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SNARE-mediated membrane fusion arrests at pore
expansion to regulate the volume of an organelle
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Abstract

Constitutive membrane fusion within eukaryotic cells is thought to
be controlled at its initial steps, membrane tethering and SNARE
complex assembly, and to rapidly proceed from there to full fusion.
Although theory predicts that fusion pore expansion faces a major
energy barrier and might hence be a rate-limiting and regulated
step, corresponding states with non-expanding pores are difficult to
assay and have remained elusive. Here, we show that vacuoles in
living yeast are connected by a metastable, non-expanding, nano-
scopic fusion pore. This is their default state, from which full fusion
is regulated. Molecular dynamics simulations suggest that SNAREs
and the SM protein-containing HOPS complex stabilize this pore
against re-closure. Expansion of the nanoscopic pore to full fusion
can thus be triggered by osmotic pressure gradients, providing a
simple mechanism to rapidly adapt organelle volume to increases in
its content. Metastable, nanoscopic fusion pores are then not only a
transient intermediate but can be a long-lived, physiologically rele-
vant and regulated state of SNARE-dependent membrane fusion.
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Introduction

Membrane fusion reactions in eukaryotic cells traverse a series of
intermediate steps. Docking is followed by outer membrane leaflet
fusion, establishing a hemifusion stalk, which can expand into a
larger hemifused zone, the hemifusion diaphragm. Fusion of the
inner leaflets leads to the formation and subsequent expansion of
the fusion pore, which allows content mixing. Trans-SNARE
complexes transmit force to the membranes, which drives fusion
reactions through these steps (Gao et al, 2012; Hernandez et al,
2012, 2014; Shi et al, 2012). Theory indicates that the expansion of
an existing fusion pore faces a major energy barrier, which may be

overcome through membrane tension (Chizmadzhev et al, 2000;
Kozlov et al, 2010; Long et al, 2012; Kozlov & Chernomordik, 2015;
Ryham et al, 2016). This suggests that expansion of fusion pores
might be rate-limiting, reversible, and give rise to a potentially long-
lived intermediate. In line with this, in vitro data show that the
number of trans-SNARE complexes around a fusion pore and
SNARE-associated proteins influences the diameter and dynamics of
that pore (Shi et al, 2012; Lai et al, 2013; Bao et al, 2018). Also
in vivo, exocytic fusion pores are highly dynamic and their proper-
ties depend on the expression level of exocytic SNAREs and
membrane tension in vivo (Bao et al, 2018; Shin et al, 2018).
Despite this dynamics, exocytic fusion pores usually remain rela-
tively short-lived (sub-second range) (Bao et al, 2018; Shin et al,
2018). Pore flickering for seconds could be observed during exocyto-
sis of very compact or colloidal content of secretory vesicles, which
can counteract the completion of fusion. In this special case, pore
opening requires actin-dependent force generation for active extru-
sion (Tse et al, 1993; Zimmerberg et al, 1994; Chen et al, 2008;
Tran et al, 2015; Rousso et al, 2016; Zhao et al, 2016), suggesting
that pore opening might be hindered through interactions between
the membrane and its contents.

Stable, long-lived intermediates arrested in hemifusion or at the
state of non-expanding fusion pores have remained elusive in living
cells. Particularly for all non-exocytic fusion events, in vivo fusion
intermediates are hence usually presumed to be short-lived. Visual-
ization of such intermediates in living cells is challenging, but it
might be favored in a situation in which pore expansion is governed
by limited membrane tension (Kozlov & Chernomordik, 2015). We
used yeast vacuoles to probe for such fusion intermediates in vivo.
The structure of the vacuolar compartment is dynamically
controlled by two antagonistic processes. On the one hand,
membrane fission reduces the total volume of the vacuolar compart-
ment by fragmenting it into multiple smaller vacuoles. On the other
hand, fusion can re-assemble these small vacuoles into a single
bigger structure. The equilibrium between both processes determi-
nes vacuole structure (Weisman, 2003; Peters et al, 2004; Baars
et al, 2007; Brett & Merz, 2008; Michaillat et al, 2012; Alpadi et al,
2013). Fusion is favored when vacuolar content increases, either by
accumulation of macromolecules, e.g., during autophagy, or through
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osmotic water influx in hypotonic media. Fragmentation is triggered
by lack of luminal content or hypertonic media (Bonangelino et al,
2002; Zieger & Mayer, 2012; Desfougeres et al, 2016a).

Homotypic fusion of yeast vacuoles in vitro could be dissected
into a series of well-characterized steps: Priming by Sec18/NSF
promotes SNARE activation through dissociation of cis-SNARE
complexes (Mayer et al, 1996; Ungermann et al, 1998). Tethering,
governed by coordinated action of the Rab-GTPase Ypt7 and the
HOPS complex, permits the formation of trans-SNARE complexes
(Mayer & Wickner, 1997; Price et al, 2000; Zick & Wickner, 2014;
Orr et al, 2015; Liirick et al, 2017). These, together with V, prote-
olipids, induce lipid mixing (Peters et al, 2001; Reese et al, 2005;
Strasser et al, 2011; Desfougeres et al, 2016b; Mattie et al, 2017).
Content mixing requires several trans-SNARE complexes
(D’Agostino et al, 2016) and their anchoring in the membrane
through peptidic transmembrane domains in helical continuity with
the SNARE domain (Pieren et al, 2015). Content mixing also requires
the association of trans-SNARE complexes with HOPS and its SM
protein subunit Vps33 in order to deform the hemifusion zone suffi-
ciently to facilitate fusion pore formation (Pieren et al, 2010; Zick &
Wickner, 2014; D’Agostino et al, 2017). The transition from hemifu-
sion to content mixing is rate-limiting for vacuole fusion in vitro
(Reese & Mayer, 2005), but it could not yet be resolved whether the
limiting step is fusion pore formation or pore expansion. It has also
remained unclear whether the transition from hemifusion to pore
formation or expansion is kinetically relevant in vivo and whether
the respective intermediates might be of physiological importance.
Since, in living cells, yeast vacuoles always appear as a cluster of
tethered vesicles, we explored whether these organelles are only
docked, or whether they are connected through hemifusion, non-
expanding or expanded fusion pores.

Results

When multiple vacuolar vesicles are present, as is the case in many
wild-type strains under conditions of logarithmic growth on stan-
dard rich media, these vacuoles are always tethered to each other.
Given that vacuoles are tethered over a large surface in living yeast
cells, we tested whether expanded fusion pores might be detectable.
We stained the vacuoles in living cells with FM4-64, a vital dye that

Figure 1. In vivo visualization of an expanding fusion pore.
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inserts into the outer leaflet of the plasma membrane. FM4-64 enters
the cells by endocytosis and finally accumulates in the vacuolar
membrane (Vida & Emr, 1995). Stained cells were analyzed by serial
confocal sectioning with a spinning disk microscope and 3D recon-
struction. Only ~1% of the cells showed a pore connecting two adja-
cent vacuoles (Fig 1A), and we never observed more than a single
pore in a contact zone.

Osmotic pressure controls vacuolar fusion pores

Membrane tension and osmotic pressure determine the Kkinetics
and the degree of fusion pore expansion (Cohen et al, 1980;
Chizmadzhev et al, 1999, 2000; Bretou et al, 2014; Tran et al, 2015;
Rousso et al, 2016). Based on this notion, we searched for mutants
that show pores in the contact zone with higher frequency. Cells
lacking the two main vacuolar Ca** importers, Pmcl and Vcx1, had
this property. pmclA vcx1A mutants show increased cytosolic Ca?*
concentration, which activates calcineurin, an important controller
of osmo-homeostasis that induces the expression of pumps extrud-
ing monovalent cations from the cells (Cyert & Philpott, 2013). This
can result in an osmotic imbalance between cytosol and vacuoles.
Only 35% of pmclA vexIA cells contain two or more vacuoles
(Fig 1B) and could be analyzed for pores in the contact zones. Strik-
ingly, 85% of these contact zones showed pores (Fig 1B and C),
which were identified by simultaneous exclusion of FM4-64 and of a
GFP-tagged transmembrane protein, the V-ATPase a subunit Vphl
(Fig 1D and E). We always found only a single pore, and it was
adjacent to the vertex of the contact zone, which accumulates many
fusion-relevant proteins and lipids (Wang et al, 2002, 2003; Fratti
et al, 2004; Karunakaran et al, 2012).

Simulation approaches suggested that fusion pores can open
through direct disruption of a fusion stalk, or at the rim of a hemi-
fusion diaphragm (Risselada et al, 2014). Since in vitro studies had
provided evidence for extended hemifusion diaphragms between
giant unilamellar vesicles (Nikolaus et al, 2010) as well as between
tethered vacuoles (Mattie et al, 2017), which were large enough to
be detectable by light microscopy, we tested the existence of these
structures in living yeast cells. Transmembrane proteins and
proteins bound to outer leaflet lipids should be excluded from a
hemifusion diaphragm, whereas the lipidic probe FM4-64 might
label the diaphragm (Fig 1D). We found Vph1-GFP and FM4-64 to

A z-stacks were acquired from FM4-64-labeled vacuoles in wild-type cells (BJ3505), using a spinning disk microscope (step size 200 nm). 3D reconstructions from these

stacks reveal a peripherally located fusion pore. Scale bar: 2 pm.

B Wild-type (BJ3505) and isogenic pmc14/vcx14 mutant cells were labeled with FM4-64. The number of vacuoles per cell was determined in three independent

experiments evaluating 200 cells each. Scale bar: 2 pm.

C Frequency of visible fusion pores. Cells were grown as in (B). The percentage of cells showing visible fusion pore was determined from z-stacks. Means and SD are

shown for 100 stained vacuoles from three independent experiments.

D Schematic view of Vph1-GFP and FM4-64 distribution over the vacuolar membranes in the presence of a nanoscopic fusion pore or of an extended hemifusion

diaphragm.

E Distribution of Vph1-GFP and FM4-64 in vacuole—vacuole contact sites. Vph1-GFP-expressing cells, labeled with FM4-64, were analyzed under a spinning disk
confocal microscope equipped with two cameras for the simultaneous acquisition of GFP and FM4-64 fluorescence signals. Separate channels are shown on the
right. The entire contact surface, but not the pore, is accessible to both probes. Scale bar: 2 um.

F  Expansion of a vacuolar fusion pore in real time. pmc14/vcx14 cells were labeled with FM4-64 and immobilized in a 50-ul flow chamber (Ibidi). The osmotic value of
the medium was changed by perfusion with water, using a pump with a flow of 30 pl/s. A frame was acquired every 2 s for a total period of the 30 s, using the laser

at minimal intensity.

Source data are available online for this figure.
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be distributed over the entire contact zone between two vacuoles
(Fig 1E). Similar observations were made with all the GFP-tagged
transmembrane proteins (not shown) as well as with proteins bind-
ing the outer vacuolar leaflet that we used below (see, e.g., PX-GFP
in Movie EV1). The only non-labeled areas that we found (mostly
in pmcld vexlA mutants) were also devoid of FM4-64 and we
hence consider those as expanded fusion pores. This suggests that,
in living cells, vacuoles do not form extended hemifusion
diaphragms and favors the notion that vacuolar fusion pores might
originate directly from a stalk, or from small hemifusion
diaphragms that would escape detection by the technique that we
applied.

When the cells were challenged by hypotonic media, their
vacuoles fused within 30 s. Time-lapse microscopy under minimal
illumination showed that fusion occurred through gradual expansion
of the single existing pore over the entire contact surface (Fig 1F).
Formation of lumenal vesicles or the excision of membrane disks,
which had been reported previously (Wang et al, 2002), was not
observed. We noticed, however, that this phenomenon was trig-
gered upon continuous exposure of the cells to intense illumination
from the microscope for 30 s, or upon heat-stressing the cells at
40°C. Both treatments strongly increased the frequency of lumenal,
FM4-64-stained membranes (Fig EV1; McNally et al, 2017), which
were mobile. When fusion was triggered by hypotonic media for
30 s at the normal growth temperature of 30°C, and only a single
snapshot was taken, lumenal fragments were not observed
(Fig EV1). The excision of membrane disks or lumenal vesicles
thus appears to be thermally nucleated. It may require a transition
to more inverted membrane phases (Risselada et al, 2014).

Tethered yeast vacuoles in living cells exchange lipid but
not content

We explored the possibility that also the tethered vacuoles of
wild-type cells, which only very rarely show microscopically visi-
ble pores in their contact sites, might be much more advanced in
the fusion pathway than we commonly presume and exist in a
partially fused state, such as a hemifusion intermediate or a nano-
scopic, non-expanding fusion pore. We labeled vacuoles with
FM4-64, which served as a lipidic tracer to evaluate continuity of
vacuolar membranes by fluorescence recovery after photobleach-
ing (FRAP).

We chose cells showing a vacuole that was in contact with neigh-
boring vacuoles, yet in a sufficiently peripheral position in the

Figure 2. In vivo assay for lipid and content mixing of vacuolar membranes.

A Vacuolar membranes of wild-type (BY4741), nyvl4 vam3A4, ypt7 A, or umal

6F190Y

Stable fusion pores in vivo ~ Massimo D'Agostino et al

cluster to allow selective photobleaching of the FM4-64 in its
membranes by a laser pulse. The FM4-64 signal could be completely
bleached but recovered within a few seconds after the laser pulse
(Fig 2A and B). Cells deleted for the vacuolar SNAREs Nyvl or
Vam3, or for the vacuolar Rab-GTPase Ypt7, which are deficient for
lipid and content mixing in vitro and carry numerous small vacuoles
in vivo, did not show any recovery. We also analyzed a strain carry-
ing a single amino acid substitution in a subunit of the proteolipid
cylinder of the V-ATPase (vmal16™°Y). I vitro, vmal6™%
vacuoles dock and form trans-SNARE complexes, but they are
impaired in lipid mixing (Strasser et al, 2011). Consistent with the
in vitro data, vacuoles in vma16"°°Y cells did not show fluorescence
recovery after photobleaching in vivo (Fig 2A). Transfer of FM4-64
between tethered wild-type vacuoles did not depend on the chemi-
cal nature of this compound, because similar transfer was observed
with other vacuolar lipid probes, such as the lipophilic dye MDY-64
or a GFP bound to the cytoplasmic leaflet of vacuoles through the
PI3P-binding PX or FYVE domains (Burd & Emr, 1998; Gillooly et al,
2000; Cheever et al, 2001; Fig EV2). Also, the transfer of these lipid
probes between vacuoles was suppressed in fusion-deficient
mutants (Fig EV2E for PX-GFP and see below for FYVE,-GFP).
Together, these observations suggest that transfer of lipid probes
between vacuoles does not occur through the cytosol and requires
the vacuolar fusion machinery.

Next, we measured the exchange of two soluble lumenal markers
in combination with lipid probes. We used FM4-64 in combination
with an ade2 mutant strain, which lacks the activity of phosphoribo-
sylaminoimidazole carboxylase, an enzyme necessary for de novo
synthesis of purines. ade2 mutant cells (in this case in the CRY1
strain) grow well on rich media, but they accumulate brightly fluo-
rescent adenine precursors (5-amino-1-(5-phospho-D-ribosyl)imida-
zole), which concentrate in the lumen of their vacuoles and provide
a convenient vacuolar fluid phase marker (Smirnov et al, 1967;
Weisman et al, 1987). Alternatively, we used cells (BJ3505) express-
ing the lipid probe PX-GFP, which binds to phosphatidylinositol-3-
phosphate (PI3P) in the vacuolar membrane (Cheever et al, 2001),
and stained them with CDCFDA (5(6)-carboxy-2’,7’-dichlorofluores-
cein diacetate), which is hydrolyzed by esterases in the vacuolar
lumen and hence accumulates there. Both approaches lead to
vacuoles with stained membranes and diffuse labeling of the aque-
ous lumen (Fig 2C). The dye combinations were chosen such that
the lumenal and membrane probes could be simultaneously
bleached by the same laser. After a laser pulse had bleached both
the lumenal and membrane markers, FM4-64 and PX-GFP signals in

cells were labeled with the vital dye FM4-64. A vacuole that was in a sufficiently

peripheral location to be selectively photobleached was exposed to a laser pulse (white arrows indicate the bleaching area). Recovery of fluorescence in this area

was assayed 10 s later by spinning disk confocal microscopy. Scale bar: 2 um.

B Kinetics of FM4-64 recovery in (A). Means and SD are shown for 20 vacuole clusters from three independent experiments.

C In vivo lipid and content mixing. Vacuoles in living yeast were labeled with the indicated lumenal (CDCFDA) and membrane (FM4-64 or PX-GFP) probes. Note that
CRY1 cells lack the ADE2 gene and hence naturally accumulate 5-amino-1-(5-phospho-D-ribosyl)imidazole as fluorescent fluid phase marker in the vacuolar lumen.
FRAP experiments were performed as in (A) (arrows indicate the bleaching area). (i) Non-bleached lumenal area. (ii) Bleached lumenal area. (iii) Bleached

membrane area. Scale bar: 2 um.

D, E Kinetics of fluorescence recovery after photobleaching of the probes in (C). Numbers denote the areas shown in (C): (i) Non-bleached lumenal area. (ii) Bleached
lumenal area. (iii) Bleached membrane area. Means and SD are shown for 20 vacuole clusters from three independent experiments.

Source data are available online for this figure.
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the membrane recovered within 3 s, whereas the lumenal probes
showed barely any recovery (Fig 2C-E). The small signal recovery
that is visible in the lumenal area most likely represents out-of-focus
fluorescence stemming from the recovering membrane probe that
fills the membrane above and below the imaging plane (this back-
ground is visible, for example, in Fig 2A, particularly for smaller
vacuoles). Recovery of the lumenal signal is also not limited by
restricted diffusion because, when we bleached only a smaller area
within a single, very large vacuole, recovery is instantaneous, i.e.,
too fast to be imaged by our microscopy setup, which has a switch-
time between bleaching and acquisition of around 50 ms. Thus,
vacuoles in living yeast cells efficiently exchange lipid markers but
not content markers.

Tethered vacuoles are connected by non-expanding fusion pores

This behavior could indicate either a state of hemifusion, in which
the outer leaflets mix but the inner leaflets remain separated, or the
presence of a nanoscopic fusion pore, through which both leaflets
are connected but which is small enough to restrain the passage of
fluorescent lumenal tracers. We tried to distinguish between these
possibilities by establishing lipid tracers that allow to selectively
probe the outer or inner membrane leaflet. FM4-64 inserts into the
outer leaflet of the plasma membrane and reaches vacuoles by endo-
cytosis (Vida & Emr, 1995), which suggests that it might decorate
the inner leaflets of vacuolar membranes. We tested this by placing
GFP domains either at the inner or outer surface of the vacuolar
membrane. This allows to assay fluorescence energy transfer
(FRET) from GFP to FM4-64 because FM4-64 has its excitation maxi-
mum exactly at the emission wavelength of GFP (Fig 3A). Since
FRET diminishes with the inverse 6th power of the distance between
donor and acceptor, much more efficient quenching of GFP is
expected if the GFP domain resides on the same leaflet as FM4-64.
In order to place GFP at the surface of either leaflet, we fused it to
the luminal C-terminus of the vacuolar transmembrane protein
Nyvl or to C-terminus of the vacuolar V-ATPase subunit Vphl,
which is placed at the cytosolic face of the membrane (Mazhab-
Jafari et al, 2016; Fig 3B). We compared the fluorescence intensity
of these two markers before and after FM4-64 labeling by FACS.
Labeling intensity with FM4-64 was similar for both strains (Fig 3C—
E). However, the fluorescence emission of the lumenal GFP (Nyvl-
GFP) was significantly diminished by the presence of FM4-64,
whereas GFP emission at the cytosolic leaflet (Vph1-GFP) was not

Figure 3. FRET-based localization of FM4-64 at the inner membrane leaflet.
A FM4-64 and GFP excitation/emission spectra.

Stable fusion pores in vivo ~ Massimo D'Agostino et al

reduced (Fig 3E). This suggests that FM4-64 is concentrated in the
lumenal leaflet of vacuoles.

The transfer of FM4-64 between two vacuoles might then occur
through continuity of the inner leaflets, or through the outer leaflets
if the probe can flip between the two leaflets (Fig 3F). We developed
a reporter that allows to stringently test the continuity of the inner
leaflets (Fig 4), based on the following prediction: If the organelles
are connected by a nanoscopic fusion pore in which both leaflets
are fused, transmembrane proteins might be able to pass between
these vacuoles, whereas hemifused membranes would not allow
this passage. Passage through the pore should only be possible
provided that the transmembrane domains (TMDs) carry no bulky
hydrophilic parts that are exposed to the lumen and might hinder
their diffusion through the small pore. As a basis for this reporter,
we used the TMD of the vacuolar protein Nyv1, because it does not
contain hydrophilic sequences at its lumenal, C-terminal end
(Fig 4A and B). A yeGFP domain was added to the cytosolic N-term-
inal end of this TMD. FRAP experiments showed that this reporter
(yeGFP-LT) passed freely between tethered vacuoles and behaved
similarly as FM4-64 (Fig 4C and G). An equivalent construct with
the TMD of an unrelated vacuolar protein, alkaline phosphatase
(GFP-TMD*'"), showed the same behavior (Fig EV3), suggesting
that the ability to pass between adjacent vacuoles was independent
of the chemical nature of the TMD.

In contrast to the TMDs carrying a cytoplasmic GFP, an analo-
gous fusion protein (LT-yeGFP), in which the yeGFP domain was
attached to the lumenal end of the TMD, did not pass (Fig 4D and
G), presumably because its lumenal end is too bulky to pass through
the pore. We also tested the effect of smaller lumenal extensions at
the C-terminus of this TMD by adding polar amino acids to yeGFP-
LT (Fig EV4A). Addition of a single serine (yeGFP-LT+S; Fig EV4B
and C) or of a serine/lysine dipeptide (yeGFP-LT+SK; Fig EV4D) did
not affect the passage through the pore. However, the addition of a
hexapeptide (yeGFP-LT+SKADSA; Fig EV4E) began to interfere with
the passage, although it did not block it quite as efficiently as the
addition of an entire GFP (compare Figs EVAF and 4G). The
hexapeptide has a molecular mass of 578 Da, which is in a similar
range as the soluble probes 5-(and-6)-carboxy-2’,7’-dichlorofluores-
cein (401 Da; this is the hydrolyzed, vacuolar product of CDCFDA)
and 5-amino-1-(5-phospho-D-ribosyl)imidazole (294 Da), which did
not pass between adjacent vacuoles either (Fig 2C). The passage of
FM4-64 remained unchanged for all variants. In cells that lacked the
vacuolar R-SNARE, neither yeGFP-LT nor GFP-TMD*"" or FM4-64

B FRET-based in vivo strategy to distinguish localization of FM4-64 in the inner or outer leaflets of vacuolar membranes. EGFP tags were added to the cytosolic C-

terminus of Vphl or to the lumenal C-terminus of Nyv1.

C Assay by microscopy. Half of two cultures of cells expressing Vph1-EGFP or Nyv1-EGFP were labeled with FM4-64, washed, and mixed with the other, non-labeled
half of the same culture. Cells were analyzed by spinning disk confocal microscopy. The intensities of GFP fluorescence were tracked along the dashed lines and

compared between neighboring FM4-64-labeled and unlabeled cells.

D FACS analysis. The strains from (C) were labeled as described, washed, and analyzed by FACS. Shown are side (SSC-A) and forward scatter (FSC-A), as well as the
fluorescence intensity distributions for FM4-64 and for GFP in the absence or presence of FM4-64.

E Comparison of the GFP mean fluorescence from FM4-64-stained cells and unstained cells (20,000 each).

F Possibilities for FM4-64 transfer between the inner leaflets of two tethered vacuoles. Flipping between the trans-leaflets of a hemifusion structure; reversible flipping
into the outer leaflet, establishing a minor pool that then transfers through the buffer or through the outer leaflet; or passage through a fusion pore.

Source data are available online for this figure.
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Figure 4. Protein-based assay for a nanoscopic fusion pore.

The EMBO Journal

A Synthetic reporter proteins carrying EGFP either at the lumenal or cytosolic end of the single-spanning transmembrane domain of Nyv1, which carries no

hydrophilic extensions at its lumenal C-terminus.
B The topology of these constructs in the vacuolar membrane is indicated.

C, D FRAP assays for fusion pores. The indicated cells expressing (C) yeGFP-LT or (D) LT-yeGFP were labeled with FM4-64 and subjected to FRAP experiments as in Fig 2.
Cells were imaged before and O (bleached) or 30 s after photobleaching (recovery). The bleached areas are indicated by an arrow.

E, F FRAP assays for fusion pores were performed as in (C, D), but with nyv14 cells. Scale bar: 2 um.

G The histogram reports the fraction of cells showing FRAP. Means and SD are shown from three independent experiments, with 100 cells analyzed in each.

Source data are available online for this figure.

passed between tethered vacuoles (Fig 4E-G), confirming that their
passage depends on the activity of the vacuolar fusion machinery.
These results support the notion that seemingly “tethered” vacuoles
are in fact connected by a nanoscopic fusion pore. Since this pore
does not permit passage of hydrophilic molecules or extensions of
around 300-500 Da, its radius may not exceed ~0.5 nm (see below,
Fig 8).

We also devised an assay for outer leaflet lipid mixing (Fig 5),
which is based on cytosolic expression of GFP fused to FYVE, or PX
domains. These domains bind phosphatidylinositol phosphate
(PI3P) in the cytosolic leaflet of vacuoles (Burd & Emr, 1998;
Gillooly et al, 2000; Cheever et al, 2001). Whereas FYVE,-GFP read-
ily diffused between tethered wild-type vacuoles after photobleach-
ing (Fig 5A), this transfer did not occur in strains carrying the
fusion-deficient allele ypt7™??N (Fig 5C). ypt7™**N produces an inac-
tive form of the vacuolar Rab-GTPase Ypt7, which mimics its GDP-
bound state (Wada et al, 1996). Also, a vmal6'™®Y allele did not
allow transfer of FYVE,-GFP in vivo (Fig 5D). This allele produces a
pump-active but fusion-deficient proteolipid of the V-ATPase V,
sector, which impairs lipid mixing but permits trans-SNARE pairing
in vitro (Strasser et al, 2011). Both controls suggest that FYVE,-GFP
transfers between vacuoles by diffusion of the lipid that it is
attached to, and not by diffusion through the cytosol. It can hence
serve to trace outer leaflet lipid mixing.

We used this assay to analyze a thermosensitive version of the
vacuolar Q,-SNARE Vam3 (vam3®). This allele codes for two
substitutions in the SNARE domain: 1203T and [235N. Both residues
are located within the hydrophobic layers (+3 and —6) that mediate
the coiled-coil SNARE interactions. vam3®/ cells show normal-sized
vacuoles, no significant defects in protein trafficking toward the
vacuoles at 25°C (Darsow et al, 1997), and normal levels of Vam3
(Fig EV5). vam3“ cells grown at 25°C showed passage of FYVE,-
GFP (Fig 5B), but not of FM4-64, suggesting that their outer leaflets
are fused but the inner leaflets are not fused. This finding also
argues against the possibility that FM4-64 transfer between wild-
type vacuoles (Fig 5A) occurs by flip-flop of the probe from the
inner into the outer leaflet, or by flip-flop directly between two inner
leaflets at a hemifusion site (Fig 3F). FM4-64 transfer can thus serve
as an in vivo assay for fusion between the inner leaflets of vacuoles.

Figure 5. Discrimination of inner and outer leaflet mixing.

Deletion of the vacuolar R-SNARE Nyvl or mutation of the SM
protein Vps33 prevented transfer of FM4-64 and FYVE,-GFP (Fig SE
and F). Thus, vacuolar SNAREs, Vps33, and active Ypt7 are required
to accumulate vacuoles in a steady state where both the outer and
inner leaflets mix yet a fusion pore does not expand.

Non-expanding fusion pores result from complete vacuole fission
followed by rapid re-fusion

Vacuole fission occurs during vacuole transmission into daughter
cells, when vacuoles in the mother cells pinch off smaller tubulo-
vesicular structures, which migrate into the daughter cell and fuse
there to establish the daughter cell vacuole. Vacuole fission can also
be induced by hypertonic media (Weisman, 2003). In both cases,
the vacuolar fragments remain associated with each other.

We asked whether vacuoles in these clusters constitutively
return to non-expanded fusion pores after a fission reaction, or
whether this transition is delayed and potentially regulated. Hyper-
tonic shock induces vacuole fragmentation within < 5 min, followed
by a slow coalescence of the fragments into larger vacuoles as the
cells adjust to the osmotic challenge (Bonangelino et al, 2002;
LaGrassa & Ungermann, 2005; Michaillat et al, 2012; Zieger &
Mayer, 2012; Michaillat & Mayer, 2013). This coalescence becomes
prominent after 60 min. We assayed FM4-64 transfer between
vacuoles at different time points after a hypertonic shock (Fig 6).
Already 15 min after the induction of vacuole fragmentation, i.e.,
long before the cells adapted to the osmotic conditions and recov-
ered normal-sized, large vacuoles, FM4-64 readily diffused between
vacuolar fragments in the clustered vacuolar vesicles (Fig 6A). Dye
transfer was even observed within the first 1-2 min after the hyper-
tonic shock, i.e., immediately after formation of the fragments. Also,
vacuolar fragments that are formed during vacuole transmission
into daughter cells showed FM4-64 transfer (Fig 6B). This could
mean that the vacuoles never undergo complete fission under these
conditions, or that the membranes separate completely but re-fuse
rapidly to establish non-expanding fusion pores. An argument in
favor of the latter hypothesis is provided by the observation that
vacuoles from nyviA mutants, which lack the vacuolar R-SNARE
Nyv1l and hence show slow fusion in vivo (Baars et al, 2007), did

A-F The indicated yeast strains were transformed with expression plasmids for FYVE,-GFP, and their vacuolar membranes were labeled with FM4-64. FRAP was
performed as in Fig 2, using a spinning disk microscope equipped with an emission beam splitter and two synchronized cameras, allowing to simultaneously
analyze FM4-64 and GFP fluorescence. The histograms show the kinetics of signal recovery for () wild-type (WT), (B) vam3, (C) ypt7™??", (D) uma16™°%, (E)
ups33718% and (F) nyvid cells. Scale bar: 2 um. Arrows indicate the bleaching area. Means and SD are shown for 20 stained vacuoles from three independent

experiments.

Source data are available online for this figure.

© 2018 The Authors
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Figure 6. Rapid re-establishment of membrane continuity after membrane fission.

A-D Wild-type (A, B) or nyv14 cells (C,D), which lack the vacuolar R-SNARE Nyv1, were labeled with FM4-64. Cells were immobilized on a chambered slide and
subjected to FRAP experiments as in Fig 2A. (C) Vacuole fission induced by hypertonic shift. FRAP experiments were performed before (0’) or 15 min after addition
of NaCl to 0.5 M. The fluorescence images show the vacuoles inside a single cell. (B, D) Cells in S-phase were selected, which grow a daughter cell and therefore
fission their vacuoles into a chain of tubulo-vesicular structures, part of which are transported into the daughter cell. FRAP experiment on vesicles in the
inheritance structure was performed. Arrows indicate the bleaching area, and dashed orange lines the cell cortex. Scale bar: 2 pm.

not transfer FM4-64 between osmotically induced vacuolar frag-
ments (Fig 6C), nor between the vacuolar fragments formed during
vacuole transmission (Fig 6D). Thus, a connection by non-
expanding fusion pores appears to represent the default state of
vacuoles in a living cell, which is immediately re-established after a
fission event. The cells must then control the full coalescence of
vacuoles at the level of fusion pore expansion, suggesting that this
terminal step of the fusion reaction might be regulated.

A single peripheral fusion zone connects vacuoles in vivo

In vitro, many proteins and lipids involved in vacuole fusion
concentrate in a vertex ring surrounding the contact zone between
vacuoles (Wang et al, 2002; Fratti et al, 2004; Karunakaran et al,
2012; Mattie et al, 2017; McNally et al, 2017). In order to explore
in vivo whether vacuoles are connected through a single fusion
zone, or by several dispersed ones, we followed the spatial
distribution of FM4-64 FRAP. We measured intensity profiles
along a line (Fig 7A and B; red line) parallel to the plane of the

© 2018 The Authors

vacuole-vacuole contact zone (green dashed line). During the first
100 ms following photobleaching of one of the two partners, FM4-
64 appeared first on one side and only later on the opposite side
of the bleached area (Fig 7C). This is consistent with an asymmet-
rical positioning of the pore relative to the center of the contact
zone, because in this case the distance that FM4-64 has to cover
before reaching the measuring line is different for both sides
(Fig 7B). Asymmetric recovery was observed in 20% of the cells
analyzed. In judging this number, it should be considered that a
pore can only give rise to asymmetric recovery in the microscopic
image if it is localized close to the vertex and close to the extreme
right or left side of the confocal cross-section of the contact zone,
but not if it is located at a vertex location significantly above or
below this cross-section or close to the center of the contact zone
(Fig 7D). Therefore, we must stipulate that even if 100% of the
contact zones carried a single pore close to the vertex, this could
result in a sufficiently lateral position within the confocal imaging
plane only along 20-30% of the vertex ring. The observed
frequency of around 20% of asymmetric recovery is close to this

The EMBO journal €99193|2018 11 of 22



Published online: August 17, 2018
The EMBO Journal

A FM4-64

C
Pre-bleaching Bleached

B
7>
@ I
S ]
| 2>

Recovery

Stable fusion pores in vivo ~ Massimo D'Agostino et al

— 50 ms

100 ms 3s

D

30 4

20 1

10 1

Figure 7. Asymmetric diffusion of FM4-64 through the fusion pore.

0
Cells with asymmetric
recovery of FM4-64 (%)

A Wild-type (BY4741) cells labeled with FM4-64 show extensive contact zones between vacuoles. Scale bar: 2 pm.
B Schematic view of FM4-64 diffusion through a small fusion pore located centrally (left panel) or laterally (right panel). The laterally positioned fusion pore leads to
diffusion paths of unequal length for fluorescence recovery on both sides of the bleached vacuole. The red line indicates the intersections with the membrane where

fluorescence recovery is measured.

C FRAP analysis of FM4-64-labeled wild-type cells was performed by acquiring pictures in continuous acquisition mode after bleaching, for a total period of 5 s. Three
representative frames after photobleaching are shown. The bars in the magnified parts of frames 2 and 3 illustrate the positions at which the recovery of FM4-64

fluorescence was quantified. Scale bar: 2 um.

D Quantification of recovery experiments in (C). A delay of > 50 ms between the appearance of the signal on both sides of the photobleached vacuole was considered
as asymmetric recovery. The histogram shows means and SD from three independent experiments evaluating 50 stained vacuoles each. A Schematic view of the
various possible positions of a fusion pore and its consequences for our ability to detect asymmetric FM4-64 recovery. The contact zone between the two vacuoles is
tilted by 90° in the middle panel, which gives four examples for the positioning of the pore (shown as a black dot). Asymmetric recovery could only be detected if the
pore is sufficiently far from the center of the contact zone and close to the optical plane that is imaged (the cases marked in red).

Source data are available online for this figure.

maximal value, which suggests that the peripheral localization of
the fusion site is a rather typical situation. This result also renders
the existence of multiple fusion sites, which are distributed along
the vertex ring (Wang et al, 2002), an unlikely scenario. Taken
together, our results suggest that under standard growth condi-
tions, the vacuoles in a living cell are connected by a nanoscopic
fusion pore that is placed close to the vertex of the contact zone.

12 of 22 The EMBO Journal €99193 | 2018

Simulation of the behavior of the nanoscopic fusion pore

To gain insight into the properties of the nanoscopic fusion pore, we
performed coarse-grained molecular dynamics simulations of a
fusion pore under tension-less conditions (no osmotic pressure).
The pore was modeled with three integrated trans-SNARE
complexes and a mimic of the vacuolar HOPS complex bound to

© 2018 The Authors
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one of them (D’Agostino et al, 2017). The obtained metastable
fusion pore has a radius of 1.5 nm (see Fig 8A). Owing to the stiff-
ness of the membrane, the pore features a circular cross-section,
despite the heterogeneous, asymmetric distribution of the proteins
surrounding it. Removal of HOPS and SNARE complexes does not
affect pore size (~1.5 nm radius in all cases), implying that the
structural characteristics of the tension-less metastable fusion pore,
such as the location of its free energy minimum, are mainly deter-
mined by membrane properties (black dotted line in Fig 8B). In
order to characterize the tension required to expand such an early
fusion pore, we calculated the line tension (see Materials and Meth-
ods), i.e., the force that the pore interface exerts against expansion,
as a function of pore size (see Fig 8B and Materials and Methods).
The early fusion pore features a gradual increase in line tension ()
up to aradius (r) of 3 nm, which then converges to a constant value
of ~24 pN, a number that is in agreement with estimations from
elastic continuum models (Ryham et al, 2013). The estimated line
tension of a fusion pore is thus about three times smaller than the
line tension of a regular hole in a flat membrane, being ~74 pN
within our model [~40 pN for POPC in atomistic simulations (West
et al, 2013)]. A value of 24 pN suggests that a critical membrane
tension (o. = A/r) of ~2 kgT/nm? or ~8 mN/m would facilitate
spontaneous (full) expansion of the fusion pore. This value corre-
sponds well to the membrane tension of 5-7 mN/m that activates
the mechanosensitive vacuolar TRP channel Yvcl (Zhou et al,
2003). Finally, we did not observe that the presence of three SNARE
complexes and the additional binding of a HOPS complex eases the
early expansion of the fusion pore (Fig 8B). This suggests that active
expansion of the pre-formed pore is either regulated through
osmotic pressure or through the forces exerted by a large multiple of
fusion constituents (a collective effect). A collective effect could be
a plausible scenario because fusion proteins accumulate in a vertex
ring around the vacuole-vacuole contact surface (Wang et al, 2002;
Fratti et al, 2004), i.e., close to the location of the expanding
fusion pore.

At tensions lower than os, expansion of the pore is energetically
unfavorable up to a free energy barrier—being the critical pore
radius (re~\/c)—beyond which expansion becomes spontaneous.
These estimations model a scenario where an isolated fusion pore
radially expands from a central location within the vacuole-vacuole
contact zone. However, the fusion pore formed between docked
vacuoles expands near the vertex ring of the circular contact zone.
Analogous to a pore formed near the rim of a hemifusion diaphragm
(a rim-pore) (Risselada et al, 2014), such an expansion is expected
to be energetically less costly and would require a lower tension.

Fusion pore closure is opposed by an increase in bending stress
(Ryham et al, 2013) and the unfavorable dehydration of lipid head
groups (hydration repulsion) (Smirnova et al, 2013). The resulting,
here-predicted minimal pore size (~1.5 nm) should in principle
allow free passage of small molecules, such as the fluorescent lume-
nal markers that we had used. Since those did, however, not pass
the pores between vacuoles, additional factors should constrain
pore size in vivo, such as (electrostatic) attractions within the pore
interior (Han & Jackson, 2005) or adhesive interactions within the
docked contact zone (Hickey & Wickner, 2010; Hernandez et al,
2012; Long et al, 2012; Bharat et al, 2014; Hishida et al, 2017). The
latter can originate from tethering factors and electrostatic interac-
tions between the apposed membrane leaflets (Hernandez et al,

© 2018 The Authors
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2012; Bharat et al, 2014; Hishida et al, 2017). In such a scenario,
pore expansion is additionally suppressed because it reduces the
amount of favorable contact area between the two adhering leaflets
(Long et al, 2012). Furthermore, the difference in chemical potential
between interacting cis-leaflets within the contact zone versus the
non-interacting trans-leaflets is necessarily compensated via a
lateral asymmetry in leaflet population and composition. To model
such a compensation, we placed 5% more lipids in the cis-leaflets
than in the trans-leaflets, while still allowing the membrane to freely
adapt its overall area (tension-less membrane conditions). Indeed,
such a leaflet asymmetry can facilitate sub-nanometer sized pores
(Fig 9A), especially when PE-lipids additionally line the interior of
the pore. The non-expanding nanoscopic fusion pore connecting
vacuoles may thus be explained by differences in leaflet population
(density) and composition as a consequence of vacuole-vacuole
docking.

If such factors actively suppress expansion of the pore, then they
may simultaneously enforce its transition back into a stalk structure
(hemifission). Such a scenario is illustrated in Fig 9B, where we
enforced hemifission by imposing lateral asymmetry (see Materials
and Methods). A closing pore actively pushes the SNAREs out of its
interior (Fig 9B). This movement should be hindered by the stiff-
ness and the length of the SNARE complex, as well as by its attach-
ment to HOPS, which is anchored in both membranes (Ho &
Stroupe, 2015; Liirick et al, 2017). It is therefore plausible that a
pore lined by multiple SNARE complexes displays a larger stability
against hemifission, in line with experimental observations (Shi
et al, 2012; Bao et al, 2018). Furthermore, the large volume of the
HOPS complex deforms the fusion site. The steric repulsion that
HOPS imposes on the fusion site reduces the effective curvature of
the interior of the pore (D’Agostino et al, 2017), which—in analogy
to the role of curvature in membrane fusion—stabilizes the pore by
opposing formation of a hemifission stalk (Kozlov et al, 2010).
Indeed, our 2-pus simulations (under conditions which strongly favor
hemifission) indicate that already the presence of a single SNARE
complex with HOPS reduces the probability of pore closure by up to
80% (Fig 9C).

Discussion

Our results suggest a nanoscopic fusion pore as an apparently long-
lived, metastable intermediate in the fusion between two organelles,
at which the transition to full fusion and the mixing of content can
be regulated according to the physiological status of the cells. Why
should the vacuoles in a living yeast cell not only be tethered, but
connected by small, metastable fusion pores that do not support
content mixing? The load of vacuoles with storage materials, with
lysosomal hydrolases and their products, varies greatly, depending
on the metabolic state of the cells. Vacuoles are also osmo-sensitive
and can trigger osmo-compensatory mechanisms through the
tension-sensitive TRP channel Yvcl (Zhou et al, 2003; Su et al,
2009). Yvcl releases calcium from vacuoles and activates multiple
mechanisms for osmotic adaptation and stress resistance (Cyert &
Philpott, 2013). As a second strategy, yeast cells respond to osmotic
challenges by fusing their vacuoles or fragmenting them into smaller
units. This re-adjusts the surface-to-volume ratio of the vacuoles
(Brett & Merz, 2008; Desfougéres et al, 2016a), probably to avoid an
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Figure 8. The tension-less fusion pore.

A A tension-less protein-lined metastable fusion pore formed between two mixed (3:2, PC:PE) model membranes (POPC head groups colored light brown, POPE head
groups colored orange). The radius of the pore is 1.5 nm. The yellow sphere mimics a steric perturbation on the fusion site imposed by HOPS binding to one of the
SNARE complexes. The upper panel shows a cross-section of this pore in side view. The lower panels show side views of cross-sections through this 1.5 nm pore,
which is at the free energy minimum, as well as of a 3 nm pore, which is at the threshold where the line tension converges to a constant value (see B). Notice that
the cross-sectional shape of the pore (shown in top views) remains largely spherical despite the heterogeneity of the fusion site. The top view show also a fluorescent
dye molecule (dichlorofluorescein, MW = 401 Da, in purple) to illustrate its scale relative to the 1.5 nm pore.

B Line tension of the fusion pore in pN as function of pore radius and the fusion proteins inserted into it. The black dotted line represents the position of the local
minimum. The initial expansion is relatively insensitive to the presence of fusion proteins. Each data point represents the average line tension measured over an
~600-ns equilibrium simulation. Error bars are based on block averaging over the obtained data set (the autocorrelation time is ~30 ns).
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Figure 9. The non-expanding fusion pore.

A Asymmetry in lateral leaflet composition and population enforces a fusion pore with a radius of 0.5 nm (POPC head groups colored light brown, POPE colored

orange). The panels show cross-sections, viewed from the side (left) or from the top (right).

Hemifission event in the presence of a single SNARE complex and in the absence of HOPS. Notice that the SNARE complex is actively expelled from the interior of the
pore and bent.

The graph shows the probability of hemifission after 2 us for 9 scenarios differing in lipid and protein content of the pore (10 simulations for each scenario). We only
vary the concentration of PE-lipids in the trans-leaflets and the presence of fusion constituents (lipids only: black circles, 1 SNARE complex: red squares, 1 SNARE

complex + HOPS: blue stars). The trans-leaflets are always comprised of 5% less lipids than the cis-leaflets. The presence of SNARE complexes and/or HOPS reduces
the frequency of hemifission with respect to a system consisting of lipids only.
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overload of these hydrolytic compartments, which might lead to
their lysis and presumably catastrophic consequences for the cells.
Insufficient loading, on the other hand, might eliminate vacuolar
membrane tension, which is a critical parameter for the functioning
of many channels and transporters (Hamill & Martinac, 2001;
Sukharev & Sachs, 2012).

Osmotic pressure and the resulting membrane tension also deter-
mine the kinetics and the degree of fusion pore expansion (Cohen
et al, 1980; Chizmadzhev et al, 1999, 2000; Bretou et al, 2014; Tran
et al, 2015; Rousso et al, 2016). It is striking that activation of
the mechanosensitive vacuolar channel Yvcl requires similar
membrane tension as fusion pore expansion. The transition of
vacuoles from a nanoscopic pore to full fusion might hence be trig-
gered in a range of membrane tension that is of apparent physiologi-
cal relevance for this organelle. We propose that this allows the
cells to maintain their vacuoles in a metastable equilibrium between
lumenal pressure and the energy barrier to fusion pore expansion,
which offers an extremely rapid way of adapting the organellar
ratio when increased organelle load and
membrane tension call for this. The dynamics and reversibility of
the metastable fusion pore could thus provide a novel, additional
mechanism allowing organelles to adjust the volume of their
membrane envelope to the amount of its content.

Our FM4-64 FRAP experiments suggest that a single fusion zone,
which is located close to the vertex of their contact area, connects
two vacuoles. This zone might in principle contain a single or multi-
ple fusion pores. Both scenarios are hard to discern by tension stimu-
lated growth since multiple pores will tend to minimize the total line
energy by growing one pore at the cost of all others (the contribution
of tension to the free energy is irrespective of pore area distribution
since it only depends on the total pore area). Moreover, the formation
of multiple nanoscopic fusion pores concentrated in a small area
should be disfavored because as soon as a first pore has formed it
offers a much more relaxing environment for trans-SNARE complexes
than the surrounding tethered membranes. SNARE complexes can re-
orient their transmembrane domains when they integrate into an
existing hemifusion structure or pore and should therefore accumu-
late there (Wu et al, 2017). Since the density of SNAREs on vacuoles
is low (around 10-100/um?) and only a small fraction of them (1
10%) are recovered in tetrameric SNARE complexes (Ungermann
et al, 1998; Collins et al, 2005; Zick et al, 2014), depletion of trans-
SNARE complexes from the zone around a nascent fusion pore might
suppress the formation of further pores in its vicinity.

We have previously observed that recruitment of large ligands to
SNAREs is necessary to induce full fusion of tethered vacuoles
in vivo (D’Agostino et al, 2017). Although SNAREs and their ligands
do not decrease the interfacial free energy of the pore (line tension),
our simulations now provide insights into some factors that contri-
bute to this effect. The steric repulsion imposed by the SNARE/HOPS
complex increases the likelihood of the “pore state” with respect to
the “stalk state”. Should several SNARE complexes act on a vacuole
fusion site cooperatively, which appears to be the case (D’Agostino
et al, 2016), this effect should become even more pronounced. We
cannot discern whether the observed nano-pores are truly metastable
or whether they reversibly switch back and forth between the two
states within the time-scale of the experiment. The ongoing forma-
tion of SNARE complexes may continuously pump energy into such
a process and allow more frequent re-opening even when the stalk

surface-to-volume
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state should be favored. The increased probability that fusion sites
are in the “pore state”, however, would enhance subsequent nucle-
ated pore expansion via thermal fluctuations or fluctuations in
membrane tension (Grafmiiller et al, 2009).

It should also be considered that SNARE complexes show a certain
stiffness and a tendency to align their TMDs (Stein et al, 2009; Zhang,
2017). Therefore, the immobilized (by squeezing between the
apposed membrane leaflets and association with tether proteins),
fully zippered SNARE complexes lining a fusion pore may become a
safeguard against re-closure of the pore, revealing a novel aspect that
can drive the fusion reaction forward. Here, a significant difference
might exist relative to the exceptionally small synaptic vesicles. Due
to their high curvature, a SNARE complex should have more freedom
to re-orient itself and escape from the pore. However, the numerous
proteins that associate with the neuronal SNARE complex (Rizo &
Stidhof, 2012), and which themselves interact with the membranes,
might continue to restrain the movement of the SNARE complex, at
least on the short time scales required to complete exocytosis.
Another important difference between the fusion of very small and
larger vesicles lies in the size of the contact zone. Whereas this zone
is very extensive between adhering vacuoles, synaptic vesicles make
rather point-like contacts and may lack a large adhesion zone around
the fusion site (Fernandez-Busnadiego et al, 2010; Imig et al, 2014).
Then, the barrier created by membrane adhesion could be much
lower for these small vesicles, favoring immediate transition from
pore opening to pore expansion.

Materials and Methods
Strains and culture conditions

All strains were grown either in YPD (Yeast extract Peptone
Dextrose) in the presence or absence of G418, or in SC (Synthetic
complete) dropout medium lacking a nutrient required to select for
an auxotrophic marker. Strains used in this study are listed in
Table 1. All experiments were performed on cells coming out of
cultures that had grown logarithmically overnight, harvested at an
ODg0o nm Of 1-2.

Genetic manipulations

Yeast transformations were carried out using the lithium acetate
method. Gene deletions and tagging were performed as previously
established (Janke et al 2004; Longtine et al 1998). Primers used are
listed in Table 2. yeGFP-LT- or LT-yeGFP-expressing plasmids were
generated by amplifying yeGFP sequence from the pKT209 vector.
Primers were designed to add the TMD (TTATTAACTTTCACTAT
TATACTATTTGTAAGTGCTGCTTTCATGTTTTTCTATCTGTGG) and
linker (AAGGTCAAAAATATTACG) of the vacuolar R-SNARE Nyv1
to the N- or C-terminus of yeGFP. PCR products were inserted into
the pRS416 vector by using EcoRI and HindlIII restriction enzymes.
yeGFP-LT+S-, +SK-, or +SKADSA-expressing plasmids were gener-
ated from yeGFP-LT by PCR amplification of the yeGFP-LT plasmid
with the respective primers listed in Table 2. GFP-TMDA"-expres-
sing plasmid was generated by introducing a STOP codon into the
GFP-ALP coding sequence, after the 60™ codon of the alkaline phos-
phatase gene PHOS, i.e., right at the lumenal end of the TMD
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Table 1. Yeast strains used in the work.
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Strain Genotype Reference

BJ3505 MATa pep4::HIS3 prbl-A 1.6R lys2-208 trpl-A 101 ura3-52 gal2 can Lab stock

DKY6281 MATo pho8::TRP1 leu2-3 leu2-112 lys2-801 suc2-A 9 trpl-A 901 ura3-52 Lab stock

BY4742 MATa his3-1 leu2-0 met15-0 ura3-0 Euroscarf

CRY1 MATa ade2-1oc can1-100 his3-11,15 leu2-3112 trp1-1 ura3-1 Lab stock

BJ nyvl1A BJ3505 Nyv1:natNT2 Lab stock

BJ nyv1A + FYVE,-GFP BJ3505 Nyv1:natNT2 + pUG36-FYVE,-GFP (URA) This study

BJ ypt7(T22N) BJ3505 Ypt7:Ypt7(T22N) Lab stock

BJ ypt7A BJ3505 Ypt7:natNT2 Lab stock

BY vmal6(F190Y) BY4741 Vmal6:natNT2 + pvmal6 Y (HIS3) Strasser et al, 2011, this study

BY vmal6(F190Y) + FYVE,-GFP

BY4741 Vmal6:natNT2 + pvmal6 ™°Y(HIS3) + pUG36-FYVE,-GFP (URA)

Strasser et al, 2011, this study

BJ PX-GFP BJ3505 + pUG36-PX-GFP (URA) This study
BJ FYVE,-GFP BJ3505 + pUG36-FYVE,-GFP (URA) This study
BY PX-GFP BY4741 + pUG36-PX-GFP (URA) This study
BY FYVE,-GFP BY4741 + pUG36-FYVE,-GFP (URA) This study
BJ Vph1-EGFP BJ3505 + pRS416-Vph1-EGFP (URA) Lab stock
BJ Nyv1-EGFP BJ3505 Nyv1:EGFP (URA) D'Agostino et al, 2016
BJ Vam3 REC BJ3505 Vam3::TRP + Vam3 wt (URA) Lab stock
BJ Vam3®' BJ3505 Vam3:TRP + Vam3™ (URA) Lab stock
DKY Vam3 REC DKY6281 Vam3:KanR + Vam3 wt (URA) Lab stock
DKY Vam3f DKY6281 Vam3: KanR + Vam3®f (URA) Lab stock
BJ) Vam3®' + FYVE,-GFP BJ3505 Vam3: KanR + Vam3®™' (TRP) + pUG36-FYVE,-GFP (URA) This study
BJ) pmcl/vex1A BJ3505 Pmcl:: KanR, Vcx1:natNT2 Lab stock
B) pmcl/vex1A + Vphl-EGFP BJ3505 Pmcl: KanR, Vex1:natNT2 + pRS416-Vph1-EGFP (URA) This study
BJ yeGFP-LT BJ3505 + pRS416-yeGFP-LT (URA) This study
BJ LT-yeGFP BJ3505 + pRS416-LT-yeGFP (URA) This study
BJ nyv1A + yeGFP-LT BJ3505 Nyv1:natNT2 + pRS416-yeGFP-LT (URA) This study
BJ nyv1A + LT-yeGFP BJ3505 Nyv1:natNT2 + pRS416-LT-yeGFP (URA) This study

BJ vps33(P184L)

BJ3505 Leu2: KanR; Vps33:natNT2 + pRS415-Vps33-P184L (LEU)

Pieren et al, 2010

BJ vps33(P184L) + FYVE,-GFP BJ3505 Leu2:KanR; Vps33:natNT2 + pRS415-Vps33-P184L (LEU) + pUG36-FYVE,-GFP (URA)  This study
BJ ypt7A + PX-GFP BJ3505 ypt7:natNT2 + pUG36-PX-GFP (URA) This study
BJ yEGFP-LT+S BJ3505 + pRS416-yEGFP-LT+S (URA) This study
BJ yEGFP-LT+SK BJ3505 + pRS416-yEGFP-LT+SK (URA) This study
BJ yEGFP-LT+SKADSA BJ3505 + pRS416-yEGFP-LT+SKADSA (URA) This study
BJ + GFP-TMDA" BJ3505 + pRS416-GFP-TMD"" (URA) This study
BJ nyv1A + GFP-TMDA" BJ3505 Nyv1:natNT2 + pRS416-GFP-TMD”"" (URA) This study

sequence. This stop codon was introduced by amplifying a pRS426
plasmid expressing a GFP-Pho8 fusion protein (Cowles et al, 1997)
with the primers GFP-TMDA™ (Table 2).

Cell immobilization and fragmentation assay

Concanavalin A from an aqueous 10 mg/ml stock solution was
diluted 10-fold with water. A drop of 35 ul was spotted onto
LabTek eight-well chambered cover slides (Z734853, Sigma-
Aldrich) and air-dried. Yeast cells were centrifuged at 2,000 x g for
3 min and resuspended in 25 pl of fresh medium. The cell

© 2018 The Authors

suspension was spotted on the coated slide and incubated for
5 min at room temperature. After two washing steps with 400 pl
of fresh medium, the cells were kept in 200 ul of medium for
imaging. An equal volume of medium containing 1 M NaCl was
added to induce vacuole fragmentation by a hypertonic shock,
yielding a final concentration of 0.5 M NaCl. Pictures were taken
with an UltraView Vox confocal spinning disk unit (PerkinElmer-
Cetus, Waltham, MA) connected to an inverted Zeiss microscope
(Carl Zeiss, Jena, Germany) equipped with a 100x oil immersion
lens with a numerical aperture of 1.41 and two Hamamatsu Flash
4.0V2 cameras.
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Name Sequence

yeGFP-LT Fw: 5'- CCGGAATTCATGTCTAAAGGTGAAGAATTATTCACTGGT-3
Rv: 5'-CCCAAGCTTTTACCACAGATAGAAAAACATGAAAGCAGCACTTACAAATAGTATAATAGTGAAAGTTAATAACGTAATATTTTTGACCTTACCACCACCACC
ACCACCTTTGTACAATTCATCCATACCATGGGTAATACC-3

LT-yeGFP Fw: 5'-CCGGAATTCATGAAGGTCAAAAATATTACGTTATTAACTTTCACTATTATACTATTTGTAAGTGCTGCTTTCATGTTTTTCTATCTGTGGGGTGGTGGTG
GTGGTGGTGGTGGTGGTATGTCTAAAGGTGAAGAATTATTCACTGGT-3
Rv: 5'-CCCAAGCTTTTATTTGTACAATTCATCCATACCATGGG-3

YEGFP-LT +S Fw: 5-CCGGAATTCATGTCTAAAGGTGAAGAATTATTCACTGGT-3

Rv: 5/-CCCAAGCTTTTAAGACCACAGATAGAAAAACATGAAAGC-3

YEGFP-LT +5K

Fw: 5'-CCGGAATTCATGTCTAAAGGTGAAGAATTATTCACTGGT-3'

Rv: 5-CCCAAGCTTTTACTTAGACCACAGATAGAAAAACATGAAAGC-3

YyEGFP-LT +SKADSA

Fw: 5'-CCGGAATTCATGTCTAAAGGTGAAGAATTATTCACTGGT-3'

Rv: 5'-CCCAAGCTTTTAAGCAGAATCAGCCTTAGACCACAGATAGAAAAACATGAAAGC-3

GFP-TMDA*

Fw: 5'-CATTTCCAAGCAGTTTTGCATTACGTTAAGCATCACACAAGAAGAAGAATGTC-3'

Rv: 5'-GACATTCTTCTTCTTGTGTGATGCTTAACGTAATGCAAAACTGCTTGGAAATG-3'

Table 3. Simulation systems.

Setup: Number (#) of POPC No. of POPE No. of Solvent Size (nm®) t (ns)
Line tension calculation (Fig 8B) 8,171 (60%) 5,450 (40%) 497,809 67 x 40 x 29 2
Asymmetric setups: # Lipids trans-versus cis-leaflet # POPE trans-versus cis-leaflet # Solvent Size (nm®) t (us)
40% PE (small pore, Fig 9A) 5,262:5,542 2,282:0 399,628 45 x 37 x 37 2
60% PE 5,262:5,542 3,282:0 399,628 45 x 37 x 37 2
80% PE (hemifission, Fig 9B) 5262:5542 4,282:0 399,628 45 x 37 x 37 2

FM4-64 staining

Cells were inoculated from a pre-culture in stationary phase and
grown overnight to logarithmic phase (ODgoo nm between 0.2 and
0.8). After dilution to ODgpo = 0.2 in 1 ml culture, 10 pM FM4-64
was added from a 10 mM stock in DMSO. Cells were incubated
(1 h), followed by three washing steps with medium without FM4-
64 (2 min, 3,000 x g) and a subsequent chase of 1-2 h in medium
without FM4-64. The length of the chase period was varied depend-
ing on the endocytotic activity of the strain. Cells for microscopy
were grown and stained at 30°C. The temperature was maintained
constant during visualization, using an environmental control
chamber and an objective heater.

FRAP analysis

FRAP experiments were performed with the photokinesis unit on the
Ultraview Vox confocal system as described previously (Coffman
et al, 2009; Laporte et al, 2011). The full-size non-constricting ring
was selected, and the middle slice from the z-stacks was used for
bleaching. After collecting 2 pre-bleaching images, a selected region
of interest (ROI) was bleached to < 80% of the original signal by
20 ms of a 546 or 488 nm laser pulse at maximal intensity. Post-
bleaching images were collected each second or in continuous acqui-
sition mode (> 1 frame/50 ms). After subtracting the background
signals (regions from the same field but without any fluorescent
signals) and correcting for photobleaching during image acquisition
(constitutive bleaching of fluorescence signal from unbleached cells
in the same field was measured in parallel and taken into account for
measuring fluorescence recovery after photobleaching). The signal
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intensity of the bleached area was normalized to the mean of its fluo-
rescence intensity before bleaching, which was set to 100%.

Vacuole isolation

BJ3505 and DKY6281 strains carrying tagged SNAREs were grown in
YPD (30°C, or 25°C for ts mutants; 225 rpm) to ODgop nm = 1 and
harvested (2 min, 4,600 x g). Vacuoles were isolated through
hydrolyzing yeast cell walls with lyticase, recombinantly expressed in
E. coli RSB805 (kindly provided by Dr. Randy Schekman, Berkeley)
and prepared from a periplasmic supernatant (Reese et al, 2005).
Harvested cells were resuspended in reduction buffer (30 mM Tris—Cl
pH 8.9, 10 mM DTT) and incubated for 5 min at 30 or 25°C. After
harvesting as described above, cells were resuspended in 15 ml diges-
tion buffer (600 mM sorbitol, 50 mM K-phosphate pH 7.5 in YP
medium with 0.2% glucose, and 0.1 mg/ml lyticase preparation),
incubated for 25 min at 30 or 25°C, and centrifuged (2 min, 3,250 x g,
JLA25.5 rotor). Spheroblasts were resuspended in 2 ml 15% Ficoll-400
in PS buffer (10 mM PIPES/KOH pH 6.8, 200 mM sorbitol) and 250 pl
DEAE dextran (0.4 mg/ml in PS buffer). After 2 min of incubation at
30°C, the cells were transferred to SW41 tubes and overlaid with steps
of 8%, 4%, and 0% Ficoll-400 in PS buffer. Cells were centrifuged for
90 min at 4°C and 153,900 x gin a SW41 rotor.

Vacuole fusion
DKY6281 and BJ3505 vacuoles were adjusted to a protein concentra-
tion of 0.5 mg/ml and incubated in a volume of 30 pl PS buffer

(10 mM PIPES/KOH pH 6.8, 200 mM sorbitol) with 125 mM KCl,
0.5 mM MnCl,, 1 mM DTT. Inhibitors were added before the fusion
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reaction was started through addition of the ATP-regenerating system
(0.25 mg/ml creatine kinase, 20 mM creatine phosphate, 500 uM
ATP, 500 pM MgCl,). After 60 min at 27°C, 25°C or on ice, 1 ml of PS
buffer was added, vacuoles were centrifuged (2 min, 20,000 x g, 4°C),
resuspended in 500 pl developing buffer (10 mM MgCl,, 0.2% Triton
X-100, 250 mM Tris-HCl pH 8.9, 1 mM p-nitrophenylphosphate), and
incubated for 5 min at 27°C. The reactions were stopped with 500 pl
1 M glycine pH 11.5, and the OD was measured at 405 nm.

Flow cytometry analysis

Cells were inoculated from a pre-culture in stationary phase and
grown overnight to logarithmic phase (ODgoo nm between 0.2 and
0.8). After dilution to ODgpp = 0.2 in 1 ml culture, cells were stained
with FM4-64. FM4-64-stained and non-stained cells were mixed in
order to have GFP* /FM4-64" and GFP* /FM4-64" cells in the same
tube for simultaneous measuring. Data were acquired with a FACS-
Canto flow cytometer (BD Biosciences) and analyzed using FlowJo
software (Tree Star).

3D reconstruction

Overnight cultures were diluted to ODgoo = 0.2 in 1 ml, stained for
FM4-64, and immobilized onto LabTek eight-well chambered cover
slides. The temperature was maintained constant (30°C) during
visualization, using an environmental control chamber and an
objective heater. Z-stacks were acquired using a piezo focus drive
(step size set to 200 nm). 3D reconstruction was performed by using
Bitplane IMARIS suite 6.3.1.

Statistics in biological experiments

Where data were averaged, the samples stem from independent
experiments with independent preparations of vacuoles or cells; that
is, they represent biological replicates. Significance of differences
has been evaluated through Student’s t-test. Differences are only
mentioned and interpreted as such if P < 0.005.

Molecular dynamics

Simulation model and settings

The molecular dynamics simulations were performed with the
GROMACS simulation package (Hess et al, 2008), version 4.5.7. We
used the MARTINI coarse-grained model (Marrink et al, 2007;
Monticelli et al, 2008) to simulate the lipids, amino acids, and
solvent. In all simulations, the system was coupled to a constant
temperature bath using the “V-rescale” algorithm with a relaxation
time of 1.0 ps. All simulations were performed at a temperature of
293 K. Periodic boundary conditions were applied to simulate bulk
behavior. The time step used in the simulation was 20 fs. The
dielectric constant in the simulations was ¢, = 15. The neighbor list
was updated every 10 simulation steps. The pressure was weakly
coupled to 1 bar (Berendsen pressure coupling) with a relaxation
time of 1.0 ps.

Modeling the vacuolar SNARE complex and HOPS

The vacuole SNARE complex was modeled using the MARTINI
model for proteins (Monticelli et al, 2008), which qualitatively
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captures the chemical nature of each individual amino acid and
includes the secondary structure. For NYV1, the modeled sequence
is “IGDATEDQIKDVIQIMNDNIDKFLERQERVSLLVDKTSQLNSSSNKF
RRKAVNIKEIMWW [QKVKN]ITLLTFTILFVSAAFMFFYLW”, for VAM3:
“TIIHQERSQQIGRIHTAVQEVNAIFHQLGSLVKEQGEQVTTIDENISHL
HDNMQNANKQLTRA[DQHQRDRNK]CGKVTLIIIIVVCMVVLLAVLS”,
for VTI1: “IDDDQRQQLLSNHAILQKSGDRLKDASRIANETEGIGSQIM
MDLRSQRETLENARQTLFQADSYVDKSIKTLKTMTR[RLVANK]FISYA
ITAVLILLILLVLFSKFK”, and for VAM7 “MQMVRDQEQELVALHRII
QAQRGLALEMNEELQTQNELLTALEDDVDNTGRRLQIANKKARHEF”.
Here, the brackets [] depict the defined linker regions. The
resolved, previously simulated structure of the neuronal SNARE
complex was used as a template structure for the vacuolar
SNARE complex. To this aim, we applied an external field, using
a self-modified version of Gromacs, to drive the structure of the
vacuole SNARE complex toward the known structure of the
neuronal SNARE complex based on the known alignment. All
residues are defined alpha-helical except for the defined SNARE
linkers. We modeled all of the three SNAREs as helixes in agree-
ment with the resolved post-fusion structure of the Neuronal
SNARE complex (Stein et al, 2009).

The “soluble” HOPS is modeled by a soft harmonic repulsive
potential, V(r) = Kioree(Ritops-1)? if T < Ryops else V(r) = 0, where V
(r) is the potential energy (Kiorce =50 kJ nm 2 mol ™', Ryops =
7 nm) as a function of r, i.e., the distance from the geometrical center
of “HOPS”. The “HOPS” potential only acts on the carbon tails and
glycerol groups of the lipids. Solvent can freely enter and pass
“HOPS” in order to conserve ongoing interactions between the
SNAREs. The geometrical center of HOPS is restrained in space via
harmonic position restrains (Kiree = 1,000 kJ nm™2 mol™Y). In
addition, fifteen backbone atoms of VAM3 (GLY218—ASP232) are
harmonically restrained to conserve the relative position of the
SNARE complex with respect to HOPS and to simulate a
torsional restraining effect of the binding pocket on the SNARE
complex.

Fluorescent dye molecule

The parameterization of the fluorescent dye 5-(and-6)-carboxy-2’,7’-
dichlorofluorescein (hydrolyzed form of 5-(and 6)-carboxy-2/,7'-
dichlorofluorescein diacetate) is based on a building block approach
used within the Martini coarse-grained model. Bond and angle
potentials were matched to distributions of the underlying atomistic
structure following the protocol found on the official Martini
website (http://cgmartini.nl). The initial atomistic structure was
obtained using the Automated force field Topology Builder (ATB)
(Malde et al, 2011). The atomistic simulations were performed using
the Gromacs simulation package 4.6.4 and the GROMOS 54A7 with
a 2-fs timestep, v-rescale thermostat, and Parrinello-Rahman baro-
stat (tau_t = 0.1, T =300, tau_P = 0.5, compressibility = 4.6e-5).
This coarse-grained parameterization is only meant to give a semi-
qualitative description of its molecular dimension relative to the
fusion pore.

Membrane simulation setups

The here-simulated systems were based on one of our previous
works (D’Agostino et al, 2017). For the line tension calculations,
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tension-less membrane conditions were ensured by cutting the peri-
odicity of the membranes along the x-dimension which allows free
adaption of membrane area, free lipid flip-flops via the created
membrane edges, and free flux of solvent toward the inter-
membrane space. The “asymmetric” membranes were periodically
coupled in xy-dimension since the leaflet compositions must be
conserved. In such a case, the xy-dimension was coupled to pres-
sure bath of 1 bar to ensure on overall tension-less membrane
conditions. Only one SNARE complex was present in these systems.
An overview of the here-simulated systems is presented in Table 3.

Calculation of line tension

The line tension is calculated by imposing a cylindrically shaped
soft harmonic repulsive potential V(r) on the carbon tails and glyc-
erol parts of the lipids. Notable, the center of the pore is a particle
(mass of 1,000 u), which experiences a resultant force Xf; only
because of the potential V(r). Here, V(r) = 0 if r — Ryore > 0 and V
(1) = % Kiorce Rpore -1)* otherwise (Kioree = 50 kJ nm ™ mol ™).
The “pore” particle is coupled to the equations of motion to allow
free translation of the (growing) pore with respect to the translation-
ally fixed HOPS-SNARE complex. The radial force, dV/dr, exerted
by the pore interface opposes the line tension A and conserves a
constant radius of the fusion pore. Since A is the projection of force
along the pore interface, A = 1/(2w) * (dV/dr), A can be obtained
from the ensemble average (dV/dr),, of the measured radial force.
For 7 < Rpore, the line tension cannot be defined. The measured
apparent line tension in this regime results from the translational
entropy of the (soft) pore particle which decreases when r
approaches r < Rpore and its kinetic energy (1 kgT).

Expanded View for this article is available online.
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