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Membrane fusion requires localized destabilization of two phospholipid bilayers, but unrestrained mem-
brane destabilization could result in lysis. prmI mutant yeast cells have a defect at the plasma membrane
fusion stage of mating that typically results in the accumulation of prezygotes that have fingers of membrane-
bound cytoplasm projecting from one cell of each pair into its mating partner in the direction of the osmotic
gradient between the cells. However, some prml mating pairs fuse successfully whereas the two cells in other
prml mating pairs simultaneously lyse. Lysis only occurs if both mating partners are prml mutants. Osmotic
stabilization does not protect prml mating pairs from lysis, indicating that lysis is not caused by a cell wall
defect. prm1 mating pairs without functional mitochondria still lyse, ruling out programmed cell death. No
excess lysis was found after pheromone treatment of haploid prm1 cells, and lysis did not occur in mating pairs
when prml was combined with the fusI and fus2 mutations to block cell wall remodeling. Furthermore, short
(<1 pm) cytoplasmic microfingers indicating the completion of cell wall remodeling appeared immediately
before lysis. In combination, these results demonstrate that plasma membrane contact is a prerequisite for
lysis. Cytoplasmic microfingers are unlikely to cause lysis since most prmI mating pairs with microfingers do
not lyse, and microfingers were also detected before fusion in some wild-type mating pairs. The lysis of prm1
mutant mating pairs suggests that the Prm1 protein stabilizes the membrane fusion event of yeast mating.

Phospholipid bilayer membranes form a barrier surrounding
cells and intracellular organelles. Cellular membranes are in-
herently stable, but they are continually remodeled by budding
and fusion events. During fusion, two membranes must be
pulled together and reorganized in a controlled manner that
avoids leakage or rupture.

The mechanism of membrane fusion is best understood for
the fusion events that accompany infection by enveloped vi-
ruses. In the case of influenza virus, the hemagglutinin (HA)
fusion protein in the viral envelope is activated to undergo a
conformational shift by the pH change that accompanies virus
internalization into endosomes. A fusion peptide that is ini-
tially buried within the hydrophobic core of an HA trimer is
exposed and then inserted into the endosomal membrane. As-
sembly of an a-helical bundle then pulls the viral and cellular
membranes together to drive fusion. Intracellular membrane
fusion events during secretion and endocytosis have been pro-
posed to occur via a similar mechanism. SNARE proteins
extending from the cytoplasmic surfaces of vesicle and target
membranes bind in frans to form an a-helical bundle that links
the two membranes, ultimately leading to fusion.

In contrast to the extensive literature on viral and intracel-
lular fusion, little is known about the mechanism of fusion
between cells. In humans, cells fuse in a variety of contexts,
including the fusion of sperm and egg to form a fertilized
zygote, the fusion of trophoblasts to form the placenta, the
fusion of myocytes to form muscle fibers, the fusion of fiber
cells to form the lens of the eye, and the fusion of macrophage/
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monocyte-derived cells to form the large phagocytes involved
in immune surveillance and bone resorption. No bona fide
fusion proteins have been described for any of these cell fusion
events, with the possible exception of trophoblast fusion, which
can be blocked by antibodies against the fusion protein of an
endogenous retrovirus (34).

We have chosen to study the cell fusion event of mating in
Saccharomyces cerevisiae because this system offers the possi-
bility of combining genetic, biochemical, and cell biological
approaches. Yeast has two haploid mating types, MATa and
MATa (reviewed in reference 31). Mating initiates when pher-
omones secreted by haploid yeast cells bind to receptors ex-
pressed on cells of the opposite mating type. A signaling path-
way involving G proteins and mitogen-activated protein
(MAP) kinases is activated in both haploid cells, resulting in
arrest of the cell cycle before DNA synthesis, a shift in the
cellular growth axis toward the pheromone source, and tran-
scriptional induction of genes involved in the mating process.
Haploid cells of opposite mating types bind to each other and
then remodel their cell walls to allow their plasma membranes
to contact each other and fuse. Later, the nuclei of the two
parent cells fuse and a diploid daughter cell buds from the
conjugation bridge connecting the two parents.

Cell fusion mutants have mating defects at a stage after
haploid cells of the opposite mating type adhere to each other
but before they fuse (46). Many of these mutants have a bilat-
eral phenotype, meaning that cell fusion is more severely in-
hibited if the mutation is present in both cells of the mating
pair (5, 45). Even in bilateral crosses, successful cell fusion
generally occurs in a fraction of the mating pairs, suggesting
that there is more than one pathway leading to cell fusion. In
fusl, the first cell fusion mutant to be described, arrested
prezygotes have cell walls separating the two plasma mem-
branes, indicating a defect in cell wall remodeling rather than
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in membrane fusion (33, 45). The prezygotes that accumulate
in the fus2, rvs161, spa2, pea2, bnil, and fig] mutants also have
intact cell walls (46).

In contrast to other cell fusion mutants, prml mating pairs
arrest at a stage after cell wall remodeling but before fusion
(18). The PRMI gene encodes a pheromone-regulated mem-
brane protein. This 115-kDa glycoprotein has five predicted
transmembrane domains and is targeted to regions of contact
between mating cells. No PRMI homologues have been iden-
tified in mammalian cells, but there are homologous genes in
Schizosaccharomyces pombe and Candida albicans. The prml
mutant phenotype implicates Prm1 at the plasma membrane
fusion stage of mating, but PRM1 is not essential for fusion
because up to 40% of prml mating pairs are able to fuse.

We reexamined the prml mutant and found that 20 to 40%
of prml mating pairs lyse instead of fusing or arresting as
unfused prezygotes. Lysis only occurs after the plasma mem-
branes of two prmI mutants have come into contact and cannot
be prevented by osmotic stabilization. Therefore, we propose
that the primary function of Prml is to stabilize assembling
fusion pores.

MATERIALS AND METHODS

The yeast strains used in this study were derived from strains produced by
the yeast deletion consortium (http:/www-sequence.stanford.edu/group/yeast
_deletion_project/deletions3.html). Genes encoding freely soluble versions of
the green fluorescent protein (GFP) and the Discoideum red fluorescent protein
(DsRed) were inserted between a GPDI promoter and a PGKI terminator in the
expression vector pEG311. pEG311 was constructed to provide uniform and high
expression levels in Aura3 mutant strains. In addition to a URA3 selectable
marker, the vector also contains sequences from the 5’ untranslated region and
the 5" end of the coding region of the SSOI gene to direct chromosomal inte-
gration. The GFP-SSO2 expression plasmid pEG361 was constructed by an
in-frame insertion of the SSO2 gene at the C terminus of the GFP-encoding gene
of pEG311. In this work, MATa strains express GFP or GFP-SSO2 and MATa
strains express DsRed.

A PRMI CEN plasmid was constructed by gap repair. Sequences upstream
(positions —975 to —320) and downstream (positions 156 to 510) of the PRM1
open reading frame were amplified by PCR and subcloned into pRS316 (42) to
construct pEG383. The two inserts were in the same orientation, with the up-
stream sequences at the 5’ end. pEG383 was cut between the two inserts with
Xbal and then transformed into a strain with a wild-type PRMI gene. Plasmid
PEG390 was rescued from this strain and sequenced to confirm recovery of the
PRM]I gene. The PRM1 gene was then subcloned from pEG390 into p415SADH
(36) to create pEG403, which has a LEU2 selectable marker. The prmI::HIS3
disruption plasmid pEG381 was created by subcloning sequences upstream (po-
sitions —536 to —217) and downstream (positions 156 to 511) of the PRM1 open
reading frame into pRS303 (42) in an orientation such that cutting the plasmid
between the two inserts with Spel generated a linear fragment with the upstream
and downstream sequences in a 5'-to-3’ orientation separated by the HIS3 gene
and other plasmid sequences.

The fusl prmlI and fusl fus2 strains were constructed by crossing single mu-
tants. The fusl fus2 prml strains were constructed by transforming fus! fus2
double mutants with pEG381. The fpsI phenotype was confirmed by measuring
sensitivity to hypo-osmotic shock (44). The MATa fpsl strain failed this test. The
fps prml strain was constructed by transforming an fps/ mutant with pEG381.
Petite strains were derived by growth in ethidium bromide (15). Loss of mito-
chondrial function was confirmed by a failure to grow on yeast extract peptone
glycerol medium and by the absence of 4,6’-diamidino-2-phenylindole (DAPI)-
stained mitochondrial DNA.

Cells expressing GFP were grown to log phase in yeast extract peptone dex-
trose (YPD) medium. Since DsRed takes 27 h to reach half-maximal fluorescent
intensity at room temperature (1), the red fluorescent signal was maximized in
the time-lapse microscopy experiments by diluting cells from a stationary phase
culture into fresh YPD medium 3 to 6 h before mating. Substantially identical
results were obtained by using DsRed cells in log phase, although the fluorescent
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signal intensity was reduced. Other DsRed variants, DsRed.T1 (3) and mDsRed
(7), were not sufficiently bright or stable for this work.

In mating assays, equal amounts (0.1 optical density unit = 10° cells) of MATa
and MATa cells were mixed and then collected on 2.5-cm-diameter cellulose
ester filters (Millipore). The filters were placed cell side up on synthetic complete
(SC) agar plates and incubated at 30°C. For the endpoint assays presented in Fig.
1A to 1F, 2 to 6, and 10, mated cells were collected from filters into ice-cold TAF
buffer (20 mM Tris [pH 8.0], 20 mM NaNj;, 20 mM NaF). The cells were
concentrated by centrifugation for 5 s and then resuspended in 30 ul of TAF
buffer.

For time-lapse microscopy, mating mixtures were preincubated on filters over
SC agar plates for 45 min. This step increases the efficiency of mating and delays
the onset of hypoxic conditions that can result in photoconversion of GFP to a
red fluorescent state (12). Cells were collected from the filters into 1 ml of SC
medium and concentrated to 30 wl by centrifugation. A 1.6-pl aliquot was then
pipetted onto a 1.5-mm-thick pad of SC medium with 3% agarose on a micro-
scope slide. Application of an 18-mm? coverslip caused the cell suspension to
spread into an even layer. After the excess agar was trimmed away, the slides
were sealed with VALAP (a 1:1:1 mixture of petrolatum [Vaseline], lanolin, and
paraffin) and observed during the period from 1 to 2 h after mixing.

Microscopy was performed with an Axioplan 2 motorized microscope (Zeiss)
outfitted with a mercury arc lamp, band pass filters (Chroma), differential inter-
ference contrast (DIC) optics, and an Orca ER digital camera (Hamamatsu).
Single images were collected with a 100X objective. For time-lapse microscopy,
the 63X objective lens (Plan Apochromat) and microscope stage were heated to
30°C. Automated data collection and analysis were performed with Openlab
software (Improvision). Binning (2X) was used to reduce exposure times and
minimize photobleaching. Sets of GFP, DsRed, and DIC images were collected
sequentially at 2- to 10-s intervals.

RESULTS

Mating phenotype of the prml mutant. MATa prml cells
expressing GFP as a soluble cytoplasmic protein were mated
with MATa prml1 cells expressing DsRed as a soluble cytoplas-
mic protein. When cell fusion occurs, the two fluorescent pro-
teins diffuse in opposite directions across the fusion pore con-
necting the two mating cells, producing a zygote that contains
both GFP and DsRed (Fig. 1A to C). The rates, but not the
extents, of fusion are similar in prml and wild-type mating
pairs. In both cases, fusion is essentially complete after 2.5 h at
30°C. Consistent with a previous report, more than half of the
mating pairs arrested as unfused prezygotes (18). In some
prezygotes, a projection of green (GFP) or red (DsRed) cyto-
plasm extended from one cell into its mating partner (Fig. 1D
and E). These cytoplasmic projections always remained con-
nected to the cell of origin, so we refer to them as fingers rather
than bubbles. GFP fingers and DsRed fingers occurred with
equal frequencies, but an individual prml mating pair could
have only one finger. Since fingers can only form if the cell
walls separating the two mating partners have been degraded,
we classify prezygotes with fingers as late prezygotes. In con-
trast, the early prezygotes of fus! mating pairs have intact cell
walls separating the two partner cells, and there is a flat GFP-
DsRed interface between the cells. Some prm1 prezygotes also
have a flat interface between the two cells, suggesting the
presence of an intact cell wall (Fig. 1F). Although these are
classified as early prml prezygotes, we cannot exclude the
possibility that they have completed cell wall remodeling be-
cause they might have fingers that are too small to detect.
Alternatively, a flat GFP-DsRed interface could occur after
cell wall remodeling if both mating partners attempted to form
a cytoplasmic finger at the same place with the same force.

Remarkably, a significant number of prml mating pairs
lysed. After lysis, cytoplasmic proteins including GFP and/or
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DsRed diffuse into the surrounding medium, leaving behind a
ghost that can be recognized in DIC optics by the high-contrast
profile of vacuoles (Fig. 1G to I). Since lysis was not described
in the initial report on the PRM1 gene (18), we considered the
possibility that a secondary mutation in our strains contributed
to the phenotype. To address this issue, we confirmed that
expression of PRMI from a CEN plasmid rescued both mating
phenotypes: lysis and prezygote accumulation. In addition, we
found that the two prmlI phenotypes were linked in a genetic
cross and confirmed that the original prm I mutant strains also
lyse when mated. Lysis was only observed when both partners
in the mating pair carried a prm! deletion (Fig. 2). In agree-
ment with previous results, it was also necessary for both mat-
ing partners to be prml mutants in order to find prezygote
accumulation.

Osmotic stabilizers do not protect prml mutant mating
pairs. We considered the possibility that PRM1 regulates cell
wall remodeling. The cell wall provides structural support to
the plasma membrane, thereby protecting yeast cells from os-
motic lysis. The growth defect of many cell wall remodeling
mutants can be remediated by adding an osmotic stabilizer
such as 1 M sorbitol to the growth medium. For example,
osmotic support is required for growth of the pkcI-2 mutant at
elevated temperatures (25). When two pkcl-2 mutants were
mated at 35°C, 73% of the mating pairs lysed (Fig. 3A). Adding
1 M sorbitol to the growth medium reduced lysis to 3%. Cells
in the mating reaction that did not bind to a partner of the
opposite mating type lysed less frequently than mating cells,
but single cells were also protected by sorbitol. The extensive
lysis of mating pkcl-2 cells emphasizes the importance of
proper cell wall regulation during mating.

To test the prml mutant for cell wall remodeling defects,
prml mutant and wild-type control mating reactions were set
up in the presence or absence of sorbitol (Fig. 3B). Sorbitol
slightly reduced lysis in both strains. Since the extent of pro-
tection provided by sorbitol was independent of the prml mu-
tation, the lysis phenotype of prmI mating pairs is not due to a
cell wall remodeling defect.

Lysis of prml mating pairs is not a consequence of pro-
grammed cell death. Yeast cells lyse in response to extended
treatment with large doses of mating pheromone (24, 27, 40).
This lysis has been proposed to represent a form of pro-
grammed cell death to enhance the fitness of a population of
yeast cells by removing cells that fail to mate (43). Since PRM1
expression is induced by a-factor and many prml mating pairs
fail to mate, we asked whether a-factor-induced lysis would be
enhanced in the prml mutant. The results show that wild-type
and prml mutant MATa haploids responded identically to
a-factor (Fig. 4). At a moderate dose (6 pM), both strains
exhibited a typical morphogenic response by extending mating
projections (shmoos) at 90 min. At later time points, they
adapted to the pheromone and resumed budding. Thus, lysis in
the prml mutant is not a consequence of the morphogenic
response to a-factor. At a higher a-factor concentration (180
uM), 12% of the prml cells lysed after 2.5 h but a similar
percentage (14%) of wild-type cells also lysed. Thus, the in-
creased lysis of prml mating pairs compared to wild-type mat-
ing pairs can be distinguished from o-factor-induced lysis,
which is PRM1 independent.

Programmed cell death typically involves the release of cy-
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FIG. 1. prm] mutant mating pairs. MATa prml GFP cells were
mated with MATa prml DsRed cells for 2 h at 30°C. Three outcomes
were observed: fusion (A to C), prezygote accumulation (D to F), and
lysis (G to I). (A to C) The same fused zygote is shown through GFP
filters (A), through DsRed filters (B), and merged (C). (D to F) Late
prezygotes could have either GFP (D) or DsRed (E) fingers (arrows).
Early prezygotes (F) have a flat interface between the cells (arrow). (G
to I) The same mating pair is shown before (G) and after (H and I)
lysis with merged GFP and DsRed fluorescence (G and H) or with
DIC optics (I). Bar = 2 pm.

tochrome ¢ from mitochondria, and death in response to a-fac-
tor is completely dependent upon mitochondrial function (40).
To determine whether lysis of prml mating pairs is a form of
programmed cell death, we grew prml haploid strains in me-
dium containing ethidium bromide to create petite mutants
lacking mitochondrial function. Petite prml mating pairs lysed,
but they did so at a lower frequency than prml mating pairs
with functional mitochondria (Fig. 5). The reduced lysis of
petite prml mating pairs is in part due to a kinetic delay in
these slow-growing strains. When the standard 3-h incubation
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FIG. 2. Lysis only occurs in bilateral prml mutant crosses. Wild-
type, unilateral prml, and bilateral prml mating mixtures were incu-
bated for 3 h at 30°C. Lysis was scored by loss of cytoplasmic GFP
fluorescence. For this experiment, four independent prml::KanMX
and PRM] strains of each mating type were isolated from a genetic
cross. Sixty to 80 mating pairs were analyzed for each combination.
Data are presented as mean * standard deviation.
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FIG. 3. Sorbitol does not protect prm/ mutant mating pairs from
lysis. (A) Sorbitol protects the pkcI-2 mutant from lysis. pkcl-2 mutant
mating mixtures were collected on filters and incubated for 2 h at
35.5°C on standard YPD plates or on YPD plates supplemented with
1 M sorbitol. Lysis was scored by the absence of GFP and DsRed
fluorescence. (B) Wild-type and prm! mutant mating mixtures were
collected on filters and incubated for 2 h at 30°C on YPD or YPD
sorbitol plates. Mating phenotypes were scored as described in the
legend to Fig. 1.
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was extended to 4.5 h, the percentage of lysed mating pairs
increased from 9 to 20%, with a corresponding decrease in the
percentage of early prezygotes. Therefore, lysis of prmI mating
pairs is independent of programmed cell death and other mi-
tochondrial functions, including respiration.

Lysis of prmI mutant mating pairs requires plasma mem-
brane contact. To determine whether cell wall remodeling
must occur before lysis of prmI mutant mating pairs, we ex-
amined the mating of fus! prml double-mutant strains (Fig.
6A). In the fusl single mutant, mating is arrested prior to cell
wall remodeling, leading to an accumulation of early prezy-
gotes (33, 45). Early prezygote accumulation was also the pre-
dominant phenotype observed in the fus! prm1 double mutant,
consistent with the expectation that fus! acts upstream of prmI
in the mating pathway. Importantly, the fus/ prml double
mutant had significantly less lysis and fewer late prezygotes
compared with the prm1 single mutant, suggesting that cell wall
remodeling is required for lysis, as well as for cytoplasmic-
finger formation.

Cell fusion is inhibited by only 60% in fusI mating pairs, and
a similar incomplete mating defect was found in fus2 mating
pairs (45). Mating is almost completely blocked when the fus!
and fus2 mutations are combined, suggesting that fus/ and fus2
act on parallel pathways leading to cell wall remodeling (45).
fus1 fus2 prml triple-mutant strains were mated to definitively
determine whether lysis can occur prior to cell wall remodeling
(Fig. 6B). Essentially no lysis was detected, indicating that
plasma membrane contact is a prerequisite for lysis.

prm1 mating pairs lyse before or during fusion. Since some
prml mutant mating pairs can fuse, we asked whether lysis
occurs before, during, or after fusion by monitoring the inter-
action between MATa GFP cells and MATa DsRed cells over
time. We first developed conditions for time-lapse microscopy
that permit efficient mating of wild-type partners (Fig. 7).
When a fusion pore opens, the fluorescent proteins diffuse
through the pore until the cytoplasmic concentration in the two
cells equilibrates. GFP typically diffuses to equilibrium within 2
min, but actual diffusion rates vary depending upon the size
and opening rate of the fusion pore. DsRed diffuses more

180 uM o-factor

Aprm1 PRM1 Aprm1

FIG. 4. o-Factor pheromone treatment of wild-type and prm! mutant MATa cells. GFP-expressing cells were treated with moderate (6 wM)
or uncommonly high (180 wM) doses of a-factor for the indicated times and then imaged with a combination of bright-field and fluorescence optics.
Live cells have bright GFP fluorescence, whereas lysed cells (arrows) do not.
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FIG. 5. Lysis does not require functional mitochondria. Haploid
prml mutants were grown in medium containing 30 wM ethidium
bromide to poison mitochondrial DNA replication. The resulting pe-
tite mutants were mated for 3 h at 30°C. Mating phenotypes were
scored as described in the legend to Fig. 1. pz, prezygote.

slowly than GFP because the fluorescent form of DsRed is a
tetramer of GFP-sized subunits (1). In contrast to the fusion
that occurs in all wild-type mating pairs, most prml mating
pairs lyse (Fig. 7). Indeed, lysis of prml mating pairs occurs
more frequently relative to mating in time-lapse recordings,
possibly because of the lack of gas exchange after cells are
sealed under a glass coverslip. Although no obvious differences
were noted between the rates of GFP diffusion through prmi
mutant and wild-type fusion pores, a quantitative comparison
of pore permeances is in progress and will be reported else-
where. Thirty-nine prm1 lysis events and 22 prm1 fusion events
were analyzed, but lysis never occurred after GFP had diffused
to equilibrium. Thus, lysis must occur before or during fusion.

To determine whether lysis and fusion can occur simulta-
neously, the time-lapse series documenting lysis were exam-
ined for evidence of GFP transfer between cells. One example
is shown in Fig. 8 and in Movie 1 of the supplemental material.
Boundaries were drawn around the two cells of the mating
pair, and the mean intensity of GFP fluorescence in each cell
was measured as a function of time. When the MATa cell lysed,
its GFP intensity declined precipitously. At this time, a small
amount of GFP was transiently detected in the MATa cell,
suggesting simultaneous opening of a fusion pore. Since these
experiments were performed with a wide-field microscope, we
cannot exclude the possibility that GFP diffused to a location
above or below the mating partner. GFP transfer was detected
in 4 out of the 39 mating pairs. DsRed was not detected in the
corresponding MATa cells of these mating pairs but did trans-
fer before the lysis of other mating pairs. In normal fusion
events, DsRed transfer is often detected later than GFP trans-
fer because pores must open wider before they can allow pas-
sage of the larger DsRed probe. Thus, lysis and fusion pore
opening may occur at the same time.

Cytoplasmic microfingers are exchanged before lysis and
fusion. In the mating pair shown in Fig. 8, a cytoplasmic finger
extended from the MATa cell into the MATa cell immediately
before lysis. Indeed, cytoplasmic fingers containing either GFP
or DsRed could be detected before (and during) most of the
lytic events between prml mutants. When a GFP-Sso2 fusion
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FIG. 6. fusl and fus2 are epistatic to prmi. (A) Bilateral matings
were performed for 3 h between wild-type, prml and fusl single-
mutant, and prm! fusl double-mutant strains. (B) The same as panel
A, except that a fus! fus2 double mutant was used in place of the fusl
single mutant to completely block cell wall remodeling. Mating phe-
notypes were scored as described in the legend to Fig. 1. pz, prezygote.

protein on the plasma membrane of the MATa prml cell was
used as a more sensitive marker for finger extension, fingers
could be detected before essentially all lytic events (17 of 18).

Formation of a cytoplasmic finger clearly indicates that the
cell wall between the two cells is degraded before lysis, but
finger extension could also cause lysis by exerting mechanical
force on the mating partner. Cytoplasmic fingers can be arbi-
trarily classified as microfingers and long fingers. Newly
formed microfingers are less than 1 wm in length. If they
continue to grow, they become long fingers, which can reach 4
pm in length over a period of 90 min (Fig. 9A; Movie 2 of the
supplemental material). These long fingers can retract as well
as extend. On every occasion (seven of seven) when lysis oc-
curred after a finger grew longer than 1 pum, the invaded cell
lysed before the cell that extended the finger, consistent with
the possibility that invasion by a long finger causes lysis. Lysis
of the invaded cell creates a void that may promote subsequent
lysis of the cell extending the finger, but the cell extending the
finger survived on two occasions. The survivors reoriented
their growth axis and either attempted to mate with another
partner or budded off a haploid daughter cell. Although these
results are consistent with the possibility that long fingers cause



VoL. 3, 2004

PRM1 GFP x PRM1 DsRed

t=0min

t=15min

DIC

GFP

DsRed

LYSIS OF prml1 MUTANT MATING PAIRS 1669

prm1 GFPx prm1 DsRed
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FIG. 7. Specific lysis of prmI mating pairs under time-lapse conditions. For time-lapse microscopy, MATa GFP and MATo DsRed cells were
applied to a nutrient agar pad and then sealed under a coverslip (see Materials and Methods). Fusion was detected by following the transfer of
GFP and DsRed into the mating partner (arrowheads). Wild-type cells fuse efficiently under these conditions. In contrast, prm/ mating pairs lyse,

resulting in loss of GFP and DsRed fluorescence (arrows).

lysis of the invaded cell, most (12 of 17) prml lytic events
involve microfingers that formed less than 30 s prior to lysis.

If local tension exerted by microfingers caused lysis, one
would expect that the two cells would lyse at different times, as
observed in mating pairs with long fingers. Instead, time-lapse
DIC and GFP-Sso2 images revealed that when the two cells
within a mating pair with a transient microfinger lyse, they
always (17 out of 17 times) do so within the same 15-s interval
(Fig. 9B). Furthermore, most cytoplasmic fingers (103 of 120)
form in mating pairs that do not lyse. Thus, microfinger exten-
sion does not necessarily lead to lysis.

Movies of wild-type mating pairs were reexamined to look
for cytoplasmic microfingers. Microfingers were detected be-
fore 5 of 53 fusion events (Fig. 9C; Movie 3 of the supplemen-
tal material). This observation suggests that microfingers can
form whenever there is a delay between the completion of cell
wall remodeling and the initiation of fusion. Furthermore,
microfingers do not form purely as a consequence of the prm!
mutation.

Osmotic pressure regulates finger extension. Cytoplasmic-
finger extension could be driven by an osmotic gradient be-
tween mating cells. To examine this possibility, we asked
whether an fps! deletion would influence the direction of fin-
ger extension. FPSI encodes a glycerol efflux channel in the
plasma membrane (44). Yeast cells accumulate glycerol when
grown in media of high osmolarity. After a hypoosmotic shift,
the Fpsl1 channel opens to facilitate a return to normal turgor.
fpsI mutants fail to release glycerol and therefore have higher
cytoplasmic osmolarity. fps/ mutants are also known to have a
partial cell wall remodeling defect during mating (39). To
explore the relationship between osmotic pressure and finger
extension, MATa fpsl prm1 GFP cells were mated with MAT«
prmlI DsRed cells and then subjected to a mild hypoosmotic
shock (Fig. 10). The ratio of GFP fingers to DsRed fingers was
6:1, whereas a 1:1 ratio was observed in a control prml X prml

mating. Thus, fingers preferentially extend from the cell with
higher osmotic pressure.

DISCUSSION

PRM]1 was originally proposed to act at the plasma mem-
brane fusion stage of yeast mating based upon an accumulation
of unfused mating pairs that had completed cell wall remod-
eling (18). A PRMI-independent fusion pathway was also pos-
tulated since some prml mutant mating pairs are able to fuse.
The fact that many prml mating pairs lyse instead of either
arresting as prezygotes or fusing suggests a different model:
Prm1 stabilizes fusion pore assembly. In the absence of Prml,
the failure to assemble fusion proteins into a pore-forming
complex usually results in a block prior to membrane fusion.
However, if the fusion process proceeds beyond a committed
step, the result will be either lysis or fusion, depending upon
whether membrane merger has proceeded beyond a critical
intermediate stage before membrane destabilization leads to
lysis.

A thorough analysis of the lysis phenotype established that
lysis does not occur until the plasma membranes of two prml
mutant cells come into contact. prml mutant strains do not lyse
during normal growth because PRM1 is not normally expressed
in nonmating cells. prm1 mutant cells also do not lyse when
treated with moderate doses of «-factor, which activates a
variety of responses normally associated with mating. fus/ and
fus2 mutations were used to inhibit the cell wall remodeling
step that must occur before membranes contact. Compared
with the prml single mutant, lysis was strongly reduced in the
prml fusl double mutant and completely eliminated in the
prml fusl fus2 triple mutant, indicating that a cell wall barrier
between plasma membranes prevents lysis. Further evidence
that plasma membrane contact precedes lysis was provided by
movies of prml mutant mating pairs. Essentially all prm1 lysis
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FIG. 8. Time course of fusion and lysis in a prml mutant mating
pair. The upper micrographs show merged GFP and DsRed images.
After lysis, GFP and DsRed leak out of the dead mating pair. The
lower micrographs show GFP-only images for times of 0 to 40 s and
DIC images from before (—90 s) and after (300 s) lysis. The arrow in
each 10-s image marks a small GFP finger. In the 20-s image, a small
amount of GFP can be seen throughout the MATa cell. Vacuoles in
the lysed mating pair appear highly refractile in the DIC image at
300 s. Bar = 2 wm. The graph in the lower panel shows the GFP
intensity in the two mating cells as a function of time. For this mea-
surement, the boundary of the MATa cell was set to exclude the site of
the invading GFP finger in order to demonstrate transient influx of
GFP into the entire acceptor cell at 20 s.

events were preceded by the extension of a cytoplasmic finger.
Since cytoplasmic fingers cannot form until plasma membrane
contact has been achieved, the two plasma membranes must
come into contact before lysis can occur. A requirement for
contact before fusion also suggests that the lytic lesion forms at
sites of plasma membrane contact.

In yeast, lysis typically indicates a cell wall defect. During
mating, the normal cell wall remodeling processes that accom-
pany bud growth are modified to permit cell fusion without
exposing either cell to the external medium. First, the individ-
ual cell walls of the two mating partners are combined into a
unified barrier surrounding the mating pair. The vestigial cell
wall separating the two plasma membranes is then degraded.
Cell wall remodeling during mating must be carefully regulated
to ensure against osmotic lysis (39). One aspect of this regu-
lation is PKCI-dependent activation of the cell wall integrity
MAP kinase pathway (6, 13). Consistent with previous results
obtained with the mpkl MAP kinase mutant (13), we found
that the pkcl-2 mutant is especially prone to osmotic lysis
during mating. We therefore considered an alternative expla-
nation for the prml mutant phenotype: PRMI is a negative
regulator of cell wall remodeling. In this scenario, lysis could
occur if unregulated glucanase activity resulted in a lesion in
the cell wall, and cytoplasmic fingers could form if cell wall
remodeling was completed before activation of the plasma
membrane fusion machinery. The critical test to determine
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FIG. 9. Cytoplasmic fingers in prml mutant and wild-type mating
pairs. (A) Growth of a 4-pum-long cytoplasmic finger between MAT«
prml GFP and MATa prml DsRed cells. (B) Microfingers are shown
before lysis in a cross of MATa prml GFP-SSO2 and MATo prml
mating pairs (arrowheads). Microfingers can also be detected in mat-
ing pairs that do not lyse (arrows). (C) A microfinger before fusion of
a wild-type mating pair.

whether PRM1I regulates cell wall remodeling was to mate
prml mutants in the presence of sorbitol, which protects cell
wall remodeling mutants from lysis. prm I mutant mating pairs
still lyse in medium supplemented with 1 M sorbitol, indicating
that the prmI-encoded phenotype does not result from unreg-
ulated cell wall remodeling.

Yeast cells lyse by a mechanism resembling apoptosis in
response to oxidative stress, aging, and high doses of a-factor
(24, 27, 40). Altruistic suicide of yeast cells that fail to mate has
been suggested to be a communal behavior to eliminate weak
individuals from the population (40, 43). Indeed, mating yeast
cells were reported to lyse by programmed cell death when
assembly of stable mating pairs was inhibited by chloroquine at
a dose that has no effect on the growth rate of haploid cells
(40). These results suggest the possibility that prml mating
pairs also lyse by programmed cell death. However, we found
that prml mating pairs lacking functional mitochondria still
lysed, even though mitochondria are absolutely required for
programmed cell death of pheromone-treated cells (40). Al-
though much remains to be learned about the mechanism and
physiology of programmed cell death in unicellular organisms,
the hypothesis that a block in mating induces cell death is
contradicted by the observation that lysis does not occur in fus
fus2 mating pairs.

The most obvious mating phenotype of the prml mutant is
an accumulation of mating pairs with long cytoplasmic fingers.
These fingers can continue growing for up to 2 h and can reach
a length of 5 wm. At an earlier stage of mating, we observed
extension of cytoplasmic fingers less than 1 pm in length.
These microfingers were primarily observed in prml mutant
prezygotes that neither fused nor lysed, suggesting that most
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FIG. 10. An osmotic gradient contributes to finger extension.
MATa fpsl prm1 GFP (left) or MATa prml GFP (right) cells were
mated with MATa prml DsRed cells for 45 min at 30°C on nutrient
agar medium supplemented with 0.3 M sorbitol and then shifted to
sorbitol-free medium for 1 h. Mating phenotypes were scored as de-
scribed in the legend to Fig. 1 (n = >500). PZ, prezygote.

microfingers are intermediates in the growth of larger cyto-
plasmic fingers. However, microfingers were also detected be-
fore essentially all prml lysis events and before 10% of the
fusion events between wild-type mating pairs.

The force for extending cytoplasmic fingers could come from
osmotic pressure differences between the two cells or from an
actin-dependent process analogous to the mechanism for ex-
tension of lamellipodia in mammalian cells (38). We tested the
actin-based model by observing finger extension in prml mat-
ing pairs in which one cell expressed either Abp1-GFP to mark
actin patches or Abp140-GFP to mark actin cables (11, 47).
Fingers were identified as invaginations into the DsRed-la-
beled cytoplasm of the mating partner. We found nascent
microfingers that excluded actin filaments labeled with either
fluorescent actin-binding protein. Thus, actin does not appear
to be required for the initiation of microfinger extension. At
later times, both Abp-GFPs entered all fingers.

The osmotic-pressure model of finger extension was tested
in prml mating pairs in which one partner had higher turgor
pressure because of an fps/ mutation blocking glycerol export.
This experiment was complicated by the accumulation of early
prezygotes in the fpsI mating pairs because of activation of a
cell wall remodeling checkpoint (39) and the observation that
a large (1 M) hypoosmotic shift, which might have produced a
steeper osmotic gradient, prevented the formation of late
prezygotes in the fps! mating pairs. Nevertheless, 78% of the
fingers formed after a mild hypoosmotic shift extended from
the fpsI cell. Therefore, an osmotic gradient can clearly con-
tribute to finger extension, but it is possible that osmotic pres-
sure reinforces fingers initiated by other mechanisms. Osmotic
pressure from both mating partners could contribute to fusion
by promoting close apposition of the two membranes.

What is the mechanism of lysis? Since cytoplasmic microfin-
gers take time to form, the appearance of microfingers before
virtually all prm1 lysis events, and their absence in 90% of
wild-type fusion events, suggests a kinetic delay after the com-
pletion of cell wall remodeling. Such a delay could facilitate
lysis of membranes that are stressed and destabilized by pro-
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cesses and proteins (other than Prml) that prepare mem-
branes for fusion. The fusion protein for mating is a likely
contributor to lysis because many viral fusion proteins contain
amphipathic fusion peptides with intrinsic membrane destabi-
lization activity (23). Multiple fusion proteins act in concert
during the formation of both viral and intracellular fusion
pores (17, 19, 30). HA fusion proteins have been proposed to
form a fence surrounding the nascent fusion pore (9). PRMI
might stabilize an analogous complex during yeast mating.

Once two plasma membranes have come into contact, lysis
could be mediated by stress on the membranes that is not on
the main pathway to fusion. What that stress might be is dif-
ficult to imagine. It is not osmotic stress because lysis cannot be
prevented with sorbitol. It is not related to programmed cell
death or oxidative respiration because lysis occurs in the ab-
sence of functional mitochondria. It is not related to finger
extension because less than 20% of the mating pairs with
microfingers lysed. It must act quickly because most mating
pairs lyse within 30 s after the first appearance of a microfinger.
Finally, the plasma membranes in prml mating pairs can be
highly elastic since we have observed a finger that expanded to
fill >50% of the cytoplasmic volume of the mating partner in
12 s without lysing.

The ability of PRM1 to protect against lysis when expressed
in only one cell of a mating pair indicates that the function of
Prm1 extends beyond merely protecting the cell in which it is
expressed. If Prm1 promotes lateral interactions between fu-
sion proteins as proposed above, Prm1 expressed in one cell
could stabilize a fusion protein complex that spans both plasma
membranes. In contrast, mechanisms involving homotypic in-
teractions between Prm1 proteins expressed on different cells
can be ruled out. An alternative model of membrane fusion
proposes that fusion pores are formed by an interaction be-
tween preexisting channels in each membrane, analogous to
the assembly of a gap junction (2, 26). Although there would
have to be some mechanism to prevent channel opening before
the channels in opposing membranes formed a tight seal, it is
difficult to imagine how a Prm1 protein located in one mem-
brane could regulate the channel in another membrane. Sim-
ilarly, Prm1 is unlikely to function in an intercellular signal
transduction pathway preventing lysis because it is difficult to
imagine how the unidirectional signaling likely to occur in a
wild-type X prml mutant mating pair could protect both cells
from lysis. PRM1 is not the only yeast cell fusion gene that must
be mutated in both mating partners to significantly inhibit
fusion. However, there is a reasonable explanation for the
bilateral mating phenotype of cell fusion mutants in which
mating is blocked prior to cell wall remodeling: glucanases
secreted by one cell are sufficient to degrade both cell walls at
the site of cell-cell contact.

One unresolved issue is how far membrane fusion can pro-
ceed in a mating pair that lyses. Transfer of a small amount of
GFP from the MATa cell into the MATa cell at the time of lysis
supports the possibility that lysis and fusion occurred simulta-
neously. However, it is not certain that GFP actually entered
the cytoplasm of the MATa cell. Instead of passing through a
transient fusion pore, GFP released from a lysing MATa cell
could diffuse into an expanded periplasmic space surrounding
the shriveled remnant of its mating partner. Arguing against
this possibility, >70% of GFP fluorescence is rapidly quenched
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in the growth medium, which has an initial pH of 5.2. Never-
theless, even if a GFP-permeable pore (>2.5 nm) does not
form, a smaller ion-permeable pore might connect the cyto-
plasm of the two cells before or during lysis. In this case, prmi
mutant mating pairs would lyse as a consequence of a defect in
fusion pore expansion rather than in the initial opening of the
pore.

Are lysis and fusion associated in other systems? In a classic
experiment, acidification activated the HA fusion protein for
both membrane fusion and hemolysis (28, 29). However, he-
molysis was only observed with virus that had been sonicated
or frozen, indicating that hemoglobin escaped through pre-
existing holes in the viral envelope rather that through the
fusion pore itself (29). In reconstituted systems using purified
components, membrane-destabilizing agents such as polyeth-
ylene glycol, Ca®* ions, and the amphipathic fusion peptides of
viral fusion proteins can induce fusion, leakage, or rupture of
phospholipids vesicles (32, 37). In these in vitro systems, the
relative frequencies of the three outcomes depend upon ex-
perimental conditions, including the amount of destabilizing
agent, and the composition, size, and concentration of vesicles.
In a more physiologically relevant system, influenza virus at
low pH induced leakage pores in liposomes that were perme-
able to 10-kDa dextrans (4, 41). More recently, ion-permeable
leakage pores were observed during the initial stages of HA-
mediated fusion between cellular membranes (16). However,
these leakage pores resealed as the fusion pore enlarged.

Evidence of leakage during fusion challenges the widely
accepted stalk-pore model for the mechanism of membrane
fusion, in which leakage is avoided by sequential fusion of the
proximal and distal leaflets of the two membranes (10). An
alternative fusion mechanism whereby stalk formation be-
tween two membranes nucleates holes in one or both bilayers
is supported by a course-grained molecular dynamic simulation
of fusion (35). Leakage across cellular membranes during fu-
sion would disrupt transmembrane voltage, ion, and pH gra-
dients, which could have detrimental effects on regulated exo-
cytosis and other repetitive intracellular fusion events. Our
findings obtained with the prmI mutant suggest that additional
attention should be paid to mechanisms for maintaining mem-
brane integrity during exocytosis.

Medically, the most important example of a linkage between
membrane fusion and lysis comes from human immunodefi-
ciency virus (HIV)-infected T cells. Infection of T cells by HIV
involves a membrane fusion event between the viral envelope
and the host cell plasma membrane that is mediated by the
gp120 viral fusion protein. In some circumstances, HIV-in-
fected T cells expressing gp120 fuse with their neighbors to
form syncytia. A more common fate for HIV-expressing T cells
is single-cell lysis, which requires simultaneous expression of a
fusion-competent form of gp120 and its receptor, CD4 (8, 14,
20-22).

The contact-dependent lysis phenotype of prml mutant mat-
ing pairs suggests that the Prml protein stabilizes nascent
fusion pores. Stabilization is likely to require a physical inter-
action between Prm1 and core components of the fusion ma-
chinery because the sequence of Prm1 does not reveal any
domains with potential catalytic activity. If this model is cor-
rect, a search for Prm1-binding proteins could reveal the elu-
sive fusion protein for yeast mating.
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