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Abstract 
 
Intracellular membrane fusion is catalyzed by SNAREs, Rab GTPases, SM proteins, tethers, 
Sec18/NSF and Sec17/SNAP.  Membrane fusion has been recons/tuted with purified vacuolar 
proteins and lipids to address 3 salient ques/ons: whether ATP hydrolysis by Sec18 affects its 
promo/on of fusion, whether fusion promo/on by Sec17 and Sec18 is only seen with mutant 
SNAREs or can also be seen with wild-type SNAREs, and whether Sec17 and Sec18 only promote 
fusion when they work together or whether they can each work separately. Fusion is driven by 
two engines, comple/on of SNARE zippering (which does not need Sec17/Sec18) and 
Sec17/Sec18-mediated fusion (needing SNAREs but not the energy from their complete 
zippering).  Sec17 is required to rescue fusion that is blocked by incomplete zippering, though 
op/mal rescue also needs the ATPase Sec18. ATP is an essen/al Sec18 ligand, but at limi/ng 
Sec17 levels Sec18 ATP hydrolysis also drives release of Sec17 without concomitant trans-SNARE 
complex disassembly.  At higher (physiological) Sec17 levels, or without ATP hydrolysis, fusion 
prevails over Sec17 release. S/ff 16:0, 18:1 fa>y acyl chain lipids provide an alterna/ve route to 
suppressing fusion, with en/rely wild-type SNAREs and without impediment to zippering. In this 
case, Sec17 and Sec18 restore comparable fusion with either ATP or a nonhydrolyzable analog. 
Fusion blocked by impaired zippering can be restored by concentrated Sec17 alone (but not by 
Sec18), while fusion inhibited by s/ff fa>y acyl chains is par/ally restored by Sec18 alone (but 
not by Sec17). With dis/nct fusion impediments, Sec18 and Sec17 have both shared roles and 
independent roles in promo/ng fusion. 
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Significance 
 
Sec17/SNAP and Sec18/NSF catalyze cis-SNARE complex disassembly through ATP hydrolysis, 
but also drive fusion itself without ATP hydrolysis. Fusion can be inhibited by either "s/ff" fa>y 
acyl chains while allowing full zippering of en/rely wild-type SNAREs or by incomplete SNARE 
zippering.  In either case, Sec17 and Sec18 restore full fusion, but with clear differences.  With 
defec/ve zippering, high levels of Sec17 can restore fusion without Sec18. With s/ff fa>y acyl 
chains, Sec18 alone can restore fusion but Sec17 alone will not.  In both cases, Sec17 and Sec18 
are more efficient together.  SNARE-dependent membrane fusion thus relies on two energy 
sources, complete SNARE zippering and interac/ons with Sec17 and Sec18.    
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Endocy/c and exocy/c vesicular trafficking are fundamental for cell growth, protein secre/on, 
neurotransmission, and microbial invasion.  Fusion between vesicles and their target organelle 
membrane needs Rab-family GTPases (Hutagalung and Novick, 2011), Rab-effector tethers 
(Baker and Hughson, 2015), SNARE proteins (Jahn and Scheller, 2006), SM (Sec1/Munc18)-
family catalysts of SNARE assembly (Baker et al., 2015; Orr et al., 2017; Jiao et al., 2018; Stepien 
et al., 2022), and the SNARE-associated chaperones Sec17/SNAP and the AAA family ATPase 
Sec18/NSF (Söllner et al., 1993).  Organelle iden/ty relies on selec/ve membrane targe/ng and 
fusion, itself reliant on the combinatorial match of Rab, SM, and SNARE proteins (Jun and 
Wickner, 2019).  SNAREs have cannonical SNARE domains of approximately 60 amino acyl 
residues with heptad-repeat apolar residues (Fasshauer et al., 1998; Su>on et al., 1998). SNARE 
domains are inherently random coil, but become alpha-helical as they zipper in an N- to C 
direc/on into a 4-helical coiled coils structure (Sorenson et al., 2006). SNARE domains are 
flanked by globular N-domains, C-terminal juxtamembrane regions, and (frequently) 
transmembrane anchors.  Each SNARE domain has a central conserved polar arginyl (R) or 
glutaminyl (Q) residue instead of an apolar residue.  SNAREs are in conserved R, Qa, Qb, and Qc 
families (Fasshauer et al., 1998), and assemble into RQaQbQc complexes, in cis (if anchored to 
the same membrane) or trans (if anchored to separate apposed membranes). SNARE assembly 
is controlled by selec/ve tethering by Rabs and tethers, then catalyzed by SM family protein 
associa/ons with the R- and Qa-SNAREs on tethered membranes (Baker et al., 2015).  SNARE 
zippering is driven by burying the heptad repeat apolar residues into the interior of the 4-helical 
coiled coils structure away from water (Tanford, 1980).  Complete zippering draws the 
membranes even closer, and is opposed by the spring-like energy from the resul/ng membrane 
bending. Other chaperones bind SNAREs besides SM proteins, such as Sec18/NSF and 
Sec17/SNAP (Söllner et al., 1993). SNAREs assemble with NSF and SNAP into a 20s complex of 
known structure (Zhao et al., 2015), and this structure can be envisioned between two 
membranes in trans (Figure 1). The four SNARE domains form a central 4-helical coiled coil, 
anchored in the two apposed membranes (Figure 1, red, green, blue, tan). A layer of several 
Sec17/SNAP molecules (yellow) surrounds the SNAREs, each with two leucines (LL) at its C-
terminal end to form the site of Sec18/NSF binding near the N-terminal ends of the SNARE 
domains. The N-domain of Sec17 is near the membrane surface, and a small apolar loop in this 
Sec17 N-domain is poised to directly engage the bilayer. As envisioned in cross-sec/on, (Figure 
1, bo>om), basic residues in the center of Sec17 bind ionically to acidic residues in the SNARE 
domains. The two edges of Sec17 which face other Sec17s surrounding the SNAREs are acidic on 
one side and basic on the other. The asssembled Sec17s which fully surround the SNAREs are 
posi/oned for pairwise ionic interac/ons along each Sec17 edge (Figure 1, bo>om, circled 
charges).  Each of these associa/ons confers stability on the 20s structure. 
 
We study membrane fusion with components from yeast vacuoles (lysosomes).  Vacuoles 
undergo fission to form smaller vacuoles and these fuse to form the large, visible organelle 
ooen seen at steady state.  Wada and colleagues screened for mutants with mul/ple small 
vacuoles, iden/fying 9 nonessen/al VAC genes which encode proteins that exclusively catalyze 
vacuole fusion (Wada et al., 1992). Other proteins of vacuole fusion which also catalyze fusion 
along the exocy/c pathway are essen/al for cell viability and therefore escaped the VAC screen.  
The VAC screen iden/fied two of the vacuolar SNAREs, the vacuolar Rab Ypt7 (simply termed 
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Rab hereaoer; Haas et al., 1995), and 6 large proteins which are subunits of a protein termed 
HOPS (homotypic fusion and vacuole protein sor/ng; Seals et al., 2000).  The vacuolar R-SNARE 
Nyv1, Qa-SNARE Vam3, Qb-SNARE V/1, and Qc-SNARE Vam7 (termed simply R, Qa, Qb, and Qc 
hereaoer) are on the membrane of each vacuole, but form trans-SNARE complexes between R 
on one membrane and Qa, Qb, and Qc on its apposed fusion partner (Fukuda et al., 2000).  Two 
HOPS subunits which are at the ends of the extended HOPS structure (Shvarev et al., 2022), 
Vps39 and Vps41, bind the Rab on each fusion partner to effect tethering (Bre> et al., 2008; 
Brocker et al., 2012).  The HOPS subunit Vps33 is the SM protein of this organelle and has 
binding grooves for the N-terminal regions of the R and Qa SNAREs (Baker et al., 2015). When 
HOPS is bound on one membrane to the Rab, R, and phospha/dylinositol-3-phosphate, it is 
ac/vated to bind the Q-SNAREs in trans and catalyze the assembly of their N-terminal regions 
with R (Song et al., 2021; Torng et al., 2020).  Zippering proceeds N to C, opposed by the energy 
needed for membrane distor/on. Sec17 is enriched on membranes by its assembly with Sec18 
into a 3 Sec17:Sec18 complex which binds lipid membranes by product of the lipid affini/es of 
the apolar loop of each Sec17 N-domain (Orr and Wickner, 2022).  The binding of this complex 
to SNAREs may displace HOPS (Collins et al., 2005; Schwartz et al., 2017).  The bound Sec17 
supports fusion in two ways, associa/ng with SNAREs to promote their zippering (Ma et al., 
2016; Song et al., 2021) and providing independent energy for lipid rearrangement through 
SNARE-proximal inser/on of its N-domain apolar loop into the bilayer (Song et al., 2021).  Our 
working model of the pre-fusion complex is shown in Figure 1, based on the pioneering 20s 
structure of Zhao et al. (2015). The R-SNARE (red) and the Qa (tan), Qb (blue), and Qc (green) 
SNAREs, anchored in apposed membranes, are surrounded by a shell of Sec17 (yellow). The 
apolar loop of the N-domain of each Sec17 is inserted into membranes, while two C-terminal 
leucyl residues bind hexameric Sec18.  In cross sec/on (Figure 1, bo>om), acidic SNARE domain 
residues are posi/oned to form ionic bonds with basic residues of Sec17.  Each Sec17 has a 
basic and an acidic "edge" which are adjacent in the assembled structure (Zhao et al., 2015).   
 
The only known func/on of ATP hydrolysis in membrane fusion is Sec18-driven disassembly of 
post-fusion cis-SNARE complexes (Söllner et al., 1993; Mayer et al., 1996; Ungermann et al., 
1998; Cipriano et al., 2013). Sec18 can disassemble trans-SNARE complexes as well, though this 
is inhibited by HOPS (Xu et al., 2010). Sec18 also promotes Sec17/Sec18-mediated fusion 
without needing ATP hydrolysis (Zick et al., 2015; Song et al., 2017; Song et al., 2021). We now 
address three ques/ons: whether ATP hydrolysis by Sec18 can affect its role in promo/ng 
fusion, whether fusion promo/on by Sec17 and Sec18 is only seen with mutant SNAREs or is 
seen with wild-type SNAREs as well, and whether Sec17 and Sec18 can only promote fusion 
when they work together or whether they can each work separately. We find that ATP 
hydrolysis inhibits Sec17/Sec18-mediated fusion at limi/ng Sec17 levels but not at 
physiologically higher Sec17 levels.  With limi/ng Sec17, either 1 mM ADP or ATPgS support 
Sec17/Sec18-mediated fusion much be>er than ATP. Surprisingly, fusion inhibi/on from ATP 
hyrolysis is not from SNARE complex disassembly, measured by the associa/on of R and Qa in 
trans, but is accompanied by Sec18 ATP hydrolysis-driven release of Sec17 from trans-SNARE 
complexes. Incompletely zippered SNAREs may have fewer sites of SNARE:Sec17 associa/on, 
allowing facile Sec17 displacement when Sec18 hydrolyzes ATP but not transmisng sufficient 
force to the SNAREs for their disassembly.  Higher levels of Sec17, complete zippering, or 
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limi/ng ATP levels bypass this sensi/vity to Sec18 ATP hydrolysis. Even with en/rely wild-type 
SNAREs, fusion can also be limited by a s/ff membrane fa>y acyl phase, rich in palmitoyl and 
oleoyl fa>y acyl chains, and this fusion is also restored by Sec17 and Sec18.  This restora/on is 
supported equally by ATP or its nonhydrolyzable analogs. Sec17 alone (but not Sec18) can 
par/ally restore fusion that was impaired by defec/ve zippering, while Sec18 alone (but not 
Sec17) s/mulates fusion which is limited by s/ff fa>y acyl chains.  In either case, and even with 
wild-type SNAREs and fluid lipid membranes, op/mal fusion requires both Sec17 and Sec18.  
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Results 
 
Proteoliposomes were prepared with fluid vacuolar mixed lipids including di-18:2 PC, PE, PA, 
and PS as well as ergosterol, PI, DAG, and PI3P.  Proteoliposomes with either Rab, R, and 
entrapped bio/n-phycoerythrin or with Rab, Qa, Qb, and entrapped Cy5-streptavidin were 
prepared by detergent dialysis from mixed micellar solu/ons.  For each, the Rab was at a 1:8000 
molar ra/o to lipids and the SNAREs were at a physiological (Zick et al., 2014) 1:32,000 molar 
ra/o to lipids.  In mixtures of these proteoliposomes, the two entrapped fluorphores are kept 
apart by at least the thickness of two lipid bilayers, too far for fluorescent resonance energy 
transfer (FRET). Fusion incuba/ons contained HOPS, the Qc SNARE (which is not membrane 
anchored), and (where indicated) Sec17, Sec18, and adenine nucleo/de. Fusion mixes the 
proteoliposomal lumenal contents.  Upon mixing, the binding of bio/n to streptavidin brings 
their a>ached Cy5 and phycoerythrin fluorophores into in/mate proximity, crea/ng a strong 
FRET signal which is monitored as a measure of fusion (Zucchi and Zick, 2011). All incuba/ons 
had a large molar excess of nonfluorescent streptavidin to complex with any released bio/n-
phycoerythrin, preven/ng FRET due to lysis.  With this assay, we measured the effect of 
hydrolyzable and nonhydrolyzable adenine nucleo/des on fusion driven by two means, SNARE 
zippering (without energe/c contribu/on from Sec18 and the Sec17 apolar loops) and 
Sec18/Sec17 (without energy from zippering). 
 
With HOPS and full-length Qc, op/mal fusion needs both Sec17 and Sec18 but does not require 
ATP hydrolysis, as it is supported by ATPgS (Figure 2A, filled squares vs open circles; Fig 2B, ini/al 
rates, bar 1 vs 4). When apolar residues of the Sec17 N-domain apolar loop are changed to 
polar serine (Sec17F22SM23S, termed Sec17FSMS), s/mula/on is largely lost (Figure 2B, bar 2 
vs 4 and 6). The apolarity of the Sec17 N-domain loop is needed both for the interdependent 
delivery of Sec17 and Sec18 to membranes (Orr and Wickner, 2022) and for fusion s/mula/on 
once they are at the membrane (Song et al., 2024). Sec17 can promote SNARE zippering (Ma et 
al., 2016; Song et al., 2021) and induce fusion without energy from comple/on of zippering 
(Song et al., 2021).   
 
Adenine nucleo6des and fusion without energy from zippering. Qc3D, the dele/on of the C-
terminal third of the Qc-SNARE domain, blocks zippering-driven fusion but allows fusion driven 
by Sec17 and Sec18 (Song et al., 2021). High levels of Sec17 (1 µM) are needed to support this 
fusion without Sec18 (Figure 3A, open diamonds and triangles and 3E, black bars 13, 17). Sec18 
and ATP s/mulate fusion at 0.3 µM Sec17 or 1 µM Sec17 (Figure 3B; Figure 3E, blue bars 14 and 
18). ADP (Figure 3C; Figure 3E, purple bars 4, 7, 11, 15) or ATPgS (Figure 3D; Figure 3E, green 
bars 3, 5, 8, 12, 16) support Sec17/Sec18-mediated fusion at substan/ally lower Sec17 
concentra/ons.   
 
What is the basis of the poor fusion with ATP, the physiological ligand to Sec18, with limi/ng 
Sec17?  There is at least as much interdependent binding of Sec17 and Sec18 to lipid 
membranes with ATP (Figure 4, A and B, lanes 4, 6) as with ATPgS (lanes 3, 5), sugges/ng that 
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the interdependent binding of Sec17 and Sec18 to membrane lipid (Orr and Wickner, 2022) is 
not the basis of Sec17/Sec18-mediated fusion sensi/vity to ATP (Figure 3). 
 
Sec18 or its mammalian homolog NSF bind ATP but require magnesium for ATP hydrolysis (Zhao 
et al., 2015).  To determine whether ATP hydrolysis accounts for the striking difference between 
ATP and ATPgS in Sec17/Sec18-mediated fusion at limi/ng Sec17 (Figure 3), we analyzed fusion 
with magnesium to allow ATP hydrolysis or in the presence of the magnesium chelator EDTA to 
block hydrolysis.  Sec17/Sec18-mediated fusion with Sec18 and ATP (Figure 5A, open symbols) is 
s/mulated by EDTA (filled symbols) at each concentra/on of Sec17.  This EDTA s/mula/on is 
specific to fusion with Sec18 and ATP.  With ATPgS, EDTA can even inhibit fusion (Figure 5B, filled 
symbols with EDTA vs open symbols without EDTA). The average and standard devia/ons of the 
ini/al fusion rates for triplicate experiments are shown in Figure 5C. In the presence of EDTA, 
Sec18-mediated fusion is comparable with 1 mM ATP or ATPgS (Figure 5C, bars 8 vs 10 and 12 vs 
14) but without EDTA, there is far less fusion with ATP (Figure 5C, bars 7 vs 9 and 11 vs 13).  
With limi/ng Sec17 levels such as 0.1 µM, fusion is inhibited by Sec18 ATP hydrolysis per se. 
 
Dual roles of ATP. To determine the condi/ons where ATP promotes or inhibits Sec17/Sec18-
mediated fusion, assays were performed at varying nucleo/de concentra/ons. With defec/ve 
zippering, fusion needs adenine nucleo/de (Figure 6A, x is no adenine nucleo/de) and is 
supported by even 0.025 mM ATP (black circles) or ATPgS (blue circles).  Fusion with ATP is 
op/mal at 0.1mM (open black squares), but higher concentra/ons of ATP progressively inhbit 
fusion, while increasing ATPgS has no such inhibitory effect (Figure 6A). Throughout this range of 
ATP or ATPgS concentra/ons, there is more fusion with ATPgS (blue symbols).  With 0.025 mM 
ATP or ATPgS, fusion is inhibited by EDTA (Figure 6A, open black and blue circles vs Figure 6B, 
filled black and blue circles, all from the same experiment). Figure 6C shows the ini/al fusion 
rates. EDTA inhibits fusion with low levels of either adenine nucleo/de (lanes 2 and 3 vs 10 and 
11). Nonetheless, when Sec18 ATP hydrolysis is blocked by EDTA, fusion is as well supported by 
ATP as by ATPgS (Figure 6B, black vs blue symbols, and Figure 6C, bars 10-17), ac/ng simply as a 
ligand to Sec18 to promote Sec17/Sec18-mediated fusion. ATP hydrolysis by Sec18 inhibits 
fusion (Figure 6A and Figure 6C, bars 4, 6, and 8). This fusion inhibi/on by 1 mM ATP is bypassed 
by EDTA chela/on of Mg to block ATP hydrolysis (bar 8 vs 16) or by employing hyrolysis-resistant 
ATPgS instead of ATP (bar 8 vs 9) and is less pronounced at low ATP levels (Figure 6C, bars 2 or 4 
vs 8),).   
 
Sec17 release without SNARE disassembly. Sec18, Sec17 and ATP disassemble SNARE 
complexes (Söllner et al., 1993). Is this the basis for the inhibi/on of Sec17/Sec18-mediated 
fusion by ATP hydrolysis? Fusion incuba/ons were performed with Rab/R and Rab/Qab 
proteoliposomes with HOPS, Qc3D, Sec18, 0.1mM Sec17, and either ATP or ATPgS. Much less 
fusion was seen with ATP than with ATPgS (Figure 7A, filled vs open circles).  Membranes from 
these incuba/ons and from control incuba/ons which either lacked HOPS or lacked the R-
proteoliposomes were solubilized in modified RIPA buffer (Orr and Wickner, 2023) and mixed 
with bead-bound an/body to Qa to allow analysis of Qa-bound proteins (Figure 7B).  There was 
no difference between incuba/ons with ATP or ATPgS in the Qa-bound R, a measure of trans-
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SNARE complex, or Qa-bound Qb or Qc, and thus no ATP-dependent disassembly of SNARE 
complex (Figure 7B, lanes 2, 3).  However, there was less Qa-bound Sec17 from incuba/ons with 
ATP (lane 3).  Control incuba/ons showed that the binding of R to Qa relied on HOPS (lane 1) 
and that the binding of Sec17 to Qa (lane 2) relied on both HOPS (lane 1) and on the Rab/R 
proteoliposomes (lane 4), and thus reflected Sec17 associated with trans-SNARE complex. With 
limi/ng Sec17 (0.1 mM), ATP supports selec/ve Sec17 release from trans-SNARE complexes with 
accompanying loss of fusion. 
 
With all wild-type SNAREs and unimpeded zippering, lipidic impairment of fusion is bypassed 
by Sec17, Sec18, and adenine nucleo6des. To test whether s/mula/on by Sec17 and Sec18 is a 
general feature of impaired fusion or is only seen with mutant SNAREs, proteoliposomes were 
prepared as before with vacuolar mixed lipid headgroup composi/on and with the same 
distribu/ons of both Rab and R- and Q-SNAREs but with palmitoyl, oleoyl (PO; 16:0, 18:1) fa>y 
acyl chains instead of the more fluid 18:2, 18:2 fa>y acyl chains.  PO fa>y acyl chains impair 
recons/tuted vacuolar fusion (Zick and Wickner, 2016). The slow fusion of proteoliposomes with 
PO fa>y acyl chains (Figure 8A, open black squares) was hardly affected by 0.1 or 1.0 µM Sec17 
alone (open black diamonds or circles) but was s/mulated by Sec18 without Sec17 with either 
ATP or ATPgS (red or blue filled squares). There was no further s/mula/on by higher 
concentra/ons of Sec18 alone (Figure 8B). Op/mal fusion required Sec17 as well as Sec18 
(Figure 8A, filled diamonds and triangles; Figure 8B, open black squares) but needed no more 
than 10 nM Sec17 (Figure 8A, filled blue and red triangles and diamonds). These findings 
contrast with those seen with defec/ve zippering, where Sec17 alone (but not Sec18) gave 
some fusion support (Figure 3A) and where high Sec17 concentra/ons were needed for op/mal 
fusion with Sec18 and ATP (Figure 3B). 
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Discussion 
 
Sec17 is present at 12,000 copies per cell (Ho et al., 2018), and the cytoplasmic volume per cell 
is 20 µm3 (Uchida et al., 2011). The Sec17 cytoplasmic concentra/on is therefore approximately 
1 µM, though the free concentra/on may be less as some Sec17 is likely associated with SNAREs 
or other proteins. Whether with fluid membranes and wild-type SNAREs (Figure 2), with SNAREs 
impaired for zippering-derived energy for fusion (Figures 3-7), or with wild-type SNAREs but s/ff 
fa>y acyl chains (Figure 8), Sec17 and Sec18 are important for fusion. High Sec17 levels can 
func/on without Sec18, but Sec18 s/mula/on allows lower Sec17 concentra/ons to func/on 
effec/vely for fusion (Figures 3, 8). With impaired zippering and at limi/ng Sec17 levels, Sec18-
mediated ATP hydrolysis blocks fusion by releasing Sec17 from trans-SNARE complexes without 
concomitant SNARE disassembly (Figure 7).  With wild-type SNAREs and unimpeded SNARE 
zippering, fusion can also be suppressed by the fa>y acyl chain composi/on of the major lipids 
(Figure 8).  This suppression is relieved by the synergis/c ac/on of Sec17 and Sec18, but with 
several clear dis/nc/ons from Sec17/Sec18 func/on when dele/on of the C-terminal region of 
one or more Q-SNAREs diminishes the energy from zippering (Song et al., 2021).  Sec17/Sec18-
mediated fusion with Q-SNARE C-terminal trunca/on can be relieved by high concentra/ons of 
Sec17 alone (Schwartz and Merz, 2009; Zick et al., 2015; Schwartz et al., 2017), but not by Sec18 
alone. Sec17 alone at concentra/ons up to 1 µM has li>le effect on fusion with PO fa>y acyl 
chains (Figure 8A), but Sec18 alone s/mulates this fusion (Figure 8A, B).  With 0.1 µM Sec17, 
Sec17/Sec18-mediated fusion with a truncated Qc SNARE is blocked by ATP hydrolysis-driven 
selec/ve Sec17 release (Figure 7). With wild-type SNAREs and PO lipids, Sec18-dependent 
fusion is equivalent with ATP or its hydrolysis-resistant analog ATPgS (Figure 8A).  
 
We present a specula/ve model of how Sec17, Sec18, and ATP may support rapid fusion in 
these two condi/ons where sufficient fusion energy is not available from SNARE zippering 
alone. The 20s structure of SNAREs, NSF/Sec18, and SNAP/Sec17 (Zhao et al., 2015) shows that 
several side by side Sec17 molecules can form a cylinder wrapped around the 4-SNARE complex, 
as illustrated for trans-SNARE complexes in Figure 1. Each Sec17 molecule is bound to Sec18, 
lipid, SNAREs, and the other Sec17 molecules in the 20s structure. Each Sec17 is engaged 
through its two C-terminal leucines with Sec18 at the membrane-distal C-terminus of Sec17, 
with the membrane bilayer through the Sec17 N-domain apolar loop, and with SNAREs through 
basic residues in the Sec17 center (Figure 1, cross sec/on view).  Each Sec17 has an acidic edge 
and a basic edge. In the complete 20s structure, both edges of each Sec17 are electrosta/cally 
bound to its neighbor.  With incomplete SNARE zippering and at low and limi/ng Sec17 
concentra/ons, trans-SNARE complexes will not have a full complement of bound Sec17. Some 
Sec17 molecules would be weakly bound if they were not associated with a Sec17 neighbor at 
all or with only one neighboring Sec17. ATP hydrolysis by Sec18 may displace these Sec17.  With 
fewer Sec17 and with each lacking contact with the unzippered C-terminal region of the SNARE 
domains, there may be insufficient force applied to SNAREs during Sec17 displacement to 
disassemble the 4-SNARE complex. Further studies are needed to test this model. 
 
Sec17 and Sec18 s/mulate fusion with fluid membranes and wild-type SNAREs (Figure 2) but 
are more strictly required under a variety of condi/ons which otherwise limit fusion.  These 
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include C-terminal trunca/on of any of the Q-SNAREs to arrest zippering (Schwartz and Merz, 
2009; Song et al., 2021), swap of the juxtamembrane domains of the R and Qa SNAREs (Orr et 
al., 2022), anchoring of the Qb SNARE instead of the Qa SNARE (Wickner et al., 2023), and s/ff 
and less fluid lipids with 16:0, 18:1 fa>y acyl chains (Figure 8, and Zick et al., 2015).  Sec17 
without Sec18 can s/mulate the fusion of proteoliposomes with R and Qa that have swapped 
juxtamembrane regions (Orr et al., 2022) and Sec18 without Sec17 s/mulates fusion with wild-
type SNAREs at low HOPS (Orr and Wickner, 2024).  It is unclear how Sec18 can s/mulate fusion 
without Sec17, especially since that s/mula/on does not need energy from ATP hydrolysis 
(Figure 8A).  Sec18 can interact directly with SNAREs (Zick et al., 2015), but is only known to 
bind them at a substan/al distance from the membrane (Zhao et al., 2015). Sec18 is large, and 
bulk itself might contribute to membrane bending (Agos/no et al., 2017).   
 
Our current working model of vacuole fusion begins with vacuoles whose SNAREs had been 
disassembled by Sec17, Sec18 and ATP aoer a prior round of fusion.  Vacuoles are tethered by 
Vps39 and Vps41 subunits of HOPS binding to the Rab Ypt7 on each fusion partner membrane 
(Stroupe et al., 2006; Hickey and Wickner, 2010; Bre> et al., 2008; Bröcker et al., 2012).  When 
Rab-bound HOPS also engages both phospha/dylinositol-3-phosphate and R-SNARE in cis, it is 
ac/vated to catalyze the assembly of SNARE complex in trans between the bound R and the Q-
SNAREs from the apposed, tethered vacuole (Torng and Wickner, 2020; Song et al., 2021).  As 
SNARE zippering proceeds, the R and Qa SNARE domain residues that are in a groove on the 
surface of the HOPS subunit Vps33 (Baker et al., 2015) turn towards each other in the center of 
the 4-helical bundle. This may weaken the affinity of HOPS for the SNAREs. Several Sec17s form 
a transient complex with Sec18, and this complex binds directly to membranes by the product 
of the affinity of each Sec17 apolar loop for lipid (Orr and Wickner, 2022).  Sec17:Sec18 then 
assemble with the par/ally-zippered SNAREs to form what might be termed a "trans-20s 
complex" (Figure 1).  Sec17 may promote HOPS release (Collins et al., 2005; Schwartz et al., 
2017) and promote zippering (Ma et al., 2016; Song et al., 2021), but its membrane-inserted N-
domain apolar loops also directly promote the lipid rearrangements of fusion (Song et al., 
2021).  Sec18 also directly promotes fusion in both Sec17-dependent and Sec17-independent 
manners (Figure 2, 3, and 8), though these are not understood at a molecular level. The purpose 
of this model is to suggest cri/cal experiments. Many aspects of fusion remain elusive; for 
example, it is unclear why the Qb membrane anchor is dispensible for fusion while the Qa 
anchor is essen/al (Wickner et al., 2023), why swap of the juxtamembrane regions between R 
and Qa SNAREs blocks zippering-driven fusion (Orr et al., 2022), or which combina/on of the 
Sec18 affini/es for SNAREs (Zick et al., 2015), Sec17 (Weidman et al., 1989), and HOPS (Orr and 
Wickner, 2024) allow it to support fusion from such a distance from the lipid bilayer (Figure 1).  
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Materials and Methods 
 
Materials and Proteins. Lipids were purchased from Avan/ Polar Lipids (Alabaster, AL), Echelon 
Biosciences (Salt Lake City, UT), and Sigma-Aldrich (St. Louis, MO).  b-octylglucoside was from 
Anatrace (Maumee, OH). Bio/nylated phycoerythrin and Cy5-streptavidin were purchased from 
Life Technologies Corp (Eugene, OR) and SeraCare (Milford, MA), respec/vely. GTP, ATPgS, and 
Histodenz were from Sigma-Aldrich.  Biobeads SM2 were from Biorad (Hercules, CA). The 
vacuolar SNAREs (Mima et al., 2008), Rab Ypt7-tm with a C-terminal transmembrane anchor 
instead of a prenyl anchor (Song et al., 2020), Sec17 (Schwartz and Merz, 2009), Sec18 (Haas 
and Wickner, 1998), HOPS (Zick and Wickner, 2013), Sec17-FSMS (Zick et al., 2015), Qc3∆ 
(Schwartz and Merz, 2009), and GST-His6-Nyv1 (Izawa et. al, 2012), used as a compe/tor in 
immunoprecipita/on assays of Figure 7, were purified as reported, frozen in small aliquots in 
liquid nitrogen, and stored at -80oC.  
 
Proteoliposome prepara6on.  Proteoliposomes were prepared as described (Orr and Wickner, 
2022).  Briefly, b-octylglucoside in methanol was mixed with chloroform solu/ons of lipids of 
vacuolar-mimic composi/on (18:2, 18:2 PC, PE, PS, and PA; soy PI, ergosterol, diacylglycerol, and 
synthe/c diC16-PI3P mole % of 46, 18, 18, 4.4, 2, 8, 1, and 1% respec/vely), dried under a 
stream of nitrogen followed by 3 h speedvac, rehydrated to 10 mM lipid in 2.5x concentrated 
Rb150 [Rb, reac/on buffer, is 20 mM HEPES/NaOH, pH 7.4, 150 mM NaCl, 10% glycerol] with 2.5 
mM MgCl2. Por/ons of 400 µl were transferred to 2 ml screw-cap glass vials, topped with argon, 
and stored at -80oC.  Prior to use, each was thawed and nutated for at least 30 min at room 
temperature, then placed on ice.  SNAREs and the Rab Ypt7-tm were added to 1:32,000 and 
1:8000 molar ra/o to lipids, respec/vely, then 0.25 ml of either 32 µM Cy5-streptavidin or 16 
µM bio/nylated phycoerythrin, and water to 1 ml.  This 1 ml mixed micellar solu/on was placed 
in 25 kDa cutoff dialysis tubing, sealed, and dialyzed with s/rring for at least 16 h at 4oC in the 
dark against 200 ml Rb150 + 1 mM MgCl2 and 1 g Biobeads SM2.  Dialysate was mixed with 1 ml 
of 70% Histodenz in iso-osmolar Rb150 + 1 mM MgCl2 in an ultraclear SW60 tube (Beckman-
Coulter, Brea, CA), then overlaid with 1.6 ml 25% Histodenz in Rb150 + 1 mM MgCl2 and finally 
800 µl Rb150 +1 mM MgCl2.  Aoer centrifuga/on for 90 min at 3oC, 55,000 rpm, floated 
proteoliposomes were recovered from the 0/25% interface. Proteoliposomes were assayed for 
lipid phosphorus, the diluted with Rb150 + MgCl2 to 2 mM. Aliquots of 30 µl in 250 µl tubes 
were frozen by immersion in liquid nitrogen and stored in liquid nitrogen. 
 
Assay of fusion.  Proteoliposome fusion was assayed as described in detail (Orr and Wickner, 
2023).  In brief, Rab/R and Rab/QaQb proteoliposomes (0.44 mM lipid each), nonfluorescent 
streptavidin (10 µM), EDTA (1 mM), and GTP (50 µM) were mixed on ice, incubated for 10 min 
at 27oC, then returned to ice and mixed with 3 mM MgCl2 to complete the loading of GTP onto 
the Rab.  A separate mixture was prepared with each of the soluble fusion reac/on 
components, such as the Mg salt of an adenine nucleo/de, Qc or Qc3D, HOPS, Sec17, and Sec18 
as noted in each figure.  Aoer 10 min separate preincuba/on of 8 µl of the proteoliposomes and 
11 µl of the mixed soluble components, a mul/channel pipe>or was used to deliver 8 µl of 
mixed soluble components and to mix them with the proteoliposomes. FRET between the Cy5 
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and phycoerythrin fluorophores was assayed as a measure of fusion at 1 min intervals with a 
Molecular Devices SpectraMax Gemini plate reader, Ex 565 nm, Em 670 nm, cutoff 630 nm. 
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Figure legends 
 
Figure 1. Working model of the trans complex of SNAREs, Sec17 and Sec18. See 
text for details.  
 
Figure 2. S]mula]on by Sec17, Sec17FSMS, and Sec18 of the fusion of 
proteoliposomes bearing wild-type SNAREs. As described in Methods, fusion 
incubaba]ons had 50 nM HOPS, 400 nM wild-type Qc, and where indicated had 
100 nM Sec17 or Sec17FSMS and/or 300 nM Sec18 with 1 mM MgATPgS.   
 
Figure 3. Effects of Sec18 and adenine nucleo]de on Sec17/Sec18-mediated fusion. 
Fusion as in Methods and Figure 1, but with Qc3D instead of Qc.  Fusion 
induba]ons had (A) 1 mM MgATP but no Sec18, (B) 1 mM MgATP and 300 nM 
Sec18, (C) 1 mM MgADP and 300 nM Sec18, or (D) 1 mM MgATPgS and 300 nM 
Sec18.  In each case, fusion was assayed without Sec17 or with 0.03, 0.1, 0.3 µM, 
or 1.0 µM Sec17.  (E) Ini]al fusion rates from minutes 1 to 5 of incuba]on were 
determined and are shown as means with standard devia]ons from three repeat 
assay sets. 
 
Figure 4. The interdependent associa]on of Sec17 and Sec18 with liposomes is 
seen with either ATP or ATPgS. (A) Lipid binding assays were conducted according 
to Orr and Wickner (2022) with 1 mM Mg:ATPγS or Mg:ATP, 1 μM His6-Sec18 and 
0.3 or 1 μM His6-Sec17. Samples were floated and analyzed by Western blot using  
THETM-His an]body (GenScript USA, Inc., Piscataway, NJ) for the His6-tag on the N-
terminal region of each protein. The first 5 lanes represented the percentage of 
input before floata]on of sample shown in lane 3. (B) Experiments were repeated 
three ]mes. Immunoblots were scanned and quan]fied using UN-SCAN-IT gel 6.3 
soqware. Value of pixels were normalized to the pixels of the His6-Sec18 band 
(black, lane 4). 
 
Figure 5. At limi]ng Sec17, EDTA rescues Sec17/Sec18-mediated fusion with ATP.  
Fusion incuba]ons had 50 nM HOPS, 40 nM Qc3D, the indicated concentra]ons of 
Sec17, 1 mM MgATP or ATPgS, 300 nM Sec18, and either no EDTA (open symbols) 
or 4.5 mM EDTA (filled symbols). Averages and standard devia]ons of the ini]al 
fusion rates are shown for triplicate assays; open bars, no EDTA, filled bars, with 
EDTA. 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted November 15, 2024. ; https://doi.org/10.1101/2024.11.15.623832doi: bioRxiv preprint 

https://doi.org/10.1101/2024.11.15.623832
http://creativecommons.org/licenses/by-nc-nd/4.0/


 
 
Figure 6. ATP and ATPgS are equipotent as Sec18 ligands for Sec17/Sec18-
mediated fusion, but hydrolysis of ATP inhibits fusion. Fusion incuba]ons were 
performed with 400 nM Qc3D, 50 nM HOPS, 0.1 mM Sec17, and either no 
adenine nucleo]de (x) or the indicated levels of MgATP (black symbols) or 
MgATPgS (blue). Proteoliposomes (8 µl) were prewarmed in separate wells from a 
mixture of all soluble components (9 µl). Aqer 10 minutes at 27oC, 3 µl of either 
Rb150 buffer or of 40 mM EDTA in Rb150 was added to the soluble components 
by a mul]channel pipeYor, mixed, and 8 µl of the 12 µl mixture was transferred to 
the well with proteoliposomes, mixed with the ]ps on the mul]channel pipeYor, 
and fusion recording begun. (A) No EDTA, (B) 5 mM EDTA, (C) Median and 
standard devia]ons of the ini]al fusion rates from triplicate assays.  
 
Figure 7. At limi]ng Sec17, Sec18 and ATP displace Sec17 from the trans-SNARE 
complex without disassembling that complex. Fusion reac]ons were conducted as 
described in Materials and Methods in 20 µl volumes with Rab/R + Rab/Qab 
proteoliposomes, 0.4µM Qc3∆, 50 nM HOPS, 0.1µM Sec17, and 0.4µM Sec18 with 
1 mM Mg:ATP or 1 mM MgATPyS. In addi]on to the 20 µl reac]ons in the 384 well 
plate, iden]cal larger scale reac]ons were conducted simultaneously in PCR strips. 
Aqer reading FRET for 30 minutes in the plate reader, 72 µl of each reac]on were 
added to 1.5 ml  tubes containing 15 µl Protein A magne]c beads, 7.5 µg affinity 
purified an]body to Qa, and 5 µM GST-His-Nyv1 as a compe]tor, all in RIPA Buffer 
in a total volume of 225 µl. Reac]ons were nutated end over end for 2 hours at 
4C̊, then washed 3 ]mes in RIPA Buffer. Bound proteins were eluted by boiling for 
2 minutes in sample buffer with B-mercaptoethanol and analyzed by SDS page gel 
followed by immunoblodng.  The results of triplicate assays were quan]fied with 
UN-SCAN-IT soqware (Orem, UT) and are shown here with error bars.  (A) With 
defec]ve SNARE zippering, Sec17/Sec18-driven fusion relies on HOPS and non-
hydrolysable ATP. (B) Trans-SNARE complex remains assembled with either ATP or 
ATPgS, while Sec17 is absent from the complex in the presence of hydrolysable 
Sec18:Mg:ATP.  
 
Figure 8. Fusion with all wild-type SNAREs but limited by the faYy acyl 
composi]on of the bilayer is enhanced by Sec18 and either ATP or ATPgS, with 
further enhancement by Sec17. Rab/R and Rab/QaQb proteoliposomes were 
prepared as described in Methods, but with 16:0, 18:1 (palmitoyl, oleoyl or PO) 
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PC, PE, PA, and PS, a 1:4,000 molar ra]o of Ypt7-tm to lipids, a 1:10,000 molar 
ra]o of R to lipids, and a 1:2,000 molar ra]o of Qa and Qb to lipids, as per Zick et 
al. (2015).  (A) Fusion incuba]ons had 50 nM HOPS, 200 nM Qc, and 0.01, 0.1, or 
1.0 µM Sec17, 0.3 µM Sec18, and 1 mM MgATP or MgATPgS as indicated. (B) 
Fusion incuba]ons as above, with the indicated levels of Sec17 and Sec18. (C, D) 
Mean fusion rates and standard devia]ons for triplicate repeats of panels A, B. 
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