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ABSTRACT: Styryl dyes are widely used to study synaptic vesicle
(SV) recycling in neurons; vesicles are loaded with dye during
endocytosis, and dye is subsequently released via exocytosis. During
putative kiss-and-run exocytosis, efflux of dye from individual SVs
has been proposed to occur via two sequential steps: dissociation
from the membrane followed by permeation through a small fusion
pore. To improve our understanding of the kinetics of efflux of dye
from vesicles during kiss-and-run events, we examined the rates of
efflux of different dyes through nanometer-scale pores formed in
membranes by the toxins melittin and a-hemolysin; these pores
approximate the size of fusion pores measured in neuroendocrine
cells. We found that the axial diameter of each dye was a crucial
determinant for permeation. Moreover, the two dyes with the
largest cross-sectional areas were completely unable to pass through

pores formed by a mutant a-hemolysin that has a slightly smaller pore than the wild-type toxin. The overall time constant for
efflux (seconds) of each dye was orders of magnitude slower than the time constant for dissociation from membranes
(milliseconds). Thus, the permeation step is rate-limiting, and this observation was further supported by atomistic molecular
dynamics simulations. Together, the data reported here help provide a framework for interpreting dye destaining rates from

secretory vesicles.

Secretion from neurons and neuroendocrine cells is a
complex process that culminates in the fusion of secretory
vesicles with the plasma membrane. Exocytosis proceeds through
a crucial intermediate termed the fusion pore, in which a
transient aqueous connection is formed between the vesicle
lumen and the extracellular space. Once the fusion pore opens, it
has been proposed that it has at least two fates, each of which
gives rise to a distinct mode of secretion. ™ In one case, the pore
dilates, resulting in the complete collapse of the vesicle into the
plasma membrane, and this process is termed full fusion.’ In the
other case, the fusion pore is thought to undergo a reversal from
the open state back to the closed state; this would occur without
the complete collapse of the vesicle into the plasma membrane
and is often termed “kiss-and-run” exocytosis.” During kiss-and-
run exocytosis, the small size of the fusion pore might limit the
rate of secretion. Slow transmitter efflux rates could potentially
drive receptor desensitization, rather than activation,”” as
evidenced by a recent study focused on cultured hippocampal
neurons.’ In addition, detailed analysis of secretion from
chromaffin cells revealed that kiss-and-run fusion pores act as
“size exclusion” filters” by allowing the escape of smaller
hormones but retaining larger hormones that can be released
only via a subsequent full fusion event.

Kiss-and-run events are well-established for large dense-core
vesicle (LDCV) exocytosis in neuroendocrine cells and cell
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lines and have been studied in detail via carbon fiber
4,10—12 . 2,13—15
amperometry and capacitance measurements. How-
ever, whether kiss-and-run exocytosis occurs durin§ %
L . 1622
exocytosis in neurons has been a subject of debate,
although recent experiments, using quantum dots, have provided
direct and compelling evidence of kiss-and-run exocytosis in
. 23 . . .
hippocampal neurons.” The emerging consensus is that kiss-
and-run exocytosis occurs in central synapses, but whether this is
a common or relatively rare mode of exocytosis remains unclear

and is likely to depend upon the specific synapse under study.

The lipophilic styryl dye FM1—43, along with a number of
structurally related variants that comprise the FM dye family,
are widely used to stud?f endo- and exocytosis of recycling SVs
in intact neurons."””®'®'7** The dramatic increase in the
fluorescence of these dyes that occurs when they bind to
membranes can serve as an index of how much dye is
incorporated into the membrane.>® Hence, these dyes provide a
quantitative tool for studying vesicle dynamics in presynaptic
nerve terminals. The rate and extent of loss of dye from vesicles
undergoing exocytosis can, in principle, be used to determine
the mode of exocytosis.
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A study by Richards et al.” suggested a simple pore permeation
model for small, slow dye destaining events, interpreted to be
kiss-and-run exocytosis, of FM1—43 escaping from individual
SVs in hippocampal boutons. This process can be viewed as two
sequential steps. (1) Membrane-bound dye molecules dissociate
from the lipid membrane, and (2) free dye molecules within
the vesicle lumen permeate through the open fusion pore.”
Because our previous studies”* revealed that all members of the
FM dye family departition from membranes at rates (time
constants in the millisecond range) that are orders of magnitude
faster than their overall destaining rates from presynaptic nerve
terminals (time constants in the second range),"”® we suggested
that the second step, permeation, was rate-limiting. If the pore is on
the order of 1-2 nm, as it is in some neuroendocrine
cells >*10132L27=29 the gize of the dye, relative to the size of
the pore, is likely to represent a crucial parameter that determines
the efflux rate. Hence, under conditions of full fusion, different dyes
would be expected to exhibit similar destaining rates, whereas
during kiss-and-run exocytosis, smaller dyes would be expected to
more readily leave vesicles (via nanometer-scale fusion pores) as
compared to those with larger axial cross-sectional areas.

An earlier study employed melittin to empirically determine
the kinetics of efflux of FM1—43 through small pores in
membranes.” Even though the structures of melittin pores have
not been definitively determined, a number of studies suggest
that this pore is toroidal and might be lined, at least partially,
with lipids.’® There are two hypothesized models for the
structure of secretory vesicle fusion pores: the lipidic pore and
the protein-lined pore;'**” thus, melittin simulates aspects of
the lipidic fusion pore. However, we note that the diameter of
melittin pores is somewhat heterogeneous, this parameter
varies as a function of melittin concentration,>** and melittin
pores are only ~4 nm long> as compared to fusion pores in
cells that must initially span two bilayers. So, to address these
concerns and to generate pores that simulate putative protein-
lined fusion pores during kiss-and-run exocytosis,>* we also
utilized a-hemolysin («HL), which forms longer proteinaceous
pores whose structure has been determined at atomic
resolution.”> By measuring the rates of efflux of different dyes
through both kinds of pores in vitro, we gained a detailed
understanding of how sensitive dye permeation rates are to
pore diameter. Finally, our empirical findings were bolstered by
complementary molecular dynamics (MD) simulations in
which the free energy, and diffusion constant profiles, for
permeation of FM1—43 through wild-type and mutant aHL
pores were computed. These data were then used to estimate
the translocation time for passage of FM1—43 through these
pores, based on a mean first-passage time analysis.

B MATERIALS AND METHODS

Dyes. FM1—84, FM1—43, and FM2—10 were obtained
from Invitrogen (Carlsbad, CA). SynaptoGreen C3 and SGCS
were synthesized by F. Mao (Biotium, Inc.). The structure of
each dye is shown in Figure S1 of the Supporting Information.

Expression and Purification of Wild-Type and
Mutant aHL. Wild-type aHL was expressed, purified, and
assembled into heptamers as described previously.*® The pT7-
aHL-M113W (@HL RL2) plasmid was _;enerated by mutating
the aHL RL2 gene in a pT7 vector’’ (see the Supporting
Information for details).

Liposomes. 1,2-Dioleoyl-sn-glycero-3-phosphoethanol-
amine (PE) and 1,2-dioleoyl-sn-glycero-3-phosphocholine
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(PC) were from Avanti Polar Lipids (Alabaster, AL). Lipids,
stored in chloroform, were dried under a stream of nitrogen and
then subjected to vacuum for 1 h. Dye-containing liposomes were
made by resuspending the dried lipid film (30% PE/70% PC) in
HEPES buffer [50 mM HEPES and 100 mM NaCl (pH 7.4)]
with dye, followed by extrusion using a 100 nm filter, resulting in
dye-loaded liposomes with a mean diameter of 130 nm.

Measurement of Rates of Efflux of Dye through
Pores. FM dye-containing liposomes were incubated with
melittin (Sigma, St. Louis, MO) at melittin:lipid ratios of 1:10,
1:20, and 1:800 for 5 min in the presence of “external” dye, as
described in a previous study,7 to allow melittin pores to form
without loss of trapped dye. The liposome-FM dye mixtures
were first diluted by hand, and changes in fluorescence intensity
were monitored using a PTI (South Brunswick, NJ) QM-1
spectrophotometer. After optimization of toxin:lipid ratios, dye
efflux was time-resolved using an Applied Photophysics
(Leatherhead, Surrey, UK.) SX 18 MV stopped-flow
spectrometer at room temperature as described previously.”
The fluorescence changes were well fitted by single-exponential
functions using GraphPad (La Jolla, CA) Prism 3. Rates are
reported as time constants.

To produce pores with different structures and diameters, we
also utilized the wild type and an M113W mutant form of
aHL,” at toxin:lipid molar ratios of: 1:14, 1:50, and 1:300. To
form pores, toxins and vesicles were incubated for 1 h at 37 °C;
experiments were then conducted at room temperature. We
examined dyes that, as shown in a previous study,”* yield
strong fluorescence signals; these dyes are FM1—43 (4 uM),
FM1-84 (4 uM), SynaptoGreen C3 (30 uM), FM2—-10 (50
uM), and SGCS (2 uM).*®

System Setup for MD Simulations. The crystal structure
of wild-type aHL (Protein Data Bank entry 7AHL>®) was taken
as the starting structure for all simulations. Hydrogen atoms
were added to the crystal structure with the HBUILD module®®
in CHARMM?® to create an all-atom model. To generate a
model for the M113W mutant, residue Met113 on each of the
seven subunits of the wild-type structure was replaced with a
tryptophan (Trp). Before MD simulations, the protein was first
reoriented such that the longest dimension lied along the z
direction and the center of mass (COM) of the transmembrane
region was at z = 0 nm (see Figure 4A). After the reorientation,
the diffusion pore ranged from approximately —2.0 to 8.0 nm in
length, with a total length L of ~10.0 nm;>° residue M113 was
at z ~ 2.0—2.5 nm.

The protein atoms were described with the all-atom
CHARMM 27% force field. For FM1—43, a force field was
constructed by recommended procedures for CHARMM force
field development; i.e., force field parameters from chemically
similar groups in CHARMM 27 were used. Specifically,
parameters for amine groups were adopted from those of lipid
headgroups; parameters for the six-membered ring-containing
nitrogen were adopted from those of the NADP molecule, and
parameters for the benzene ring and ethylene group were
available in CHARMM 27. This scheme ensured compatibility
between parameters for FM1—43 and those for protein and
water. All bonds involving hydrogen atoms were constrained
using the SHAKE algorithm*' to allow a time step of 2 fs.

Because of the large size of aHL, only part of the system was
allowed to move during the simulation, which is justified
because diffusion of FM1—43 does not directly implicate a large
number of protein atoms. Depending on the range of z, either
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the generalized boundary solvent potential (GSBP)**** or an

implicit solvent method GBSW** was applied to treat long-
range electrostatic interactions.

For the region with z values between —2.0 and 4.1 nm, the
diffusion pore was relatively narrow, and a GSBP setup was
applied. The system was partitioned into two regions: a
rectangular inner region with «, y, and z dimensions of 3.6, 3.6,
and 10.0 nm, respectively, and the remaining portion of the
system as the outer region. The z of the inner region ranged
from —4.0 to 6.0 nm (as shown in Figure 4A), and this region
was solvated with explicit water molecules described with the
modified TIP3P model.** All atoms in the inner region were
subjected to a weak GEO type of restraining potential to keep
them inside the inner rectangular box with the MMFP module
of CHARMM,; the effect of restraints on most inner region
atoms was negligible and significant to only those within 0.2 nm
of the inner—outer boundary. The outer region atoms were
fixed during the simulations. The static field due to the outer
region atoms and the reaction field matrix for the inner region
atoms were evaluated with the linear Poisson—Boltzmann
approach using a focusing scheme. In the Poisson—Boltzmann
calculations, the dielectric constant of the protein and implicit
membrane (treated as a dielectric slab) was set to 1, with a
value of 80 for water; the salt concentration was set to 0 M. The
optimized radii of Roux and Nina***” were adopted to define
the solvent—protein dielectric boundary. NVT simulations were
conducted with the temperature controlled using the Nose-
Hoover scheme.***

For the region with z values between 3.8 and 8.0 nm, the
diffusion pore was relatively wide, and an implicit solvent model
GBSW* was applied. Protein atoms more than 1.4 nm from
the dye were fixed during the simulations, which were coupled
via Langevin dynamics to a thermal bath at 300 K with a
friction coefficient y of 10 ps™'. The dielectric map and salt
concentrations in the GBSW setup were the same as those in
the GSBP setup.

Estimating the Axial Diameters of FM Dyes. Geo-
metries were first optimized in the gas phase with an
approximate density functional method (SCC-DFTB*°). The
optimized structures were then simulated in the gas phase with
SCC-DFTB using Nose-Hoover molecular dynamics at 300 K
for 100 ps. The last 80 ps trajectories were used to obtain
averaged structures of the dye molecules; the axial diameter for
each dye was estimated on the basis of moment of inertia
calculations for the average structure, augmented by the van der
Waals radii for carbon atoms. The estimated axial diameters, at
the thickest point of each dye, were 1.16 nm for FM1-84,
1.10 nm for FM1-43, 1.04 nm for SynaptoGreen C3, and
1.03 nm for FM2—10; the standard deviation in each case was
0.02 nm. These structures are shown in Figure S2 of the
Supporting Information.

Free Energy Simulations. Umbrella sampling was
employed to compute the one-dimensional free energy profiles
W(z) for the translocation of FM1—43 through the diffusion
pore along the z direction. The umbrella potential was applied
to the z coordinate of the COM of FM1—43, and the force
constant was 200 kcal mol™' nm™2. In total, more than 100
windows were used to cover the range of z between —2.0 and
~8.0 nm. The weighted histogram analysis method
(WHAM)>"* was used to obtain W(z).

For the region with z values between —2.0 and 4.1 nm (with
the GSBP setup), long simulations were performed to ensure
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sufficient convergence of W(z) because the limiting barrier of
W(z) fell in this region. For each window, a 1 ns equilibration
simulation was conducted before 1.3 ns of production run. To
monitor the convergence of W(z), results using the entire
1.3 ns data were compared with those using only the first 500
ps of the production run (see Results).

For the region with z values between 3.8 and 8.0 nm (with
the GBSW setup), shorter simulations were conducted because
as shown below, the fine details of W(z) in this region did not
affect the overall translocation time. For each window, a 300 ps
equilibration simulation was conducted as follows by a 500 ps
production run. To monitor convergence of W(z), results using
the entire 500 ps data were compared with those using only the
first 300 ps of the production run (see Results).

Calculation of Translocation Time. The translocation
time of FM1—43 was estimated on the basis of the mean first
passage time, which was calculated on the basis of W(z):>>>*

(Y W@ kTl [ W)/ ksT
t_-/o dz e D(z) ‘/0 dz' e W

where L (~10.0 nm) is the length of the pore, kg the
Boltzmann constant, and T the absolute temperature. D(z) was
the z-dependent diffusion constant, which could be extracted
from the umbrella sampling simulations on the basis of an
analysis of the velocity autocorrelation function in the
framework of the generalized Langevin equation (GLE).*® In
these simulations, D(z) was found to be largely z-independent,
and a uniform value of 7.0 nm?/ ps was used.

B RESULTS

Efflux of Styryl Dye from Vesicles through Nano-
meter-Scale Pores. In this study, we have focused on FM1—
84, FM1—43, SynaptoGreen C3, and FM2—10, which share an
identical fluorophore core; their only structural differences lie in
the length of their lipophilic tails. Because the tails are
branched, longer tails give rise to larger axial diameters; these
values were estimated as described in Materials and Methods
(see also Figures S1 and S2 of the Supporting Information for
dye structures). In addition, we characterized another, new,
lipophilic fluorescent dye, SGCS5, which has a structure that is
distinct from that of styryl dyes. SGCS gives rise to good
Signal-to-Noise ratio and might prove useful for single-vesicle
destaining experiments.25

To begin to understand the factors that influence the kinetics
of efflux of dye through fusion pores, we made use of pores
formed in artificial liposomes (30% PE/70% PC) by first using
melittin.” Melittin is a toxin peptide, produced by honeybees,
that forms pores with average diameters of ~1.3—2.4 nm in
membranes; these pores are likely to be partially or completely
lipidic.>>*" Artificial liposomes were formed in the presence of
dye molecules such that dye was bound to both the internal and
external leaflets of the bilayer. To allow pores to become fully
formed, the liposomes were incubated with melittin for S min
at room temperature. Dye-containing liposomes were then
rapidly diluted in buffer, and the loss of fluorescence was
monitored using a spectrofluorometer (Figure 1A). One
component of the decrease in the magnitude of the
fluorescence signal was due to the dissociation of dye molecules
from the external leaflet of the lig)osomes. This occurred
rapidly, on the millisecond time scale,”** which made it too fast
to be detected in these hand mixing experiments. The second,
slower, component was due to loss of dye molecules from the
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Figure 1. Efflux of dyes through melittin pores. (A) Outline of the experimental procedure used to monitor efflux of dye from liposomes. (B—F) Left
panels show sample traces from hand mixing experiments showing efflux of FM1—43, FM1—84, SynaptoGreen C3, FM2—10, and SGCS5 through
fully assembled melittin pores. The blank dilution trace indicates samples that were diluted in the absence of pore-forming toxin. The molar ratios of
melittin to lipid (m:1) were 1:800, 1:20, and 1:10. F.I. denotes fluorescence intensity in arbitrary units. (B—F) Right panels show dye efflux was time-
resolved using a rapid mixing stopped-flow spectrometer. The top traces and bottom traces are from samples with 1:800 and 1:20 mul ratios,
respectively. 7 values are the means =+ the standard error from three separate experiments. All kinetic traces were normalized.

Table 1. Efflux Time Constants (in seconds) for Nanometer Pores

FM1-84 EM1-43
melittin 16.1 + 1.1 84 +02
aHL-wt 152 + 1.0 7.9 £03
aHL-M113W - 347 + 3.6

“SynaptoGreen C3.

SGC3“ EM2-10 SGCS

83+ 0.3 84 + 04 141 £ 1.0

8.0 +£ 04 8.1+ 04 134 £ 08
29.3 + 3.1 20.5 + 2.8 -

inside of the liposome; these dye molecules are likely to first
departition from the interior membrane followed by perme-
ation through the nanometer-scale pores formed by melittin,
which occurred on the seconds time scale (Figure 1A).
However, we note that some degree of lateral diffusion of the
dyes, through the potentially lipidic melittin pores, cannot be
ruled out.

The first goal was to find conditions in which liposomes
harbor, on average, a single pore, so that the rates of efflux
though individual pores could be determined. To this end, we
titrated melittin onto dye-loaded vesicles. When the melittin:1i-
pid ratio was increased from 1:800 to 1:20, there was a greater
loss of fluorescence, presumably because the formation of pores
in all liposomes when more melittin was used (Figure 1B). This
conclusion was supported by the finding that the loss of
fluorescence reached a limit, and no further drop was observed
at a ratio of 1:10 (Figure 1B); hence, a melittin:lipid ratio of
1:20 should be sufficient to induce pore formation in virtually
every liposome. At a melittin:lipid ratio of 1:800, one-half of the
total fluorescence signal was lost (Figure 1B), indicating that
roughly 50% of the liposomes harbored one pore with the other
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50% of the vesicles devoid of pores (assuming efficient mixing
of melittin and liposomes and assuming that the pores do not
associate with one another). We then examined the kinetics of
dye efflux under these conditions (melittin:lipid ratio of 1:800)
in a stopped-flow spectrometer, using each of the five dyes.
With melittin, the efflux rates of FM1—84 and SGCS, which
possess relatively long five-carbon tails, were significantly slower
than those of the other three smaller dyes. Interestingly, the
three smaller dyes, FM1—43, SynaptoGreen C3, and FM2-10,
all exhibited similar efflux kinetics (Figure 1 and Table 1).
These data confirm an earlier study focused on FM1—43" and
also indicate the existence of a critical threshold regarding the
relative diameters of the dyes relative to the pore during
permeation, as detailed further below and in Discussion.
While these results are consistent with an earlier study of
FM1-43, it is important to note that the stoichiometry of
melittin pores remains unclear and is thought to be variable;
indeed, pore size depends on the concentration of melittin
used.>*** To address these concerns, we turned to aHL, as a
proteinaceous pore. HL is a 33.2 kDa water-soluble monomer
that forms reproducible and fixed-stoichiometry heptameric

dx.doi.org/10.1021/bi2006288 | Biochemistry 2011, 50, 7493—-7502
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Figure 2. Efflux of dyes through aHL-wt pores. (A) Structures of wild-type and M113W mutant aHL. From left to right are shown a side view of
aHL-wt, a top view of aHL-wt with a methionine at position 113 (space fill), and a top view of aHL-M113W in which tryptophan residues at
position 113 are shown in space fill, respectively. Images for these structures were generated using PyMOL. (B—F) Efflux of dyes from fully
assembled aHL-wt pores from hand mixing (left) and rapid mixing stopped-flow experiments (right) as described in the legend for Figure 1. In the
rapid mixing experiments, the top and bottom traces harbor wild-type toxin:lipid (wt:1) ratios of 1:300 and 1:50, respectively. 7 values are means +

the standard error from three separate experiments.
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Figure 3. Efflux of dyes through aHL-M113W pores. (A—C) Efflux of FM1—43, SynaptoGreen C3, and FM2—10 from fully assembled aHL-
M113W pores measured via hand mixing experiments (left) and rapid mixing stopped-flow experiments (right) as described in the legend for Figure
1. In the rapid mixing experiments, the molar ratios of mutant toxin to lipid (M113W:1) were 1:300 (top traces) and 1:50 (bottom traces). 7 values
are means = the standard error from three separate determinations. (D and E) Hand mixing experiments revealed that FM1—84 and SGCS cannot
pass through fully assembled aHL-M113W pores at M113W:] ratios of 1:50 and 1:14.

pores. The crystal structure of the oHL pore has been
determined, and the most narrow segment of the pore lumen
has a diameter of 1.4 nm (Figure 2A).%° To retard the efflux of
dyes, Trp residues were introduced into the neck of the pore
lumen, at residue M113, where the narrow segment is located
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(Figure 2A). It has been confirmed that the conductance of this
M113W mutant form of the aHL (aHL-M113W) pore is
~20% lower than that of wild-type aHL (aHL-wt).*”

We conducted the same experiments as described for each
dye and melittin, but using aHL-wt and aHL-M113W. As
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Figure 4. Simulation setup and free energy profiles. (A) Snapshot of wild-type aHL. The protein is shown in ribbon form, and the transmembrane
region is colored purple. M113 and an FM1—43 molecule are shown in the van der Waals scheme. The water solvation box for the GSBP setup is
shown in the box bounded by the blue dashed lines, with water molecules omitted for the sake of clarity. The figure was created using VMD.% (B)
Comparison of free energy profiles W(z) for FM1—43 diffusing through aHL-wt using two methods, GSBP and GBSW, which generate consistent
W(z) values in the overlapping z region between 3.8 and 4.1 nm. (C) Computed free energy profiles W(z) of FM1—43 for the translocation of
FM1-43 in both aHL-wt (—) and aHL-M113W (---) based on umbrella sampling simulations.
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Figure S. Insensitivity of ¢ to the second lower barrier. (A) Fitting W(z) for aHL-wt with a double-Gaussian function as given in eq 2. The double-
Gaussian function gives the same translocation time as the wild-type W(z). (B) t/t, ratio for the double-Gaussian function as a function of h, with

fixed a h; of 14.08 kcal/mol.

detailed in Materials and Methods, the incubation time for
wild-type and mutant oHL was 1 h at 37 °C to ensure complete
pore formation. The aHL:lipid ratio for a 50% loss of
fluorescence was 1:300, so this condition, in which half the
vesicles have a single pore, was used in all time-resolved
stopped-flow experiments (Figures 2 and 3). As with melittin
pores, the efflux of FM1—84 and SGCS through aHL-wt was
significantly slower than that of the other three dyes, whereas
FM1—43, SynaptoGreen C3, and FM2—10 exhibited similar
efflux rates (Figure 2 and Table 1). The time constant for efflux
of FM1—43 was 7.9 s, which was in line with the time constant
for destaining of FM1—43 from single SVs (z = 7.2 s) durin
putative kiss-and-run events in cultured hippocampal neurons.
Efflux of FM1—43, SynaptoGreen C3, and FM2—10 through
aHL-M113W pores was much slower than through aHL-wt
pores, and the efflux rates of these three dyes now differed from
one another (Figure 3 and Table 1). These data again indicate
that the size of the dye, relative to the size of the pore, plays a
crucial role in determining the rate of efflux. This point is
further underscored by the finding that FM1—84 and SGCS5
failed to permeate though the smaller pores composed of aHL-
M113W (Figure 3D,E).

Pores formed by aHL are similar in size to fusion pores in
neuroendocrine cells,”*'%"**"*"~ and both kinds of pores are
similar to the axial cross-sectional area of the styryl dyes. This
coincidence, coupled to the empirical efflux rates measured
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above, demonstrates that flux of styryl dye from secretory
vesicles will be sensitive to the dimensions of cellular fusion
pores.

Free Energy Profiles and Translocation Times of
FM1-43 through Wild-Type and M113W Mutant aHL

As Determined from Simulations. To further analyze the

influence of dye size on rates of flux through nanometer-
scale pores, we conducted MD computer simulations for the
free energy profiles for FM1—43 in aHL pores to estimate the
translocation time. First, we checked the consistency of free
energy profiles W(z) calculated using GSBP** and GBSW*
setups by comparing W(z) values in the overlapping region, i.e.,
z between 3.8 and 4.1 nm. As shown in Figure 4B, wild-type
W(z) values in the overlapping region using the two methods
were consistent with each other. This justified connecting W(z)
from the two sets of simulations to generate the complete W(z)
profile across the entire range of interest. W(z) for aHL-
M113W showed similar behavior (data not shown).

The computed W(z) values for aHL-wt and aHL-M113W
are shown in Figure 4C. For both systems, there were two
barriers in W(z), and the limiting barrier was observed around
the narrowest segment of the pore (z ~ 2.0—2.5 nm), where
the M113 residues (or W113 in the M113W mutant) were
located. The limiting barrier was ~14 kcal/mol for aHL-wt, and
it increased to ~1§ kcal/mol for aHL-M113W. Because both
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Met and Trp are charge neutral residues, the change in W(z) is
due mainly to the larger size of the Trp residues.

Next, the convergence of W(z) with respect to sampling was
evaluated by comparing W(z) using different lengths of
production runs. As shown in Figure S3 of the Supporting
Information, W(z) in the GSBP region had largely converged
whereas W(z) in the GBSW region still showed variation on
the order of 2—3 kcal/mol as the simulation time was extended.
However, as discussed below, the fine details of W(z) in the
GBSW region were not essential to the overall translocation
time. In other words, the calculated W(z) profiles have
converged to a satisfactory degree for this purpose.

The calculated dye translocation times according to eq 1
were ~1.3 and ~12.7 s for aHL-wt and aHL-M113W,
respectively. Encouragingly, these values agreed with exper-
imental values of ~8 and ~35 s, respectively, within the same
order of magnitude.

To investigate the sensitivity of the calculated translocation
time to the height of the second barrier in the GBSW region,
we first fitted the wild-type W(z) with two Gaussian functions
(see Figure SA for the fit):

2 2 2 2
Wi (z) = hle(z—zl) /201 hze(z—zz) /203 o

where h; = 14.08 kcal/mol, z; = 1.5 nm, 61 = 1.5 nm, h, =
8.0 kcal/mol, z; = 6.0 nm, and 6, = 0.8 nm for the best fit of
the computed translocation time. We then fixed h; to 14.08
kcal/mol and calculated the t/t, ratio for different h, values,
where ty was the calculated translocation time and h, equaled
8.0 kcal/mol. As shown in Figure SB, t/t; was nearly 1 for h,
values of <14 kcal/mol. This confirms the expectation that the
translocation kinetics are not sensitive to the height of the
second (lower) barrier. Consistent with this simple test using
Gaussian functions, t values were calculated for the W(z)
profiles in Figure S3 of the Supporting Information on the basis
of different lengths of production runs. The values were 1.7 and
1.3 s for aHL-wt and 10.7 and 12.7 s for aHL-M113W, once
again confirming that the calculated translocation time was
insensitive to the lower barrier and the W(z) had sufficiently
converged for this purpose.

B DISCUSSION

To improve our understanding of how FM dyes, and SGCS, are
released from presynaptic nerve terminals, we simulated
putative kiss-and-run fusion pores using toxins in artificial
liposomes and directly measured dye efflux rates. The structure
of melittin pores remains somewhat unclear but is generally
thought to be toroidal with an at least partial lipidic nature with
a pore diameter that ranges from 1.3 to 2.4 nm>**" and was
thus used to simulate lipidic fusion pores. oHL, which
assembles into heptamers that form protein-lined pores in
membranes [with a uniform and well-defined structure (Figure
2A)],%° was used to simulate proteinaceous fusion pores. The
length of the aHL pore is 10 nm, and the diameter ranges from
1.4 nm at the narrowest point to 4.6 nm at the widest point.
The effective diameter is 1.14 nm, as estimated from
conductance measurements of single heptamers.56 Moreover,
to probe the relationship between pore diameter and dye flux
rates more deeply, we also examined a mutant form of aHL in
which a ring of seven pore-lining residues (M113) at the neck
of the pore lumen was replaced with Trp residues (Figure 2A).
The conductance of the aHL-M113W pore was ~20% lower
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than that of aHL-wt,*” indicating that the effective diameter of
the aHL-M113W pore is ~1 nm.

The time constants for efflux of FM1—43 through melittin
and aHL-wt pores were 8.4 and 7.9 s, which were comparable
to the time constant for FM1—43 destaining from single SVs
(r = 72 s) during putative kiss-and-run events in cultured
hippocampal neurons (ref 7, but see also ref 16). For both
melittin and aHL-wt pores, the two largest dyes (FM1—84 and
SGCS) exhibited the slowest efflux rates as compared to the
other three smaller dyes. Interestingly, FM1—43, SynaptoGreen
C3, and FM2—10 exhibited similar rates of efflux through oHL-
wt pores (Table 1). It is possible that the five-carbon tails of
FM1—84 and SGCS have reached a critical cross-sectional area,
resulting in a significantly larger energy barrier that must be
overcome for passage through the aHL-wt pore. Indeed, the
small reduction in pore diameter in ¢HL-M113W pores was
sufficient to prevent passage of FM1—84 and SGCS (Figure
3D,E). Moreover, the efflux rates of the three smaller dyes not
only were markedly slower through the mutant pore than
through wild-type pores but also now differed from one another
(Table 1). These results indicate that biological fusion pores
with diameters of 1—-2 nm>*'%'3?12772% haye, by chance,
dimensions similar to the axial cross-sectional area of the FM
dyes (which we estimate to be 1.16 nm for FM1—84, 1.10 nm
for FM1—43, 1.04 nm for SynaptoGreen C3, and 1.03 nm for
FM2—10; see Materials and Methods for details). Hence, small
changes in the diameter of the dyes, or in the diameter of the
fusion pore, result in large changes in dye efflux rates.

It should be noted that lipophilic components in the synaptic
cleft might also influence the destaining kinetics of these dyes
from neurons. Furthermore, there is a possibility that the dyes
may leave secretory vesicles in cells via lateral diffusion along
lipidic pores, which might influence the kinetics of permeation.
However, the data reported here demonstrate that the kinetics
of efflux through melittin or «HL pores are similar, so this latter
possibility does not appear to strongly affect our conclusions.

To improve our understanding of efflux, we also studied the
translocation of FM1—43 in aHL-wt and aHL-M113W pores
using MD computer simulations. We computed the free energy
profiles of FM1—43 translocation in the pore, from which the
translocation times were calculated on the basis of mean first-
passage time. The calculated results were in agreement (within
1 order of magnitude) with the empirical efflux rates.
Comparing the free energy profiles for aHL-wt and oHL-
M113W, we confirmed that the bulky side chain of the Trp
mutation increased the energetic barrier for FM1—43 diftusion,
which led to the observed change in translocation time and
efflux rate, again highlighting the importance of pore size when
it approaches the diameter of the dye used to study flux.

Taken together, these findings indicate that the size of the
dye, relative to the size of the pore, is a crucial determinant for
rates of efflux through kiss-and-run fusion pores; our data
strongly suggest that permeation (the second step) is the rate-
limiting step, in agreement with an earlier study.” In contrast,
the destaining rates of different dyes would be expected to be
similar during full fusion. In previous studies, the destaining
rates of different FM dyes (e.g, FM1—84, FM1—43, and
FM2—10) from presynaptic boutons were reported to differ' or
to be the same.”® The reasons for these apparent discrepancies
remain to be resolved. A recent study, using quantum dots,
provides strong support for the notion that kiss-and-run
exocytosis is a common mode of transmitter release in
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hippocampal neurons.”®> According to this new study, the
fraction of kiss-and-run versus full fusion events is subject to
regulation; under specific conditions, one mode of exocytosis is
predominant over the other, but whether the kiss-and-run
mode predominates at high or low stimulation frequencies is
still an open question.'®*’

There are indications that the diameter of SV fusion pores in
the calyx of Held synapse is >2.3 nm, and a small fraction have a
diameter of ~1.1 nm."” However, fusion pores that mediate
exocytosis from microvesicles in posterior pituitary nerve
terminals have been reported to have a diameter of only
0.6 nm,” which is too small to take up or release dyes during kiss-
and-run exocytosis and thus would elude detection in FM dye
experiments. The diameters cited above were derived from
conductance measurements obtained by capacitance experiments.
This approach is not amenable to studying modes of exocytosis in
central neurons with tiny boutons. Therefore, in most cases, the
frequency of kiss-and-run exocytosis and the diameter of fusion
pores remain unknown. Hence, it is difficult to estimate the rate
of neurotransmitter flux during kiss-and-run exocytosis. This is a
crucial question because, again, small pores might retard efflux of
glutamate, for example, resulting in receptor desensitization rather
than activation.® To gain insight into the structure and properties
of fusion pores in central neurons, a detailed understanding of the
loss of dye from SVs and from model systems is needed. The data
reported here help to provide an empirical basis for interpreting
dye destaining data from single SVs.

Two general hypothetical models of fusion pore structure,
the lipidic pore and the protein-lined pore, have been
proposed.'>”” Han et al, using amperometry and capacitance
measurements to study large dense core vesicle secretion in
PC12 cells, suggest that the fusion pore is transiently lined by
the transmembrane domains of multiple syntaxin molecules,>*
which is a soluble N-ethylmaleimide-sensitive factor attachment
protein receptor (SNARE) that, together with SNAP-2S and
synaptobrevin, forms the core of the fusion machinery.*®*® Trp
mutations at three sites of the transmembrane domain of
syntaxin decreased the flux of transmitter and the conductance
of fusion pores and would thus be predicted to retard the rate
of loss of FM dye from vesicles or even prevent dye permeation
during kiss-and-run events. It will therefore be of interest to
analyze the rate of release of dye from vesicles undergoing
exocytosis in PCI2 cells to gain further insight into the
structure of biological fusion pores; indeed, approximately one-
quarter of release events in PC12 cells occur via a kiss-and-run
mechanism.'” It will also be interest to determine whether Trp
mutations in the cognate v-SNARE protein, synaptobrevin,
which is anchored in the vesicle membrane, retard dye efflux; if
so, it would strongly suggest that synaptobrevin forms the other
half of the fusion pore. A long-term goal will be to use the same
approach to test the “SNARE-lined pore model” during kiss-
and-run SV exocytosis in neurons.
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