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determining our ability to culture these cell
types in the future.
A finite proliferative capacity has been
proposed to be an intrinsic property of normal
cells, acting as a key regulatory mechanism
for controlling inappropriate proliferation.
Our results indicate that a reassessment of
these ideas is required.
1.
2.
3.
4.
5.
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Control of Fusion Pore
Dynamics During Exocytosis by
Munc18
Richard J. Fisher,1 Jonathan Pevsner,2 Robert D. Burgoyne1*
Intracellular membrane fusion is mediated by the SNARE (soluble N-ethylmaleimide–sensitive factor attachment protein receptor) proteins. All vesicle
transport steps also have an essential requirement for a member of the Sec1
protein family, including the neuronal Munc18-1 (also known as nSec1) in
regulated exocytosis. Here, in adrenal chromaffin cells, we expressed a Munc18
mutant with reduced affinity for syntaxin, which specifically modified the
kinetics of single-granule exocytotic release events, consistent with an acceleration of fusion pore expansion. Thus, Munc18 functions in a late stage in the
fusion process, where its dissociation from syntaxin determines the kinetics of
postfusion events.
Fusion of vesicles with target membranes is a
key aspect of vesicular traffic and neurotransmitter release and is mediated by a core
machinery of SNARE proteins (1–3). The
three synaptic SNAREs (syntaxin 1, SNAP25, and VAMP) are sufficient for bilayer
fusion in vitro (4). This is, however, orders of
magnitude slower than synaptic vesicle fusion, suggesting a role for additional factors
(5). Members of the Sec1 family of proteins
are required for all intracellular vesicular traffic steps (6 –10), and the neuronal Munc18-1
protein (11, 12) is essential for synaptic vesicle exocytosis but not for constitutive exocytosis (6, 8). It binds to a closed conformation of syntaxin 1, which is unable to participate in the SNARE complex (13–15) and
thus may control the addition of syntaxin into
the complex. In current models, syntaxin as1
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sembles into a “loose” SNARE complex with
Munc18 dissociation and the subsequent zippering of SNAREs into a “tight” complex
immediately preceding membrane fusion (2,
16). Although SNARE complex assembly is
crucial for membrane fusion, it is not known
whether the complete assembly of the
SNARE complex occurs before, during, or
after fusion. Fusion proceeds via the formation of a reversible fusion pore (17), but the
relation of the function of the SNARE proteins or Sec1 proteins to fusion pore opening
and expansion is unknown.
We examined the effect of overexpression
of wild-type Munc18 or a mutant form, Arg39
3 Cys39 (R39C), on exocytosis using singlecell amperometry to resolve the frequency
and kinetics of individual secretory granule
release events. The R39C mutation was investigated for two reasons. First, the equivalent mutation in the Drosophila ortholog
Rop, Arg50 3 Cys50 in the F3 mutant (9),
produces flies showing an increase in evoked
neurotransmission (8). Second, the crystal
structure of the Munc18 –syntaxin 1 complex
has revealed that Arg39 makes direct contact
with Glu234 of syntaxin, leading to the pre-
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diction that the R39C mutation should weaken the binding interaction between the two
proteins (18). A reduction of high-affinity
binding of Munc18 containing the R39C mutation to syntaxin 1 was confirmed with an in
vitro binding assay (11, 19) (Fig. 1A). When
binding was assayed over a range of Munc18
protein concentrations (2 to 109 nM), the
affinity of R39C for syntaxin was reduced by
about fivefold in comparison to the wild type,
from 6.5 to 35 nM, respectively. The R39C
mutant (Fig. 1B) still bound the other
Munc18 binding proteins Doc2 (20) and
Mint1 (21) from a rat brain extract (22).
The effect of wild-type or R39C Munc18
on overall dense-core granule exocytosis was
first assayed in PC12 cells by using transfection and coexpression of growth hormone
(GH) (23–25). Transfection resulted in an
⬃10-fold overexpression of wild-type
Munc18 (26). Overexpression of wild-type
protein had no statistically significant effect
on the extent of evoked exocytosis due to 10
M free Ca2⫹ in permeabilized cells, but the
R39C construct produced a significant (55%)
inhibition (Fig. 1D). The difference in effect
between the two proteins was not due to
differences in expression, as both were expressed in virtually all transfected cells (Fig.
1C). We analyzed the effect of overexpression of the proteins in adrenal chromaffin
cells using carbon-fiber amperometry to allow direct analysis of single-granule release
events (27–30). Transfected chromaffin cells
were detected by coexpression of green fluorescent protein (GFP), allowing untransfected cells in the same dishes to be used as
controls. This ensured that all cells had been
through the transfection protocol, and the
same carbon fibers were used to record from
transfected and control cells in each series of
experiments. The cells were stimulated by
local application of digitonin and Ca2⫹ to
permeabilize the cells and allow Ca2⫹ to
directly activate exocytosis (24, 31). Because
the granules in these cells have a half-life of
⬎15 days (32), this assay measured release
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from preformed granules. Overexpression of
wild-type Munc18 or R39C had no effect on
the overall evoked responses of the cells (Fig.
2) or on the average number of exocytotic
events per cell. For wild-type protein, this
was 7.43 ⫾ 0.27 (n ⫽ 14 cells) for transfected cells versus 10.4 ⫾ 3.1 (n ⫽ 10) for
control cells, and for R39C, this was 6.32 ⫾
1.45 (n ⫽ 19) for transfected cells versus
6.88 ⫾ 2.93 (n ⫽ 8) for control cells in the
first 2 min after perfusion. In contrast, treatment with reserpine, an inhibitor of the vesicular monoamine transporter, to partially
deplete granule catecholamine levels (32) had
an obvious effect in reducing the peak amplitude of the spikes (Fig. 2, D and E).
Examination of the characteristics of the
individual amperometric spikes, each reflecting catecholamine release from single granules (27), showed few effects of overexpression of wild-type Munc18 (33). In contrast,
expression of R39C resulted in marked
changes in spike characteristics, as compared
to spikes from the corresponding control cells
(Fig. 3). The mean height was unaffected, but
the total charge, a reflection of the total catecholamine released per granule, was reduced by 45%, consistent with the inhibitory
effect of the R39C protein on GH release
from PC12 cells. This reduction in charge per
spike is probably a consequence of a reduction in the half width of the spikes (Fig. 3C),
i.e., the time over which release could occur.
It is not due to a reduction in catecholamine
content, as we also saw changes in the kinetics of release with decreases in both the rise
and fall times of the spikes (Fig. 3, D and E).
The reduction in charge per spike in R39Cexpressing cells is not a consequence of the
more rapid rate of release, as we found no
correlation for individual spikes between the
total charge and rise time under any conditions (33). A statistically significant correlation was found, however, between total
charge and the half width of spikes (33),
suggesting that the reduction in catecholamine release is a consequence of a shortening of the release time course. The change in
the shape of spikes, showing the average
parameters (Fig. 3F), was different in R39Cexpressing cells as compared to the effect of
depletion of vesicle catecholamine, where
only the spike amplitude was changed (Fig.
3G).
The change in the rise and fall times seen
above suggests an increase in the rate of
opening of the initial fusion pore followed by
its rapid closure in a kiss-and-run–type fusion
event (34). This effect was specific, as amperometric spikes were not modified by reduction in SNARE availability by clostridial
neurotoxin treatment (24) or by expression of
a dominant-negative ␣-SNAP mutant that can
interact irreversibly with multiple SNARE
proteins (35). The kinetics of single release
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Fig. 1. Reduced binding
of Munc18 R39C to
syntaxin and the effect
of
expression
on
evoked GH release. (A)
Wild-type Munc18 and
the R39C mutant were
labeled by in vitro transcription and translation in the presence of
[35S]methionine, and
binding to GST–syntaxin 1A or GST control
was assayed. (i), (iii),
and (v) show autoradiograms and (ii) and
(iv) show Coomassie
blue–stained proteins.
No binding of Munc18
was seen in GST control incubations. From a
quantitative analysis,
the binding of R39C to
GST–syntaxin 1A was
reduced to 1% of the
wild-type binding in
three experiments. (B)
Pull-down assay showing the binding of Doc2 and Mint1 from rat brain membrane extracts to GST-Munc18 (wild type),
GST-Munc18 (R39C), and control beads. (C) Demonstration of overexpression of wild-type or R39C
Munc18 in adrenal chromaffin cells that were cotransfected with GFP and stained with anti-Munc18
[anti-rbSec1A (45)] at a concentration (1: 200) that gave only background staining of control cells (left)
transfected with a vector. The scale bar represents 10 m. (D) PC12 cells were cotransfected with a
control vector or plasmids encoding wild-type Munc18 or the R39C mutant along with a plasmid
encoding human GH. Three days after transfection, the cells were permeabilized with digitonin and
challenged with or without Ca2⫹ for 10 min. Released human GH was assayed and expressed as a
percentage of total cell content (n ⫽ 6). Error bars indicate SEM.

events can be modified, however, under specific conditions (24, 30), including treatment
with phorbol esters that increases fusion pore
opening rates in other cell types (36). The
effect of expression of R39C is identical to
the effect of activation of protein kinase C
(PKC) (24). PKC phosphorylation of
Munc18 reduces its binding to syntaxin 1
(37), so that the phosphorylated form behaves like R39C, suggesting that phosphorylation of Munc18 could regulate kiss-and-run
fusion in regulated exocytosis.
The reduction in release from dense-core
granules following R39C expression can be
reconciled with the findings in Drosophila,
where the mutation leads to increased neurotransmission (8). The consequence of the mutation could be to increase the rate of neurotransmitter release and the rate of rise in
neurotransmitter concentration in the synaptic cleft. This could explain the increase in
postsynaptic current and the reduction in neurotransmission failures in the Drosophila F3
mutant. The reduced affinity of R39C for
syntaxin suggests that R39C would be able to
dissociate more easily from syntaxin than
would wild-type protein and R39C would
allow more efficient assembly of the “tight”
SNARE complex (18). If this is the case, then
our data suggest that dissociation of Munc18
and the full SNARE complex assembly occur
very late, either during membrane fusion or

during fusion pore expansion. Alternatively,
dissociation of Munc18 may be important to
allow it to directly exert an effect on the
fusion process independent of syntaxin 1 either alone or via a downstream effector. The
yeast Sec1 has been suggested to have a late
role in constitutive exocytosis after SNARE
complex assembly (38, 39), consistent with
this interpretation. Accumulating evidence
suggests that fusion pore dynamics can be
regulated (40 – 44). Our data show that
Munc18 plays a late role in membrane fusion
and has a key function in fusion pore dynamics, and the data suggest that it may be a
target for the control of kiss-and-run fusion in
exocytosis.
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Bakers’ Yeast, a Model for
Fungal Biofilm Formation
Todd B. Reynolds and Gerald R. Fink*
Biofilms are formed by the aggregation of microorganisms into multicellular
structures that adhere to surfaces. Here we show that bakers’ yeast Saccharomyces cerevisiae can initiate biofilm formation. When grown in low-glucose
medium, the yeast cells adhered avidly to a number of plastic surfaces. On
semi-solid (0.3% agar) medium they formed “mats”: complex multicellular
structures composed of yeast-form cells. Both attachment to plastic and mat
formation require Flo11p, a member of a large family of fungal cell surface
glycoproteins involved in adherence. The ability to study biofilm formation in
a tractable genetic system may facilitate the identification of new targets for
antifungal therapy.
Many microorganisms have the ability to grow
in association with a surface in an aggregate of
cells called a biofilm. Biofilms have taken center stage with the increasing recognition of their
role in human infections. Pathogenic bacteria
and fungi can form biofilms on the inert surfaces of implanted prosthetic devices such as
catheters and on fragments of dead tissue. In
the protected microenvironment of a biofilm,
the pathogens are more resistant to antimicrobial therapies (1, 2).
Little is known about fungal biofilms because many of the organisms that form these
structures are not amenable to genetic approaches (1, 3). In search of a model system
for fungal biofilms, we investigated whether
the well-characterized bakers’ yeast S. cerevisiae can form biofilms. Bacteria are said to
form biofilms if they adhere to plastic (1). We
found that S. cerevisiae adhered to polystyrene plates (Fig. 1), and the cells remained
adherent even after repeated washes (4). The
yeast cells also adhered to polypropylene
and, to a lesser degree, to polyvinylchloride
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(PVC) (5). These results suggested that S.
cerevisiae can initiate biofilm formation.
The adherence of yeast to plastic was enhanced as the glucose concentration was lowered, but it was reduced in the complete absence of glucose, suggesting that there is a
requirement for active metabolism (Fig. 1A).
Diploid cells did not adhere as well as haploids
in this assay (Fig. 1, B and C). Examination of
the attached cells by microscopy revealed that
they were round yeast-form cells (Fig. 1D).
Because bacterial biofilm formation requires cell surface adhesins (1), we disrupted
FLO11, a yeast gene encoding a cell surface
glycoprotein that is required for adhesion to
agar (6, 7), and FLO8, a yeast gene that
encodes a regulatory protein required for
FLO11 expression (8). Isogenic strains (9)
lacking either FLO11 ( flo11⌬; Fig. 1, B to
D) or FLO8 ( flo8⌬) adhered poorly to polystyrene even in low glucose.
The role of Flo11p in the adherence of
Saccharomyces to plastic may be similar to
that of the glycopeptidolipids (GPLs) expressed on the cell surface of Mycobacterium
smegmatis, a nonflagellated bacterium. Mycobacterium smegmatis mutants defective in
GPL synthesis are defective in both biofilm
formation and in a distinct colonial behavior
called “sliding motility,” suggesting an inti-
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mate connection between the two phenotypes
(10, 11). Sliding motility is defined as a form
of surface motility “ . . . produced by the
expansive forces of the growing bacterial
population in combination with cell surface
properties that favor reduced friction between
the cells and the substrate” (10, p. 4348).
To determine whether Saccharomyces
displays a FLO11-dependent phenotype similar to sliding motility, we inoculated strains
onto YPD plates containing 0.3% rather than
2% agar. On this low agar concentration, S.
cerevisiae exhibited an elaborate pattern of
multicellular growth resulting in a confluent
mat (Fig. 2). The low concentration of agar
required for formation of this structure is
similar to that which triggers the sliding motility of M. smegmatis (10, 11).
When inoculated in the center of 0.3% agar
plates, S. cerevisiae produced a flat mat covering a larger surface than that of the same strain
inoculated on 2% agar (Fig. 2, G and H). This
structure grew in a radial form both on circular
and square petri dishes and ultimately covered
most of the agar, achieving a mean diameter of
7.8 ⫾ 0.57 cm after 13 days (12). The mature
structure had a central hub made of a network
of cables (Fig. 3A) and radial spokes emanating
from the hub. Spokes formed reproducibly
within a defined range with a mean of 14.4
spokes ⫾ 4.5 (12). The spokes and hub were
more distinct at 25°C than at 30°C. The number
of cells produced by mat formation on 0.3%
agar was 7.6 times greater (day 12) than that in
a colony produced on 2% agar by the same
strain (13). The formation of mats and spokes,
like adherence to plastic, was sensitive to glucose concentration; reduction in the glucose
concentration resulted in a more rapid formation of spokes and hubs (14).
The ability of S. cerevisiae to form the mat
structure was FLO11-dependent. Growth of a
flo11⌬ strain on a 0.3% agar plate produced a
mass of cells with a smaller diameter and without the characteristic morphology of a FLO11
mat (Figs. 2L and 3B). The FLO11 mat after 12
days on 0.3% agar contained ⬃1.6 times the
number of cells as a flo11⌬ strain, whereas on
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