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The time at which the N-ethylmaleimide-sensitive factor (NSF) acts
during synaptic vesicle (SV) trafficking was identified by timecontrolled perturbation of NSF function with a photoactivatable
inhibitory peptide. Photolysis of this caged peptide in the squid
giant presynaptic terminal caused an abrupt (0.2 s) slowing of the
kinetics of the postsynaptic current (PSC) and a more gradual (2–3
s) reduction in PSC amplitude. Based on the rapid rate of these
inhibitory effects relative to the speed of SV recycling, we conclude
that NSF functions in reactions that immediately precede neurotransmitter release. Our results indicate the locus of SNARE protein
recycling in presynaptic terminals and reveal NSF as a potential
target for rapid regulation of transmitter release.
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Fig. 1. Models of NSF function. (A) NSF acting upstream of neurotransmitter
release. Colors indicate NSF (yellow), ␣SNAP (green), v-SNARE (blue), and
t-SNAREs (orange). (B) Model showing a postfusion role of NSF. (C) Because the
SV cycle requires 45–90 s (Left), a prefusion block of NSF action would occur
much more quickly (Center), whereas a postfusion block would require all or
most of the 45–90 s (Right).

transmitter release, over the 45–90 s required for SV cycling (27),
whereas a prefusion block would more rapidly inhibit release
(Fig. 1C). We therefore designed and synthesized a lightsensitive (caged) inhibitor of NSF. Our strategy was based on
incorporating a caging group onto a key amino acid of a peptide
that blocks the ␣SNAP-stimulated ATPase activity of NSF in
vitro (28–30). This peptide prevents the NSF-mediated disassembly of the SNARE complex (30) and inhibits neurotransmitter release when injected into presynaptic terminals (28, 31).
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eurotransmitter release relies on the precisely coordinated
actions of many proteins that serve to recruit synaptic
vesicles (SVs) to active zones, prepare SVs for Ca2⫹-dependent
exocytosis, and recycle used components (1–5). At the core of
these trafficking reactions lies the SNARE [soluble Nethylmaleimide sensitive factor (NSF) attachment protein receptor] complex, which consists of proteins present in SVs
(v-SNAREs) and the plasma membrane (t-SNAREs) (6). It is
thought that trans-SNARE complexes bridging the SV and
plasma membranes bring these two membranes into close apposition and mediate membrane fusion (7, 8). Because SNARE
complexes are highly stable, hydrolysis of ATP by the molecular
chaperone NSF (9, 10) is required to disassemble used SNARE
complexes and, thereby, recycle SNARE proteins in preparation
for future rounds of exocytosis (11–13). Although it is generally
agreed that this action of NSF is important for neurotransmitter
release, it is not clear whether NSF works before or after vesicle
fusion. This distinction is critical for understanding the dynamic
control of synaptic transmission by NSF and elucidating the life
cycle of SNARE complexes during SV trafficking.
Two models have been proposed for the timing of NSF action
during neurotransmitter release (Fig. 1). SNAREs could be
disassembled just before fusion, meaning that NSF is active only
when needed for a fusion reaction (Fig. 1 A). This model is
consistent with observations that NSF is required before vesicle
fusion in several experimental systems (14–20). Alternatively,
NSF could dissociate SNARE complexes immediately after
neurotransmitter release (Fig. 1B). Such a postfusion action of
NSF could provide an attractive mechanism for sorting of v- and
t-SNAREs after fusion: in this case, newly separated v-SNAREs
would be carried along as recycled SVs bud from the plasma
membrane, whereas t-SNAREs would remain behind in the
plasma membrane. Although experimental evidence supporting
this conclusion is limited (21, 22), the ability to explain SNARE
sorting makes a postfusion action of NSF part of most current
models of SV trafficking (8, 23–26).
One way to distinguish between these two alternatives is to
inactivate the function of NSF acutely in living presynaptic nerve
terminals. A postfusion block of NSF would slowly inhibit

Fig. 2. Design of the cNSF3 peptide. (A) Sequence of the squid NSF3 peptide.
Underlined residue is G309, the Comatose locus (corresponds to G274 in NSF-1
of Drosophila). The caged lysine residue K307 is in red and marked by *. (B)
Schematic representation of NSF with structural elements contributing to the
lateral surfaces of the N and D1 domains. (Upper) N, D1, and D2 denote the
three domains of a NSF monomer; the schematic side view shows only three
subunits of the hexamer. (Lower) Predicted structure of the N and D1 domains
of NSF, based on coordinates taken from the NSF homologue P97 (71). The
2.5-nm-thick slab shows the N domain in orange, D1 domain in yellow, the
NSF3 peptide in blue, and the caged lysine residue in red. Other active NSF
peptides (28) are indicated in green (NSF1) and purple (NSF2). (C) Photochemistry of CMNCBZ-caged lysine. Absorption of a photon of UV light rapidly
removes most of the cage, whereas a slower spontaneous decarboxylation
removes the rest and generates free CO2 (34).

By using this caged peptide to perturb NSF function, we found
that the amount of neurotransmitter release was inhibited with
a latency ranging from 1.6 to 3.2 s. Furthermore, the kinetics of
neurotransmitter release was decreased even more rapidly, with
a latency of 0.2 s. These very rapid actions of the uncaged
inhibitory peptide lead us to conclude that the physiologically
relevant locus of NSF action in the SV cycle is immediately
upstream of membrane fusion and release of neurotransmitter.
Results
Design of Caged NSF3 (cNSF3) Peptide. Our caged NSF inhibitor was
based on the NSF3 peptide (28) derived from the D1 domain of
squid NSF (Fig. 2 A and B). Structural data suggests that the amino
acid residues constituting this peptide are located at the external
surface of the D1 domain, in close proximity to the N domain (Fig.
2B, blue). A glycine residue within this segment of NSF (Fig. 2 A,
underlined) is critical for the actions of both NSF (32, 33) and the
NSF3 peptide (28). We sought to disrupt the active conformation
of the peptide by placing a caging group onto the side chain of an
amino acid near this glycine. For this purpose, we used a ((5carboxy-methoxy-2-nitrobenzyl)oxy)carbonyl (CMNCBZ) cage
(Fig. 2C) that was attached to a surface-exposed lysine residue (Fig.
2 A, red) two residues upstream of the critical glycine residue. After
UV illumination, photolysis of this cage proceeds in two steps (Fig.
2C). The first step takes ⬍1 ms and causes most of the cage to
dissociate from the peptide; the second step, a spontaneous decarboxylation, is almost complete within 15 ms (34). The photolyzed
peptide may assume its active conformation after the first step, but
after the subsequent decarboxylation step it should be identical to
the noncaged NSF3 peptide. Therefore the peptide should be in an
active conformation within a few milliseconds or less after UV
illumination.
Photolysis of Caged Peptide Inhibits Neurotransmitter Release. To
define when NSF is required in the SV cycle, the cNSF3 peptide
was microinjected into the presynaptic terminal of the squid
giant synapse at concentrations of 0.05–2.5 mM, while we
monitored synaptic transmission via recordings of presynaptic
potentials and postsynaptic potentials (PSPs). The CMNCBZ
cage masked the inhibitory activity of the peptide, because in
each of 66 experiments uncaging the peptide with a brief pulse
348 兩 www.pnas.org兾cgi兾doi兾10.1073兾pnas.0707197105

Fig. 3. Photolysis of cNSF in the presynaptic terminal. (A) Inhibition of
synaptic transmission after uncaging microinjected cNSF3 (0.75 mM) in the
giant terminal of the squid. Action potentials were elicited every 1 s. Simultaneous presynaptic (Vpre) and postsynaptic (Vpost) voltage recordings immediately before (black) and after (red) uncaging (stimulation artifact blanked)
are shown. (B) Rapid time course of inhibitory effects of uncaged NSF3. The
slope of the PSP was determined from fits to the initial rise of the PSP and
plotted as a function of time. UV light was applied for 50 ms (arrow, ⬇150
mJ/mm2). The terminal was injected with 0.75 mM cNSF3. (C) Concentrationdependent inhibition of synaptic transmission by cNSF3 peptide (black closed
circles, n ⫽ 14) and uncaged peptide (red open circles, n ⫽ 14). See SI Text for
further details. (D) Lack of effect of photolysis of scrambled cNSF3 peptide
(0.64 mM). UV light (750 mJ/mm2) was applied three times at the point
indicated by the arrow.

of UV light inhibited synaptic transmission (Fig. 3A). The time
course of this block was rapid, occurring within a few seconds or
less (Fig. 3B). Synaptic transmission decreased during cNSF3
injection, indicating that the cage did not completely neutralize
peptide activity (Fig. 3C). However, the CMNCBZ cage caused
a 4-fold increase in the IC50 of cNSF3 (0.35 ⫾ 0.08 mM)
compared with noncaged peptide (0.08 ⫾ 0.01 mM), which gave
us sufficient dynamic range to control NSF function.
Previous work has established the specificity of noncaged
NSF3 peptide. Key arguments are that: (i) both NSF3 and
another peptide from the external surface of the D1 domain have
identical inhibitory effects on both ATPase activity and synaptic
Kuner et al.

Time Course of the Two Responses to Uncaged NSF3. We quantified

the time course of the slow effect of NSF3 by fitting exponential
functions to data such as those shown in Fig. 4C Upper. The time
constant for inhibiting PSC amplitude was activity-dependent
and ranged from 3.1 s at 0.2 Hz to 1.6 s at 5 Hz (Fig. 5A). This
acceleration of the rate of inhibition at higher rates of stimulation is consistent with previous observations of the activity
dependence of this peptide (28) and full-length NSF (32, 33).
Uncaged NSF3 also had some effect in the absence of activity:
when stimulating at 0.2 Hz, the first PSC evoked 5 s after
photolysis of the peptide was reduced by 75% (Fig. 5A). This
finding may reflect a continuous activity of NSF (20) in the
resting presynaptic terminal. Thus, NSF regulates the amount of
neurotransmitter release over a time scale of a few seconds or
less.
Given the rapid effect of uncaged NSF3 upon release kinetics,
a different procedure was needed to determine the time course
of this effect. For this purpose, we uncaged cNSF3 at different
intervals preceding an action potential (Fig. 5B Inset). At very
brief time intervals, the amount of slowing of PSC kinetics was
minimal, but the slowing effect was complete if the light flash
Kuner et al.

Fig. 4. Differential onset of amplitude and kinetic effect. (A) Simultaneous
presynaptic and postsynaptic recordings before (black line) and after (red line)
photolysis of cNSF3 peptide. Synapse was stimulated at 1 Hz. (B) Scaled PSCs,
from the experiment shown in A, before (black) and after (red) uncaging of
NSF3. (C) Onset of changes in PSC amplitude (Top), PSC rise time (20 – 80%;
Middle), and PSC decay time constant (Bottom). UV light (150 mJ/mm2) was
applied at the 10-s time point (gray bar).

occurred 1 s before the synapse was activated. The relationship
between preflash interval (⌬t) and degree of slowing of the PSC
decay was described by an exponential function with a time
constant of 0.22 s (Fig. 5B). This time constant represents an
upper estimate of the time period when NSF3 affects release
kinetics, because of possible delays associated with photolysis of
the CMNCBZ cage and with binding of uncaged NSF3 peptide
to its target. Therefore, NSF regulates the kinetics of release
over a time scale of 0.22 s or faster.
Because the time scales of the inhibitory effects of uncaged
NSF3 peptide are very rapid relative to the tens of seconds or
longer required for vesicles to recycle via conventional [45–90 s
(27)] or kiss-and-run [t ⬇20 s (35, 36)] mechanisms of endocytosis, our data argue that NSF is required before neurotransmitter release occurs rather than acting after membrane fusion
(Fig. 1). However, the rate of synaptic activity in the experiments
PNAS 兩 January 8, 2008 兩 vol. 105 兩 no. 1 兩 349

NEUROSCIENCE

transmission; and (ii) mutation of the glycine residue, which
inhibits NSF function in vivo (32, 33), completely abolishes the
ability of NSF3 to inhibit both ATPase activity and synaptic
transmission (28). Mass spectroscopy reveals that exposure to
UV light produces a peptide that is identical to noncaged NSF3
(unpublished data), so that the biochemical properties of NSF3
defined in previous work (28, 31) should fully apply to uncaged
cNSF3. Nonetheless, to consider possible side effects of uncaging
cNSF3, we performed two control experiments. First, we uncaged a scrambled NSF3 peptide. This peptide had the same
amino acid composition as cNSF3, including the presence of a
CMNCBZ-caged lysine residue, but it does not resemble NSF3.
In a total of 11 experiments, photolysis of this control peptide
produced no effect on synaptic transmission, even when illuminating the terminal with up to 750 mJ/mm2 and at free cage
concentrations as high as 0.9 mM (Fig. 3D). Photolysis of a
second control compound, CMNCBZ-caged rhodamine, was
similarly ineffective (n ⫽ 5; data not shown). These results
indicate that inhibition of neurotransmitter release was caused
directly by the liberated NSF3 peptide, rather than by UV
illumination or production of free CMNCBZ cage or CO2. Thus,
caging a single lysine residue decreased the biological activity of
the NSF3 peptide ⬇4-fold, allowing flash photolysis to very
rapidly control the molecular machinery of neurotransmitter
release.
The NSF3 peptide both decreases synaptic transmission and
slows the kinetics of neurotransmitter release (28). To determine
the relationship between these two actions, we examined how
quickly each developed after cNSF3 photolysis. For this purpose,
postsynaptic currents (PSCs) were recorded while photolyzing
cNSF3. Fig. 4A shows a series of simultaneous presynaptic and
postsynaptic recordings during photolysis of cNSF3. PSCs were
elicited every second, with the preflash PSC shown as a black trace
in Fig. 4A. After a pulse of UV light, which was applied at the same
time as a presynaptic action potential, the next PSC was virtually
unchanged in amplitude, yet clearly had slower kinetics (Fig. 4A,
largest red trace). Both PSC rise time and decay were slowed after
peptide uncaging, as readily observed when comparing PSCs scaled
with the same peak amplitude (Fig. 4B). Although this change in
PSC kinetics was virtually immediate, occurring in ⬍1 s, the
inhibition of PSC amplitude required several seconds for completion (Fig. 4C). Similar results were obtained in a total of 14
experiments. Hence, temporally precise activation of the caged
peptide revealed distinct time courses for the two actions of NSF3:
a fast effect on the kinetics of neurotransmitter release and a slower
effect on the amount of neurotransmitter released.

Fig. 6. Endocytosis unaffected by cNSF photolysis. Time course of endocytosis before (gray) and after (red) photolysis of cNSF3. Relative Cm change is
shown as a range (mean ⫾ SEM, gray and red zones for five independent
experiments. Time of high-frequency stimulaton is shown by the gray bar;
cNSF photolysis occurs immediately afterward, in the case of the trace shown
in red.

The temporally distinct effects of uncaged NSF3 on release
magnitude and kinetics suggest that the peptide causes these two
effects via separate mechanisms. Further support for this comes
from analysis of the concentration dependence of these two
effects (Fig. 5D). The fast effect occurred at higher concentrations of NSF3 (IC50 of 0.28 ⫾ 0.02 mM) than the slow effect (IC50
of 0.06 ⫾ 0.01 mM). Thus, binding of NSF3 at two different sites
may affect two separate NSF-dependent reactions: a higheraffinity one that slowly affects the magnitude of transmitter
release and a lower-affinity one that rapidly affects the kinetics
of release. Alternatively, NSF3 may bind at only one site, with
the difference in affinity and functional effects reflecting different conformational states of the binding site [e.g., ATPversus ADP-bound states of NSF (12, 37)].
NSF3 Does Not Prevent Membrane Fission. To further address a
Fig. 5. Activity dependency and onset of fast effect. (A) Time course of the slow
effect of uncaged NSF3 on PSC amplitude. The fractional reduction of PSC
amplitude is plotted as a function of time after peptide photolysis. Continuous
curves are exponential functions with time constants of 1.6 s (5 Hz) and 3.1 s (0.2
Hz). Data points reflect 7 and 10 independent experiments, respectively. (B) Time
course of the rapid effect of uncaged NSF3 on PSC kinetics. The fractional slowing
of PSC decay time constant is plotted as a function of the time interval (⌬t)
between the UV light flash (UV) and the presynaptic stimulus (APpre). (Inset) The
experimental protocol is illustrated. Data from eight independent experiments
using two stimulus frequencies (0.2 Hz, circles; 1 Hz, triangles) were pooled
(squares) because the two data sets did not differ. The continuous curve is an
exponential function with a time constant of 0.22 s. (C) Time course of the rapid
inhibition of PSC kinetics by uncaged NSF3 under conditions of minimal synaptic
activity (0.03 Hz). The continuous curve is an exponential function with a time
constant of 0.5 s. Each point is from two to five experiments. (D) Concentrationdependent inhibition of PSC amplitude (open circles, IC50 ⫽ 0.28 ⫾ 0.02 mM) and
decay kinetics (closed circles, IC50 ⫽ 0.06 ⫾ 0.01 mM) by uncaged NSF3. Each point
is from three to nine experiments.

possible postfusion role for NSF, we asked whether photolysis of
cNSF3 directly affects endocytic membrane retrieval. By taking
advantage of the slower kinetics of endocytosis relative to exocytosis, we could temporally uncouple endocytosis from exocytosis by
selectively uncaging cNSF3 after exocytosis was completed. Presynaptic membrane capacitance was directly measured at the nerve
terminal in the unperturbed state (Fig. 6, gray) and immediately
after cNSF3 photolysis (Fig. 6, red). After an initial increase in
capacitance, resulting from exocytosis triggered by high-frequency
stimulation (Fig. 6, gray area), the capacitance decreased gradually
to baseline. The decays could be described with exponential functions with time constants of 149 ⫾ 29 s before and 131 ⫾ 22 s after
photolysis of cNSF. These values were not significantly different
(n ⫽ 5, P ⫽ 0.15, t test), indicating that the speed of endocytosis is
not affected by inhibiting NSF function. Thus, if NSF has any
postfusion role, this role does not affect the rate of membrane
fission during endocytosis and is not rate-limiting for exocytosis.

shown in Fig. 5 A and B may cause a redistribution of SNARE
complexes to the plasma membrane; if NSF was required to
dissociate these cis-SNARE complexes after fusion, then inhibiting such a postfusion action of NSF might prevent transmitter
release by accumulating SNARE complexes in the plasma
membrane. To examine this possibility, the experiments were
repeated at a minimal rate of synaptic activity (0.03 Hz). The rate
of onset of the kinetic effect was very similar at this low rate of
stimulation, with a time constant of ⬇0.5 s (Fig. 5C). This
observation reveals that uncaged NSF3 peptide rapidly slows the
kinetics of release even under conditions where plasma membrane accumulation of SNARE complexes should be minimal,
reinforcing the conclusion that NSF works before membrane
fusion.

Discussion
We have used a caged inhibitor peptide to provide information
about the timing of NSF action in SV trafficking. Our studies
provide much higher time resolution (milliseconds) than was
possible in previous work, including studies of a Drosophila
temperature-sensitive NSF mutation (22, 33). Because of this
high time resolution, we could determine that NSF participates
in two rapid reactions with time constants of a few seconds or
less. Both the fast (0.22 s) and slow (2–3 s) effects of the NSF3
peptide occur on a time scale much faster than SV endocytosis
and recycling (27, 35, 36), so we conclude that these effects
represent prefusion actions of NSF (Fig. 7A). Formally speaking,
NSF could still have additional actions after vesicle fusion (22).
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Although our capacitance measurements indicate that NSF
action is not required for endocytic membrane retrieval, other
postfusion actions could be masked by the rapid effect of the
photolyzed peptide on exocytosis and therefore remain undetected. Nevertheless, our results indicate that a prefusion action
of NSF must be responsible for the ability of this chaperone to
regulate the magnitude and kinetics of transmitter release. This
study extends previous work, largely done in non-neuronal cells,
suggesting that NSF participates in vesicle priming and resolves
a long-standing question about when NSF functions in SV
trafficking.
The slower, activity-dependent reaction occurring on a time
scale of several seconds likely reflects the disassembly of cisSNARE complexes upon docking of SV at the active zone (steps
1–3 in Fig. 7). Inhibition of the ␣SNAP-stimulated ATPase
activity of NSF by uncaged NSF3 peptide (28) would prevent
NSF-dependent disassembly of cis-SNARE complexes (30) and
thereby reduce the amount of uncomplexed SNARE proteins
available after SVs are docked at the active zone. This would
reduce the amount of neurotransmitter release, which requires
formation of trans-SNARE complexes (3–5), and could account
for the increase in docked SVs in terminals injected with NSF3
(30) and the accumulation of transport vesicles at acceptor
membranes in the absence of NSF (38, 39). Thus, NSF appears
to prime tethered SVs for release, as previously concluded for
non-neuronal forms of membrane fusion and also suggested
for neurotransmitter release (14–20). This model can account
for the activity dependence of NSF3 action: synaptic transmission would not be inhibited immediately after uncaging cNSF3,
because of the presence of primed SVs at the active zone. Only
Kuner et al.
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Fig. 7. Model of NSF function and life cycle of SNARE proteins. (A) Model for
the dual actions of NSF in transmitter release. A complete cycle of SV trafficking requires 45–90 s (27). After vesicle docking (nos. 1–2 transition), the slow
action of NSF primes SVs over a time scale of seconds. Readily releasable
vesicles (no. 3; highlighted red) can then fuse in a calcium-dependent reaction
that is influenced by NSF acting within a time window of ⬍0.5 s. After
membrane fusion, vesicles bud off from the plasma membrane (nos. 5– 6
transition) and are then recycled (nos. 6 –1 transition). (B) Postulated dynamics
of SNARE proteins during exocytosis. (No. 1) SVs and plasma membrane
contain cis-SNARE complexes, to which ␣SNAP and NSF bind (41). Plasma
membrance cis-SNARE complexes are not shown for clarity. (No. 2) ␣SNAP and
SNAREs stimulate the ATPase activity of NSF, causing disassembly of cis-SNARE
complexes. NSF may remain bound on SV even after unbinding of ␣SNAP (17).
(No. 3) Free SNARE proteins from trans-SNARE complexes. To promote sorting,
ectopic SNARE proteins may bind to acceptor proteins. For clarity, only the
accepter protein (e.g. Munc18) for vesicular t-SNARE proteins is shown (red).
(No. 4) As a result of membrane fusion, ectopic SNARE protiens are sorted onto
the correct compartment during the time that SV and plasma membranes are
continuous. (No. 5) Cis-SNARE complexes are retrieved along with the SV
membrane during endocytosis. (No. 6) Recycling SVs contain cis-SNARE complexes (44). NSF (yellow), ␣SNAP (green), v-SNARE (blue), t-SNARE (orange).

after the activity-dependent depletion or time-dependent depriming of these SVs (20, 40) would the requirement for NSF to
prime SVs become evident. It therefore appears that NSF
disassembles cis-SNARE complexes over a time scale of a few
seconds under physiological conditions. Sorting of disassembled
v- and t-SNARE proteins to their appropriate compartments
would then occur by the binding to compartment-specific partners during or shortly after fusion (Fig. 7B, arrow). Such a
mechanism permits sorting of SNAREs while the membrane
domains of SVs and the plasma membrane retain their identity.
It can also account for experimental observations that SNARE
complexes containing both v- and t-SNAREs exist in vesicle
membranes (41–47) and that v-SNAREs can remain on the
plasma membrane after endocytosis (48).
At first glance, this model could be challenged by biochemical
measurements suggesting that both SVs and the plasma membrane contain an excess of free SNARE proteins (47, 49, 50),
making the prefusion production of free SNARE proteins for
trans-SNARE complex formation unnecessary. However, biochemical studies consider mainly bulk compartments such as
reserve pool vesicles or total plasma membrane, precluding
extrapolation to the subset of SNARE proteins directly involved
in exocytosis. Further, the presence of even a small number of
cis-SNARE complexes at the fusion site might serve as a steric
hindrance to membrane fusion, despite the presence of free
SNARE proteins.
In addition to cis-SNARE complexes, NSF could act on
several other protein complexes. For example, ␣SNAP recruitment to a complex containing only syntaxin and SNAP-25 (51,
52) causes strong stimulation of NSF ATPase activity and
complex disassembly (53). Tomosyn/t-SNARE complexes also
can be disassembled by ␣SNAP-stimulation of NSF (54). These
mechanisms could regulate the availability of a pool of plasma
membrane t-SNARES for the formation of trans-SNARE complexes. NSF has been suggested to regulate the trapping of
t-SNAREs into hotspots by dynamin (55). The ATPase activity
of NSF could release t-SNARES from this trap just before
trans-SNARE pairing and membrane fusion (55). In summary,
photolysis of cNSF3 could cause abrupt freezing of cis-SNARE
complexes, binary SNARE complexes, tomosyn-t-SNARE complexes, and/or t-SNARE/dynamin complexes. Such effects, either separately or in concert, could account for the slower,
activity-dependent component of the response to uncaged NSF3.
Together, these mechanisms may constitute the contributions of
NSF to ATP-dependent priming (42) of SVs.
The fast NSF-dependent reaction that affects release kinetics
(steps 3–4 in Fig. 7) could result from a desynchronization of
release events or a direct modulation of the fusion reaction by
NSF, as has been suggested in other studies (56–58). The fast
NSF3 effect is similar in time course to priming of the fusion
machinery, which precedes release by 45–250 ms (59) and
requires ATP hydrolysis (14, 60, 61). Although the rate of
␣SNAP-stimulated ATPase activity in the native environment of
the nerve terminal is unknown, the ATPase activity of NSF in
vitro (62) appears to be too slow to support a reaction that occurs
within a time scale of 0.2 s. The fast effect could be related to
an ATPase-independent function of NSF (56), perhaps aiding
proper folding and zippering up of SNARE complexes or
optimizing the state of oligomerization of SNAREs (63).
In conclusion, or work indicates that NSF function is critical
for highly dynamic reactions that occur immediately before SVs
fuse with the presynaptic plasma membrane to release neurotransmitter. In addition to answering a long-standing question
about the timing of NSF action during SV trafficking, our results
indicate a potential locus for rapid regulation of neurotransmitter release by nitric oxide (30) or protein phosphorylation
(64–66). Our work also defines the precise timing of a protein–
protein interaction important for SV exocytosis, which will

provide a temporal benchmark for future studies of the timing
of other exocytotic interactions.

peptide was microinjected into the giant presynaptic terminal and a shuttered
argon ion laser (Coherent) was used for peptide photolysis. More details are
described in SI Text.

Materials and Methods
Caged Peptides. CMNCBZ-caged lysine (67, 68) was synthesized as described in
[supporting information (SI) Text]. This peptide was used to synthesize the
following peptides: cNSF3, TGKTLIAR[K]IGKMLNATEPK (squid sequence) and
scrambled cNSF3, GNIELATKT[K]ARIKLTMPKG. Details of peptide synthesis are
provided in SI Text.
Electrophysiology. The stellate ganglion was dissected from Loligo pealei, and
recordings of synaptic transmission were done as described (69, 70). Caged
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