18p is essential for vertexshown for each GFP-labeled protein, each position

within the vacuole cluster (outside, boundary midpoint, protein enrichment, this enrichment lies on the authentic
fusion pathway.or vertex), and each means of vacuole clustering (dock-

ing or cosedimentation). The ratios are ordered and plot- The need for Ypt7p during a transient reaction seg-
ment, after priming and before trans-SNARE pairing,ted versus the percentile rank of the values. All of the

data cohorts for outside edges span a narrow range of provided a second test of whether vertex enrichment is
part of the normal docking pathway. Ypt7p is abundantratios, independent of which protein was GFP-tagged

Figure 6. Vertex Enrichment Is on the Pathway to Fusion

(A) Effects of Sec17/18 action on vertex enrichment. Vacuoles with GFP-Vps39p were used for in vitro docking. Excess Sec17p (100 ng/"l)
and excess Sec18p (80 ng/"l) were added at the beginning of the reaction where indicated. Ratiometric images of representative clusters
are shown.
(B and C) Quantitative analysis, as in Figure 4, of multiple vacuole clusters (+500 ratio measurements for each reaction) for outside edge,
boundary midpoint, and vertices.
(D–G) Stable vertex localization of Vps33p and Vam3p after Ypt7p extraction from docked vacuoles. Vacuoles (20 "g) from strains expressing
GFP-Vam3p, Vps33-GFP, and Ypt7-GFP were used for in vitro docking. After 20 min at 27$C, Gdi1p (100 "g/ml) and Gyp7p (30 "g/ml) were
added or, for controls, an equal volume of buffer (10 mM Pipes/KOH [pH 6.8], 200 mM sorbitol). After 30 min, 5 "g of vacuoles were analyzed
by fluorescence microscopy while the rest were collected by centrifugation (10,000 rpm, 5 min, microfuge, 4$C).
(D) Vacuole pellets were analyzed by immunoblot.
(E) Ratiometric images of representative clusters of Vps33-GFP and Vam3-GFP after Ypt7p extraction.
(F and G) Quantitative analysis, as in Figure 5, of multiple vacuole clusters (2,773 individual ratio measurements) for each of the three vacuole
preparations, with or without extraction of Ypt7p, for outside edge, boundary midpoint, and vertices.
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pearance of this released membrane within the lumen
of the fused organelle. In this regard, vertex fusion is
fundamentally distinct (Figure 7) from radial pore expan-
sion models of fusion. In the latter models, fusion that is
initiated at any point on the boundary membrane would
convert all the boundary membrane to outside mem-
brane. In contrast, boundary membrane becomes en-
trapped in the fused organelle by vertex ring fusion,
though the fate of entrapped membrane is unknown.
Intralumenal membrane may fuse back to the outside
membrane or may be degraded by hydrolytic enzymes
(Odorizzi et al., 1998). The generation of intralumenal mem-
brane during fusion might serve physiological functions
such as regulating the vacuole surface-to-volume ratio.

How general is vertex ring fusion? Intralumenal mem-
branes are present in autophagosomes, CVT vesicles,
multivesicular bodies, and major histocompatibility
class II loading compartments (de Duve and Wattiaux,
1966; Hirsch et al., 1968; Odorizzi et al., 1998; Denzer
et al., 2000). Most intralumenal membranes are thought
to be produced by the invagination and scission of lim-
iting membranes. However, an additional possibility,
that intralumenal membranes arise as products of mem-
brane fusion, was proposed more than 35 years ago
(Miller and Palade, 1964; de Duve and Wattiaux, 1966)
based on morphological observations. Our experiments
show that this mechanism operates in vivo. In experi-
ments using erythrocytes as a model for membrane fu-
sion, Chernomordik and Sowers (1991) observed strings
of fusion pores and “considerable internal vesicle mem-

Figure 7. Working Model brane fragments.” Finally, the rosettes of membrane-
intercalated particles seen at exocytic sites in parame-

(Table 1), enriched at the vertices of docked vacuoles cium (Olbricht et al., 1984) may be analogs of the vertex
(Figures 4 and 5), and essential to initiate docking (Figure protein complexes reported here. This idea is reinforced
2; Mayer and Wickner, 1997), yet is no longer needed by recent findings that NSF action is needed to establish
after docking is complete (Eitzen et al., 2000). We asked fusion site rosette formation (J. Cohen, personal com-
whether the HOPS subunit Vps33p and the t-SNARE munication), just as Sec17/18P action is required for
Vam3p would remain at the vertices of docked vacuoles vacuole vertex ring formation (Figures 6A–6C).
when Ypt7p was extracted by incubation with recombi- Rabs, SNAREs, and Rab effectors, which concentrate
nant Gyp7p, its GTPase activating protein, and Gdi1p. at the vertices, catalyze reactions, that lead to fusion of
This extraction is efficient and does not interfere with vacuoles and other organelles. However, we do not
subsequent fusion (Eitzen et al., 2000). Vacuoles bearing know the complete complement of proteins and lipids
GFP-tagged Ypt7p, Vps33p, or Vam3p were allowed that are enriched at vertex rings or the mechanism of
to dock, then incubated with buffer or with Gdi1p and the terminal, bilayer-mixing steps of the fusion reaction.
Gyp7p, reisolated, and assayed by immunoblot (Figure Additional proteins such as Rho GTPases (Eitzen et al.,
6D); 90%–93% of the Ypt7p was extracted, with more 2000) may be enriched at vertices and play crucial roles.
efficient extraction from the vertices than from the Though the vertex enrichment of selected proteins re-
boundary and edge regions (Figure 6G, red versus black quires Sec17/18p action and is thus on the normal fusion
diamonds; p ( 0.0001). Most of the Vps33p remained pathway, the mechanism of enrichment is unknown. It
vacuole bound (Figure 6D). Strikingly, the localization might entail trans-SNARE complex formation, trans-V0
and vertex enrichment of Vps33p and Vam3p were not complex formation, lipid microdomains, remodeling or-
significantly altered by extraction of Ypt7p from docked ganelle bound actin, or assembly of a proteinaceous
vacuoles (p + 0.8, p + 0.3, respectively; Figures 6E–6G). scaffold. It need not represent stoichiometric associa-
Though Ypt7p and HOPS cooperate to initiate docking, tions among the vertex-enriched components. Finally,
Ypt7p is not needed to maintain the vertex protein as- it is unclear how SNAREs, V0 domains, and other factors
sembly once formed. HOPS, a peripheral membrane cooperate to catalyze the actual bilayer mixing step. A
complex that binds Ypt7p (Price et al., 2000b), must deeper understanding of the relation between vertex
then associate with other components such as Vam3p, ring enrichment of selected proteins and vertex ring
which act downstream of Ypt7p. fusion will have to include identifying those components

which specifically either localize proteins to vertices or
Discussion catalyze fusion.

Our studies suggest a speculative model of vacuole
docking and fusion (Figure 7). Priming disassembles theVertex ring fusion has two spatial hallmarks, the release

of boundary membrane from the vertices and the ap- cis-SNARE complex (Ungermann et al., 1998a, 1999a)
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Vacuole Isolation and In Vitro Fusion Assayand allows HOPS (Seals et al., 2000) to associate with
Vacuoles were isolated (Haas et al., 1994) from GFP derivativeYpt7p, catalyzing nucleotide exchange to its GTP bound
strains. Standard reactions containing 3 "g each of vacuoles withstate (Wurmser et al., 2000) and promoting tethering
GFP-tagged protein and BJ3505 or DKY6281 vacuoles and reaction

(Figure 7A). Vps33p and Vps39p (HOPS), Ypt7p, Vam3p, buffer (10 mM Pipes/KOH [pH 6.8], 200 mM sorbitol, 120 mM KCl,
Vac8, and protein phosphatase 1 (Glc7p) accumulate at 0.5 mM MgCl2, 1 mM ATP, 7.5 "M pefablock SC, 7.5 ng/ml leupeptin,

3.75 "M o-phenanthroline, 37.5 ng/ml pepstatin A, 20 mM creatinethe vertices of docked vacuoles (Figure 7B). Our studies
phosphate, and 35 U/ml creatine kinase) were incubated (27$C, 90do not specify whether these proteins accumulate at
min). Alkaline phosphatase activity was measured (Haas et al., 1994).vertices concurrently or in a defined order. While the
One unit of alkaline phosphatase activity is 1 "mol of p-nitrophenolfactors responsible for localizing docking and fusion
released/min/"g vacuoles.

catalysts to vertices are unknown, the Cdc42p and
Rho1p GTPases, which act after Ypt7p during vacuole

In Vitro Microscopic Docking Assay
docking (Eitzen et al., 2000) and control spatial aspects The docking assay was according to Mayer and Wickner (1997) with
of fusion in other systems (Hall, 1998; Guo et al., 2001), minor modification. Reactions (30 "l) contained 5 "g of GFP-tagged

vacuoles, reaction buffer (10 mM Pipes/KOH [pH 6.8], 200 mM sorbi-are attractive candidates. Ypt7p might initiate vertex
tol, 40 mM KCl, 0.1 mM MgCl2, 0.3 mM ATP, 7.5 "M pefablock SC,clustering, as it has a central role in tethering (Unger-
7.5 ng/ml leupeptin, 3.75 "M o-phenanthroline, 37.5 ng/ml pepstatinmann et al., 1998b). However, Ypt7p is not needed to
A, 6 mM creatine phosphate, and 10 U/ml creatine kinase), and 500maintain docked vacuole structure or to keep either
"g/ml cytosol (Conradt et al., 1992). After incubation (27$C, 20 min),

HOPS or Vam3p at vertices once these structures are samples were chilled on ice, stained with 10 "M FM4-64 for 2 min,
established (Figures 6D–6G). HOPS, having associated and then mixed with 150 "l of 0.8% low-melt agarose in PS buffer

(10 mM Pipes/KOH [pH 6.8], 200 mM sorbitol). Aliquots (15 "l) werewith Ypt7p, then transfers to other vertex components,
immediately transferred to prechilled slides and cover slips. Afterpossibly via an affinity of its Vps33p (Sec1p-homolog)
10 min at 4$C, samples were observed by fluorescence microscopy.subunit for the Vam3p t-SNARE (Price et al., 2000b; Sato
Images were acquired of 50–100 random fields.et al., 2000; Dublova et al., 2001). The movement of large

complexes such as HOPS to the vertex (Figure 7B) may
GFP Fluorescence Microscopy and Image Processingpermit the membrane lipid bilayers to attain close appo-
Images were acquired with a Zeiss Axioplan 2 fluorescence micro-

sition, though large proteins such as Vph1p remain in scope equipped with a 100/1.4 NA Plan Apochromat objective,
the boundary domain. It is possible that the strain of AttoArc halogen light source, and Hammamatsu Orca 2 camera with

OpenLab software. The camera was operated at the normal gaincurvature, introduced into the bilayer at vertices, may
setting with 2 ' 2 pixel binning. FM4-64 fluorescence was alwayspromote lipid transition to a fusion state. Fusion around
significantly brighter than GFP fluorescence. To compensate, thea vertex ring (Figure 7C, middle and right) is triggered
FM4-64 channel was used to locate fields and focus and was photo-by protein phosphatase 1 (Conradt et al., 1994; Peters
graphed first. The filters used to observe GFP fluorescence mini-

et al., 2001). Completion of fusion at sites around the mized optical bleedthrough from FM4-64 emission (excitation band-
ring and merging of multiple adjacent fusion pores, or pass [nm] 450–490; 495 dicroic; emission bandpass 500–550;

Chroma Technologies, Brattleboro, Vermont). Nevertheless, detect-propagation of a fusion signal around a ring of sites,
able crosstalk was noted. For this reason the FM4-64 dye wascauses internalization of boundary membrane (Figure
photobleached for 30–60 s prior to GFP data acquisition. Image7D, right) and content mixing. In contrast, the classic
processing and quantitative analysis employed Image/J v1.21efusion model of the radial expansion of a single fusion
(http://rsb.info.nih.gov/ij/) running under Macintosh Runtime for

pore (Figures 7C and 7D, left) would not result in the Java v2.2.4 or MacOS X. Surface plots for ratio data were generated
internalization of boundary membrane. with NIH Image v1.62 (http://rsb.info.nih.gov/nih-image/). For ratio

images, 14-bit images stored in 16-bit TIFF format were cropped
to the region of interest (ROI), typically one cluster of vacuoles.

Experimental Procedures Background was defined as the local minimum value of the cropped
image and was subtracted. The local minimum value in cropped

S. cerevisiae strains used in this study were BJ 3505 (MAT# images was typically !2 rmsd below the modal pixel value of the
pep4::HIS3 prb1-1.6R HIS3 lys2-208 trp1-101 ura3-52 gal2 can), BJ nonvacuole area in the uncropped image. Other methods of back-
2168 (MAT# leu2-3,112 trp1-101 ura3-52 prb1-1122 pep4-3 pcr1- ground subtraction, such as subtraction of images of no-vacuole
407), DKY6281 (MAT# leu2-3 leu2-112 ura3-52 his3-200 trp1-901 samples, yielded similar results but suffered from significant vari-
lys2-801 suc2-9 pho8::TRP1), and SEY6210 (MAT# leu2-3 leu2-112 ability due to temporal instability of the light source. Background-
ura3-52 his3-200 trp1-901 lys2-801 suc2-9). D. Koshland generously corrected images were thresholded by setting pixels with low values
provided fab1-%1 and its isogenic FAB1 parent (Yamamoto et al., to zero, and were then converted to 32-bit (floating point) format to
1995); aut1%, aut3%, aut4%, cvt5%, and the isogenic parent BY4742 retain decimal precision without scaling of the data. Ratio images
were obtained from Research Genetics, Inc. The genotypes of were generated using the pixel math: log G ) log F & log R, where
strains expressing GFP-tagged proteins are summarized in Supple- G is the value of a GFP pixel, F is the value of the corresponding
mental Table S1 at http://www.cell.com/cgi/content/full/108/3/ FM4-64 pixel, and R is the ratio of these values. No attempt was
357/DC1, and the oligonucleotides used in their construction are made to compensate for the point-spread functions of the optics
listed in Supplemental Table S2; the GFP used was the “Superglow” (e.g., iterative deconvolution); thus, the calculated ratios represent
variant of Kahana and Silver (1998). For the C-terminal tagging of lower-bound indices of GFP accumulation at resolution-limited
Pho8p, Vac8p, Nyv1p, Vps33p, and Glc7p, the GFP module was sites. Relative ratios are depicted in the figures by normalizing the
fused in frame to the 3, end of the chromosomal copy of the gene visual contrast scales to a 5-fold range of ratio values on a logarith-
by homologous recombination (Longtine et al., 1998). For N-terminal mic scale. The resulting range-calibrated images were converted to
tagging of Vam3p, Vam6p, and Ypt7p, the chromosomal copy of 8-bit format for production of surface plots and layout.
each gene was first disrupted (Longtine et al., 1998). Integrating For morphometric analysis, images were background-subtracted,
vectors (Supplemental Table S3) containing the GFP module fused and then the measurement tool in Image/J was used to determine
in-frame to the 5, end of the gene (or, for Vam3, two tandem in- the GFP:lipid ratios between the maximum pixel values within manu-
frame GFP modules), flanked by its native promoter and part of ally placed circular 4–8 pixel diameter ROIs. This procedure com-
the downstream region, were transformed into the deletion strain. pensated for slight misalignments between GFP/FM4-64 image

pairs. Ratio measurements were pooled into three morphologicalIntegrants were confirmed by PCR.



Cell
368

classes: outside edge, boundary midpoint, and vertex (see Figure References
3A). Every vertex within a vacuole cluster was scored, and each
outside edge was scored at multiple locations to increase sampling Bone, N., Millar, J.B.A., Toda, T., and Armstrong, J. (1998). Regulated
density. For each treatment, images of 10–15 clusters obtained from vacuole fusion and fission in Schizosaccharomyces pombe: an os-
at least two independent experiments were scored. For each treat- motic response dependent on MAP kinases. Curr. Biol. 8, 135–144.
ment, ratios were measured at an average of 423 individual sites. Burgoyne, R.D., and Morgan, A. (1998). Calcium sensors in regulated
To facilitate comparisons between different treatments, all the ratio exocytosis. Cell Calcium 24, 367–376.
measurements for each treatment were normalized by dividing by

Chernomordik, L.V., and Sowers, A.E. (1991). Evidence that thethe mean outside edge ratios for that treatment (set to 1). A summary
spectrin network and a nonosmotic force control the fusion producttable comprising the 10–15 unweighted per-cluster means obtained
morphology in electrofused erythrocyte ghosts. Biophys. J. 60,for each combination of treatment and morphological class was
1026–1037.used for further statistical analysis. Treatment effects and differ-
Conradt, B., Shaw, J., Vida, T., Emr, S.D., and Wickner, W. (1992).ences between morphological classes were evaluated by ANOVA.
In vitro reactions of vacuole inheritance. J. Cell Biol. 119, 1469–1479.Nonparametric means comparisons yielded similar results. For tests

of significance, # was set to 0.05 prior to Dunn-Sidak correction Conradt, B., Haas, A., and Wickner, W. (1994). Determination of four
for multiple comparisons (Sokal and Rohlf, 1994). Statistics were biochemically distinct, sequential stages during vacuole inheritance
calculated using JMP IN v4.0.2 (SAS Institute). in vitro. J. Cell Biol. 126, 99–110.

Protein enrichments are likely to be substantially higher than our
de Duve, C., and Wattiaux, R. (1966). Functions of lysosomes. Annu.ratiometric estimates. Trade-offs between spatial resolution and
Rev. Physiol. 23, 435–492.signal-to-noise ratio limit the dynamic range obtainable at submi-
Denzer, K., Kleijmeer, M.J., Heijnen, H.F., Stoorvogel, W., and Geuze,cron spatial scales. Thus, our ratiometric data provide lower-bounds
H.J. (2000). Exosome: from internal vesicle of the multivesicularestimates of protein accumulation at resolution-limited sites. Light
body to intercellular signalling device. J. Cell Sci. 113, 3365–3374.microscopic studies of other fusion systems have yielded quantita-

tively similar results (Roberts et al., 1999; Lang et al., 2001). Dublova, I., Yamaguchi, T., Wang, Y., Sudhof, T., and Rizo, J. (2001).
Vam3p structure reveals conserved and divergent properties of syn-
taxins. Nat. Struct. Biol. 8, 258–264.Time-Lapse Microscopy
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vacuoles were identified, and FM 4-64, GFP, and Nomarski image Sequential action of two GTPases to promote vacuole docking and
sets were captured simultaneously on a BioRad MRC 1024 confocal fusion. EMBO J. 19, 6713–6720.
microscope with a Zeiss Plan Apochromat 100' 1.4 NA objective. Guo, W., Tamanoi, F., and Novick, P. (2001). Spatial regulation of
The confocal pinhole was set to relatively wide apertures to max- the exocyst complex by Rho1 GTPase. Nat. Cell Biol. 3, 353–360.
imize signal transmission and to increase depth of field. Image analy-

Haas, A. (1995). A quantitative assay to measure homotypic fusionsis was performed using NIH Image and Adobe Photoshop. The
in vitro. Methods Cell Sci. 17, 283–294.images in Figure 1 have been adjusted to compensate for photo-
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