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Background: Syntaxin forms nano-sized clusters at the plasma membrane whose inner organization is unknown.

Results: In the clusters, the density of proteins gradually decreases toward the periphery.

Conclusion: Syntaxin reactivity is influenced by its location within the clusters.

Significance: dSTORM imaging combined with cluster analysis significantly contributes to understanding membranal protein

distribution and cluster organization.

Key synaptic proteins from the soluble SNARE (N-ethylma-
leimide-sensitive factor attachment protein receptor) family,
among many others, are organized at the plasma membrane of
cells as clusters containing dozens to hundreds of protein cop-
ies. However, the exact membranal distribution of proteins into
clusters or as single molecules, the organization of molecules
inside the clusters, and the clustering mechanisms are unclear
due to limitations of the imaging and analytical tools. Focusing
on syntaxin 1 and SNAP-25, we implemented direct stochastic
optical reconstruction microscopy together with quantitative
clustering algorithms to demonstrate a novel approach to
explore the distribution of clustered and nonclustered mole-
cules at the membrane of PC12 cells with single-molecule pre-
cision. Direct stochastic optical reconstruction microscopy
images reveal, for the first time, solitary syntaxin/SNAP-25 mol-
ecules and small clusters as well as larger clusters. The nonclus-
tered syntaxin or SNAP-25 molecules are mostly concentrated
in areas adjacent to their own clusters. In the clusters, the den-
sity of the molecules gradually decreases from the dense cluster
core to the periphery. We further detected large clusters that
contain several density gradients. This suggests that some of the
clusters are formed by unification of several clusters that pre-
serve their original organization or reorganize into a single unit.
Although syntaxin and SNAP-25 share some common distribu-
tional features, their clusters differ markedly from each other.
SNAP-25 clusters are significantly larger, more elliptical, and
less dense. Finally, this study establishes methodological tools
for the analysis of single-molecule-based super-resolution
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imaging data and paves the way for revealing new levels of mem-
branal protein organization.

Research into the membranal organization of proteins into
clusters has been hampered over the years by difficulties in
establishing proper methodologies (1, 2). Thus, much debate
and controversy has arisen over the precise definition, size, and
structure of clusters (3—5). A major limitation has been the
inability to image the spatial organization and distribution of
proteins at length scales smaller than the diffraction barrier of
conventional light microscopy. However, in the past decade,
this barrier has been mostly overcome by the development of
far-field super-resolution imaging methods, including stimu-
lated emission depletion (STED) (6), structured illumination
microscopy (7), photoactivated localization microscopy (8),
stochastic optical reconstruction microscopy (STORM)* (9),
and direct STORM (dSTORM) (10). Despite this tremendous
progress, super-resolution imaging still requires the develop-
ment of unique analytical tools to cope with the newly resolved
data and to provide reliable biological interpretations. In the
present study, we applied dSTORM for single-molecule-based
super-resolution imaging, combined with sophisticated analyt-
ical algorithms to determine the spatial membranal distribu-
tion of syntaxin 1 and SNAP-25, essential SNARE (soluble
N-ethylmaleimide-sensitive factor attachment protein recep-
tor) proteins that mediate the fusion of intracellular mem-
branes in synaptic transmission (11).

dSTORM employs standard fluorescent probes, such as
commercially available antibodies, as immunocytochemical or
chemical tags for super-resolution imaging in fixed and living
cells with an optical resolution of ~20 nm in the imaging plane
(10, 12-14). The method relies on the principle that most
standard fluorophores can be reversibly photo-switched
between a bright fluorescent “on” state and a nonfluorescent

“The abbreviations used are: STORM, stochastic optical reconstruction
microscopy; dSTORM, direct STORM; PM, plasma membrane; PC, principal
component.
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“off” state in the presence of millimolar concentrations of thiols
(12-14). Precise positional determination of the individual
fluorophores when switched on (termed localization) is
achieved by approximating their fluorescence emission pattern
(the point spread function) with a two-dimensional Gaussian
function (15). A super-resolved fluorescence image is then
reconstructed by summing all localizations from a series of
thousands of frames containing hundreds of thousands of
“blinking” events (Fig. 1).

A previous nanoscopy study based on stimulated emission
depletion (16), as well as other studies (17-19), have investi-
gated the distribution of syntaxin and other synaptic proteins
on the membrane and have indicated syntaxin partitioning into
nano-sized clusters (16, 17, 19 -23). Sieber et al. (16) suggested
the existence of two pools of syntaxin: clustered and as single
freely diffusing molecules. However, direct visualization of the
single-molecule pool and small clusters was not possible due to
a resolution limit of 50 —60 nm (16). Therefore, neither cluster
size distribution nor the internal organization of the molecules
in the clusters could be demonstrated. In the present study,
using the improved resolution provided by dSTORM, we
assemble a comprehensive picture of the distribution of syn-
taxin and SNAP-25 at the plasma membrane (PM) into clus-
tered and single-molecule pools. The organization of single
molecules inside the clusters is characterized for the first time,
as is the distribution of single-molecule pools between these
clusters. In addition, the data show that small clusters can unite
at their periphery with other clusters, while retaining their
internal organization, to form super-clusters.

EXPERIMENTAL PROCEDURES

Syntaxin and SNAP-25 Staining in the Inner Leaflet of the PM
of PC12 Cells—To image the distribution of syntaxin and
SNAP-25 in the PM, neuroendocrine PC12 cells were grown
overnight on poly-L-lysine-coated glass coverslips (24, 25).
Coverslips were sonicated to remove the upper parts of the
cells, leaving the native PM sheets attached. These were either
immediately fixed or incubated for 30 min at 37 °C in bovine
serum albumin (BSA)-K-Glu (K-Glu buffer containing 3% BSA)
and then fixed, washed, and immunostained as described pre-
viously (24). To detect syntaxin, we used the mouse monoclonal
antibody HPC-1, and to detect SNAP-25, we used the mouse
monoclonal 71.1 antibody (Synaptic Systems). Cy5-coupled
goat-anti-mouse was used as secondary antibody (Dianova).
Shortly before imaging, samples were incubated in a “switching
buffer” consisting of PBS, pH 7.4, containing oxygen scavenger
(oxygen was removed by adding 0.5 mg ml ™' glucose oxidase
(Sigma), 40 wg ml ™' catalase (Roche Applied Science), 10% w/v
glucose, and 100 mm B-mercaptoethylamine) (13).

dSTORM Imaging—Fluorescence imaging was performed on
an Olympus IX-71 in objective-type total internal reflection
fluorescence configuration using an oil immersion objective
(PlanApo 60X, NA 1.45, Olympus) (10). Two continuous wave
laser beams of argon-krypton laser (Innova 70C, Coherent)
were selected by an acousto-optic tunable filter and used simul-
taneously for read-out and activation. The laser beams were
coupled in the microscope objective by a polychromic beam
splitter (532/647, AHF Analysentechnik). Fluorescence light
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was spectrally filtered with filters ET700/F75 and HQ542LP
(AHF Analysentechnik) and imaged with an EMCCD camera
(Andor Ixon DV897DCS-BV). Additional lenses were used to
achieve a pixel size of 85 nm. The laser powers were chosen to
ensure that the fraction of activated fluorophores at any given
time would be sufficiently low to enable recognition of individ-
ual fluorophores. Typically, we recorded 12,000 frames at rates
0f 50 —200 Hz. Applying a laser power of 1-15 kilowatts cm ™~ > at
647 nm, we detected 500-5000 photons per molecule and
frame, corresponding to a localization precision of less than 10
nm (13). Optionally, irradiation at 514 nm with 0.01-0.2 kilo-
watt cm ™2 laser power was used to increase the number of
fluorescent spots in the detection area. Localizations of fluores-
cent molecules were extracted in three steps by the open access
rapidSTORM software developed by our group for dSTORM
imaging analysis (15). In the first step, candidate emission posi-
tions were found by smoothing the image data with an average
mask with a width of 1 point spread function full width at half-
maximum and locating the maxima in this smoothed image. In
the second step, a local window with a width of 4 point spread
function full width at half-maximum was cropped around each
spot, and a Gaussian model of the point spread function was
fitted by Levenberg-Marquardt least squares estimation to the
pixels in this window. The chosen free-fit parameters were local
background, number of photons, and emitter position. If the
number of photons as estimated by the fitted parameters sur-
passed a threshold, the center of the fitted Gaussian was con-
sidered a localized fluorophore (15). In the third step, emission
positions were discarded where a fit with a sum of two Gaussian
functions yielded significantly better residues.

Identifying Centers of Mass of Putative Clusters—All localiza-
tions in the dSTORM images (x and y coordinates of the center
of mass of each fluorophore) were systematically scanned by a
clustering algorithm to identify the local maxima of clusters.
The analysis proceeded as follows. First, random selected mem-
branal regions in each of the ASTORM images were fed into
Image], a Java-based image-processing program (26) developed
at the National Institutes of Health (rsbweb.nih.gov/ij). The
images were subjected to a built-in function of the program for
Fourier transform, and then a band-pass filter (set to 48 -120
nm, half the spatial frequency of the actual cut-off) was oper-
ated to remove high and low spatial frequencies, to ease track-
ing of local intensity maxima. Then a reverse Fourier transform
was performed, and a built-in algorithm of Image] was operated
to find local intensity maxima of the potential clusters in the
image (15, 26). To ensure that the located centers of mass
are not artifacts, a noise level was determined to ascertain that
the found local intensity maxima were higher than a certain
value from the surroundings. The output obtained from the
program was a list of %,y coordinates of each of the local maxima
of the putative clusters.

Density-based Clustering Algorithm—The list of localizations
in each dSTORM image was subjected to a second algorithm
(27) that groups localizations into clusters using the local max-
ima coordinates found by Image]. Accordingly, to define local-
izations as part of a cluster, the neighboring area, having a pre-
determined radius around this localization (termed €), should
contain at least a minimum number of neighboring localiza-
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tions, i.e. the density in the neighborhood must exceed a certain
threshold oflocalizations (termed k). Once the threshold is met,
the tested localization and the neighboring localizations within
€ are defined as cluster members. The same procedure is per-
formed for the rest of the localizations around the center of
mass, and if the number of localizations around any one of them
is lower than the threshold, the localization is defined as border
localization, and grouping of localizations further away from
this localization for the relevant cluster is terminated. Localiza-
tions that were not attributed to any cluster by the procedure
were determined as single-molecule localizations. All localiza-
tions were confirmed as not being artifacts by exhibiting a min-
imum threshold of photon counts, which is calculated per
movie from the background counts (typically 500 photons per
fluorophore). e was calculated semiautomatically by calculating
the minimum distance between each localization and its 16th
closest neighbor (supplemental Fig. S1). As shown in supple-
mental Fig. S1, e was found to be 30 nm on all days of measure-
ment by extracting the breaking point of the distribution graph
of this minimum distance as described in detail in the literature
(27). The parameters used for the clustering algorithm were
carefully selected and optimized according to several consider-
ations. First, the choice of parameters ensured the presence of
several syntaxin molecules grouped together by determining a
sufficient number of fluorophore localizations, assuming that
each molecule is represented by several localizations. Second,
localizations were ensured to be located in an area that is wide
enough to populate several molecules considering the resolu-
tion of the method for a single molecule. Accordingly, the value
of € (r = 30 nm) found in supplemental Fig. S1 is three times
higher than the mean localization precision of a single mole-
cule, i.e. < 10 nm, and ensures the presence of more than a
single molecule in an area of 30 nm radius. Finally, the combi-
nation of 16 localizations in a radius of 30 nm resulted in the
best grouping into clusters with minimum false positives and
agreement with those detected visually as compared with sev-
eral other examined parameter combinations (e.g. k = 4, 8, or 64
or € = 20 or 15 nm). To independently confirm that the group-
ing was properly performed by the algorithm, all clusters were
subjected to principal component (PC) analysis (28) as detailed
below. The goal was to verify that all of the localizations that
were grouped together to a certain cluster by the density algo-
rithm were indeed part of this cluster. Accordingly, the PC anal-
ysis detects outlier points by examining the distribution of the
localizations in each cluster and identifying those that deviate
from the expected distribution and then filters them out.
Another control for the clustering algorithm was performed by
determining the small angle () between one axis of each clus-
ter (x') and the original x axis of the image. A random distribu-
tion of « ensures that there was no biased preference in the
detection of the clusters according to one of the original axes of
the image. Supplemental Fig. S2 gives a representative example
for the random distribution of « between 45° and —45° calcu-
lated for 40 clusters in one of the imaged membranes.
Analysis of Cluster Characteristics—The size of the clusters
was estimated by a variation of a two-dimensional PC analysis
(28). In a model that assumes elliptical shapes of clusters and a
distribution of localizations in them, the area of a cluster is
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a’> X m X /(det(M) (Eq. 1)

where M is the (2 X 2) covariance matrix, and « is the radius of
the cluster in units of standard deviation. Points belong to the
ellipse if, after normalization with the covariance matrix, they
belong to a circle of radius a. For example, a uniform distribu-
tion implies @ = 2 because in that case, the standard deviation of
each coordinate is half the radius. Assuming that the density
decreases toward the cluster boundaries, a larger value (a = 2.5)
was chosen. All points further away were considered outliers,
and the covariance matrix was recalculated with the remaining
points. In the second iteration, the radius was determined to
contain all of the remaining points. The localizations that were
identified as outliers were removed from the clustered pool and
were added to the single-molecule pool.

Nonhomogeneous Two-dimensional Stochastic Model—The
in silico Monte Carlo-based dynamics simulation was based on
asimulation described by Nudelman et al. (29) and was adopted
to model SNARE dynamics in the presence of SNARE clusters.
The model includes the individual SNARE proteins (syntaxin,
SNAP-25, and synaptobrevin) visualized as freely diffusing par-
ticles in a 1-wm? two-dimensional membrane-like surface (see
Fig. 6). Each SNARE protein was assigned with its appropriate
diffusion coefficient, encounter radius, and probability to form
areversible complex with the other SNARE proteins. The rates
of reactions between reactants were treated as adjustable
parameters or taken from Bar-On et al. (20) or Mezer et al., (30,
31) and expressed as probabilities of a certain protein to react
with another once they encountered each other. By varying the
probabilities of the intermediate complexes to form or dissoci-
ate, we simulated the SNARE complex assembly either in a
regular membrane that includes SNARE clusters (see Fig. 6B) or
in a membrane where the proteins are homogeneously ran-
domly distributed (see Fig. 6A4). In the simulation, syntaxin
clusters are defined as areas in the membrane with physical
boundaries where the proteins inside them can leave only with
a low probability. The probability to enter/leave the clusters
expresses the level of the inner density and the repulsive/attrac-
tive forces between the molecules in the clusters that define
their boundaries (16). The size and density of the clusters are
adjusted according to the spatial super-resolution dSTORM
data obtained for the clusters and presented herein.

RESULTS AND DISCUSSION

To fill in the crucial gaps and form a complete picture of
syntaxin distribution at the PM, more than 60 regions of native
membrane layers immunostained for syntaxin (20) and a sec-
ondary antibody labeled with Cy5 were randomly selected and
imaged at single-molecule sensitivity. ZSTORM images were
then subjected to an extensive analysis characterizing the dis-
tribution of syntaxin molecules inside and outside the nano-
sized clusters. Inspection of ZSTORM images of syntaxin mol-
ecules showed the substantially improved resolution as
compared with wide-field fluorescence (Fig. 1) and revealed
localizations of single syntaxin molecules and small clusters
(<60 nm) alongside large clusters that can also be easily dis-
cerned in conventional fluorescence microscopy. In previous
studies, protein clusters were defined as bright spots in the
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FIGURE 1. dSTORM imaging of syntaxin membranal clusters versus single molecules. A, representative conventional fluorescence image of syntaxin
staining in a native membrane sheet. Due to super-position of all single fluorescent fluorophores, the structure appears blurred in the conventional wide-field
image. B, a dSTORM image of the membranal staining of syntaxin with superior resolution was reconstructed from thousands of single-molecule localizations.
Insets in A and B are magnified sections of the same region in the membrane imaged by conventional fluorescence and by dSTORM. C, representative
membranal region of 500 nm?, which includes all fluorophore localization coordinates (black circles) representing syntaxin molecules gathered during dSTORM
imaging of this region. The center of mass (red points) of each putative cluster was located among the total number of localizations using ImageJ as described
under “Experimental Procedures.” D, a density-based algorithm recognizes the members of each cluster (red circles) and the single-molecule localizations (blue

circles) as detailed under “Experimental Procedures.”

image, and their size was estimated from the half-width of the
spots (16). Therefore, clusters smaller than the resolution limit
of the method (50—60 nm) or single molecules could not be
observed. dSTORM, on the other hand, can detect the location
of each individual molecule with high localization precision (10,
12-14). However, it remains challenging to group the localiza-
tions into clusters (32).

To objectively identify the distribution pattern of syntaxin
molecules, i.e. individual versus clustered, we analyzed the
dSTORM images by implementing a combination of two clus-
tering algorithms (26, 27) followed by PC analysis to confirm
cluster members. First, the centers of mass of high densities of
localizations, i.e. putative clusters, were identified by an image-
processing program (Fig. 1C, red points), and then a density-
based clustering algorithm (27) that determines the density
around each of the localizations was applied to scan all localiza-
tions around the identified centers of mass. This algorithm
diagnoses changes in the density patterns and defines whether
or not a localization is part of a cluster (Fig. 1D, red circles) (27).
Finally, the distribution of all localizations in a particular cluster
was examined by performing a PC analysis to detect outliers, i.e.
points that deviate from the main collection of points, and
attribute them to a single-molecule pool. Localizations that
were not associated to clusters, exhibiting a lower density pro-
file around the clusters than in them, were also defined as part
of the single-molecule pool (Fig. 1D, blue circles). The centers of
mass of the clusters were confirmed by calculating the arithme-
tic mean of the localizations that were attributed to each cluster
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by the density algorithm; these estimated centers of mass were
compared with the centers of mass that had been identified by
the image-processing program prior to the density-based clus-
tering. In most cases, there were only minor differences (<20
nm, similar to the spatial resolution) between the calculated
and the predetermined centers of mass (data not shown), cor-
roborating the validity of the clustering method for proper clus-
ter identification.

The dSTORM images, together with the density-based anal-
ysis, revealed that on average, the clustered syntaxin molecules
occupy 11% of the total membranal surface area and include
about 67% of the syntaxin population. A rather constant aver-
age density of ~14 clusters/um? was found (Table 1), similar to
a previous estimation (16) of ~20 clusters/um?® An average
syntaxin cluster diameter of 93.4 nm (Table 1) was calculated by
determining the main axes of each cluster using a variant of the
two-dimensional PC analysis as detailed under “Experimental
Procedures” (28). In addition, the clusters were found to be
elliptical with a ratio of about 0.63 between cluster diameters.

In the next step, the inner organization of the molecules in
the clusters was mapped in an attempt to understand how syn-
taxin clusters are internally organized and how they are formed.
A closer look at the organization of syntaxin molecules in clus-
ters was achieved by calculating the internal density of the mol-
ecules in the clusters and looking at their density as a function
of their distance from the cluster center. Previous studies that
could not discriminate between the localizations within the
clusters have modeled the inner organization in the cluster as a
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bunch of molecules, suggesting a uniformly dense distribution
of syntaxin molecules based on homomeric protein-protein
interactions (16). The present analysis revealed a nonuniform
distribution of localizations in the cluster with intrinsic density
gradient decreasing from the dense center toward the cluster
rim (Fig. 2A4). The phenomenon of a density gradient in the
clusters was observed in most of the clusters analyzed, but the
slope of the gradient differed among the clusters.

The high density of syntaxin at the cluster core can be
explained by homomeric interactions of syntaxin molecules
forming homo-oligomers, resulting in crowding of the mole-
cules and overcoming the repulsion forces between them (16,
22). However, the mechanism leading to a density gradient of
the molecules from the cluster center to the rims and around
the clusters cannot be explained by these interactions as they
require direct protein-protein contact, suggesting that factors
additional to syntaxin-syntaxin binding are involved in cluster
formation.

A few mechanisms involving other kinds of interactions in
which syntaxin is involved might explain the phenomenon of
the density gradients. It is well established that lipids are dis-
tributed nonhomogeneously in the plasma membrane and can
cluster into microdomains. Therefore, interaction of syntaxin
with certain lipids might form the syntaxin density gradient
observed in the clusters. For example, interaction of syntaxin
with cholesterol might contribute to the formation of a gradient
within and outside the syntaxin clusters. The effect of choles-

TABLE 1

Summary of the main characteristics of about 3000 syntaxin clusters
analyzed on three independent measurement days

The table includes mean cluster diameter (MCD), percentage of the single-molecule
population (SMP), ratio of diameters representing cluster shape (circular or ellipti-
cal) (RD), and the density of syntaxin clusters per um?” (DSC). The S.E. values for
each measurement day are presented in parentheses.

270 clusters 1174 clusters 1555 clusters  Average

MCD (nm) 93.3(5.84)  82.9(3.14) 1042 (591) 934
SMP (%) 34.2 (2.8) 31.6 (1.7) 33.3 (1.6) 33
RD 0.64(0.01)  0.61(0.007)  0.64(0.008)  0.63
DSC 14.5 (1.15) 17.12 (0.94) 13.04 (0.65) 14.89
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terol removal on the arrangement of syntaxin clusters is not
entirely clear. One study showed that it causes the clusters to
disintegrate and changes the distribution pattern of the protein
(33). However, in another study based on stimulated emission
depletion microscopy, there was no change in the arrangement
of syntaxin clusters following cholesterol removal (34). Because
not all syntaxin clusters contain cholesterol, other lipids might
be involved as well. Recently, colocalization was shown
between the phosphoinositide phosphatidylinositol 4,5-bis-
phosphate and syntaxin clusters (35). It was suggested that syn-
taxin might cluster through electrostatic interactions with
phosphatidylinositol 4,5-bisphosphate. However, the low colo-
calization percentage between syntaxin clusters and phosphati-
dylinositol 4,5-bisphosphate in PC12 cells, i.e. only 5-10% (35),
suggests that this interaction is not the main factor in syntaxin
clustering. Another explanation for the gradual decrease in the
density of syntaxin molecules within and around the clusters is
the presence of other proteins in the cluster periphery. Syntaxin
can engage in heterodimer complex formation. These het-
erodimer complexes might cluster around the cores of syntaxin
clusters. SNAP-25, for example, has been shown to be in close
proximity to syntaxin clusters (34). Therefore, as suggested by
Rickman et al. (34), it can interact with syntaxin molecules that
reside in less dense areas of the clusters, or around them, to
form syntaxin-SNAP-25 complexes within and around syn-
taxin clusters. Hence, our results, demonstrating a dense clus-
ter core and a gradual decrease in density toward the boundar-
ies, might support the hypothesis of Rickman and co-workers
(34, 36) suggesting the formation of syntaxin-SNAP-25 com-
plex clusters at the peripheries of syntaxin clusters, whereas the
center of the syntaxin cluster acts as a reservoir for syntaxin
molecules.

To evaluate whether other SNARE proteins share common
distributional features with syntaxin, we analyzed the distribu-
tion pattern of SNAP-25 and compared it with that of syntaxin.
Interestingly, by applying the same clustering procedure, the
distribution of SNAP-25 molecules is markedly different from
that of syntaxin. Based on analysis of more than 150,000 local-
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FIGURE 2. The inner structure of syntaxin clusters and distribution of cluster sizes. A, three-dimensional plot of a representative example of the internal
density gradient of localizations in two clusters. Each of the localizations is marked with a color that represents the number of neighboring localizations in a
30-nm radius around it. The localization scale ranges from 0 to 180 (z axis). The center of the cluster exhibits a high density of localizations, and the outer parts
of the cluster show a decreasing gradient of localization density. B, histogram of cluster size, represented by the mean diameter of clusters as calculated by PC
analysis, reveals an exponential distribution (see “Experimental Procedures”). C, plot of a representative membrane showing the distribution and inner
gradients of several syntaxin clusters. Black frame: a super-cluster composed of three smaller clusters. Blue frame: two small adjacent clusters that might be in

the process of uniting. Red frame: a large cluster with a single density gradient.
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TABLE 2
Summary of the main characteristics of 528 SNAP-25 clusters

The table includes mean cluster diameter (MCD), percentage of the single-molecule
population (SMP), ratio of diameters representing cluster shape (circular or ellipti-
cal) (RD), and the density of SNAP-25 clusters per um?* (DSC). The S.E. values are
presented in parentheses.

528 clusters
MCD (nm) 129.6 (8.5)
SMP (%) 32 (1.6)
RD 0.52 (0.012)
DSC 9.33 (0.97)

izations and 528 SNAP-25 clusters, we found that 68% of
SNAP-25 molecules fall into clusters that are much larger as
compared with those of syntaxin (a mean diameter of 129.6 nm
versus 93.4nm, Table 2). The SNAP-25 clusters are significantly
more elliptical, with a ratio of 0.53 between the diameters. The
density of the clusters on the inner leaflet of the cell membrane
is smaller than that of syntaxin, with an average of 9 clusters/1
pwm?. Additionally, more SNAP-25 clusters share a border with
other SNAP-25 clusters (an average of 1.94 neighboring clus-
ters/cluster versus only 0.58 for syntaxin clusters, see Fig. 44).
Despite these differences in size, shape, and distribution
between SNAP-25 and syntaxin clusters, both proteins share
some common organizational features within the clusters. For
example, like syntaxin, the density of clustered SNAP-25 mol-
ecules decreases gradually from the cluster core toward the
periphery, forming in the clusters one or more density gradi-
ents (see Fig. 4B).

Next, we examined the effect of cis-SNARE complex forma-
tion on syntaxin distribution. Incubation of the membranes for
30 min (see “Experimental Procedures”), during which cis-
SNARE complexes (i.e. membranal syntaxin, SNAP-25, and
synaptobrevin) are accumulated (24), did not have an effect on
the main characteristics of syntaxin clusters such as their size,
shape, etc. (Table 3). The only change in the distribution pat-
tern of syntaxin was a prominent increase (more than 80%) in
the number of contacts between clusters following an incuba-
tion of the membrane for 30 min (0.58 at £ = 0 versus 1.06
contacts/cluster at £ = 30 min). It should be noted that the
distribution of the minimum distance between the centers of
mass of the clusters did not change (supplemental Fig. S3), sug-
gesting a rearrangement of the syntaxin molecules only in the
periphery of clusters. The cis-SNARE complexes might be
formed and accumulated in the periphery of clusters and bridge
between the clusters.

The mechanism of cluster formation is not yet known. Nev-
ertheless, a profile of the distribution of cluster sizes can pro-
vide some information on this mechanism (37). In several sys-
tems that investigated membranal protein clusters, it has been
shown that an exponential distribution of cluster sizes can
reflect their spontaneous aggregation and growth (37); based on
analysis and modeling, it was suggested that protein clustering
is a stochastic self-assembly process in which proteins freely
diffuse in the membrane and join existing clusters or nucleate
new ones (38). To characterize the size distributions of the clus-
ters, ~3000 clusters consisting of several hundreds of thou-
sands of individual localizations were analyzed. We found that
the majority of the clusters, i.e. 24%, are relatively small (40 — 60
nm) and that cluster sizes, measured according to their mean
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TABLE 3

Summary of the main characteristics of over 7000 syntaxin clusters
following incubation of the membranes for 30 min to allow cis-SNARE
complex formation

The table includes mean cluster diameter (MCD), percentage of the single-mole-
cule population (SMP), ratio of diameters representing cluster shape (circular or
elliptical) (RD) and the density of Syntaxin clusters per pm? (DSC). The S.D. values
between the 3 measurements days are presented in parentheses.

>7000 syntaxin clusters

MCD (nm) 94.5 (9.6)
SMP (%) 31 (1.5)
RD 114 (1.5)
DSC 0.61 (0.02)

diameters, were approximately exponentially distributed
(Fig. 2B). According to the stochastic self-assembly model
suggested by Greenfield et al. (37), small clusters can diffuse
and occasionally unite with other clusters to form larger
clusters. If this is the case, using the developed analytical
tools, we should be able to detect cases in our system in
which small clusters with individual gradients are combined
or united forming a larger super-cluster.

Indeed, a closer look at the cluster images and the inner dis-
tribution pattern revealed many cases in which a few small clus-
ters had united at their peripheries to form a single cluster (Fig.
2C, black and blue frames). Those small clusters seemed to pre-
serve their internal density gradients or share a joint gradient
(Fig. 2C) to form a single unit with several dense cores, each
surrounded by a gradually decreasing gradient (Fig. 2C).
Because the ASTORM images might reflect a steady state of the
cell system, our data suggest that redistribution of densities in
the clusters is extremely slow and therefore the individual gra-
dients of the smaller subclusters in the super-clusters are pre-
served. Large clusters containing a single density gradient with
a highly dense core were also detected (Fig. 2C, red frame). The
latter might be a result of cluster reorganization following the
unification of several small clusters and disruption of their own
inner organization to form a single gradient around a single
core. These results suggest that small syntaxin clusters join
together to form larger clusters that might later reorganize into
a single unit, providing a glimpse of the mechanism of syntaxin
cluster formation.

In the next step, we focused on characterizing the single-
molecule pool of syntaxin, i.e. those molecules not grouped into
any cluster, to explore how this pool relates to the clusters, i.e.
whether it is completely isolated or a continuation of the cluster
population and whether it is homogeneously distributed at the
membrane or concentrated in a certain location. All mem-
branes were found to contain a significant fraction of nonclus-
tered molecules, corresponding on average to ~33% of the total
syntaxin population. Previous studies have suggested the pres-
ence of a nonclustered, presumably freely diffusing pool. How-
ever, direct visualization of that pool was not possible due to
resolution limitations, and therefore, its distribution could not
be defined (16, 22). Here, dSTORM images revealed singleton
localizations representing the single-molecule pool of syntaxin
outside the clusters. Further analysis characterized the distri-
bution of this pool in relation to the clusters by examining the
minimum distance of each of the localizations from the nearest
neighbor cluster. Our findings revealed that the single syntaxin
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presenting the percentage of single-molecule localizations as a function of their distance from the nearest cluster (values are presented in nm). The probability
of finding a single molecule of syntaxin decreases exponentially as the distance to the cluster increases.
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500 (zaxis). C, histogram presenting the percentage of SNAP-25 single-molecule localizations as a function of their distance from the nearest cluster (values are

presented in nm).

molecules are nonhomogeneously distributed in the membrane
but concentrated in areas adjacent to clusters (Fig. 34, black
circles). Over 80% of syntaxin molecules are concentrated at a
distance of up to 120 nm from clusters, and the percentage of
molecules at longer distances decreases exponentially (Fig. 3B).
Similarly, 90% of the nonclustered SNAP-25 molecules (33% of
the total SNAP-25 population) are located up to 120 nm from
the clusters (Fig. 4C). This finding joins previous dynamic
measurements (16) in suggesting that there might be a dynamic
equilibrium between clusters and single molecules at and near
the cluster boundaries and that single molecules diffuse and
occasionally leave or join existing clusters. The single-molecule
pool is mostly located around clusters but still exhibits a differ-
ent density pattern.

Furthermore, dSTORM images revealed that some mem-
branal areas are completely devoid of syntaxin (Fig. 34), imply-
ing that most of the interactions involving syntaxin molecules
occur in close proximity to the clusters, where syntaxin is pres-
ent. This suggests that the single-molecule pool is not freely
diffusing throughout the entire membrane; rather, its diffusion
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is limited, perhaps by the presence of other protein clusters in
the membranal environment, such as SNAP-25 clusters. Simi-
larly to syntaxin, large areas of the membrane are devoid of
SNAP-25 clusters or individual SNAP-25 molecules (Fig. 44).

Because most of the syntaxin or the SNAP-25 molecules are
concentrated within or around their own clusters and the over-
lap between the distribution of the populations was found to be
high (34) a possible conclusion is that clusters of syntaxin reside
side by side to SNAP-25 clusters and the interaction between
syntaxin and SNAP-25 forming SNARE complexes might take
place between or at the boundaries of the clusters.

As for syntaxin, a question still remains as to how the reac-
tivity of syntaxin is influenced by its location in clusters or out-
side. Our findings clearly demonstrate three degrees of syntaxin
organization: (i) densely packed in the cluster core, (ii) gradu-
ally decreasing in density toward the outer parts of the clusters,
and (iii) single molecules diffusing outside the clusters (Fig. 5).
The results presented herein together with the model pre-
sented in Bar-On et al. (20) for the kinetics of cis-SNARE com-
plex formation might explain how syntaxin reactivity is affected
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by its position within and around clusters. The model suggests
partitioning of the syntaxin molecules into three reactive states,
depending on their environment. Accordingly, the densely
packed molecules at the cluster center, being inaccessible to the
external surroundings, are less reactive than the single syntaxin
molecules that can interact freely with their partners. More-
over, the model indicates the presence of a fraction of clustered
molecules that are semi-reactive and can interact with syntaxin
partners, albeit with much slower kinetics (20). This fraction
was suggested to represent molecules situated in the outer parts
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FIGURE 5. Proposed model of the nano-scale membranal organization of
syntaxin. Syntaxin distributes nonhomogeneously at the membrane, form-
ing clusters alongside single molecules. The clusters exhibit an internal den-
sity gradient of molecules. In the example presented, a gradient of syntaxin
molecules is demonstrated decreasing from the cluster center (red) to its
peripheries (pink and purple). The single-molecule pool of syntaxin (purple)
concentrates at and near the cluster boundaries where the molecules can
react with their partners, e.g. SNAP-25 (green), synaptobrevin (blue), and
Munc18 (cyan). A similar model can be applied for SNAP-25 clusters.
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of the clusters, which are therefore more accessible to the sur-
roundings than molecules in the center. Our results reinforce
this model; we identified dense packing of syntaxin molecules
in the cluster centers, which probably does not allow interac-
tion of syntaxin with its partners. The syntaxin molecules that
are part of the gradient, residing at the periphery, might repre-
sent the semi-reactive pool suggested by the kinetics model.
Finally, we describe the distribution of single syntaxin mole-
cules outside the clusters, representing the third phase of the
model, i.e. molecules that are fully accessible for interaction
(20). Based on the dSTORM results, we therefore interlink the
organization of syntaxin molecules inside and around clusters
and their ability to interact with their partners. Similarly, grad-
ual reactivity levels can be attributed to SNAP-25 within or
around clusters.

This hypothesis was tested by designing an in silico mem-
brane-like grid Monte Carlo-based simulation modeling the
presence of syntaxin in clusters and as single molecules around
clusters (Fig. 6 and see “Experimental Procedures”). During the
simulation, syntaxin can diffuse and react with membranal
SNAP-25 to form a binary complex, and the latter can react
with synaptobrevin to form ternary SNARE complexes accord-
ing to certain probabilities to react with each other once they
have encountered each other. Using the simulation, we exam-
ined specifically the effect of the presence of syntaxin in clusters
on the engagement of syntaxin into membranal cis-SNARE
complexes (20, 24) and the location of the newly formed cis-
SNARE complexes with respect to the clusters. Accordingly, we

O Syntaxin D SNAP-25
cis-
O SNARE .synaptobrevin

complex

Binary
complex

FIGURE 6. Two-dimensional membrane-like grid modeling of SNARE protein distribution and kinetics. Monte Carlo-based modeling (see “Experimental
Procedures”) of syntaxin (white circles) dynamics and distribution in the plasma membrane during the assembly of cis-SNARE complexes (cyan). Two simula-
tions (100,000 steps), each representing two scenarios of SNARE protein distribution, were performed, and the amount of cis-SNARE complexes formed and
theirlocations in the two simulations were compared. Thefirst scenario of the simulation includes a homogeneous membrane. Syntaxin is homogeneously and
randomly distributed in the membrane and can freely diffuse and interact with SNAP-25 (gray squares) to form binary complexes (green circles) and then with
synaptobrevin (blue squares) to form cis-SNARE complexes (cyan circles) according to preassigned rate coefficients. A and B, two snapshots taken at different
time points from the simulation showing the formation of binary and ternary SNARE complexes (C-E) In the second scenario examined using the simulation,
the majority of the syntaxin population is clustered (66%), and the protein can leave the clusters and interact with the other proteins at the clusters or outside
according to the same rate coefficients assigned in the first scenario (C). As can be seen, binary complexes and cis-SNARE complexes are formed first mainly

between clusters (D) and then at the periphery of clusters as well (E).
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examined cis-SNARE complex formation in two scenarios; the
first is a homogeneous membrane where all proteins can diffuse
freely, encounter each other, and react (Fig. 6, A and B). In
the second one, we modeled the distribution of syntaxin into
clusters and single molecules. Clusters were defined according
to the ASTORM data presented herein (14 clusters/1 wm? and
66% of the syntaxin molecules are clustered).

The other proteins (SNAP-25 and synaptobrevin) diffuse
between the clusters (Fig. 6, C—E). For simplicity, SNAP-25
clusters were not incorporated into the model. Simulating both
scenarios for the same time period (100,000 steps) using the
same rate coefficients and concentrations showed that fewer
cis-SNARE complexes are formed when syntaxin is mostly par-
titioned into clusters in comparison with when it is homoge-
neously distributed in the membrane, showing that cis-SNARE
complex formation is slowed down due to the presence of syn-
taxin in clusters. Moreover, following the process of cis-SNARE
complex formation in the presence of the clusters showed that
the binary complexes and the cis-SNARE complexes were
formed first outside the clusters (Fig. 6, C) and then in the
periphery of clusters (Fig. 6, D and E), in accordance with our
hypothesis that syntaxin molecules situated in the outer parts of
the clusters might represent the semi-reactive pool suggested
by the kinetic model.

Our results suggest, for the first time, a link between the
inner organization of proteins in clusters and around them and
their kinetic properties. Furthermore, the findings provide a
new perspective on the role of syntaxin clusters as reaction
centers releasing reactive syntaxin molecules for interactions
with their partners in SNARE formation or other interactions.
Syntaxin molecules have been shown to interact with many
other proteins including calcium channels (39 -41), Ca*>*-de-
pendent activator protein for secretion (CAPS) (42), and the
cytoplasmic proteins tomosyn (43) and Munc18 (44). As syn-
taxin clusters might play a role in vesicle docking and fusion, a
future challenge will be to characterize the relative distribution
(and later also the dynamic distribution) of all of these proteins
inrelation to syntaxin clusters and single molecules to assemble
the entire intriguing distribution hallmark of SNARE proteins
and SNARE partners. The current study presents a comprehen-
sive set of tools that can be readily applied to cope with this
challenge. These tools can be used for analyzing single-mole-
cule-based super-resolution data with emphasis on protein
clustering, possibly even in living cells, with the ultimate goal of
forming integral nano-scale maps of membranal protein
distribution.
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