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hyperactivated NP394-neurons showed promoted
light avoidance, we propose that NP394-neuron
activity is positively correlated with larval light-
avoidance ability. Two possible scenarios could
be operating in this situation. First, the activity of
NP394-neurons itself controls the larval photo-
taxis by an unknown mechanism. Second, the
NP394-neurons activate the pathway that medi-
ates avoidance of light whereas other unidentified
neurons activate the pathway that underlies
avoidance of darkness, as was shown for the
mechanisms underlying odor-taxis in adult Dro-
sophila (25).
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Fast Vesicle Fusion in Living
Cells Requires at Least
Three SNARE Complexes
Ralf Mohrmann,1,2* Heidi de Wit,3 Matthijs Verhage,3 Erwin Neher,1 Jakob B. Sørensen1,4,5*

Exocytosis requires formation of SNARE [soluble N-ethylmaleimide–sensitive factor attachment
protein (SNAP) receptor] complexes between vesicle and target membranes. Recent assessments in
reduced model systems have produced divergent estimates of the number of SNARE complexes needed
for fusion. Here, we used a titration approach to answer this question in intact, cultured chromaffin
cells. Simultaneous expression of wild-type SNAP-25 and a mutant unable to support exocytosis
progressively altered fusion kinetics and fusion-pore opening, indicating that both proteins assemble
into heteromeric fusion complexes. Expressing different wild-type:mutant ratios revealed a third-power
relation for fast (synchronous) fusion and a near-linear relation for overall release. Thus, fast fusion
typically observed in synapses and neurosecretory cells requires at least three functional SNARE
complexes, whereas slower release might occur with fewer complexes. Heterogeneity in SNARE-complex
number may explain heterogeneity in vesicular release probability.

The SNARE [soluble N-ethylmaleimide–
sensitive factor attachment protein (SNAP)
receptor] complex formed between two

fusing membranes is at the heart of the molecular
machinery that mediates exocytosis (1). It is a
coiled bundle of four parallel a helices provided by

three SNARE proteins: SNAP-25 (synaptosome-
associated protein of 25 kD), synaptobrevin-2,
and syntaxin-1 (2). SNARE-complex formation
proceeds from the N- to the C-terminal end in a
discontinuous process that involves partially as-
sembled intermediates. Assembly of the most C-
terminal three to four interaction layers coincides
with membrane merger (3). Though it has been
unclear whether assembly of one SNARE com-
plex generates sufficient energy to initiate vesicle
fusion (4–7), it was recently reported that lipo-
somes can fuse with the help of a single SNARE
complex, albeit with low speed (8). Other studies
have concluded that 5 to 11 SNARE complexes
might be involved in fastermodes of fusion (9–13).

To study the dependence of fast vesicle fusion
on higher-order SNARE complexes in intact cells,

we used an exceptionally inhibitory SNAP-25
mutation in a titration assay that allowed us to
relate exocytosis to the relative expression levels
of mutant and wild-type (WT) protein in a given
cell. Our mutant harbored two alanine substitu-
tions [Met71→Ala71 (M71A) and Ile92→Ala92

(I192A)] in the interaction layer +5, facing the
inside of the complex (2). If incorporated in the
SNAP-25A isoform, this mutation completely
fails to reconstitute exocytosis in Snap-25–/– ad-
renal chromaffin cells (14). Here, we introduced
the mutation into SNAP-25B, because this iso-
form supports two to three times more fast-phase
secretion (15). SNAP-25BWT (SN25B) ormutant
protein (denoted SN25BL5**) were N-terminally
fused to enhancedgreen fluorescent protein (EGFP)
or mCherry (mCh), allowing for the quantitative
analysis of expression levels and protein localization.

Using the Semliki Forest virus (SFV) expression
system, we characterized mCh-tagged SN25BL5**
and mCh-SN25B expressed separately in SNAP-
25–deficient chromaffin cells (16). Both proteins
were localized to the plasma membrane and
expressed to similar levels (Fig. 1, E and F).
Secretion was assayed by membrane capaci-
tance measurements and amperometry after flash
photorelease of caged calcium. Expression of
mCh-SN25BL5** suppressed secretion (total ca-
pacitance change: 12 T 3 fF after 5 s; n = 28 cells)
(Fig. 1, A to E) compared with mCh-SN25B–
infected cells (510 T 54 fF; n = 36; P < 0.0001)
and even SNAP-25–deficient cells (39 T 5 fF; n =
35; P < 0.0001; Student’s t test). This made
SN25BL5** an attractive inhibitor for a titration
experiment. Several lines of evidence indicate
that inhibition probably arises from interference
with a very late step of exocytosis associated with
the C-terminal assembly of the SNARE complex:
(i) SN25L5** forms stable SNARE complexes
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in vitro, exhibiting assembly kinetics indistin-
guishable fromWTprotein (14). However, mutant
SNARE complexes exhibit a strongly destabilized
C-terminal end (14). (ii) SNAP-25 is required for
vesicle docking (17) before participating in down-
stream steps of exocytosis. Expression of SN25BL5**
completely restored docking in Snap-25–/– cells
(Fig. 1, G to I, and fig. S1), excluding an in-
volvement of layer +5 in these early steps of
exocytosis. (iii) The phenotypes caused by single
point mutations in layer +5 of SN25B (M71A or
I192A) indicate that assembly of this layer is
important for fusion triggering. Expression of

either mutant in Snap-25–/– cells slowed down
fusion kinetics (fig. S2, A and B), similar to other
mutations compromising the C-terminal end of
the SNARE complex (14, 18). In contrast, un-
changed sustained-release rates (fig. S2Ab and
S2Bb) and normal recovery between stimulations
(fig. S2Ae and S2Be) suggest normal vesicle
priming.

To obtain cells with varying ratios of mCh-
SN25BL5** and EGFP-SN25B, we generated
viruses harboring bicistronic expression units con-
taining different “internal ribosome entry site”
(IRES)–sequences (fig. S3) (16). After calibra-

tionwith an EGFP-mCh fusion protein (fig. S3B),
relative expression levels of the two fusion pro-
teins were assessed by quantifying mCh and
EGFP fluorescence. All viruses displayed substan-
tial variations of expression ratios in individual
cells, which were exploited to cover a wider range
of expression ratios. The two fusion proteins co-
localized closely (fig. S4), both on the plasmamem-
brane and on certain intracellular structures (19).

In control recordings, EGFP-SN25B–expressing
cells exhibited an average total capacitance in-
crease of 483 T 25 fF (n = 125). Progressively in-
creasing fractional mCh-SN25BL5** expression

Fig. 1. A SNAP-25B mutant causes complete arrest of
neurotransmitter release. (A to C) Averaged data for calcium
uncaging experiments in Snap-25–deficient chromaffin cells (ko,
knockout) (gray), knockout cells expressing mCh-SN25B wild type
(ctrl) (black), or mCh-SN25B M71A, I192A (SN25BL5**; L5**)
(red). (A) Intracellular calcium concentrations (mean T SEM) after
ultraviolet flash applied at 0.5 s. [Ca2+]i, intracellular concentra-
tion of Ca2+. (B) Induced membrane capacitance change (DCm).
(C) Amperometric current (IAmp). (Inset) Cumulative amperometric
charge (QAmp). (D) Total capacitance change (mean T SEM)
reached after 5 s was significantly (***P < 0.0001, Student’s t test)
decreased by expression of SN25BL5**. (E) Plot of total
capacitance change versus cellular fluorescence intensity. a.u.,
arbitrary units. (F) Confocal microphotographs of chromaffin cells
expressing mCh-SN25B or mCh-SN25BL5**. Scale bar, 5 mm. (G)
Sample electron micrographs of Snap-25 knockout cell and
knockout cell expressing WT SN25B or SN25BL5**. Scale bars,
200 nm. (H) Number of docked vesicles and (I) total number of
vesicles (mean T SEM) in Snap-25 knockout cells and after rescue
with SN25BL5** and WT protein (***P < 0.001).
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down of release. (A) Plot
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Open circles represent
single recordings; red dia-
monds denote mean data
for five (I to V) binned
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or mCh-SN25BL5** (100%). The red line indicates a strict linear relation
between a fraction of SN25BL5** and inhibition, assuming no cooperativity.
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pressing both SNAP-25 variants. Fluorescence intensity was measured in a
region of interest (RoI) enclosing the plasma membrane. Scale bar, 5 mm. (B
to D) Kinetic analysis of capacitance changes. (B) Capacitance traces were

averaged in each binned group (I to V, red; EGFP-SN25B, black) and nor-
malized to their amplitude at 5 s. (C) Fast and (D) slow bursts show gradually
increasing time constants (tfast and tslow, respectively) during titration with
SN25BL5**. (E) The amplitude of the fast burst steadily decreases during the
titration, whereas (F) slow-burst amplitude and (G) the rate of sustained
release pass through a transient maximum to eventually diminish. All values
are given as mean T SEM.
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had a mild inhibitory effect on overall exocytosis
(Fig. 2A). The inhibition profile was well de-
scribed by a linear dependency on the fraction of
mCh-SN25BL5**. Kinetic analysis revealed a
progressive slowdown of release kinetics (Fig.
2B), owing to a gradual increase of fast- and slow-
burst time constants (Fig. 2, C and D) combined
with decreased amplitude of the fast component
(Fig. 2E). For cells expressing low levels of mCh-
SN25BL5** (0 to 20%, group I), the decrease in

fast-release amplitude was partly compensated for
by an increase in slow-burst amplitude (Fig. 2F)
and in the rate of sustained secretion (Fig. 2G).
Overall, vesicles fuse at lower rates in the presence
of SN25BL5**, implying that the vesicular release
probability is decreased. Because exocytosis cannot
bemediated by fusion complexes solely containing
SN25BL5**, this finding indicates the formation
of mixed fusion complexes containing both EGFP-
SN25B and mCh-SN25BL5**.

Formation of mixed fusion complexes was
also supported by experiments examining single-
vesicle fusion events (Fig. 3). In these experi-
ments, Snap-25–/– cells were infected with a SFV
expressing ~80% mCh-SN25BL5** and ~20%
EGFP-SN25B (fig. S3D). In the presence ofmCh-
SN25BL5**, amperometric spikes exhibited a
slightly delayed overall waveform and a decreased
duration of pre-spike feet (PSF). Because mCh-
SN25BL5** cannot support exocytosis on its
own, these data indicate single-vesicle fusion
using mixed complexes. A similar reduction in
PSF duration has been described upon mutating
the C-terminal layers of synaptobrevin-2 (18).

The above findings suggested that multiple
SNARE complexes might surround the nascent
fusion pore (12). Thus, we asked how many
SNARE complexes are needed for fast vesicle
fusion. Assuming that the incorporation of one
copy of SN25BL5** is sufficient to decrease the
vesicular release rate, vesicle fusion with normal
fast kinetics should be mediated by complexes
containing exclusively WT SN25B. The number
of such vesicles depends on the fractional avail-
ability of WT SN25B raised to a power of n,
where n is the number of SN25Bmolecules in the
fusion complex (20). To determine the amount of
fusion with unperturbed kinetics, we repeated the
kinetic analysis, but this timewe fixed the fast time
constant tfast to the control value (EGFP-SN25B,
tfast = 19.8 ms), such that the amplitude reports
unperturbed secretion. The number of fast-fusing
vesicles diminished much faster than overall
secretion with an increasing proportion of mCh-
SN25BL5** (Fig. 4A, compare with Fig. 2A).
Fitting of a simple binomial model (21) to the
entire curve identified n = 2.8. Alternatively, we
fitted a straight line to the left part of the curve,
following logarithmic transform of the burst am-

Fig. 3. Altered amperometric spikes in the presence
of SN25BL5** indicate the existence of heteromeric
fusion complexes. (A) Examples showing ampero-
metric spikes in control cells (Snap-25–/– expressing
EGFP-SN25B) and cells coexpressing WT and mutant
SNAP-25B (mCh-SN25BL5**-IRES-EGFP-SN25B). (B)
Quantitative analysis. The means of cell medians for
each parameter T SEM are shown (q, total charge).
The half width was slightly prolonged in the presence
of SN25BL5** (P < 0.05). The pre-spike foot dura-
tion and charge were reduced, indicating altered
fusion-pore opening (**P < 0.01 and ***P < 0.001;
Student’s t test).
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plitude (21), which yielded n = 3.4 (inset, Fig. 4A).
Ourmodel assumes that the affinity of SN25BL5**
to the rest of the fusion apparatus is unchanged,
which appears likely from previous data (14).
Three is a lower estimate of the number of SNARE
complexes in a fusion complex driving fast fusion,
because incorporation of more than one mutant
might be required to detectably change fusion
kinetics.

SNAP-25 harbors two SNARE domains and
could possibly contribute these to different SNARE
complexes, thereby cross-linking them (21, 22).
This would separate the two single mutations and
mask a dominant-negative effect of SN25BL5**
in the presence of WT protein (fig. S5A), which
could provide an alternative explanation for the
shallow dependence of overall secretion on
SN25BL5** fraction (Fig. 2A). We tested such
“domain-swapping” by coexpression of the two
single-layer +5 mutants (M71A and I192A). At
similar expression levels, the two single alanines
should recreate the catastrophic double-layer +5
mutation in half of the complexes (fig. S5B),
which should result in a 50% drop in secretion
(Fig. 4B, according to Fig. 2A). Using two
bicistronic SFVs that express both mutants at the
proportions [mCh-SN25M71A]/total of 15 T 1%
or 65 T 3%, we observed no inhibitory effect on
secretion (Fig. 4C). In addition, examining data
in 20-to-50% or 50-to-80% expression bins did
not identify any block of release (Fig. 4C). Thus,
domain-swapping cannot explain the mild in-
hibition by SN25BL5**, nor can it represent a
prominent event during exocytosis, consistent with
the finding that separated SNAP-25 SNARE do-
mains support in vitro vesicle fusion (23) and
secretion (24).

Using a titration approach in intact cells, we
report here that the apparent cooperativity for fast-
phase secretion is higher (~3) than that for overall
exocytosis (~1). We conclude that SNARE com-
plexes form higher-order functional units, and at
least three SNARE complexes are required for
the fast phase of exocytosis (fig. S5, C and D).
Our findings agree with data from infusion of
synaptobrevin fragments into PC12 cells (11).
The linear titration profile of overall secretion
might be explained if stoichiometry of fusion
complexes is not fixed. Vesicles resident at the
plasma membrane have time to form several
SNARE complexes in the absence of stimulation,
achieving faster speeds of fusion when triggered
by calcium. However, vesicles arriving during
conditions of sustained high calcium concentra-
tions might fuse using fewer [or possibly only a
single (8)] SNARE complexes. The dramatic shift
in release rate upon coexpression of SN25BL5**
suggests that the number of functional (that is,
completely zippering) SNARE complexes is a
determinant of fusion probability. Indeed, variable
fusion stoichiometry might underlie heterogeneity
in vesicular release probabilities between synapses
(25) or release phases (26) and could represent an
important regulated parameter in neurotransmitter-
releasing cells.
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Mechanisms of Proton Conduction and
Gating in Influenza M2 Proton
Channels from Solid-State NMR
Fanghao Hu, Wenbin Luo, Mei Hong*

The M2 protein of influenza viruses forms an acid-activated tetrameric proton channel.
We used solid-state nuclear magnetic resonance spectroscopy to determine the structure and
functional dynamics of the pH-sensing and proton-selective histidine-37 in M2 bound to a
cholesterol-containing virus-envelope-mimetic membrane so as to better understand the proton
conduction mechanism. In the high-pH closed state, the four histidines form an edge-face
p-stacked structure, preventing the formation of a hydrogen-bonded water chain to conduct
protons. In the low-pH conducting state, the imidazoliums hydrogen-bond extensively with
water and undergo microsecond ring reorientations with an energy barrier greater than 59
kilojoules per mole. This barrier is consistent with the temperature dependence of proton
conductivity, suggesting that histidine-37 dynamically shuttles protons into the virion. We
propose a proton conduction mechanism in which ring-flip–assisted imidazole deprotonation
is the rate-limiting step.

Proton transport in synthetic materials is
mediated either solely by hydrogen-bonded
(H-bonded) water, as in hydrated ionic

polymers (1), or solely by titratable heterocycles,
such as imidazoles tethered to the backbone of

anhydrous polymers (2). In comparison, the
conduction mechanism of biological proton chan-
nels in cell membranes is more complex because
both water and titratable protein sidechains are
usually present (3). The influenza M2 protein
forms a tetrameric proton channel that is important
for the virus life cycle (4). Activated below pH 6,
theM2 channel conducts 10 to 10,000 protons per
second (5, 6). The pH-sensing and proton-selective
residue is a single histidine, His37, in the trans-
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