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Background: The molecular architecture of the secretory machinery is undefined.

Results: Munc18 moves between membrane depots distinct from vesicle docking sites.

Conclusion: Munc18 is not a docking factor, and the membrane environment is likely to determine fusion likelihood.
Significance: It is now possible to test directly previous models of the molecular mechanisms of secretion.

Four evolutionarily conserved proteins are required for mam-
malian regulated exocytosis: three SNARE proteins, syntaxin,
SNAP-25, and synaptobrevin, and the SM protein, Munc18-1.
Here, using single-molecule imaging, we measured the spatial
distribution of large cohorts of single Munc18-1 molecules cor-
related with the positions of single secretory vesicles in a func-
tionally rescued Munc18-1-null cellular model. Munc18-1 mol-
ecules were nonrandomly distributed across the plasma
membrane in a manner not directed by mode of interaction with
syntaxinl, with a small mean number of molecules observed to
reside under membrane resident vesicles. Surprisingly, we
found that the majority of vesicles in fully secretion-competent
cells had no Munc18-1 associated within distances relevant to
plasma membrane-vesicle SNARE interactions. Live cell imag-
ing of Munc18-1 molecule dynamics revealed that the density of
Munc18-1 molecules at the plasma membrane anticorrelated
with molecular speed, with single Munc18-1 molecules display-
ing directed motion between membrane hotspots enriched in
syntaxinla. Our findings demonstrate that Munc18-1 mole-
cules move between membrane depots distinct from vesicle
morphological docking sites.

The tight temporal and spatial control of membrane fusion is
dependent on the action of the three SNARE proteins, syntaxin,
SNAP-25, and synaptobrevin (1), and their Sec/Munc protein
regulator, Munc18-1 (2). Munc18-1 can interact with its cog-
nate syntaxin in two distinct conformations; it can bind and
stabilize syntaxin in a closed conformation in which the Habc
domain of syntaxin folds back and occludes the SNARE motif
(2, 3) and via its highly conserved N terminus (4-7). To date,
Munc18-1 has been ascribed a wide range of functions; it has
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been shown to promote the docking of large dense core vesicles
(8) and to regulate the “primed” state of synaptic vesicles (9, 10)
and both the stabilization and the stimulation of SNARE com-
plex assembly immediately prior to vesicle fusion (3, 5, 11, 12).
As well as acting at the end point of the exocytosis process,
Munc18-1 is accepted to act as a key factor in the trafficking of
syntaxinl to the plasma membrane (13-15), by preventing the
formation of ectopic SNARE complexes (16). Despite these
advances, however, it remains unknown how Munc18-1 is spa-
tially arranged and dynamically regulated at the molecular level
to execute its functions. The development of techniques specif-
ically for imaging single molecules in living cells provides an
insight into local membrane environments by dissecting het-
erogeneities in molecular behavior. To date, single particle
tracking has helped to elucidate the molecular kinetics behind a
number of cellular events, including, for example, the move-
ment of myosin V over actin filaments (17) to the membrane
binding mechanisms of epidermal growth factors (18). More
recently, the use of photoactivatable markers in conjunction
with single particle tracking has enabled the quantification of
the diffusion coefficient of tens of thousands of hemagglutinin
molecules in living fibroblast cells (19). Here, we applied single-
molecule imaging approaches and statistical analyses to define
the molecular arrangement and kinetics of large cohorts of sin-
gle Munc18-1 molecules in relation to single vesicles across the
plasma membrane of intact cells.

MATERIALS AND METHODS
Vectors and Cell Culture

A plasmid encoding a polyhistidine-tagged Munc18-1
(amino acids 1-594) and Muncl18-1[1127A] was as described
previously (20, 21). The [127A mutation was generated by site-
directed mutagenesis of Munc18-1 in pEYFP-N1 vectors using
a QuikChange IT XL kit (Stratagene). Munc18-1 siRNA PC-12
cells (KD43) were a kind gift of Shuzo Sugita (15) and grown in
RPMI medium supplemented with 10% horse serum, 5% fetal
bovine serum, 10 mm GlutaMAX (Invitrogen), 50 ug/ml gen-
tamicin, 2.5 ug/ml puromycin and maintained at 37 °C in 7.5%
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(v/v) CO,, 92.5% (v/v) air. Transfections were performed using
Lipofectamine 2000 (Invitrogen).

Fluorescence Microscopy

Microscope Setup—All experiments were performed on an
inverted IX81 microscope (Olympus) using a 150X 1.45 NA
objective. Illumination was provided by a fully motorized four-
laser TIRF? combiner coupled to 405-, 491-, 561-, and 540-nm
100-milliwatt lasers. This allowed for rapid switching of pene-
tration depth from wide field to TIRF illumination during
experiments. The sample was maintained in an environmental
chamber (Okolab) at 21 °C for fixed samples or at 37 °C in 5%
CO,, 95% air for live cells. To minimize lateral drift during
acquisition, a nosepiece stage (Olympus) was employed. Lateral
drift using this stage was ~*6 nm over a typical 30-min acqui-
sition. This meant no correction for drift was required after
acquisition. This is comparable with the localization accuracy,
due to the signal-to-noise ratio of detected single molecules, of
3-10 nm for photoactivatable localization microscopy (PALM)
or ground state depletion followed by individual molecule
return microscopy (GSDIM) datasets. Fluorescence emission
was detected using a 512 X 512-pixel, water-cooled EMCCD
camera (Hamamatsu).

GSDIM—GSDIM microscopy was performed based on pre-
viously described methods (22). Cells were fixed in 4% (w/v)
buffered paraformaldehyde for 90 min at room temperature.
The extended fixation period is to immobilize as much as pos-
sible the molecules under study to minimize potential move-
ment or antibody patching artifacts (23). Permeabilization was
with 0.1% Triton X-100 at room temperature for 5 min. Immu-
nodetection and staining of Munc18-1 used 1:1000 dilution of
anti-Munc18-1 mouse monoclonal antibody (BD Biosciences
610336) for 3 h followed by anti-mouse IgG Alexa Fluor 647-
conjugated secondary antibody (Invitrogen, 1:1000-1:2000
dilution). All antibodies and washes were in the presence of
0.1% fish skin gelatin (Sigma) and 0.1% Tween 20 to block non-
specific binding. Controls where no primary antibody was
added resulted in no detectable signal using the imaging param-
eters (laser power, EM gain) employed (see below). Cells were
not mounted for imaging but instead were imaged in photo-
bleached and filtered (0.22 micron) PBS. To ensure efficient
switching of Alexa Fluor 647, cells were imaged in 0.5 mg/ml
glucose oxidase, 40 ng/ml catalase, 10% w/v glucose, and 50 mm
B-mercaptoethylamine. In a typical experiment, cells were ini-
tially excited by 491-nm laser light under TIRF illumination to
acquire anti-synaptotagmin 1 (polyclonal; SySy, 1:2000 dilution
of primary antibody)-labeled, Alexa Fluor 488-detected vesicle
fluorescence. The cell was then continuously illuminated with
640-nm laser light (~10-12 milliwatts at the sample) under
TIRF illumination for 15-30 min. Emitted fluorescence was
detected using an EMCCD camera with an EM gain of 100 —-500

3The abbreviations used are: TIRF, total internal reflection fluorescence;
TIRFM total internal reflection fluorescence microscopy; PALM, photoacti-
vatable localization microscopy; sptPALM, single particle tracking PALM;
GSDIM, ground state depletion followed by individual molecule return
microscopy; FRAP, fluorescence recovery after photobleaching; EMCCD,
electron-multiplying charge-coupled device; EM gain, electron-multiply-
ing gain; t-SNARE, target-SNARE; v-SNARE, vesicle-SNARE.
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and a frame rate of 20 Hz. The resulting image sequences were
subsequently analyzed using single-molecule identification and
localization algorithms described below. The repeated cycling
of fluorophores between the excited and dark states results in
repetitive localization of the same fluorophore multiple times.
The precise distances between the Alexa Fluor 647 fluorophore
molecule and the epitope are difficult to estimate, and there are
multiple fluorophores on each secondary antibody; however,
these distances are likely to be <15 nm, based on the average
diameter of an immunoglobulin of 7 nm.

PALM—PALM microscopy was performed based on previ-
ously described methods (24, 25). Cells, expressing photoacti-
vatable mCherry-labeled SNAREs, were fixed and immuno-
stained as required, as detailed above. Cells were imaged in PBS
at 21 °C. In a typical experiment, cells were initially excited by
491-nm laser light under TIRF illumination to acquire Alexa
Fluor 488- or GFP-labeled vesicle fluorescence. Photoactivat-
able mCherry was then activated with a brief pulse (1-250 ms)
of 405-nm laser light under TIRF illumination followed by
acquisition of 20 —40 frames using a 561-nm laser under TIRF
illumination and an EMCCD camera with an EM gain of 400 —
600 at 5 Hz. This cycle of activation and acquisition was
repeated between 150 and 300 times with the activation pulse
duration increasing gradually during the experiment.

sptPALM—Cells, expressing photoactivatable mCherry-la-
beled SNAREs, were imaged in phenol red-free culture medium
at 37 °C and 5% CO,, 95% air. Photoactivatable mCherry was
activated with a brief pulse (1-40 ms) of 405-nm laser light
under TIRF illumination followed by acquisition of 100 frames
using a 561-nm laser under TIRF illumination and an EMCCD
camera with an EM gain of 600—800 at 20 Hz. This cycle of
activation and acquisition was repeated between 150 and 300
times with the activation pulse duration increasing gradually
during the experiment.

Vesicle Tracking and Fusion—For vesicle tracking and stim-
ulation experiments, PC12 cells, expressing Neuropeptide
Y-EGFP, were maintained on the microscope at 37 °C and 5%
CO,, 95% air. Cells were imaged in Krebs buffer (115 mm
sodium chloride, 5 mM potassium chloride, 24 mm sodium
bicarbonate, 2.5 mm calcium chloride, 1 mmM magnesium chlo-
ride, 10 mm HEPES (pH 7.4), 0.1% (w/v) BSA) adjusted to 290
mosM. For stimulation, ATP was added during the recording to
a final concentration of 300 mm. Secretory vesicle movement
and fusion were acquired using a 491-nm laser under TIRF
illumination and an EMCCD camera with an EM gain of 200 —
400 at 20 Hz.

Image Analysis

Single-molecule Localization—For static PALM and GSDIM
datasets, single molecules were detected using a Matlab routine
kindly provided by Samuel Hess (Orono, ME) (25). For PALM
datasets, individual frames between activation pulses were
summed together using Image] before localization. Localized
datasets were then used for further analysis in Matlab or ren-
dered at high resolution. Rendering of localized molecules was
performed using the same Matlab algorithms and false-colored
in Image].

JOURNAL OF BIOLOGICAL CHEMISTRY 5103



Munc18-1 Molecules Move between Membrane Molecular Depots

Single-molecule Localization Microscopy Analysis—Follow-
ing single-molecule localization, the spatial distribution of indi-
vidual molecules was analyzed from the coordinate informa-
tion. Ripley’s analyses were performed using custom-written
Matlab algorithms (21) as we reported previously. To compare
the observed spatial distribution with the random state, the
same number of molecules in the same spatial area was redis-
tributed randomly 1000 times. For each simulation, the Ripley’s
K function and L transformation were derived. This is pre-
sented as light gray envelopes for the randomized simulations
with the test case in black. Deviation of the test case above the
envelopes at short radii indicates a nonrandom morphology
with areas of high and low density. Deviation of the test case
below the envelopes would indicate some form of minimum
distance between adjacent molecules.

To analyze the spatial distribution of secretory vesicles rela-
tive to the SNARE molecules, nearest neighbor analysis was
performed. Using the PALM coordinates of SNARE proteins
and the centroid coordinates of secretory vesicles, SNARE mol-
ecules were assigned to their nearest vesicle using the nearest-
neighbour routine in Matlab. A sampling radii was determined
based on the range over which the t-SNAREs and v-SNARE
would be able to interact using available structural information.
Following allocation of molecules to their nearest secretory ves-
icle, the number of molecules within 82.5 nm of the centroid of
each vesicle was determined.

sptPALM Detection and Tracking—An automated particle
detection and tracking system has been developed and applied.
The system combines particle detection in each single image
frame and frame-to-frame particle correspondence imple-
mented in Matlab. Particle detection in each single frame com-
prises three components: 1) particle probability image map-
ping, 2) refinement of particle probability image, and 3) particle
segmentation. The first component is implemented by three
steps. () The Haar-like feature for each pixel is measured in
the original grayscale image. () A weak threshold is applied to
the Haar-like feature to coarsely classify each pixel into one of
two classes: particle or background. (c) A particle probability
concept is defined as the ratio of the number of spatially con-
nected particle pixels to the total number of pixels in a small
region of a particle size. Particle features are significantly
enhanced in the particle probability image. The second compo-
nent is implemented by applying a rotationally symmetric
Gaussian low pass filter to the newly obtained particle proba-
bility image to get more accurate particle probability at each
pixel. The third component is implemented by firstly estimat-
ing existing regions of particles and their corresponding mark-
ers of particles from the refined particle probability image and
then using the marker-controlled watershed transform to accu-
rately segment the particle regions from the original grayscale
image. Our particle detection algorithm allows for the detec-
tion of particle positions at a subpixel level and accurate esti-
mation of particle topologies such as size and intensity. The
robust frame-to-frame particle correspondence is finally imple-
mented by incorporating these particle topologies into the sys-
tem state vector of an interacting multiple model filter to better
deal with particle motion modeling and robust data association.
Here, three motion models, random walk, first order, and sec-
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ond order linear extrapolations are used for motion modeling,
and a dynamic programming algorithm is used to optimize the
particle correspondence by minimizing the association cost
function.

FRAP Experiments—Photobleaching was carried out in TIRF
mode at 37 °C using an Olympus Cell"FRAP laser scanning
head in conjunction with an Olympus Cell Excellence total
internal reflection fluorescence microscopy (TIRFM) system. A
circular bleach area of radius 1.06 wm was selected and
bleached between frames 5 and 6 of 200, with a frame acquired
every 31 ms. Bleaching was performed in the readout time of
the camera, meaning that no interruption to imaging was
required. Image] was used to extract intensity data from the
resulting image files. These data consisted of the mean intensity
with three circular regions of the image (r = 1.06 wm): one
(It,p) centered on the bleached region, one outside of the cell or
sheet (I,,,..), and one (I, in a region of the membrane remote
from the bleach point. [, for each frame was calculated by
correcting the I, , value using the I, data, to account for the
general photobleaching that occurs during acquisition, as well
as normalizing to the prebleach values, according to Equation 1
below

lfrap(t) - lback(t)

I frap_pre

l ref_pre

Iref(t) - Iback(t)
where [

norm(?) is the normalized intensity; /g, ,(¢) is the mea-
sured average intensity inside the bleached spot; I, .(¢) is the
measured average reference intensity; and I, () is the meas-
ured average background intensity outside the cell. ., is the
averaging of intensity in the corresponding Region of Interest
before the bleach moment and after subtraction of background
intensity.

Following the normalization of the data, the half-time of
recovery for each curve was determined by using SigmaPlot
(Scientific Computing Inc.) to fit the data with an equation of
the form

Inorm(t) = (Eaq. 1)

bXxt
t, +t

Lorm(t) = a + (Eq.2)

/2
where a is the bleach point of the curve (i.e. relative intensity
immediately after bleaching) and a+5 is the maximum recov-
ered relative fluorescence. Thus, b represents the mobile frac-
tion of the molecules. This equation assumes that all the labeled
molecules move according to the same profile, which may not
be the case when proteins can interact with components of
their surroundings (cytosolic proteins interacting with mem-
brane-bound proteins, for example). The presence of two pools
of protein with different mobilities was considered by fitting
with a bimodal form of Equation 2.

CXb Xt cXb,Xt

horm(t) = a + +
nom (0 t,mtt t, o tt

(Eq.3)

1/,(1 1/2

In this case, a is still the bleach point of the curve, but c repre-
sents the total mobile fraction with b, and b, representing the
percentage of the mobile fraction with #,,, and fy
respectively.
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A Endogenous Munc18-1 Synaptotagmin

Overlay

Synaptotagmin

B Rescued Munc18-1 Overlay

FIGURE 1. A, Munc18-1 molecules reside in depots distinct from secretory
vesicles. TIRFM images of wild-type PC12 cells fixed and immunolabeled
against both Alexa Fluor 647-Munc18-1 (left panel, magenta) and Alexa Fluor
488-synaptotagmin (middle panel) show single localized Munc18-1 mole-
cules (scale bar, 5 m) and labeled secretory vesicles (middle panel). An over-

S
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A curve was considered to be bimodal (i.e. the product of two
pools moving at different rates) if Equation 3 provided a better
fit to the data than Equation 2 (judged from the residuals of the
fit and a reduced y-squared test). The difference in R* value for
each curve was calculated, and if the “unimodal” R? value
exceeded the bimodal R? value for a curve, then it was assumed
to consist of one pool, whereas if the bimodal R* value was
greater than the unimodal R? value, the curve was deemed to
consist of two independently moving pools.

The characteristic diffusion time t,, of a population is related
to the diffusion coefficient D (wm?/s) by the following

(1)2

D=7xx,,

(Eq.4)

where o is the radius of the bleach spot.

RESULTS AND DISCUSSION

To probe the molecular organization of endogenous and het-
erologous Munc18-1 on a nanometer scale, we employed both
GSDIM (22) and PALM (25). GSDIM involved immunodetect-
ing decorated endogenous Munc18-1 with a fluorophore-con-
jugated antibody (Alexa Fluor 647) and driving this into a dark
state using laser illumination in the presence of a reducing
buffer. Single Alexa Fluor 647-conjugated antibodies, bound
to immunodetected Munc18-1 molecules, spontaneously re-
emerge from this dark state, permitting the localization of indi-
vidual epitopes separated in a time stack (supplemental Fig. 1).
Thus, wild-type PC12 cells were chemically fixed for 90 min to
ensure complete immobilization (23) and subsequently pro-
cessed for GSDIM. This revealed that endogenous Munc18-1
molecules displayed a heterogeneous distribution across the
plasma membrane with molecules arranged into ensembles
interspersed with largely single molecules, in agreement with
recent findings describing the distribution of syntaxin mole-
cules (26, 27) (Fig. 1A).

Muncl8-1 is absolutely required for exocytosis and is
thought to act at the final stages of vesicle fusion (12), but it
remains unknown how it is spatially organized at the plasma
membrane. Therefore we next decided to probe the spatial rela-
tionship between single endogenous Munc18-1 molecules and
membrane-proximal secretory vesicles using GSDIM and
TIRFM. Wild-type PC12 cells were fixed and processed for
Munc18-1 GSDIM, whereas they were also co-immunostained
against synaptotagmin 1 (an endogenous marker of the vesicu-
lar membrane). Surprisingly, these experiments revealed the
preferential siting of Munc18-1 molecules in areas of the

lay image represents a merged image of single Munc18-1 molecules and
secretory vesicles (right panel). A convolved GSDIM map of the boxed region
of Alexa Fluor 647-Munc18-1 molecules is displayed to approximate a diffrac-
tion limited image and highlights that the majority of signals from secretory
vesicles and Munc18-1 do not overlap; scale bar, 500 nm (upper zoom). A
rendered map of single Munc18-1 molecules at a higher zoom within the
boxed region (lower zoom) demonstrates the lack of co-clustering between
Munc18-1 and secretory vesicles; scale bar, 500 nm. Areas of white indicate
spatial overlap. B, KD43 PC12 cells functionally rescued with Munc18-1 were
also fixed and immunolabeled with both Alexa Fluor 647-Munc18-1 (left
panel, magenta) and Alexa Fluor 488-synaptotagmin (middle panel). Heterol-
ogous Munc18-1 was also found in areas of the plasma membrane not asso-
ciated with membrane-proximal vesicles and adopted a distribution similar
to the wild-type situation.
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plasma membrane that were largely devoid of secretory vesicles
(Fig. 1A). Calculating how these image data would have
appeared if imaged using diffraction-limited fluorescence
microscopy resulted in an image demonstrating partial overlap
between Munc18-1 and synaptotagmin (Fig. 1A4).

Next we determined whether rescuing Munc18-1-silenced
PC12 cells (clone KD43) with exogenously expressed, func-
tional (21), fluorescent Munc18-1 recapitulated the endoge-
nous, wild-type molecular distribution. GSDIM imaging of
rescued KD43 PC12 cells expressing sufficient levels of het-
erologous Munc18-1 to fully restore exocytosis (comparable
with wild-type levels (21)) also revealed Munc18-1 to be located
in areas of the cell distinct from membrane-proximal vesicles
and thus subject to similar targeting and localization to endog-
enous Munc18-1 (Fig. 1B).

Muncl8-1 and syntaxin interact in two distinct conforma-
tions. Munc18-1 can bind and stabilize syntaxin in a closed
conformation (2, 3), inconsistent with exocytosis, and also via
its highly conserved N terminus (termed the “N-peptide” (4, 7,
28-30)); this interaction mode is thought to occur at or near
the site of vesicle fusion. We have previously shown that dis-
rupting specifically the interaction between Munc18-1 and the
N-peptide of syntaxin resulted in a reduction in single-vesicle
mobility and fusion capabilities (21). Therefore we went on to
investigate whether these downstream effects on vesicle
dynamics were a result of a concomitant change in the spatial
arrangement of Munc18-1 molecules in relation to secretory
vesicles. KD43 PC12 cells were co-transfected with Munc18-
1[1127A] (known not to interact with the syntaxin N-peptide
(21)) and syntaxin, fixed, and processed for Munc18-1 GSDIM
and synaptotagmin 1 immunodetection as before. GSDIM
imaging reported that Munc18-1[1127A] molecules were dis-
tributed heterogeneously, congregating in areas of the cell
membrane that were not associated with secretory vesicles
(supplemental Fig. 2). No difference was found between this
molecular pattern and that of wild-type Munc18-1, suggesting
that binding between Munc18-1 and the N-peptide of syntaxin
is not involved in targeting Munc18-1 to defined sites or vesi-
cles on the plasma membrane.

Although GSDIM data are invaluable for defining the spatial
distribution of endogenous proteins, further statistical analysis
of this is hampered at present by the fact that individual mole-
cules may move reversibly from an “off” state to being repeti-
tively fluorescent (supplemental Fig. 1) (22, 31). This means
that single molecules may be counted multiple times in an anal-
ysis as the precise coordinate of each signal will vary on the
nanoscale because of photon statistics and minute sample
movements. To overcome these limitations and acquire statis-
tical information on the spatial patterning of exogenously
expressed Muncl18-1 molecules, we next used PALM. PALM
optically resolves fluorescent proteins to molecular resolution
through the serial photo-activation and -irreversible destruc-
tion of subsets of molecules with each step optimized to ensure
asparse distribution of signals visible during each cycle (24, 25).
Point spread function signals determined to arise from single
molecules in the sample are localized, and the coordinates are
added to a cumulative map. In this way, many thousands of
single molecules are typically localized in a single experiment,
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and this allows for further statistical spatial analysis of point
patterns.

We first examined the localization of single photoactivatable
molecules of Munc18-1 and Munc18-1[1127A] co-expressed
alongside syntaxin in KD43 PC12 cells (supplemental Fig. 3).
Positional information describing PA-mCherry-Munc18-1 and
-Munc18-1[I127A] molecules was subsequently rendered into
molecular maps, where Munc18-1 and Munc18-1[1127A] mol-
ecules were seen to adopt a heterogeneous distribution across
the plasma membrane, recapitulating the endogenous molecu-
lar arrangement we previously determined (Fig. 1, supplemen-
tal Fig. 2). To analyze the spatial arrangement of Munc18-1
molecules, we used Ripley’s K function (32) followed by its L
function transformation to compare the spatial distribution of
the individual molecules with a randomized sample (con-
strained to the same particle number and area as the test sam-
ple). Both Munc18-1 and Munc18-1[I1127A] exhibited a clus-
tered, nonrandom distribution across the plasma membrane of
secretion-competent rescued PC12 cells (Fig. 24). This finding
demonstrates that Munc18-1 is subject to a higher order orga-
nization at the molecular level, a finding previously shown with
the t-SNAREs (26, 27). Performing reciprocal PALM experi-
ments revealed that perturbing the syntaxin N-terminal inter-
action with Munc18-1 had no effect on the syntaxin nonran-
dom, highly ordered distribution (supplemental Fig. 4). Thus,
targeted disruption of the Muncl8-1-syntaxin-N-terminal
interaction resulted in a reorganization of interaction with syn-
taxin, as we showed previously (21), with no change in the
molecular spatial pattern at the plasma membrane (supplemen-
tal Fig. 4).

It can be deduced from our current understanding that for
Muncl8-1 to act at the final stage of fusion, it must be associ-
ated with syntaxin (and probably the other SNAREs) and an
adjacent vesicle for exocytosis to proceed. Although PALM
imaging can never provide an exact measure of the number of
molecules in a sample, as it is not certain that every molecule
has been localized, it can provide a lower limit for the number of
molecules per unit area (26). Using PALM and assigning xy
coordinates to all single Muncl8-1 molecules and labeled
secretory vesicles, it was possible to quantify statistically the
nanoscale organization of single Munc18-1 molecules in rela-
tion to their nearest secretory vesicle center, also with nanome-
ter certainty (Fig. 2B). KD43 PC12 cells rescued with fluores-
cently labeled Munc18-1, syntaxin, and NPY, a vesicle cargo
protein, were fixed and imaged using PALM. These newly
assembled, NPY-labeled vesicles are trafficked preferentially to
the plasma membrane, have the highest probability of fusion,
and comprise at least in part the readily releasable pool (33).
These vesicles were also localized using TIRFM, allowing visu-
alization only within a 90-nm distance of a refractive index
interface, thereby selectively localizing only “morphologically
docked” membrane-proximal vesicles.

Using this cellular system, we determined the average num-
bers of detected Munc18-1 molecules within 200 nm from the
center of mass of each vesicle (i.e. under the equatorial diameter
of a secretory vesicle), finding that the average number of
detected Munc18-1 molecules localized under a single vesicle
ranged between zero and a maximum of nine (Fig. 2C; n =
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FIGURE 2. Small numbers of Munc18-1 molecules are associated with single vesicles. A, representative L-function plots (gray lines) are shown for cells
rescued with Munc18-1 and Munc18-1[I127A]. Each representative dataset, consisting of xy coordinates describing the localization of individual Munc18-1
molecules (certain to <12 nm), was repeatedly randomized, and the L-function was re-derived. Confidence envelopes, showing the maximum and minimum
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across the plasma membrane. B, KD43 PC12 cells were transfected with Munc18-1, syntaxin, and a fluorescent vesicle cargo marker, NPY-EGFP, and fixed 48 h
later. Single Munc18-1 molecules were activated and localized, and the positions of single Munc18-1 molecules (blue) and secretory vesicles were centroided
(red; left and middle left panels). Middle right panels, TIRFM image showing NPY-EGFP-labeled secretory vesicles and a rendered map of single Munc18-1
molecules within the boxed region at the plasma membrane. Individual molecules were assigned to a nearest neighbor secretory vesicle. The “quiver” diagram
shows single-molecule coordinates (red spots) connected by to the centroid coordinates of their closest vesicle (right panels). C, a nearest neighbor algorithm
was used to calculate the number of Munc18-1 molecules within 200 nm (i.e. a vesicle radius) or 82.5 nm (i.e. the chord distance calculated from the maximum
v-SNARE and t-SNAREs interaction length, see “Results”) of a secretory vesicle center. No significant differences exist between Munc18-1 (black bars) and
Munc18-1[1127A] (gray bars) cell data. Error bars are S.E. (Munc18-1 expressing 12,778 molecules, 866 vesicles, n = 7 cells; Munc18-1[1127A] expressing 10,548
molecules, 740 vesicles, n = 8 cells).

24,096 Munc18-1 molecules localized to 412 vesicles, n = 8
independent experiments). Using recent structural data
describing SNARE proteins in lipid bilayers (34, 35), the maxi-
mum separation distance over which the t- and v-SNARE pro-
teins can physically interact was calculated to be 17.8 nm. Com-
bining this estimate with the assumption that plasma and
vesicular membranes are immediately adjacent (previously
used to define “docked” secretory vesicles by electron micros-
copy (36)), we calculated that the maximum radius from the

S
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center of a secretory vesicle at which the t-SNARE and
v-SNARE proteins could interact was 82.5 nm. These values
therefore provide the most stringent criteria for measuring the
maximum distance over which SNARE proteins are able to
interact with a neighboring vesicle to catalyze its fusion. This
analysis demonstrated that each morphologically docked vesi-
cle only had a 25% probability of being physically associated
with one or two Munc18-1 molecules in this functionally res-
cued cellular system (Fig. 2C). Furthermore, neither the prob-

JOURNAL OF BIOLOGICAL CHEMISTRY 5107



Munc18-1 Molecules Move between Membrane Molecular Depots

ability of having a detected Munc18-1 molecule associated with
a secretory vesicle nor the number of molecules found to reside
under a single vesicle was altered upon N-terminal interaction
disruption (Fig. 2C; n = 20,567 Munc18-1[1127A] molecules,
localized to 350 vesicles, n = 7 experiments). An important
caveat here is that we cannot set an upper bound on the number
of molecules detected using these approaches. We think it
unlikely that there is a large reservoir of undetected Munc18-1
for the following reasons; the GSDIM of endogenous Munc18-1
molecules and PALM of heterologous Munc18-1 (sufficient to
functionally rescue our null system) appear similar. The
GSDIM of untagged Munc18-1 in our knockdown cells appears
similar to wild-type cells (i.e. largely distinct from vesicle dock-
ing sites). In this experiment, Munc18-1 overexpression at this
level was sufficient to rescue secretion to wild-type levels. In
addition, these data are in strong agreement with our recent
finding (43) that the t-SNAREs are also distributed across
regions of the membrane distinct from docked vesicles. These
findings are in agreement with several biophysical studies that
suggested that very few SNARE molecules are required to cat-
alyze exocytosis (37, 38), but contrast with most imaging stud-
ies, which tend to suggest that the SNARE proteins are concen-
trated into dense molecular clusters underneath vesicles (23,
39-41). Viewed with diffraction-limited convolution, our sin-
gle-molecule data also give rise to apparent molecular clusters
that overlap partially with vesicles, illustrating the importance
of super-resolution imaging.

Chemically fixing cells is a requirement for acquiring the
most accurate positional information of single molecules but
results in a loss of information regarding the molecular kinetics
and processes existing within a biological system. Furthermore,
such fixation and antibody staining may lead to artifacts such as
antibody-induced epitope clustering. It has been reported that
syntaxin exists in excess over Munc18-1, leading to the idea that
Munc18-1 molecules may service multiple syntaxins by moving
between binding sites on the membrane (4). To test this, we
next determined the mobility and spatiotemporal behaviors of
individual Munc18-1 molecules in living KD43 PC12 cells by
analyzing large cohorts of single molecules using single particle
tracking PALM (sptPALM (19)). Data are acquired in the same
manner as for PALM, but with reduced activation energy (to
activate fewer molecules at once), faster image frame rates, and
lower excitation power, to ensure a larger number of image
frames before single molecules bleach off. Single particle track-
ing approaches may then be used to quantify molecular move-
ments. Large cohorts of single Munc18-1 (n = 5873) and
Muncl8-1[1127A] (n = 20,878) molecules were tracked at liv-
ing plasma membranes at 37 °C, revealing kinetically and spa-
tially distinct populations of molecules (Fig. 3, A and B). To
provide a large-scale quantitative representation of the dynam-
ics of Munc18-1 at the plasma membrane of intact, living cells,
contour maps were created by plotting the kinetic behaviors of
single Munc18-1 molecules over every pixel. Tracking thou-
sands of Munc18-1 and Munc18-1[I127A] molecules revealed
heterogeneities across the plasma membrane, with molecules
favoring particular plasma membrane “hot spots” or depots
(Fig. 4A). Statistical analyses of sptPALM data revealed that
Muncl18-1 molecules diffuse freely across the plasma mem-
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brane but display restricted, slower motions in areas with more
Munc18-1 molecules (Fig. 44). Conversely, Munc18-1 mole-
cules travel at greater speeds between these molecular depots.
The anticorrelation between molecular density and speed was
confirmed with spatial resolution using difference plots (Fig.
4A); together with our previous data (43) showing Munc18-1
and syntaxin binary interaction in membranes (16, 21, 31, 44),
we conclude that Munc18-1 interacts with syntaxin in hotspots
distinct from vesicle docking sites. This conclusion is further
supported by our recent findings (43) that the majority of
t-SNARE molecules of syntaxinla and SNAP-25 are spatially
distinct from secretory vesicle docking sites. Furthermore,
modeling of t-SNARE molecule mobilities, spatial distribu-
tions, and densities, combined with similar measurements of
vesicular dynamics, predicted that single vesicles, on average,
encounter few t-SNAREs simultaneously. Our findings here
demonstrate that Muncl8-1 molecules have similar mean
velocities to syntaxinla molecules (supplemental Fig. 5) as well
as indistinguishable spatial distributions. Importantly, how-
ever, our super-resolution imaging cannot define whether
Munc18-1 and syntaxin physically interact at the plasma mem-
brane. To address this, we used two different approaches: time-
correlated single photon counting fluorescence lifetime imag-
ing and fluorescence recovery after photobleaching (FRAP).
The former technique detected and quantified Forster reso-
nance energy transfer (FRET) in domains near the plasma
membrane of living cells, confirming an intermolecular prox-
imity consistent with a direct protein-protein interaction
between syntaxinl and Munc18-1 as we previously published
(29, 30). Time-correlated single photon counting fluorescence
lifetime imaging, although providing direct quantitative data
describing FRET, suffers from a slow acquisition time and rel-
atively low axial resolution, meaning that it is difficult to be sure
that the data are acquired from the plasma membrane and not
the cytoplasm. To overcome these caveats, we employed FRAP
combined with TIRFM with rapid data acquisition. This
approach allowed us to image and quantify molecular diffusion
rates of syntaxinla and Muncl8-1 simultaneously within a
70-nm optical section at the base of the cells, with a millisecond
time resolution (Fig. 5, A and B). We found that although
syntaxinla molecules exhibit a single, slow diffusion rate con-
sistent with a trans-membrane protein, Munc18-1 molecules
exhibit two distinct diffusional behaviors: one not statistically
different from that determined for syntaxinla and another, sig-
nificantly faster rate (Fig. 5, C—E). These two mobilities could be
deconvolved, revealing that ~75% of Munc18-1 resided in the
slow pool, with the remaining 25% moving near the plasma
membrane at rates inconsistent with being bound to a mem-
brane protein (Fig. 5, Fand G). Taken together, these data from
a range of independent experimental approaches lead us to
conclude that Munc18-1 molecules interact with syntaxinla in
morphologically heterogeneous regions of dense molecular
accumulations, distinct from vesicle docking sites.

Diffusion maps of Munc18-1 reflect the dynamics of mole-
cules in single cells. By combining data from multiple experi-
ments, we constructed a histogram of track angle, frequency,
and molecular speed (supplemental Fig. 5), which demon-
strated that a large fraction of Munc18-1 molecules exhibited a
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FIGURE 3. Munc18-1 molecular dynamics at the living plasma membrane. KD43 PC12 cells were transfected with PA-Munc18-1 and syntaxinia for 48 h and
then subjected to live PALM imaging and single particle tracking. Molecules visible for more than 90 ms (three frames) were tracked using in-house Matlab
algorithms. A and B, images of molecular tracks of single molecules in KD43 PC12 cells expressing either Munc18-1 (panel A; n = 5,873 molecules) or
Munc18-1[1127A] (panel B; n = 20,878 molecules). Track multicolor is to improve contrast. Scale bar, 2 um. The boxed area is zoomed for each representative cell
(right panels). Expanded image scale bar is 500 nm. Tracking large cohorts of single Munc18-1 molecules recapitulates the fixed cell data, demonstrating a

heterogeneous dynamic molecular distribution across the membrane plane.

highly restricted speed, with a mean velocity of 0.091 um s~ ' at
the plasma membrane (Munc18-1 n = 31,566 molecules, n = 3
cells; Munc18-1[1127A] n = 40,078 tracks, n = 3 cells). This
finding suggests that almost all membrane-proximal Munc18-1
is associated with syntaxinla, as expected, as the molecular
velocities agree with those measured for integral membrane
proteins as opposed to cytosolic factors using fluorescence cor-
relation spectroscopy (data not shown) (45). Perturbing the
N-terminal interaction between Munc18-1 and syntaxin had
no effect on the molecular speed of Munc18-1, indicating that
the syntaxin N-peptide is not critical in the maintenance of
Muncl18-1 at the plasma membrane, but is required for initial
recruitment (32). The spatiotemporal organization of relatively
immobile Munc18-1 molecules into hot spots, distinct from
vesicle docking sites but interspersed with more mobile mole-
cules, is suggestive of Muncl8-1 molecules moving between
membrane depots. We addressed this question using single
particle tracking statistical analysis, finding that Munc18-1
molecules move in a directed way across the membrane (Fig. 4,
B and C). Although Brownian motion is superimposed on all
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molecular dynamics, the “wind diagram” in Fig. 4C illustrates
that there is an average directionality in each sampled region
(including hundreds of single-molecule tracks) between molec-
ular hotspots that is inconsistent with pure Brownian behavior.
Exemplar trajectories of 50 representative molecular tracks
from both Munc18-1 and Muncl18-1[1127A] molecules con-
firmed that molecules move between areas of high molecular
densities (Fig. 4C).

Munc18-1 is variously thought of as an important factor in
the process of SNARE trafficking (1416, 26), vesicle docking
(8,9, 46, 47), and priming (9, 10) acting at the point of mem-
brane fusion (12, 32, 48), or not (11, 29, 47, 49). This contro-
versy is due, in part, to the lack of available data describing
directly how Munc18-1 and SNARE proteins are structurally
organized and dynamically regulated on the molecular level rel-
ative to secretory vesicles in cells.

Here, we show that the majority of vesicles have no detected
proximal Muncl8-1 molecule within a functionally relevant
distance, suggesting either that very few Munc18-1 molecules
are required for exocytosis to proceed or that Munc18-1 is not
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FIGURE 4. Munc18-1 molecules move between molecular depots at the plasma membrane. A, KD43 PC12 cells were transfected with either PA-Munc18-1
or PA-Munc18-1[1127A] and syntaxinla for 48 h and then subjected to live PALM imaging and single particle tracking. Contour maps containing normalized
molecular densities and speeds are shown. Difference contour maps were created by calculating the difference between the density and molecular speed
across each pixel of the image. All corresponding images are on the same color scale, and the contour map corresponds to the region of interest from cells
displayed in Fig. 3. B, directionality maps were generated and show the average direction of Munc18-1 (786 tracks, upper panel) or Munc18-1[1127A] (1239
tracks, lower panel) molecules within each 500-nm square. Squares are color-coded in terms of direction. C, representative single trajectories of 50 Munc18-1
(upper panel) and Munc18-1[1127A] (lower panel) molecules are superimposed onto molecular density contour maps. Single molecules move between areas of
high molecular concentrations.
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Munc18-1 (red squares). Dotted lines represent the average fit of the data with the most applicable equation (single or double hyperbolic function). Error bars
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represent S.E., n = 9. G, left panel, relative distribution of Munc18 molecules between fast-moving cytosolic and slow-moving syntaxin1a-bound pools. Error
bars represent S.E., n = 9. Right panel, graphic summarizing our FRAP conclusions. Plasma membrane-proximal Munc18-1 exists predominantly as a relatively
immobile syntaxin1a-bound pool with a smaller (~25% of total) pool of more mobile, unbound molecules.
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required at the final stage of fusion. It is known that only a
minority of vesicular cargo is released even in response to a
maximal stimulation. It is tempting to speculate that the major-
ity of vesicles have the incorrect complement of secretory
machinery molecules to support fusion, meaning that most ves-
icles and their cargo are never released. It is impossible to com-
bine the millisecond-rate imaging required to capture single
fusion events with the timescale of minutes required for single-
molecule localization microscopies at the moment; however,
the mathematical model we recently published (43) has started
to incorporate the quantitative information delivered by these
new super-resolution imaging approaches and supports this
hypothesis.

We show that single Munc18-1 molecules exhibit different
diffusional behaviors, spatially organized across the plasma
membrane of live neuroendocrine cells. Single Munc18-1 mol-
ecules were seen to freely explore the plasma membrane, pre-
ferring specific areas of the planar bilayer in agreement with our
fixed sample data, evidenced by a heterogeneous density of
tracks. Munc18-1 molecules within molecular depots exhibited
reduced speed suggestive of a molecular interaction, consistent
with the finding that syntaxin is also confined in nanodomains
on the cell surface (40, 41, 50). Furthermore, we also found that
most Munc18-1 molecules do not reside within interaction dis-
tance of a membrane-proximal vesicle. Despite the population
of cells exhibiting full secretion, at the single-vesicle level, most
vesicles remain unused as observed previously (33), and the
reason for this remains unknown. Currently, single-molecule
imaging is incompatible with imaging of single-vesicle exocy-
tosis as the two modalities operate on very distinct timescales,
so substantial further work will be required to combine these
approaches. We hypothesize, however, that the precise molec-
ular complement underneath individual vesicles, possibly
determined by interaction with the lipid environment (50), dic-
tates fusion probability and that many vesicles will reside in
areas of the membrane incapable of supporting fusion.
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