1084

deletion: 104,5'-AGCAGACGAGTCGACAGCT TCCAT -
TAGCTTCACGGTTTCG-3'; 105, 5'-GACCTGCAGAC-
GCGTCCTCTGACCCTACGAGTTCCACC-3'; 106, 5'-GT-
CAGAGGACGCGTCTGCAGGTCGACTCTAGAGGATC-
C-3';107,5'-GACATCAGAGTCGACTGATGGCCTCCA-
CGCACGTTGTG-3'; H deletion #2: 162, 5'-AGCAGA-
CGAGTCGACGCTGGGGCCAAGGAGTCAG-3'; 161, 5'-
GTTGTAAAACGACGGATCCCAGACTCACACATGGTCC-
CTG-3'; 160, 5'-AGTCTGGGATCCGTCGTTTTACAA-
CGTCGTGACTGGG-3'; 107, 5'-GACATCAGAGTCGA-
CTGATGGCCTCCACGCACGTTGTG-3"; H deletion #3:
184, 5'-AGCAGACGAGTCGACAGCTGTGGTGATAGTA-
TGAAGTATGAC-3'; 183, 5'-GT TGTAAAACGACGTGTA-
GTTATGTAACAATCGAACG-3'; 182, 5'-ACATAACTAC-
ACGTCGTTTTACAACGTCGTGACTGGG-3'; 107, 5'-G-
ACATCAGAGTCGACTGATGGCCTCCACGCACGTTGT-
G-3'; R1 deletion: 142, 5'-GGCAGTTATTGGTGCCC-
TTAAACG-3'; 132, 5'-CAAATAGTACTATGCGTGTAA-
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ATGAAGCCAATGCTAAGTGG-3";124,5'-GCT TCATT-
TACACGCAATGTACTATTTGATTTGAGGACC-3';
154, 5'-GACATCAGAGTCGACAACTCGAAGTAACAG-
GTCAGAAAGC-3"; RTYFP: 5'sal/r1, 5'-AGCAGACGA-
GTCGACACAACCAATCTCCCGGAAGAATGC-3"; 3'r1/
yfp,5'-CTTGCTCACCATGGT TTCTAAGCTACCTGGG-
AACAATG-3"; 5'r1/yfp, 5'-GCTTAGCCACCATGGTG-
AGCAAGGGCGAGC-3"; 3'yfp/r1, 5'-AAGGAGGCAG-
CTTACTTGTACAGCTCGTCCATGCC-3'; 5'yfp/r1, 5'-
GCTGTACAAGTAAGCTGCCTCCTTGCCGTCTACCC-
3" 3'r1/sal, 5'-GACATCAGAGTCGACGGTGTGTGG-
GGGTGCCACTC-3'; R2 deletion: 129, 5'-AGCAGAC-
GAGTCGACGGCAAGGTCACATAGCATTACTTGG-3";
130, 5'-GATATGAAATAGTGACTATAGGAAT TACCA-
GCAAAATGTTG-3'; 133, 5'-TGATATCCT TAATGGTC-
GTTTTACAACGTCGTGACTGGG-3'; 107, 5'-GACAT-
CAGAGTCGACTGATGGCCTCCACGCACGTTGTG-3';
intergenic region deletion: 152, 5'-GCAGAGTCGAC-

Control of the Terminal Step of
Intracellular Membrane Fusion
by Protein Phosphatase 1

C. Peters,” P. D. Andrews,? M. J. R. Stark,? S. Cesaro-Tadic,’
A. Glatz,’ A. Podtelejnikov,® M. Mann,® A. Mayer'*

Intracellular membrane fusion is crucial for the biogenesis and maintenance of
cellular compartments, for vesicular traffic between them, and for exo- and
endocytosis. Parts of the molecular machinery underlying this process have
been identified, but most of these components operate in mutual recognition
of the membranes. Here it is shown that protein phosphatase 1 (PP1) is essential
for bilayer mixing, the last step of membrane fusion. PP1 was also identified in
a complex that contained calmodulin, the second known factor implicated in
the regulation of bilayer mixing. The PP1-calmodulin complex was required at
multiple sites of intracellular trafficking; hence, PP1 may be a general factor

controlling membrane bilayer mixing.

Intracellular membrane fusion can be divided
into distinct subreactions: priming, tethering
and docking of the membranes, and subse-
quent mixing of the bilayers and contents (/).
Most components identified so far, such as
NSF (NEM-sensitive fusion protein), a-SNAP
(soluble NSF attachment protein), SNAREs
(SNAP receptors), Rab-like guanosine triphos-
phatases (GTPases) and their cofactors, and the
LMAT1 complex (low molecular weight activi-
ty), act in the early steps of intracellular mem-
brane fusion, mediating recognition and associ-
ation of the appropriate membranes. In contrast,
there is little information about the transition
from docking to bilayer mixing.

In the yeast Saccharomyces cerevisiae,
the fusion of vacuoles to each other involves
reactions that are identical to those that me-
diate fusion of intracellular membranes in
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other eukaryotic cells (/). Vacuole fusion
also requires an efflux of calcium from the
vacuolar lumen (2), which is controlled by
priming and docking of the vacuoles. The
release of calcium into the cytosol results in a
transient association of the cytosolic calcium-
binding protein calmodulin with the vacuole
membrane, which triggers the final events of
bilayer and contents mixing. The final stage
is also characterized by its sensitivity to cer-
tain low molecular weight compounds such
as the serine-threonine phosphatase inhibitor
microcystin LR, mastoparan, and guanosine
5’-0-(3'-thiotriphosphate) (3).

The target of microcystin LR is mem-
brane-associated because microcystin LR in-
hibited vacuole fusion in the absence of cy-
tosol (4). To identify the target of microcys-
tin LR on yeast vacuolar membranes, we
fractionated purified vacuole membranes by
affinity chromatography with microcystin LR
that was immobilized on Sepharose beads
(5). In contrast to free microcystin LR, which
forms covalent adducts with protein phospha-
tases (6), the immobilized form can associate
with these enzymes noncovalently. Purified
vacuolar membranes (7) were solubilized in
detergent and passed over microcystin LR—

GAGCTAAGGTCTCACTATTTTCACAG-3';113,5'-GT-
GACCTTGCCAGAGACCCATTGGTTAGCCCAATG-3;
114 5'-AATGGGTCTCTGGCAAGGTCACATAGCATT-
ACTTGG-3'; and 151, 5'-GACATCAGAGTCGACTGA-
CTCCTGCCAAGAAATCCTTCC-3'. The construction
of the R2GFP shuttle vector was as described (72).
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Sepharose (5). SDS—polyacrylamide gel elec-
trophoresis (SDS-PAGE) analysis revealed
that only one protein of ~35 kD could be
specifically eluted from the Sepharose with
free microcystin LR (Fig. 1A). Incubation of
the solubilized membrane with free micro-
cystin LR inhibited binding of the 35-kD
protein to microcystin LR—Sepharose. Asso-
ciation of the other proteins was not com-
pletely blocked by free microcystin LR, and
we regarded them as nonspecific. An excised
region of the gel containing the 35-kD protein
was degraded by trypsin (&), and the resulting
peptide mixture was analyzed by high-accu-
racy matrix-assisted laser desorption/ioniza-
tion (MALDI) mass spectrometry (9).

Eight peptide masses matched the calcu-
lated tryptic peptide masses of the yeast open
reading frame YER133w (/0) and identified
the protein as protein phosphatase 1 (PP1).
The involvement of PPI in vacuole fusion
was supported by the fact that affinity-puri-
fied antibodies to PP1 inhibited vacuole fu-
sion in vitro (//) (Fig. 1B). Furthermore,
purified yeast inhibitor 2 (/2), a highly spe-
cific negative regulator of PP1 (/3), inhibited
vacuole fusion (Fig. 1C). Addition of purified
recombinant PP1 (/4) rescued the block to
fusion caused by microcystin LR (Fig. 1D).

PP1 is an essential protein (/5). To further
examine the role of PP1 in fusion, we gener-
ated temperature-sensitive (ts) PP1 mutants
(16). Vacuoles prepared from mutant strains
that were grown at the permissive tempera-
ture (25°C) were fusion competent at 25°C
(Fig. 2A). In contrast, short incubation of the
vacuoles at the nonpermissive temperature
(37°C) inhibited fusion. Vacuoles from wild-
type yeast retained their fusion competence
at 37°C. Inactivation of PP1 in the mutant
strains by a temperature shift also disrupted
vacuolar structure in vivo. At the nonpermis-
sive temperature the vacuole disintegrated
into small vesicles that aggregated (Fig. 2B).
Under the same conditions, wild-type cells
maintained a single large vacuole, as did the
mutant cells at the permissive temperature.
Overexpression of yeast inhibitor 2 in wild-
type cells also caused vacuole fragmentation
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(4). Hence, PP1 was essential for vacuole
fusion in vivo and in vitro.

Once a vacuole completes a step of the
membrane fusion reaction, it becomes resistant
to inhibitors of that particular step (3). This
sensitivity to inhibitors can reveal the sequence
of events in vacuole fusion. To determine if
PP1 is required for an early or late stage of
membrane fusion, we supplemented an ongoing
in vitro fusion reaction with various inhibitors
at different times and incubated the prepara-
tions until the end of the fusion period (70 min).
At each given time point a sample was set on
ice to stop fusion to monitor progression of the
fusion reaction. All inhibitors prevented vacu-
ole fusion when added at the start of the reac-
tion (Fig. 3A). The vacuoles became resistant to
the inhibitor Gdilp after 30 min, indicating that
the docking phase had been completed (7). Full
resistance to anti-PP1 or to microcystin LR did
not occur (/7); therefore, PP1 functions close to
the final step of the reaction, that is, during
bilayer mixing. It remains to be determined
whether this function is related to observations
on eosinophil exocytosis where fusion pore ex-
pansion is controlled by phosphorylation (/8).

Microcystin LR also affects the release of
LMAI1 from the membrane (/9). LMAL is
functionally connected to factors acting early
in intracellular membrane fusion: it stimu-
lates Sec18p (NSF) adenosine triphosphatase
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activity and binds to and stabilizes activated
SNARESs (19). Finally, it is released from the
membrane. It is unclear if LMAI release per
se is of functional importance or rather a side
effect of the reaction, because release occurs
also in the absence of priming (Sec18p activ-
ity) and hence does not depend on overall
fusion activity (/9). We could not resolve
whether PP1 has two targets: LMA1 and
another, late-acting factor. Alternatively,
LMALI release itself could be connected to a
late event that is regulated by PP1. In light of
the functional relation of LMAT1 to NSF and
SNARESs, we consider this second possibility
to be less likely.

Components that are essential for intracel-
lular fusion reactions operate at many different
transport steps in the cell (/). We examined the
role of PP1 in regulating vesicle transport from
the endoplasmic reticulum (ER) to the Golgi
apparatus and also during endocytosis. The
PP1 ts mutants were incubated at the non-
permissive temperature before they were
metabolically labeled (20) with [>*S]me-
thione and [**S]cysteine for 5 min. Cells
were then incubated in nonradiocactive medi-
um (chase) for different lengths of time be-
fore they were lysed. Carboxypeptidase Y
(CPY) was immunoprecipitated from the ly-
sates (Fig. 3B). CPY is a vacuolar protease
that is translocated into the ER as a proen-
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and sequenced (9). (B and C) Standard in vitro fusion assays with isolated vacuoles were performed as
described (77) in the presence of microcystin LR or antibody to PP1 (anti-PP1) (B) or in the presence of
purified yeast inhibitor 2 (Glc8p) (72) (C). Vacuoles were incubated (25 min at 0°C and 10 min at 27°C)
with the indicated agents in fusion buffer lacking adenosine triphosphate (ATP). Samples were then
supplemented with an energy regenerating system and incubated for 60 min at 27°C. The inset in (C)
shows a Coomassie-stained gel of purified yeast inhibitor 2. The lower band is a degradation product.
Size markers are as in (A). (D) Purified PP1 rescues a microcystin LR block. Vacuoles were incubated (15
min, 0°C) with or without 10 WM microcystin LR in fusion buffer lacking ATP. Vacuoles were then
reisolated (2 min, 7700g) and resuspended in fusion buffer with ATP, 1 uM calmodulin (2), and the
indicated concentrations of recombinant PP1 (5 min, 0°C). The fusion reaction was performed at 27°C
for 1 hour. Right lane shows a Coomassie-stained gel of purified PP1. The band at ~29 kD is GST that
does not influence the reaction (4). Size markers are as in (A).
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zyme (pl form) and travels to the Golgi by
vesicular transport (2/). There it becomes
glycosylated (p2 form). CPY is further trans-
ported through the prevacuolar-endosomal
compartment and delivered to the vacuole
where the propeptide is cleaved off, resulting
in the active vacuolar form of the enzyme (m
form). In wild-type cells, CPY was rapidly
transported from the ER (0 min) to the Golgi
(2.5 min) and finally to the vacuole (20 min).
In contrast, in the ts mutant cells, CPY accu-
mulated in the ER. At the permissive temper-
ature, transport of CPY was similar in the
mutant and wild-type cells (4). Thus, rapid
inactivation of PP1 by a temperature shift
blocked ER-to-Golgi transport.

To assess the role of PP1 in endocytic
transport, we used the fluorescent styryl dye
FM4-64 to pulse-label the plasma membrane
(22). After incubation of the cells with FM4-
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Fig. 2. Vacuole fusion in PP1 ts mutants in vitro
and in vivo. (A) Vacuoles were isolated from PP1
ts mutants (PAY810-3Aa and PAY 821-2Ba)
and from the corresponding wild-type (PAY813-
2Ca and PAY820-1Da) strains (76) and incu-
bated in fusion buffer that lacked ATP for 5 min
at 25° or 37°C. Vacuoles were chilled to 25°C
before addition of ATP and initiation of the
fusion reaction. (B) Ts (PAY700-4) and wild-
type (PAY704-1) cells were grown (10 hours,
25°C) and then stained with the fluorescent
dye FM4-64 (2). Cells were then incubated
in medium without stain at 25° or 35°C for 5
hours and analyzed by confocal microscopy.
The transmission and fluorescence channel of
the microscope were overlaid. Image width for
all panels is 25 pum.
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Fig. 3. PP1 acts after the
docking phase and at
multiple steps of mem-
brane trafficking. (A) Fu-
sion reactions (six times
the standard volume)
were incubated at 27°C.
At the indicated times
they were divided into
30-pl standard fusion
reactions, supplement-
ed with the indicated
agent or buffer only,
kept on ice for 10 min,

and then incubated again at 27°C for the rest of the 70-min reaction
period. One sample per time point was kept on ice until the end of the
reaction period to monitor the progression of fusion. Antagonist concen-
trations were as follows: PP1 and control (nonimmune) antibodies (13
M), Gdilp (2.5 pM), and microcystin LR (10 uM). (B) ER-to-Golgi
transport of CPY. Wild-type (PAY704-1) and ts (PAY702-4) cells were
metabolically labeled with [*>S]methionine and [3*S]cysteine and chased in

nonradioactive medium for the indicated times (20). CPY was immuno-
precipitated from cell lysates and analyzed by SDS-PAGE and autoradiography. The forms of CPY
are indicated. (C) Endocytic uptake of FM4-64. The same cells as in (A) were grown (12 hours, 25°C)
to ODg,, = 2 and transferred to 37°C for 30 min. They were pulse-labeled with FM4-64 (23),
chased for the indicated times, and analyzed by confocal microscopy as in Fig. 2.
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Fig. 4. PP1 is part of a multisubunit complex. A
large-scale fusion reaction (3 ml) was per-
formed as described (7). After 45 min at 27°C,
the vacuoles were reisolated, solubilized in de-
tergent, and fractionated by gel filtration (24).
Fractions were analyzed by SDS-PAGE and pro-
tein immunoblot with anti-PP1 and anti-cal-
modulin. The peak fractions of molecular size
markers are indicated.

64 for 2 min (23), small intracellular vesicu-
lar structures were stained in both wild-type
and PP1 ts cells (Fig. 3C). Many of these ves-
icles were mobile inside the cells. Thus, the
formation of endocytic vesicles is not im-
paired in PP1 mutants. During 15 min of
chase in medium without dye, staining of the
small vesicles in wild-type cells was gradu-
ally lost and the vacuolar membrane became
increasingly fluorescent. Slightly larger punc-
tate structures (three to five per cell) were
also stained, but transiently, which might cor-
respond to endosomes. After 15 min, all stain
had been transferred to the vacuoles. PP1 ts
cells, however, failed to transfer the stain to
the vacuoles, indicating a block of the endo-
cytic pathway. Under permissive conditions,
endocytic transport in the ts mutant was sim-
ilar to that in wild-type cells (4). PP1 activity
appeared essential not only for vacuolar fu-
sion, but also for ER-to-Golgi and endocytic
vesicular trafficking.

To test if PP1 action might be related to
that of calmodulin, another late-acting com-
ponent in vacuole fusion (2), we solubilized
purified vacuolar membranes in detergent
and analyzed the extract by gel filtration (24)
(Fig. 4). A fraction of PP1, which is a 35-kD

protein, was recovered from a high molecular
weight complex of about 500 kD. Calmodu-
lin was also found in the complex. Prelimi-
nary attempts to isolate the PP1 complex
indicated that, besides PP1 and calmodulin, it
contained several other components (4) that
could be target proteins of PP1. It is possible
that Ca?* and calmodulin signal the comple-
tion of docking. Calcium efflux from the
lumen of the vacuoles may activate the PP1
complex to catalyze the final events in fusion.

On the basis of reconstitution of liposome
fusion with purified proteins, two recent
studies proposed different minimal fusion
machineries as necessary and sufficient to
catalyze intracellular membrane fusion: v-
SNARE-t-SNARE complexes in one case
and NSF—a-SNAP in the other (25). How-
ever, in physiological membrane systems,
SNARE complexes can be disassembled before
bilayer and contents mixing without inhibiting
the reaction (26). In addition, anti-SNARE does
not inhibit membrane fusion after the docking
stage (27), and the function of NSF—a-SNAP is
restricted to the early priming reaction (3).
Thus, an apparatus other than SNARE com-
plexes and NSF—a-SNAP likely catalyzes bi-
layer mixing. PP1 may be a critical part of such
a system.
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