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Much recent work has focussed on the role of
membrane-bound components in fusion. We show here
that p97 and NSF are sufficient to mediate rapid
membrane fusion. Fractionation of cytosol revealed
that p97 and its co-factor, p47, constitutes the major
fusion activity. This was confirmed by depleting p97
from the cytosol, which resulted in an 80% decrease
in fusion. Using purified protein, p97 or NSF was found
to be sufficient to mediate rapid fusion in an ATP-
dependent manner. A regulatory role was observed for
their corresponding co-factors, p47 andx-SNAP. When
present at a molar ratio half of that of the ATPase,
both co-factors increased fusion activity significantly.
Intriguingly, at this ratio the ATPase activity of the
complex measured in solution was at its lowest, sug-
gesting that the co-factor stabilizes the ATP state. The
fusion event involved mixing of both leaflets of the
opposing membranes and contents of liposomes. We
conclude from these data that p97, NSF and perhaps
other related ATPases catalyse rapid and complete
fusion between lipid bilayers on opposing membranes.
This highlights a new role for p97 and NSF and
prompts a re-evaluation of current fusion models.
Keywords ATPases/membrane fusion/NSF/p97

Introduction

(Sdlner et al., 1993). To initiate fusion, the ATPase NSF
and its co-factora-SNAP are thought to break up pre-
formed complexes of v- and t-SNAREs on the same
membrane, thus allowing the SNARESs to perform fusion
(Barnardet al, 1997; Hansoret al, 1997; Ottoet al,
1997). The NSF anda-SNAP induced break up of
SNAREs can occur already on undocked membranes
suggesting that fusion can be primed at an early stage,
even before docking between membranes has occurred
(Swantonet al,, 1998).

In a similar fashion to NSF, the abundant cytosolic
ATPase, p97, has been shown to be required for fusion
and reassembly of both the nuclear envelope (Petaak,
1990; Latterichet al, 1995; Patelet al, 1998) and the
Golgi apparatus (Acharyat al., 1995; Rabouilleet al,
1995). Recently, Latterich and co-workers demonstrated
a direct interaction between the yeast homologue of p97,
cdc48p, and its t-SNARE, Ufe-1, and that this interaction
was required for fusion of endoplasmic reticulum (ER)
membranes (Patelt al, 1998). In mammalian cells, this
ATPase is thought to bind to the t-SNARE, syntaxin 5, in
much the same way as NSF: through its co-factor, p47
(Kondo et al,, 1997; Patekt al,, 1998). In fact, both p47
anda-SNAP compete for binding to the same t-SNARE,
syntaxin 5. The binding of NSE-SNAP and p97—p47
to syntaxin 5 suggests that they interact with a common
fusion machinery: the SNAREs. Alternatively, SNAREs
may constitute a common platform for the recruitment of
a cytosolic fusion machinery such as p97 and NSF. That
SNARESs indeed mediate a necessary or facilitated bridging
between two opposing membranes was shown by homo-
typic fusion of vacuolar membranes (Nicheifsal., 1997).
Only when placing a v- and a t-SNARE on the opposing
membranes was efficient fusion observed, showing the
need for correct SNARE pairing. To demonstrate that
SNARESs themselves mediate fusion a liposome—liposome
fusion assay was used incorporating v- and t-SNARES on
the opposing membranes (Weletral, 1998). This min-
imal fusion assay provided some evidence which suggested
that v- and t-SNAREs could suffice in fusion. However,

Both cytosolic and membrane proteins have been implic- Kinetics were slow and extent of fusion was low. Strikingly,
ated in cellular fusion events. Fusion of transport vesicles no major effect of NSF or its corresponding co-factors
to acceptor membranes requires the action of cytosolic (SNAPs) could be demonstrated. This warrants further
ATPases such a¢-ethylmaleimide-sensitive fusion protein ~ study.

(NSF), which binds to membrane-bound SNAP receptors  In this study, we have examined fusion of liposomes to
(SNARES) via its co-factom-SNAP (Rothman, 1994).  Golgi membranes and fusion between liposomes. We show
Different SNAREs have been identified, both on vesicle that surprisingly, cytosol alone suffices to mediate fusion
and target membranes, and recent evidence suggests and that p97 constitutes the major cytosolic fusion activity.
role for v- and t-SNAREs in fusion (Webet al., 1998). Indeed, p97 alone was able to mediate fusion between
Indeed, the SNARE hypothesis put forward by Rothman opposing membranes in an ATP-dependent manner.
and colleagues postulates that v- and t-SNAREs mediateSimilarly, using recombinant protein, we show that NSF
docking and fusion of two opposing membranes, and that also induced fusion in an ATP-dependent manner. Further-
correct pairing of v- and t-SNAREs accounts for the more, we reveal a regulatory function for their correspond-
specificity required for homo- and heterotypic fusion ing co-factors, p47 andx-SNAP, in what appears a
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p97 and NSF mediate rapid membrane fusion

stabilization of the ATP state of the fusion complex. Both

>

ATPases were found to catalyse complete fusion, as shown

by using both lipid- and content-mixing assays. The 20 control

implications of these findings are discussed. 7 trypsin
¥ 15 KCl

Results § cytosol

Rationale of the fusion assay § 10 4

Two dequenching assays were deployed in this study to g

examine either fusion between donor liposomes and rat = 5

liver Golgi membranes (L-G) or fusion between donor and A NEM

acceptor liposomes (L-L). Donor liposomes were made up % 0 4°C

by phospholipids plus 0.8%N-(7-nitro-2,1,3,-benzoxa-

diazole-4-yl)-phosphatidyl ethanolamine (NBD-PE) and

0.8%N-(lissamine rhodamine B sulfonyl) (rhodamine-PE). 0 100 200 300
Prior to fusion, NBD-PE is quenched by rhodamine-PE
through efficient .energy transfer (Struak al, 1981,
Hoekstra and Dzgunes, 1993). Upon fusion, energy trans-
fer is decreased in proportion to dilution and a concomitant
increase in NBD fluorescence is then monitored over time 20 |
as a measure of fusion (see Figure 1A, control, for a typical
fusion curve). Unilamellar liposomes (50-70 nm) were
made of mixtures of dioleoylphosphatidylethanolamine
(DOPE), dioleoylphosphatidylserine (DOPS) and/or diol-
eoylphosphatidylcholine (DOPC). These are the three most
abundant phospholipids in the cytosolic leaflet of Golgi
membranes (Kleinsmith and Kish, 1995). Upon examining
different mixtures of phospholipids, we found that incor-
poration of DOPE into donor liposomes gave rise to optimal .
fusion kinetics (see Table I, top six rows, for direct com-
parison in fusion kinetics using different phospholipids). T T
Fusion was also observed when the liposomes were made 0 100 200 300

entirely of DOPC or in combination with DOPE and/or seconds

DOPS. However, with DOPC alone, both the fusion kinetics

and final extent of fusion were almost seven times lower. Fig. 1. Cytosol is sufficient for fusion.X) Fluorescently labelled

The facilitated membrane fusion observed with DOPE was DOPE/DOPS liposomes were incubated with Golgi membranes at
reminiscent of previous studies where pepide-induced %7, 2 &°C. Solg membranes were pre-neibetet on e for 20 mi
fusion and liposome fusion to endocytic vesicles or Viruses (2 mm). Treated membranes were spun down at 13 000 r.p.m. in an
were examined (Epanett al, 1993; Vidal and Hoekstra,  eppendorf table centrifuge for 15 min at 4°C to remove trypsin or KCI
1995; Pecheuet al,, 1998). These studies revealed that the ?hefme bsingbacz\;i’ed tC>|,the liposomedS-t CVIOZOI (0-3bmg) Wﬁs (?d?egllaft(ejr
negaiive curvature-promofing properties of DOPE, which (1 feacton etheeh Inosomes and reated nembienes oo i
'S_relate_d toits cone-shaped structure, StlmL_JIate fUSIOn. ThiSeycess NEM. B) Rat liver cytosol (0.3 mg) was added to fluorescently
stimulative effect could be overcome by the incorporation of |abelled DOPE/DOPS (1:1) donor and a 5-fold excess of unlabelled

the inverted cone-shaped and positive curvature-stimulatingDOPE/DOPC (1:1) acceptor liposomes. Extent of membrane fusion is
pi, lysophosphardyicholine (1ysoPC) (Chemomordik “0iresse s i Feceriage o e i Bopfueisseme Sonal
et al, 199,7) or by the addItIOﬂ of a tl’l-peptlde, ZIFG. membrane mixturespin parallel but idéntical experiments. P

The latter interferes directly with the negative curvature

transition of DOPE (Epanet al, 1995). We tested both

lysoPC and ZfFG in the L-G and L—L fusion assays and as percentage of maximal fluorescence obtained upon addition
can be seen, fusion was inhibited or abolished completely of detergent measured at conditions that were otherwise
in the presence of lysoPC or ZfFG. This shows that negative identical to those in the experiment.

curvature favoured fusion in our system as well (Table I).

In passing, we note that neither lysoPC nor ZfFG alone Fusion of liposomes to purified Golgi acceptor

caused a change in NBD fluorescence as a consequence atnembranes

a direct transfer of lipid probes between membranes. We To determine the need for membrane-bound and cytosolic
also examined the role of pH and found that fusion kinetics components, we first examined fusion using the L-G
were optimal between pH 6 and 7, both in the L-G fusion fusion assay. The diameter of liposomes was chosen to
assay and the subsequent L-L minimal fusion assay usingreflect that of ER to Golgi and intra Golgi transport vesicles
defined components. Therefore, fusionwas carried outusing(Malhotra et al, 1989). Unilamellar donor liposomes
this pH range throughout this study. A typical assay was (50-70 nm in diameter) were incubated for ~1 min at
performed at 37°C and monitored for 5 min; with further 37°C with buffer in the reaction vessel to establish a
incubations as long as 1 h, little if any further fusion was baseline. Golgi membranes were then added to the reaction.
observed. Extent of membrane fusion is expressed as aAs can be seen in Figure 1A, a rapid and efficient fusion

seconds

15

10

NBD-fluorescence (%)
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Identification of an ATPase, p97-p47, as a major

Table |. Effect of lipid composition on membrane fusion . .
cytosolic fusion complex

Lipid composition L-G L-L Prior to testing cytosol in fusion, we performed control
experiments to verify the reliability of monitoring lipid

ggggggggmopc 1%(1 s 11%00 mixing in the L-L fusion assay. First, addition of cytosol
DOPE/DOPG 560 724 to donor liposomes (DOPE/DOPS) containing NBD-PE
DOPS 38.7 56.5 and rhodamine-PE caused no effect on fluorescence.
DOPC/DOPS 17.2 52.2 Secondly, no alterations in fluorescence were observed
DOPC 13.9 40.5 when mixing donor with acceptor liposomes in the absence
DOPE/DOPS+ LPC-1 87.9 nd of cytosol. Having tested the reliability of the assay, we
DOPE/DOPS+ LPC-2 7.4 0.4 A
DOPE/DOPSt ZfFG 96 11.7 added cytosol to the L-L assay. As can be seen in Figure
DOPE/DOPS+ ZGGA 99.0 100 1B, rapid and efficient fusion was observed, perhaps only

slightly slower than that seen in Figure 1A. Taken together,
(Donor Iipfosolmes of differer;t lipid corrrllpositionds at r?qua: molar rlatios this shows that cytosol alone is sufficient to promote
100 puM final concentration) were either mixed with rat liver Golgi : . .
membranes (L-G) or with 5-fold excess of unlabelled acceptor fusion bet\.Neen two opposing membrz_ines. ThIS allowed
liposomes (DOPE/DOPS, L—L), the latter in the presence of purified ~ US t0 fractionate the cytosol to determine which factor(s)
p97—p47 complex in the presence of 1 mM ATP. Relative fusion rates was involved. We devised a three-step fractionation
are expressed as a percentage of the maximal fusion rate (100%) procedure where cytosol was first subjected to protein
obtained with the DOPE/DOPS donor liposomes. The top six rows precipitation using ammonium sulfate (AS) followed by
reflect influence of individual lipids on fusion with respect to their - ’

propensity to form negative curvature. The bottom left four rows show two chromatography step_s using a _Resou_rc_e Q and a
the effect of external modulators on membrane fusion: here, DOPE/  Mono Q column. To monitor the fusion activity of the
DOPS donor liposomes were mixed with rat liver Golgi membranes fractions (VFUS), we expressed the initial difference in
pre-incubated with lysoPC [5@M final concentration, LPC-1 NBD fluorescence/) over time (minutes) per amount

(palmitoyl)] or with peptides (2QuM final concentration, ZfFG or : : : _ :
ZGGA). Note that the control peptide, ZGGA, showed no inhibition of protein (microgrammes) using the L-L fusion assay. For

fusion. Alternatively, donor liposomes were pre-incubated with lysopC  the cytosol, the calculatedg\s was low as a consequence
[10 uM final concentration and mixed with Golgi membranes of the multitude of cytosolic proteins. Upon fractionation,
(LPC-2)]. Donor liposomes were also mixed with acceptor liposomes  the fusion factor(s) became enriched over other proteins
pre_—l_ncubated with either lysoPC or _Wlth tri-peptides in the presence of and the value of ¥,sincreased as a consequence. Figure
purified p97—p47 complex (bottom right three rows). us - . . .
nd. not determined. 2A shows the result of the entire fractionation experiment.
The fusion activity was first pelleted by the addition of
AS. We tested several concentrations, including higher
of liposomes with Golgi membranes was observed: a ones, and found that 20% AS was satisfactory to pellet
typical reaction was usually completed within 1 or 2 min  most of the fusion activity. Precipitated material was then
with a relative fusion efficiency of 20% (control). Pre- resuspended, dialysed and applied to a Resource Q column
incubation of Golgi membranes witN-ethyl maleimide (Figure 2A, middle). A peak was observed around fractions
(NEM) (2 mM), an alkylating agent, for 30 min on ice, 11 and 12, and this material was pooled and applied to
followed by addition of 3 mM dithiothreitol (DTT) to  the Mono Q column (Figure 2A, right). A sharp increase
guench any remaining NEM prior to adding the membranes in Vg, was observed in fraction 5 from the Mono Q
to the liposomes, abolished fusion completely (Figure eluate. Subjecting fractions to SDS—PAGE followed by
1A). Pre-treatment of Golgi membranes with either trypsin Coomassie staining revealed a single protein band in
(10 pg/ml) or KCI (2 M), which would strip them of  fraction 5 migrating at the same position as the 97 kDa
membrane-associated but not -embedded proteins, prosmol. wt marker (Figure 2B, shown are representative lanes
duced an inhibition of 50-60% (Figure 1A). These results of the fractionation experiment). The identity of this
showed a requirement of peripheral proteins in fusion. protein was confirmed by Western blotting and immuno-
This was further supported by the ability of cytosol to detection using antibodies against p47 and p97. The
almost completely restore fusion following trypsin or KCI 97 kDa protein corresponded to the abundant cytosolic
pre-treatment (Figure 1A, arrow). In contrast, NEM-treated ATPase, p97 (Figure 2B, right lane, WB). To show that
membranes could only be partially restored upon addition the fractionation had correctly revealed the major fusion
of cytosol (25%; not shown), suggesting that once inactiv- factor, we depleted p97 from the cytosol using a recombin-
ated but still bound to the membrane, fusion components ant and His-tagged version of the co-factor, p47. The co-
could not be replenished by the cytosol. Fusion of lipo- factor was adsorbed to a solid support and p97 was
somes with Golgi membranes was also shown to be removed from the cytosol (Figure 2C). This resulted in a
temperature dependent, as no fusion was observed af’-fold reduction in the initial fusion rate, showing that
4°C (Figure 1A). As trypsin or KCI treatment did not p97 constitutes the major fusion activity in cytosol. That
completely reduce fusion (compare with NEM), it was p97 indeed co-fractionated with the fusion activity
possible that membrane proteins such as SNAREs didthroughout the fractionation experiment is shown in Figure
mediate the observed fusion, and that this was regulated2D. Furthermore, p47 appeared to co-fractionate with p97,
or stimulated by cytosolic factors such as p97 and NSF. suggesting that p97—-p47 exists as a stable complex. To
Alternatively, the trypsin or KCI treatment may have only show that the depleted cytosol could be rescued in terms
partially removed cytosolic fusion factors. To distinguish of fusion activity, we added purified p97—p47 to the
between the two possibilities, we first examined whether depleted cytosol at the original concentration present in
or not cytosol alone would suffice in mediating fusion the cytosol (Figure 2E). We also monitored the functionally
using a L-L fusion assay. and structurally related NSF. Rather than peaking in
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Fig. 2. Fractionation of rat liver cytosol reveals p97 as the major fusion facdgrRa@at liver cytosol (C) was precipitated with 20% AS. Pellet (P)

and supernatant (S) were dialysed and the former was applied to a Resource Q column (RQ). Fractions were analysed for protein amount and initial
fusion rate (as in Figure 1B). Peak fractions 11 and 12 were pooled and applied to Mono Q columnBMTn (microlitres of selected fraction

was subjected to SDS—PAGE followed by Coomassie staining and Western blot analysis to reveal p97 and p47. Apparent mol. wt (Mw) was
determined by mol. wt standards and expressed in kilodalt@)sRét liver cytosol was incubated with p47 attached to Ni-Sepharose to deplete p97.

(D) Ten microlitres of all fractions were subjected to SDS—-PAGE followed by Western blot analysis to reveal p97, p47 arif) ID@plgted

cytosol [from (C)] was incubated with donor and acceptor liposomes to monitor fusion. Purified complex p97-qudnl(8nal concentration) was

added (arrow) to restore fusion.

fraction 5, this ATPase peaked in fraction 7 and 8 of the liver cytosol was mixed with donor and acceptor liposomes.
Mono Q eluate, well away from the peak fusion activity. This resulted in a rapid fusion event (Figure 3B). To
In conclusion, the data showed that cytosol alone sufficesapproach the question of whether the fusion event was an
to mediate fusion between donor and acceptor liposomesATP- driven process, we utilized the fact that p97 has a pH
and that the p97-p47 complex constitutes the major optima for ATP hydrolysis between 8 and 9 (Zhastcal.,

fusion activity. 1994). The p97—p47 complex was subjected to a pH shift
to 9.0 for 30 min at 4°C, and then shifted back to neutral pH

Purified p97-p47 complex catalyses rapid and subsequently tested for fusion using the L-L fusion

membrane fusion assay. Figure 3B shows that subjecting the complex to high

Is the p97—p47 complex enough to induce membrane pH and returning this to neutral pH completely inactivated
fusion? First, anti-p47 antibodies were added to rat liver the ability to mediate fusion. Strikingly, addition of 1 mM
Golgi membranes (Figure 3A). This resulted ir-&0% Mg-ATP (Figure 3B, arrow) restored fusion almost com-
inhibition of fusion compared with control antibodies pletely. Presumbly, due to a conformational change in the
using the L—G fusion assay. Cytosol (Figure 3A, arrow) complex, the higher pH had allowed p97 to hydrolyse its
then restored fusion to normal values. In contrast, re- ATP more rapidly leaving the complex in an ADP state
addition of p97-depleted cytosol failed to restore fusion, (Hansoretal, 1997). Re-addition of ATP then restored the
indicating that p97 had been the target in the antibody ability of the complex to mediate fusion. This suggested
inhibition experiment. Indeed, addition of p97—p47 in the thatbound ATP was a prerequisite for the p97—p47 complex
form of a purified complex restored fusion (not shown). mediated fusion event.

To test whether the p97—p47 complex adequately pro- To examine the role of ATP more directly, we performed
motes fusion, we monitored fusion using the L—L fusion a series of experiments using p97 alone or in combination
assay. Purified p97—p47 complex (10 nM) derived from rat with p47. Highly purified fractions of p97 were obtained
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Fig. 3. p97—p47 is sufficient for membrane fusioi)(Rat liver Golgi
membranes were pre-incubated with a rabbit polyclonal control
antibody or anti-p47 antibody (1:50) on ice for 30 min and then added
to fluorescently labelled DOPE/DOPS liposomes as described in
Figure 1A. 8) A 5-fold excess unlabelled DOPE/DOPC liposomes
were mixed with fluorescently labelled DOPE/DOPS liposomes as
described in Figure 1B. Purified p97—p47 complex (final concentration
10 nM) from rat liver cytosol was added to the mixture. Alternatively,
the complex was pre-incubated on ice at pH 9 for 30 min and then
returned to pH 6.0 and transferred to the cuvette. After 2 min, 1 mM
of Mg-ATP (final concentration) was added to the mixture (arrow).

from bovine liver and frog cytosol (kind gifts from Drs
Latterich and Robinson, Salk Institute, San Diego, CA).
These fractions contained very little or no additional
proteins, as judged by SDS—-PAGE followed by silver
staining (not shown). Using purified p97, we either omitted
or included ATP. As can be seen in Table IlIA, addition
of 1 mM ATP resulted in an ~2-fold stimulation of
fusion. In contrast, addition of ANS, a non-hydrolysable

Table Il. Influence of co-factors p47 armtSNAP on ATPase activity
and fusion

A p97 NSF
- 2.3 15
ATP 5.9 2.9
ATPYS 2.5 17
HD 2.5 17
DS 2.4 15
RG 10.8 5.2

20:1 ATP 5.3 2.7

2:1 ATP 18.3 111

15 ATP 2.6 17

2:1 ATRYS 2.7 2.3

2:1 ATP-. DS 16.9 10.0

20:1 RG 105 4.5

2:1 RG 35.7 19.0

15 RG 4.3 2.9

:CF VEus VEus

B p97 NSF

- 9.1 55

20:1 8.0 5.2

2:1 19 1.0

15 4.5 3.3

:CF VPi VPi

(A) Purified p97 (2ug/ml final concentration) and NSF (tg/ml final
concentration) were tested in terms of fusion activity with or without
ATP (1 mM final concentration), AT§S, ATP DS or an ATP RG. p97
and NSF were also subjected to heat-inactivation for 5 min at 95°C
(HD). Both ATPases were also tested together at different ratios with
their corresponding co-factors (:CF), p47 an®SNAP. p97 and NSF
were pre-incubated with ATP and their co-factors for 30 min on ice
and then in the presence of an ATP DS (ATBS). Fusion activity is
expressed as the initial difference in NBD fluorescerEeolver time
(minutes) per amount proteipg). (B) ATPase activity (\4) was
determined (Ames, 1966) and is expressed as nmol@ji/bf ATPase.

tion for this was found in elegant structural work revealing
that p97 and NSF form hexameric ring structures (Peters
et al, 1992; Kesselet al, 1995; Hansoret al, 1997;
Kondo et al, 1997; Rabouilleet al, 1998). For NSF, it
was shown that even in the presence of 1 mM ATP, this
ATPase preferred to be in an ADP state (Hansoral,
1997). Thus, addition of 1. mM ATP to NSF would result
in an initial and rapid conversion to ADP. Since ADP is
the preferred state, this would then result in a less active
ATPase. As p97 and NSF are similar in both structure
and function, it was feasible that p97 also preferred ADP
over ATP. To test this, an ATP regenerating system (RG)
was included. This would ensure that a buildup of ADP
was avoided over the course of the incubation. As can be
seen, this boosted fusion ~2-fold (Table IIA, RG). How-

analogue of ATP, reduced fusion to values comparable to ever, kinetics were still lower than for the enriched
p97 in the absence of ATP. To rule out the possibility that p97—p47 complex in the fractionation experiment (Figure
p97 caused fusion non-specifically, perhaps by being 2A). The probable explanation for this was that p47 was
partially unfolded or denatured, we heat-denatured p97. also required. To test this, purified p47 was mixed together
Subjecting p97 to heat denaturation resulted in an inactiva- with p97 and 1 mM ATP for 30 min on ice and then

tion of the observed fusion activity, showing that this was

added to the L-L fusion assay. Several ratios were tested,

not the case. A similar decrease in fusion activity was and Table IIA shows the values obtained for three of these
also observed upon addition of an ATP depletion system (p97:p47; 20:1, 2:1 and 1:5). Strikingly, at a ratio of 2:1,
(DS). Taken together, these demonstrate that ATP hydro-fusion kinetics more than doubled compared with p97 or

lysis was required for the p97-mediated fusion event.

However, the observed overall fusion kinetics with purified

ATP alone. In contrast, excess of p47 appeared to inhibit
fusion altogether. Furthermore, as p47 alone exerted nei-

p97 were lower than expected (compare with fraction 5 ther ATPase nor fusion activity (not shown), the increased
of the Mono Q-eluate in Figure 2). A reasonable explana- fusion activity at the 2:1 ratio suggested that p47 modulated
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p97, perhaps by promoting exchange of ADP to ATP. To with p97, which might have been the consequence of
examine further whether p47 contributed to fusion in a using recombinant material. Fusion required ATP and was
p97- and ATP-dependent manner, we pre-incubated p97blocked by the addition of ATYS, showing that ATP
and p47 at the optimal 2:1 ratio in the presence of yf§P  hydrolysis was a prerequisite for NSF-mediated fusion. In
This reduced fusion to the values obtained with p97 in a similar manner to p47, the co-factmfSNAP exhibited
the presence of ATYS or in the absence of ATP, showing a modulating role and the optimal ratio for fusion was
that p47 acted through p97-driven ATP hydrolysis. We again 2:1 (NSR1-SNAP). As with p97—-p47, the ATPase
next tested the ATPase activity Y of p97 and the activity of the complex was at this ratio at its lowest.
p97—p47 complex. Surprisingly, at the ratio of 2:1 (optimal Furthermore, assembly of NSF andSNAP in the pres-
for fusion) the ATPase activity of the complex was at its ence of ATRS blocked fusion, and-SNAP was able to
lowest (Table [IB). This argues that p47 promotes an stabilize and protect the NSF complex from hexokinase.
exchange of ADP to ATP by stabilizing the fusion complex As a control, we also testeg-SNAP alone. No ATPase

in the ATP state. This finding has important implications or fusion activity was detected with this co-factor (not
in terms of a regulatory mechanism and may explain why shown).

a role for ATPases in fusion has previously been placed The similarity between the two ATPases, p97 and NSF
upstream of the actual fusion event. An explanation for and their respective co-factors p47 andSNAP, was
this is based on the observation that fusion is insensitive striking, and raises the interesting possibility that other
to the action of hexokinase following rearrangement of structurally related ATPases may catalyse fusion as well.
the SNARE complex. In light of above findings, it is
reasonable to assume that p47 ‘protects’ the ATP bound , . . ..
to p97. To test this, the p97—p47—ATP complex was pre- Lipid and content mixing assays demonstrates

assembled on ice and then incubated in the presence off@mplete fusion -
an ATP DS. As can be seen in Table Il addiFt)ion of an Having established that p97 and NSF efficiently promote

ATP DS had litlle if any effect on the ability of the 'apid membrane fusion, it was important to examine
complex to mediate fusion showing that, once formed whether fusion had mixed both leaflets and contents of

the p97—p47—ATP complex is resistant to ATP depletion (€ liposomes. Lipid mixing of the inner leaflet was
by hexokinase. However, depletion of ATP from the examined by extinguishing NBD fluorescence specifically
preformed complex was possible during incubation at N the outer leaflet by pre-incubating NBD-labelled donor
pH 9, suggesting that p47 now failed to protect the llPosomes with sodium dithionite (Hoeksted al, 1993).
ATPase—ATP complex. Finally, we tested the co-factor in This left NBD intact in the inner leaflet. Upon fusion with
the presence of an RG. This promoted fusion even further, cceptor liposomes (DOPE/DOPC) in the presence of the
ADP. Taken together, the above data show that the p97_observed compared to non-treated liposomes. The total
p47—ATP complex suffices to mediate efficient and rapid fluorescence signal was ~40% of that of the control (Figure
membrane fusion. This requires hydrolysis of ATP. Fusion 4)- This can be ascribed to the smaller surface area of the
is promoted great'y by removal of Competing ADP. The inner relative to the outer leaflet (4456) in the |Ip0$0meS
role of the co-factor, p47, when present at a ratio of 2:1 used in this study (50-70 nm in diameter). A content
(p97:p47) appears to be to stabilize the ATP state of p97 Mixing assay was also deployed mixing donor liposomes

and provides regulatory means for the fusion complex. ~ containing amino-naphthalenetrisulphonic acid (ANTS)
with acceptor liposomes..containimgxylylene bis(pyridi-

Purified NSF-0.-SNAP complex catalyses rapid um)bromide (DPX) (Dagwnes and Wilschut, 1993). Upon
membrane fusion fusion and content mixing, ANTS becomes quenched by

As p97 and NSF are structurally and functionally similar, DPX and this can be monitored as a decrease in relative
it was now important to examine NSF in membrane fluorescence of ANTS. As can be seen in Figure 4, mixing
fusion. The fractionation experiment presented in Figure of ANTS and DPX initially occurred with kinetics similar

2 shows that NSF did not co-fractionate with the peak to previous fusion experiments. The total extent of fusion
fusion activity, suggesting that NSF was not a major Was somewhat lower. However, as the initial fusion rate
fusion factor. However, the amount of p97 in the cytosol Was similar to fusion experiments using NBD dequenching,
is at least 10 times higher than that of NSF (Dr G.Warren, these data are explicative for a complete fusion event as
personal communication). It was therefore likely that the mediated by the p97—p47 complex. In addition, the appar-
fractionation experiment had favoured p97 over NSF, and ent similarity of the initial kinetics of lipid and contents
perhaps other ATPases. Also, within the limit of detection implies that the p97-p47-induced fusion event was
using an anti-bovin@-SNAP antibodya-SNAP did not essentially a non-leaky process. Indeed, when monitoring
appear to co-fractionate with NSF, but rather peaked in directly the leakage of the ANTS-DPX complex, as
fraction 5 of the Mono Q eluate (not shown), further reflected by an increase of ANTS fluorescence (Ellens
explaining why NSF had not been revealed in the fractiona- et al, 1984), essentially no fluorescence development is
tion experiment. To test directly whether NSF mediates seen up to 2—-3 min after addition of p97—p47. Even after
membrane fusion, we used recombinant and highly purified extended incubation periods (10 min), leakage was still
NSF (Sdiner et al., 1993) anda-SNAP (Whitehearet al,, barely detectable<5%). In conclusion, we have demon-
1993) (kind gifts from Drs H.McBride and M.Zerial, strated that ATPases such as p97 and NSF catalyse rapid
EMBL, Heidelberg, Germany). Table Il shows that NSF and complete membrane fusion between two opposing
mediates fusion in the same manner as that observed formembranes. As p97 and NSF are cytosolic, it is likely they
p97. Consistently, the fusion kinetics were ~50% compared interact with membranes and partially embed themselves in
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L-L fusion assay are also consistent with this model, in
that negative curvature was favourable in the ATPase-
mediated fusion event. The use of DOPE, DOPS and
DOPC approximates the physiological situation in that
these represent the most abundant phosholipids in the
50 outer leaflet of Golgi membranes. That the ATPase-
mediated fusion event is in support of the stalk—pore
4 25 fusion model is also suggested by the ability of lysoPC
0 T T and the tri-peptide ZfFG to inhibit fusion in both the
} Tx100 L-G and the L-L assay. Both lysoPC and ZfFG oppose
0 , negative curvature, and consequently inhibited the ability
200 300 of the ATPases to catalyse fusion.
seconds To determine whether p97 and NSF catalysed complete
rather than hemifusion or worse, depletion of fluorescent
lipid and/or content was tested directly. First, liposomes
and incorporated fluorescence were stable over long
periods of time, well exceeding that of the time course
used in this study. Secondly, very little leakage of content
was observed in the presence of purified p97—p47 and
ATP. Thirdly, mixing of the inner leaflets and between the
contents of the donor and acceptor liposomes was
observed. Together, these show that fusion was complete,
and that pore formation and dilation took place, permitting
contents to mix. The similarity of the initial kinetics and
extent of fusion in the different fusion assays used in this
study is further support for this conclusion.

In addition, we rule out the possibility that p97 and
NSF could mediate fusion by being presented as denatured
proteins. Three lines of evidence reason against this. First,
removal of the abundant p97 from cytosol resulted in an
80% decrease in fusion, showing that it was needed for
the fusion even in the presence of a multitude of cytosolic
proteins, each potentially capable of mediating non-
specific fusion. Secondly, heat denaturation of both p97
and NSF inhibited fusion, further emphasising that the
fusion assay was measuring an active event mediated by

100 |

75

NBD-fluorescence (%)

100 150 200 250

seconds

0 50

lipid mixing

- content mixing

% Fusion

100 150 200 250

seconds

0 50

Fig. 4. The p97—p47 complex mediates mixing of both leaflets and
liposomal contents.A) Purified p97—p47 complex (10 nM) was added
to untreated (upper curve) or sodium dithionite treated (lower curve)
donor liposomes (DOPE/DOPS) and acceptor liposomes (DOPE/
DOPC). Following fusion, 0.1% Triton X-100 was added (arrow) to
determine maximal fluorescence sign&) Ponor liposomes

containing 25 mM ANTS were mixed with acceptor liposomes
containing 90 mM DPX. Upon addition of purified p97—p47 (10 nM),
fusion was monitored as a decrease in ANTS. To enable a direct
comparison with the lipid mixing assay, the curve displayed in Figure
3B is shown as a reference. However, the extent of fusion is here

directly expressed as the percentage of total fusion. The 5-fold excess
of acceptor liposomes results in that a 100% fusion signal corresponds
to 83.5% of obtained NBD fluorescence. Hence, the reference curve

here shows a maximum extent of 24% fusion. The data for the content

p97 or NSF. Thirdly, the fusion event required ATP
hydrolysis.

The role of ATPases and their co-factors in fusion

mixing curve have been inverted and is expressed as percent fusion.

Note the similar initial Kinetics of the two assays. In light of our findings, it is not difficult to reconcile

previous observations showing the importance of p97 and
NSF in organelle reassembly and vesicular transport.
However, both were invariably viewed as accessory pro-
teins rather than primary fusion proteins. The surprising
finding that p97 and NSF are primary fusion components
raises several interesting questions: given that they are
cytosolic and abundant, how are they targeted and regu-
The fusion event lated? What is the role of interacting SNARES?

The suggestion that p97 and NSF modulate membrane Clues to how p97 and NSF are targeted and regulated
properties to promote or catalyse fusion is consistent with can be derived from structural work (Petetsal, 1992;
postulates of the stalk—pore fusion model (Chernomordik Kesselet al, 1995; Hansoret al, 1997; Kondoet al,

and Zimmerberg, 1995). First, cytoplasmic leaflets fuse to 1997; Rabouilleet al, 1998). These studies show that
form a stalk across cytoplasmic space. This is followed NSF and p97 exist in the form of barrel-shaped hexameric
by fusion of the extra-cytoplasmic leaflets which are ring structures. Each barrel has an outer diameter of
brought in close proximity to the stalk to form a fusion 13-17 nm and a typical height of 9-10 nm, with a
pore. The pore then extends laterally to complete the small channel at its centre. Two different states could
process. In this model, formation of a stalk depends on a be distinguished. By adding the non-hydrolysable ATP
negative curvature in the cytoplasmic leaflets, enabling analogue, ATKS, the NSF hexamer was locked in an
these to extend outwards. Such dependency has beenATP’ state, which displayed characteristic features such
demonstrated previously for viral fusion proteins (Epand as globular ‘feet’ extending outward from the base of the
et al, 1995; Chernomordikt al, 1997). Our data showing  barrel. In contrast, when observed in an ‘ADP’ state, these
an enhancing effect of DOPE both in the L-G and the feet had contracted inward (Hansen al, 1997). This

the lipid bilayer. Presumably, this allows them to modulate
locally the properties of the membrane to promote fusion.

Discussion
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argues that a structural conformation of NSF takes place SNARE pairingin trans precedes fusion, as thisans
upon ATP hydrolysis. As the data presented in this study pairing can be disassembled without affecting fusion rates.
shows that ATP hydrolysis by NSF or p97 is required for However, SNARE pairing or re-arrangement has been
fusion, we propose that it is this conformational change shown to be the direct consequence of ATP hydrolysis by
which causes the first fusion intermediate, the stalk, to NSF (Secl18 in yeast). This has been interpreted as a
form. Why this would not occur at random is based in prerequisite for ATP hydrolysis by Sec18 (NSF) prior to
part on the observation that the hexameric NSF prefers tofusion (Mayer et al, 1996; Sato and Wickner, 1998;
be in an ADP state even in the presence of 1 mM ATP Ungermanret al, 1998a,b). A subsequent role for Sec17
and that the stability of the NSF oligomer is very much and Sec18 would according to those data not be required
dependent on nucleotide binding and ATP hydrolysis for fusion. In addition, dissociation of Sec17 occurs upon
(Whiteheartet al., 1994; Hansoret al, 1997; Matveeva  ATP hydrolysis of Sec18 but well before fusion. These
et al, 1997). In the absence of co-factor, we argue that differences are not easy to reconcile and will require
hexamers of NSF (and p97) spend most of their time in further work. For example, using our liposome-based
an ADP state. This alone would guard against promiscuousfusion assay, it should be possible to examine fusion in
fusion. In addition, as the protruding feet are observed the context of SNARESs and other components to determine
only in the ATP state and these correspond to the N- the relative role exerted by each component. As both
domain (essential for co-factor binding and hence SNARE the p97- and NSF-mediated fusion event requires ATP
binding), targeting of the ADP hexamer to the membrane hydrolysis, it should also be possible to trap fusion
would not occur. intermediates which would yield a detailed elucidation of
We further predict that it is upon binding of the co- membrane fusion by cellular proteins such as p97 and NSF.
factor that the hexamer of the ATPase is stabilized in the
ATP state. We observed that with addition of co-factors ]
at a particular ratio (2:1, ATPase:co-factor), fusion was Materials and methods
stimulated greatly. At this ratio, the ATPase activity of paterials
the ATPase—co-factor complex was greatly reduced in Lipids were purchased from Avanti Polar (Alabaster, AL). Sodium-
solution. That addition of the co-factor resulted in less dithionite was from Fluka (Deisenhofen, Germany), and ANTS and DPX
ATPase activity in solution is consistent with previous gﬁ;"ny'l\ggﬁicn“;aghg%‘fgni(ni“gﬁlr(‘:ieﬁe)‘m;h dpeggdgz\l ég‘;‘;@;fm%
Obser,vatlons for p97 and p47 (Meyet al, 1998), bUt glycine-alanine) were from Sigma (Deisenhofen, Germany). Murine
not with NSF anda-SNAP. In the case of NSF, addition  monoclonal antibody against p97 was from Progen (Heidelberg,
of a-SNAP appears to stimulate ATPase activity (Sudlow Germany).
et al, 1996; Steel and Morgan, 1998). However, in those
studies, a prercquisite for stimulation was WEBNAP  repertion o116t e SO0l MerIOneS o savents
had to be |mr_n(_)b|I|zed ona plastic support prior to addition (1994). Brief?y, four to six rats wgrepstarved for 24gh prior to sacrifice.
of NSF, providing a possible explanation for the observed [jyers were quickly removed and immersed in 200 ml of ice-cold
difference. We also observed that addition of an ATP buffer | (0.5 M sucrose, 5 mM MgG] 100 mM KHPO/KH,PO,,
regenerating system boosted the p97- and NSF-mediatedH 6.7). Livers were rinsed, minced into small pieces and passed through
fusion event. This effect was striking, and presumably a & 150 um-mesh steel laboratory sieve. The homogenate was then
. S - collected and brought to a final volume of 80 ml with the addition of
consequence of havmg minimized the Ir,]c,rease of ADP buffer I. Six centrifuge tubes containing 7.5 ml of buffer Il (1.3 M
levels as a consequence of ATPase activity. One would sycrose, 5 mM MgG| 100 mM KHPO,/KH,PO,, pH 6.7) with a layer
infer from this that the ATPase would become less active of 13 ml of buffer 11l (0.86 M sucrose, 5 mM Mgl 100 mM K;HPO,/
in terms of fusion at elevated ADP levels, perhiaps a2 a0, B e scaore
consequence of more readily assuming an inactive but 5 M KAng, 100pmM KHPO/KH,POy, pH 6.7). The gradients were
preferred ADP state. In summary, we suggest from our gpn for 1 h at 28 000 r.p.m. in a Beckman ultracentrifugg With a
findings and those of others that the preferred ADP state fixed angle rotor, type SW28 at 4°C. The Golgi fraction was collected
of p97 and NSF provides one way to ensure that they do at the interface of buffers | and Ill, and diluted to 8-9% wiw sucrose
not catalyse fusion at random. Upon binding to correspond- With buffer V (5 mM MgCl, 100 mM KHPOy/KH,PO,, pH 6.7). The

. . - o tubes were topped up with buffer IV and underlaid with 10@f buffer
ing co-factors, ADP is exchanged with ATP, priming the Il to form a sucrose cushion. The gradients were spun for 30 min at

complex for fusion. 7000 r.p.m. in a Beckman ultracentrifugeg.with a fixed angle rotor,
type SW28 at 4°C. The pellets were resuspended in 2 ml of buffer IV
The role of SNAREs in p97 and NSF mediated and 38 ml of buffer IV was added to the Golgi fraction. The gradients

were then spun once more on a L@iGsucrose cushion of buffer V, for

fusion . k > ; )
. . . 30 min at 7000 r.p.m. in a Beckman ultracentrifugg,Lwith a fixed
Having shown that p97 and NSF suffice for fusion, we ange rotor, type SW28 at 4°C. Finally, pellets were resuspended in 4—

suggest that the role of SNAREs is to provide specificity 5 ml of buffer IV, frozen in liquid nitrogen and stored at —80°C.

and regulation. It is known that recruitment of the ATPase

complex to membranes occurs through the binding of the Cytosol fractionation and depletion of p97

co-factor to SNARES (Shner et al. 1993: Kondoet al Proteins of rat liver cytosol were precipitated using 20% AS. The pellet

1997: Rabouill I 1998). Thi ? Id ' . and supernatant were dialysed against HEPES buffer (10 mM, 140 mM
; Ra _OUI etal, ) Is would ensure targeting NaCl, pH 7.4) and tested for fusion activity. The material from the

of the fusion complex to the correct membrane. Upon peliet, containing the majority of the fusion activity, was applied to a

interaction with SNARES, the co-factor would then be Resource Q column. Fractions (0.5 ml/fraction) were collected and

released from the now membrane-bound ATPase. whichanalysed for protein amount and initial fusion rate. The latter using the

: : : ’ L-L fusion assay with DOPE/DOPS (1:1) donor and a 5-fold excess

IS now ready to Catalyse fu.SIO”' This WOUI(.:I place .SNARES unlabelled DOPE/DOPC (1:1) acceptor liposomes (a maximal final lipid

upstream of the actual fusion event consistent with recent concentration of 50QuM). Peak fractions 11 and 12 were pooled and

findings by Ungermanet al. (1998a,b), who suggest that applied to Mono Q column. Fractions (0.5 ml/fraction) were then
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analysed as above. Aliquots of all fractions and the original cytosol (C), of creatine phosphate solution and 0.666 ml of creatinine kinase solution.
p97—p47-depleted cytosol (L and the 20% AS pellet supernatant  Fusion buffer (3.43 ml) was then added to the mixture. Aliquots were
fractions were also subjected to SDS—PAGE, followed by Coomassie flash-frozen in liquid nitrogen and used after thawing ag tdncentrated

staining and Western blot analysis using antibodies to p97, p47, NSF ATP RS. ATP depletion was done by incubating samples with 150 U of
and a-SNAP. Depletion of p97 from the cytosol was performed using hexokinase in the presence of 1 mM glucose for 5 min at room
recombinant and His-tagged p47 attached to Ni-Sepharose (Qiagen,temperature. To block further hexokinase activity, glucose-6-phosphate

Hilden, Germany). Approximately 10 mg of p47 were used to deplete
10 ml rat liver cytosol (0.3 mg/ml).

Preparation of the liposomes
Liposomes, 50-70 nm in diameter, labelled with 0.8% rhodamine-PE

(2 mM final concentration) was added.
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(Strucket al, 1981). Briefly, 0.8% of total lipid rhodamine-PE and 0.8%
of total lipid NBD-PE were added to DOPE/DOPS (molar ratio 1:1).
Unlabelled liposomes consisted of DOPE/DOPC (molar ratio 1:1),
DOPE/DOPC/DOPS (molar ratio 1:1:1), DOPC/DOPS (molar ratio 1:1),
pure DOPC or DOPS. Lipid solutions were dried under nitrogen and
kept under vacuum for 3 h. After drying, 5@0of fusion buffer (10 mM
HEPES, 140 mM NaCl, 10 mM KOAc, 1 mM Mggl pH 6.5) was
added and the mixture was vortexed vigourously and quickly freeze—
thawed 10 times. The lipid mixture was then transferred to a hand-held
extruder device (Liposofast) from Milsch Equipment (Laudenbach,

Germany). The mixture was passed 30-50 times through a 50 nm pore-

size polycarbonate filter from Millipore (Eschborn, Germany). Vesicle
size was checked by a Nicomb particle analyser. Lipid analysis was
carried out according to Bartlett (1959).

Fusion assay

Lipid mixing The fusion assay is essentially as described by Struck
et al.(1981) and Hoekstra and Rgunes (1993). Typically, fluorescently
labelled liposomes (final lipid concentration 1@M) were added to
500 pl of buffer (10 mM HEPES, 140 mM NacCl, 10 mM KOAc, 1 mM
MgCl,, pH 6.5) at 37 °C in a thermostatted cuvette. At these concentra-
tions, it is known that neither Nanor Mg?* causes fusion (Dagunes

et al, 1987). Rat liver Golgi membranes (5@g/ml final protein
concentration) were injected into the cuvette through a small hole in the
lid of the fluorimeter (SLM Aminco Bowman Series 2). In case of the
L-L fusion assay, the labelled and unlabelled liposomes (1:5 ratio, final
lipid concentration 50QuM) were mixed and added to the cuvette with

fusion buffer. The ATPases and other compounds were added by

injection. The fusion reaction was monitored as an increase in NBD
fluorescence as a function of time with 1 s resolution at excitation and
emission wavelengths of 465 and 530 nm, respectively. For calibration,
0% was taken as the intrinsic fluorescence intensity of NBD/rhodamine-

labelled liposomes and the 100% as the maximal fluorescence obtained

after addition of 0.1% Triton X-100 (final concentration) corrected for

detergent quenching of NBD fluorescence. For the preparation of the

inner leaflet labelled liposomes, NBD/rhodamine-labelled liposomes
were incubated with 20 mM sodium dithionite for 30 min on ice to

extinguish NBD fluorescence in the outer leaflet. Excess sodium dithionite
was removed on a Sepharose G50 column. Initial rates of velocity of

fusion were calculated by drawing a tangent at the steepest (initial) part

of the curve (Hoekstra and Rgunes, 1993).

Content mixing Liposomes for the contents mixing assay were made
essentially as described by Struek al. (1981) and Dagwes and

Wilschut (1993). After drying, the lipids were dissolved in fusion buffer
supplemented with either 25 mM ANTS or 90 mM DPX. Unincorporated

ANTS and DPX was removed beforehand using a Sepharose G50

column. Fusion was monitored in time Wit s resolution as a decrease
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Switzerland) for help with initial experiments; and Drs Brian Storrie
(Blacksburg, VA) and Chris J. Echeverri (EMBL) for helpful discussions
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