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ABSTRACT A cytosolic phosphoprotein that appears to
function in membrane fusion during exocytosis of secretory
products has previously been isolated from Paramecium tet-
raurelia. This phosphoprotein, parafusin, with M, 63,000, is
rapidly dephosphorylated via a Ca?*-dependent process when
secretagogues induce exocytosis in competent cells. Dephos-
phorylation does not occur in exocytosis-incompetent cells.
Polyclonal antibodies against purified parafusin have now been
used to show that this protein is present in unicellular orga-
nisms and cells of metazoan groups of wide evolutionary
divergence, such as yeast, insects, and mammals, including
humans. These results suggest that parafusin was present early
in the history of eukaryotes and that it is of functional
importance in the general mechanism of exocytosis and mem-
brane fusion.

Exocytosis is a common process used by eukaryotic cells for
release of most protein-rich secretory products. During
biogenesis, the products are packaged in membrane-bounded
vesicles and provided with an ‘‘address’’ guiding them to
their docking sites below the cell membrane. In regulative,
stimulus-coupled exocytosis, the vesicle remains docked
until reception of an appropriate stimulus, whereupon the
membranes of the vesicle and cell fuse. Unlike constitutive
exocytosis, regulative exocytosis takes place only when an
appropriate external ligand binds to a cell membrane receptor
that stimulates exocytosis. Specific signals and/or messen-
gers generated by this process transduce the received signal
into cellular responses. Some of the regulatory molecules or
messengers are present in the cytoplasm between the two
partner membranes destined to fuse. Changes in the concen-
trations, conformations, or other properties of these mole-
cules are postulated to induce or facilitate fusion.

The search for specific cytosolic proteins that appear
intimately associated with regulation of exocytosis in living
cells has proven extremely difficult. However, by using the
ciliated protozoan Paramecium tetraurelia as a model sys-
tem, such a molecule has been isolated. This is a phospho-
protein (M, 63,000), parafusin, which in living cells undergoes
a covalent modification (dephosphorylation) upon stimula-
tion of exocytosis (see Fig. 1 and refs. 1-3).

In the regulative exocytosis of trichocyst matrices in
Paramecium, thousands of release events can be induced
synchronously, resulting in a very high signal-to-noise ratio
for biochemical, structural, or other studies. The structure of
the membrane domain involved in Paramecium exocytosis is
very well defined, and this enhances the possibility of
characterizing the critical components of each compartment
(3). In wild-type (WT) cells the exocytotic cell membrane
domain is marked by a specific intramembrane particle array,
the fusion rosette. Exocytosis and dephosphorylation require
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the presence of sufficient external Ca?*; in WT cells, stim-
ulated in the absence of Ca?* and in the presence of Mg?*,
exocytosis is blocked, even though the membrane micro-
domain is fusion-competent.

Mutants in the signal-transduction mechanism of regula-
tive exocytosis are available, making it possible to assign
changes in structure and biochemistry to specific steps in the
sequence of events leading to exocytosis (4, 5). For example,
ultrastructural studies using a temperature-sersitive signal
transduction mutant (nd9) have revealed that the exocytotic
membrane domain is defective at the nonpermissive temper-
ature. Where exocytosis is blocked, the fusion rosette re-
mains unassembled. However, at the permissive temperature
the rosettes assemble and exocytosis occurs normally ‘(6).
Gilligan and Satir (1) found that parafusin was dephospho-
rylated upon stimulation of exocytosis in WT and nd9 cells
grown at the permissive temperature but that dephosphory-
lation was inhibited in WT cells stimulated in the presence of
high external Mg?* and in nd9 cells at the nonpermissive
temperature. Similar results were obtained with a series of
additional Paramecium mutants (7). Furthermore, Satii ahd
Murtaugh (8) demonstrated the presence of a similar phos-
phoprotein in Tetrahymena thermophila that became dephos-
phorylated upon stimulation of exocytosis and membrane
fusion. :

Because of the potential importance of parafusin in secre-
tion in Paramecium, we tested whether the molecule was
evolutionarily conserved. In this paper we report the pres-
ence of immunologically similar proteins of molecular
weights similar to parafusin in a wide variety of species and
tissues. Therefore, this molecule may be of widespread
importance in exocytosis and membrane fusion processes of
eukaryotic cells in general.

METHODS
Parafusin was isolated from axenically (sterile medium)
grown P. tetraurelia and a rabbit polyclonal antibody was
raised against it (2). The affinity-purified antibody to
parafusin was used as a probe for the presence and size of
immunoreactive proteins in homogenates or high-speed su-
pernatants of a wide variety of eukaryotic cells. Protein
concentrations were measured by the method of Lowry et dl.
(9). In general, homogeneous populations of cells or tissues
of higher organisms were obtained. These were homogenized
in 50 mM Tris buffer (pH 7.4) containing 10 mM EDTA and
protease inhibitors (aprotinin, leupeptin, and phenylmethyl-
sulfonyl fluoride) in a Polytron (Brinkmann) for 15 sec, three
times on ice. In many cases the homogenate was-Turther
fractionated by centrifugation for 5 min at 1500 X g into a
low-speed pellet (P1) and supernatant (S1), and the S1 was
spun at 100,000 X g for 60 min to yield a high-speed péllet (P2)

Abbreviations: WT, wild type; S2, 100,000 X g supernatant; P2,
100,000 x g pellet.
*To whom reprint requests should be addressed.
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and supernatant (52). The appropriate fractions were sub-
jected to SDS/PAGE followed by immunoblotting with the
afﬁmty-punﬁed parafusm antibody. Details of these proce-
dures are given in ref. 2.

A crossreactive species at M; = 63,000 was considered
pr iminary evidence that a preparation contained a molecule
sirhilar to parafusin. To clarify thi§ further, we performed a
series of control experiments in which undiluted affinity-
purified parafusin antibody was mixed-1:1 (vol/vol) with
either S2 preparations of each tissue or S2 preparations from
Paramecium and the mixtures wére used as antibody for
immunoblotting. Immunologically reactive molecules similar
to parafusin will bihd antibody during this preabsorption, and
the reactive band should pot be detected when the preab-
sorbed antibody is used to probe an immunoblot.

'RESULTS AND DISCUSSION

Fig. 1 confirms previous observations (1-3). Axenically
grown P. tetraurelia incorporate 32P; into parafusin. When
exocytosns is stimulated by a specific secretagogue, such as
trinitrophenol, in the presence of sufficient external Ca?* (0.5
mM), parafusin is dephosphorylated (Fig. 1 Left). An affinity-
purified rabbit polyclonal antibody prepared against isolated
parafusin recognizes both the phosphorylated and dephos-
phorylated forms of parafusin (Fig. 1 Right). Phosphotylated
parafusm has two forms that can be distinguished by isoelec-
tric focusing, with pI values of 5.8 and 6.2. In addition, a
third, unphosphorylated form was identified, with a pI of 6.3
).

From the very first experiments on the isolation of
parafusin, it was clear-that the phosphorylated protein was
present in extremely small amounts in the cytoplasm. Sub-
cellular fractionation of unstimulated WT and nd9 cells in the
presence of EDTA, followed by SDS/PAGE and immuno-
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Fic. 1. (Left) 3?P autoradiogram after SDS/PAGE of three
different P. tetraurelia samples (10 ug of protein per lane). Lane 1,
homogenate of cells labeled metabolically with 32P;; note the phos-
phorylated parafusin (arrow). Lane 2, homogenate of cells labeled
with 3P and then stimulated to secrete with trinitrophenal, resulting
in dephosphorylation of most of the parafusin. Lane 3, S2 fraction
prepared from unstimulated in vivo 3?P;-labeled cells; the major
phosphorylated band represents parafusin. See refs. 2 and 8 for
experimental details. (Right) Corresponding immunoblot probed
with affinity-purified parafusin antibody. The antibody recognizes
both the phosphorylated and the dephosphorylated form of the
protein. Lanes 1-3, as described above. Lane 4, purified parafusin
standard (ca. 5 ug). See ref. 2 for details of antibody productnon,
affinity purification, and immunoblot procedures.
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blotting, showed that the phosphoprotein was cytosolic,
found primarily in the S2 fraction (Fig. 1). The P2 fraction
prepared in the presence of 5 mM Ca?* contained the
dephosphorylated parafusin (8). This might mean that de-
phosphorylated parafusin binds specifically to membranes in
the fusion process.

Fig. 2 shows a typical immunoblot from an experiment in
which various rat tissues (lanes 4-11) were tested for the
preserice of protems that were similar both in size and in
immunological reactivity to parafusin. The reactions with
purified parafusin (lanes 1 and 12), Paramecium S2 fraction
(lane 2); and T. thermophila S2 fraction (lane 3) were used as
controls. Although there was considerable variation in inten-
sity, all lanes showed reactions at M; 63,000. The differences
in intensity probably reflect differerices among the various
tissues, although in part they may have resulted from differ-
ences in the amount of material applied to the gel, which
varied from 0.5 to =10 ug. Paramecium (10 ug), liver (10 ug),
and spleen (7 ug) samples represent the largest amounts of
protein loaded. Heart (4.4 ug; lane 8) and liver (lane 10)
showed more intense reactions, whereas spleen gave only a
faint reaction (lane 11).

In éach case the immunologically crossreactive specnes at
M; 63,000 was not detected when purified antibody was
preabsorbed with Paramecium S2 or with the individual
tissue (rat brain, liver, heart, and adrenal glands) S2 frac-
tions. The resulting mixtures bound neither to Paramecium
S2 parafusin nor to the corresponding proteins in tissue S2
fractions on immunoblots (data not shown). Thus, the M,
63,000 polypeptide is able to compete specifically with
authentic M, 63,000 Paramecium parafusin for the purified
antibody. Hence, rat tissues contain parafusin or a closely
related molecule.

Because of the evolutlonary divergence between the cili-
ates and mammals, we investigated whether immuriologically
crossreactive molecules of similar siZe to parafusin might be
present in other eukaryotic organisms. Fig. 3 shows an
immunoblot that addresses this question. Affinity-purified
parafusin antibody reacted with polypeptides of M, = 63,000
in homogenates of yeast (lane 2), cellular slime -mold (lane 3),
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FiG. 2. Immunoblot analysis of various rat tissues probed with
purified anti-parafusin. Lanes 1 and 12, purified parafusin (ca. 5 ug
of protein). Lane 2, Paramecium S2 fraction (10 ug); lower molecular
weight band (M, 46,000) presumably represents a breakdown prod-
uct of parafusin, as can often be detected in freshly prepared S2
fractions. Lane 3, T. thermophila S2 [protein not determined (ND)].
Lanes 4-11, S2 fractions of various rat tissues: 4, brain (1.4 ug); 5,
pituitaty (ND); 6, thyroid (ND); 7, adrenal gland (1.2 ug); 8, heart (4.4
ug); 9, kidney (4.6 ug); 10, liver (10 ng); 11, spleen (7.0 ug). The
anti-parafusin detected the presence of a protein similar to parafusin
in all the samples tested with the excéption of the spleer, where the
reaction was not totally negative but was too faint for reproduction
in the figure.
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FiG. 3. I_mmunoblot probed with purified anti-parafusin showing
the variety of organisms in which proteins immunologically similar to
parafusin are present. Lane 1, parafusin standard (ca. 5 ug); lane 2,
homogenate of yeast (Saccharomyces cerevisiae, kindly provided by
S. Henry and J. Marmur) [protein not determined (ND)]; lane 3,
homogenate of Dictyostelium discoideum (kindly provided by J.
Condeelis) (0.5 ug); lane 4, homogenate of ootheca from cockroach
(Leucophaea maderae, kindly provided by B. Scharrer) (= 4 »e);
lane 5, homogenate of bladder from toad (Bufo marinus, kindly
provided by R. Hays) (ND); lane 6, homogenate of isolated calf
photoreceptor cells (kindly provided by D. Cohen and P. Satir) (ND);
lane 7, homogenate of rat pancreas (5.9 ug); lane 8, S2 fraction of bull
sperm (kindly provided by G. Orr) (ND); lane 9, S2 of rat brain (1.4
1g); lane 10, S2 of calf brain (5.6 ug); lane 11, S2 of human brain (1.8
ug) (brain samples kindly provided by S. Goldfischer); lane 12, S2
from rat testes (4.3 ug); lane 13, S2 from cultured neuroblastoma cells
(kindly provided by R. Momson) (ND); lane 14, Paramecium S2 (10
ug). All cells and tissues tested except bull sperm show crossreactive
polypeptides of apparent molecular weight very similar to that of
parafusin (M; 63,000). In Dictyostelium, toad bladder, calf photo-
receptor cells, and especially rat pancreas, crossreactive polypep-
tides at M, = 72,000 are present. This band is not present in
Paramecium S2. Bands at M, < 63,000 seen with yeast and
Paramecium S2 are probably breakdown products.

cockroach ootheca (lane 4), toad bladder (lane 5), and
isolated calf photoreceptors (lane 6) and in S2 fractions of rat,
bovine, and human brain (lanes 9-11). Reaction was also seen
with rat pancreas homogenate (lane 7) and testis S2 fraction
(lane 12) and with an S2 fraction of a human neuroblastoma
cell line (lane 13). In several cases there was an additional
crossreactive band at a somewhat higher molecular weight
(M, = 72,000). We were unable to detect significant reaction
with isolated bull sperm (lane 8), but this may mean only that
the amount of S2 preparation from this source was too small.

Proc. Natl. Acad. Sci. USA 86 (1989)

Therefore, in addition to the ciliates, a M, 63,000 polypep-
tide that is immunologically similar to parafusin seems to be
present in other unicellular organisms and in several meta-
zoan groups of wide evolutionary divergence, including
insects and mammals. These results suggest that such a
protein was present early in the history of eukaryotes. A
functional role for parafusin has been demonstrated for
stimulus-coupled exocytosis in Paramecium and Tetrahy-
mena, although elucidation of the effects of dephosphoryla-
tion and cellujar redistribution of the molecule need further
exploration. In this regard it is of interest that preliminary
data show that parafusin is the major substrate for glucose-
1-phosphotransferase in Paramecium (10). Further, a protein
of similar molecular weight has been shown to be the
predominant acceptor recognized by this enzyme in a variety
of cells and tissues of other species including rat liver (11).
One can speculate that perhaps in all eukaryotic cells,
parafusin may be the substrate for this enzyme. It would be
interesting to know how the glycosylation affects the distri-
bution of parafusin in the cell and its potential interaction
with membranes. Given the ubiquity of the species immu-
nologlcally related to parafusm it is probable that parafusin
is of fundamental 1mportance in the mechanism of membrane
fusion and exocytosis or related phenomena in most eukary-
otic cells.
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