Ultrahigh-resolution imaging reveals formation
of neuronal SNARE/Munc18 complexes in situ
Alexandros Pertsinidisa,b,1, Konark Mukherjeec,2, Manu Sharmac, Zhiping P. Pangc, Sang Ryul Parkb, Yunxiang Zhangb,
Axel T. Brungerc,d,e,1, Thomas C. Südhofc,e, and Steven Chuc,f
a
Structural Biology Program, Memorial Sloan–Kettering Cancer Center, New York, NY 10065; bCalifornia Institute for Quantitative Biosciences (QB3),
University of California, Berkeley, CA 94720; cDepartment of Molecular and Cellular Physiology, Stanford University, Stanford, CA 94305; dDepartments of
Neurology and Neurological Science, Structural Biology, and Photon Science, Stanford University, Stanford, CA 94305; eHoward Hughes Medical Institute,
Stanford University, Stanford, CA 94305; and fDepartment of Physics, Stanford University, Stanford, CA 94305

Contributed by Axel T. Brunger, June 7, 2013 (sent for review February 5, 2013)

Membrane fusion is mediated by complexes formed by SNAPreceptor (SNARE) and Secretory 1 (Sec1)/mammalian uncoordinated-18 (Munc18)-like (SM) proteins, but it is unclear when and
how these complexes assemble. Here we describe an improved
two-color ﬂuorescence nanoscopy technique that can achieve effective resolutions of up to 7.5-nm full width at half maximum
(3.2-nm localization precision), limited only by stochastic photon
emission from single molecules. We use this technique to dissect
the spatial relationships between the neuronal SM protein Munc18-1
and SNARE proteins syntaxin-1 and SNAP-25 (25 kDa synaptosomeassociated protein). Strikingly, we observed nanoscale clusters consisting of syntaxin-1 and SNAP-25 that contained associated Munc18-1.
Rescue experiments with syntaxin-1 mutants revealed that Munc18-1
recruitment to the plasma membrane depends on the Munc18-1 binding to the N-terminal peptide of syntaxin-1. Our results suggest
that in a primary neuron, SNARE/SM protein complexes containing
syntaxin-1, SNAP-25, and Munc18-1 are preassembled in microdomains on the presynaptic plasma membrane. Our superresolution
imaging method provides a framework for investigating interactions between the synaptic vesicle fusion machinery and other subcellular systems in situ.
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ntracellular trafﬁcking as well as transmission of signals across
cell membranes, such as release of neurotransmitters at neuronal synapses, is mediated by fusion of vesicles with target membranes. The energy required for membrane juxtaposition and
fusion is provided by folding of cognate vesicular- and targetmembrane SNAP (soluble NSF attachment protein) receptors
(SNAREs) into tight helical bundles that bring the two lipid
bilayers into close apposition (1). However, in vitro and in vivo
neuronal SNAREs do not efﬁciently overcome transition barriers to proceed to full fusion, requiring the action of Secretory 1
(Sec1)/mammalian uncoordinated-18 (Munc18)-like (SM) proteins (2), as deletion of SM protein genes results in severe fusion
defects in yeast (3), ﬂies (4), worms (5, 6), and mice (7).
Moreover, at a synapse the SNARE/SM protein fusion machinery is regulated by the Ca2+ sensor synaptotagmin-1 (8) in
coordination with complexin (9) to efﬁciently trigger neurotransmitter release (10, 11). Despite their central role, the exact
mechanisms by which SM and SNARE proteins mediate fusion
in vivo have been the subject of considerable debate.
At least four modes of interactions between SM proteins and
SNAREs have been reported: (i) Many SM proteins bind to their
cognate syntaxins via a conserved N-terminal peptide that is
exposed in the SNARE complex, resulting in SM protein/
SNARE complex assemblies (12–14); note that this interaction
plays an important role when syntaxin is in either binary or ternary SNARE complexes. (ii) In addition to engaging in the ﬁrst
mode, SM proteins involved in exocytosis (Munc18-1, -2, and -3)
also bind to their cognate syntaxins in a closed conformation that
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kinetically impedes binary or ternary SNARE complex formation
(15, 16) and that is largely independent of the interaction with
the syntaxin N-peptide; note that this interaction also occurs for
the L165A, E166A LE mutant of syntaxin that is predominantly
open in solution (15). (iii) Munc18-1 binds to the neuronal
ternary SNARE four-helix bundle, although the interaction
with the syntaxin-1 N-peptide is essential for tight binding (17,
18), whereas Sec1p in yeast (but not the corresponding SM
proteins in other organisms) also binds to assembled SNARE
complexes, but independent of the syntaxin N terminus (19). (iv)
The homotypic fusion and vacuole protein sorting (HOPS)
complex containing the SM protein vacuolar protein sortingassociated protein 33 (VPS33) binds to its cognate SNARE
complexes by an unknown mechanism that may involve interactions of other components of the HOPS complex with the
SNARE. Of these interactions, only (i) is shared among several
diverse fusion reactions, and all SM proteins are known to bind
to assembled SNARE complexes.
Although these interactions are well characterized in vitro and
are likely to occur in vivo, it is unknown especially for synaptic
exocytosis when during fusion Munc18-1 associates with SNARE
complexes and when and how the initial association with the
closed syntaxin-1 conformation allows SNARE complex formation. Results from coimmunoprecipitation or biochemical fractionation assays, often used to characterize protein–protein
interactions, can be skewed due to formation of inappropriate
complexes after detergent solubilization, dissociation of unstable
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dsDNA and E-cadherin dimers. For cellular imaging, the longterm stability achieved, as evidenced by tracking an out-of-loop
ﬁducial as reference, is 1.5 nm in xy and <4.0 nm in z (rms) over
>1 h (Fig. S1). Notably, ﬂuorescent spheres or gold nanoparticles
that are imaged on the same CCD used for single-molecule detection can also serve as ﬁducials (Fig. S1), achieving similar longterm stability (1.5 nm in xy and 8 nm in z, rms) while allowing
ﬂexible feedback stabilization strategies.
Two popular subdiffraction imaging benchmarks demonstrate
the improved resolution afforded by our actively stabilized system. To characterize the effective point-spread function we imaged short (20-bp) DNA duplexes containing a Cy5 ﬂuorescent
probe at the 3′ end of one strand, whereas the other end of the
duplex was attached to a coverslip through biotin–streptavidin
interactions. Under stochastic switching conditions, each Cy5
created a Lorentzian distribution of xy points of FWHM 2√2σ 0 ∼
2.828σ 0 = 9 nm (Fig. 1A), as expected from the total signal and
background counts (SI Methods and Fig. S2), demonstrating that
our active stabilization approach successfully eliminates systematic errors due to drift. For standard photoactivated localization
microscopy (PALM)/stochastic optical reconstruction microscopy experiments without feedback stabilization, the achieved
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complexes, and other artifacts, whereas electron-microscopic
analysis of immunogold particle distributions is cumbersome and
not always easy to interpret.
Modern subdiffraction ﬂuorescence imaging techniques (20)
could overcome such caveats to gain insights into the native
organization of SM and SNARE proteins in situ. Measurements
of relative positions of ﬂuorescent probes used for labeling the
sample (21) can provide structural information accurate down
to the molecular scale, achieving subnanometer precision and
accuracy, signiﬁcantly below the few-nanometer size of a protein
molecule. Imaging extended structures by localizing multiple
closely spaced ﬂuorophores typically can achieve a remarkable
∼10-fold improvement over conventional microscopy—with
an effective full-width at half-maximum (FWHM) resolution of
d ∼ 20–40 nm in the focal plane of a single lens (22–24) and d ∼
10–20 nm for the combined focal plane of two opposed objective lenses (25–27). Despite these notable advances, however,
the ultimate potential of such techniques in deciphering molecular structures and interactions inside a cell has yet to be
fully realized.
Although single photoswitchable dyes are bright enough to be
theoretically localized to a few nanometers, systematic effects
such as apparatus drift (22–24) often result in a signiﬁcantly
worse experimentally obtainable resolution. Additionally, several
multicolor proof-of-concept experiments have been described in
systems with well-deﬁned spatial organization (28–33), in which
interpreting images of a priori known structures has been
straightforward. However, due to experimental inaccuracies in
registering multicolor single-molecule localizations and the lack
of an analytical framework to extract biologically meaningful
information from such data, colocalizing two irregularly distributed protein species on length scales below ∼100 nm, down to
the length scales associated with formation of distinct molecular
complexes, has proved technically challenging.
Here we extend a previously reported (21) dual-color superresolution imaging approach and demonstrate two-color
subdiffraction imaging based on photoswitchable probes with
photon-noise–limited d ∼ 7.5-nm FWHM resolution and with
∼3-nm registration accuracy extended over cellular length scales
(∼15 μm). With these unique capabilities we assay nanometerscale correlations between two endogenous intracellular proteins. We observe that SNAP-25 and syntaxin-1 are partially
colocalized in <100-nm clusters on the plasma membrane. A
fraction of soluble Munc18-1 is also associated with such SNAP25 and syntaxin-1 clusters. Our data provide unexpected insights
into the spatial organization and association of Munc18-1,
SNAP-25 and syntaxin-1 on the neuronal plasma membrane and
suggest that recruitment of an SM protein to an on-pathway
tripartite SM–syntaxin-1–SNAP-25 association could be a general mechanism for setting the stage for SNARE-mediated
membrane fusion reactions.

lize the position of the microscope stage in 3D during superresolution data acquisition (21), thus eliminating systematic
localization errors due to long-term drift (Fig. S1). Microspheres
(0.5 μm) attached on the coverslip or approximately circular
submicrometer features of cellular structures were used to obtain
an accurate position of the sample by real-time processing their
bright-ﬁeld images on a sensitive CCD camera (Fig. S1). Such
high-contrast ﬁduciary marks were tracked to a few nanometers
rms at 5 Hz (Fig. S1) whereas a digital feedback loop implemented in the software controlled a three-axis piezoelectric stage
to lock the xyz coordinates at the desired set point. Using a
0.5-μm bead as reference, we demonstrated (21) subnanometer
localization precisions for Cyanine-5 (Cy5)/Alexa 647 attached to
Pertsinidis et al.

Fig. 1. Superresolution imaging of point-like (20 bp dsDNA) and onedimensional (actin ﬁlaments) objects. (A) xy clusters of localization points for
individual Cy5 molecules attached to the surface-tethered DNA. The clusters
for each dye molecule were aligned by their respective center of mass and
superimposed. Lorentzian ﬁts through the distributions show 2√2σ 0 = 8.8
nm and 9.3 nm FWHM resolution in x and y, respectively. (B) Reﬁnement of
the xy distribution by selecting progressively better-localized molecules
increases the effective resolution down to ≤d = 2.35s ∼ 7.5-nm FWHM (s ∼
3.2 nm). Selecting random subsets of the localization points does not result
in increased resolution (gray curve). (C) (Top) Diffraction-limited image of an
Alexa 647-phalloidin decorated ﬁlament. (Scale bar: 1 μm.) (Middle) Localization points (centers of observed spots) for the ﬁlament in Top (note different scales in x and y). (Bottom) Close-up of red rectangle in Top. The red
line is a ﬁfth-order polynomial ﬁt. (D) Reﬁnement of xy distributions by
keeping progressively better-localized dye molecules decreases the measured ﬁlament width down to d = 2.35s ∼ 11-nm FWHM (s ∼ 4.5 nm).
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Actively Stabilized Superresolution Fluorescence Imaging at the
Photon-Noise Limit. We used active feedback systems that stabi-
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Results

resolution is signiﬁcantly worse (23, 29, 34) than with our stabilization system (see also Fig. S1, showing how Cy5-DNA
positions cannot be corrected as well if the microscope is allowed
to drift).
We note that because each Cy5 molecule undergoes multiple
switching cycles, further improvement in the resolution is possible by taking into account only those cycles during which a dye
emitted enough photons to be localized better than a certain
error cutoff (SI Methods), improving the precision to s = 3.2 nm
[corresponding to d = 2 √(2ln 2) s = 7.5-nm FWHM resolution
for a Gaussian peak, Fig. 1B]. Although decreasing the precision
cutoff yields more accurate localization of the dye molecules,
there is a trade-off because some dye molecules and hence some
features of the reconstructed image may be missed with a too
stringent precision cutoff (Fig. S3).
As a further test, we imaged 8-nm-thick actin ﬁlaments that
were decorated by Alexa 647-labeled phalloidin. At length scales
of 50–500 nm, each actin ﬁlament appeared slightly curved (Fig.
1C), consistent with an expected persistence length of ∼10–20 μm
(35). We ﬁtted the localization points for contiguous 1- to 2-μmlong segments to a low-degree polynomial. The apparent rms
width of each such segment (deviation of points from the ﬁtted
curve) was σ 0 ∼ 6 nm, due to the smaller photon count in each on
cycle for Alexa 647-phalloidin vs. DNA-attached Cy5. However,
the elimination of systematic errors in our apparatus allows us to
obtain a measurement of the ﬁlament width down to s = 4.6-nm

Fig. 2. Superresolution imaging of SNAP-25 organization along neuronal
axons. (A) Localization points of Alexa 647-labeled SNAP-25 antibodies. We
imaged a thin region of the culture, slightly above the coverslip, to minimize
spurious signal from antibodies nonspeciﬁcally bound to the glass as well as
out-of-focus ﬂuorescence background. The diffraction-limited summed-TIR
reconstruction (Inset) discerns individual ∼300-nm-diameter axons, but fails
to reveal the high-resolution information present in the xy localization data.
(Scale-bar: 3 μm.) (B) Effective superresolved Point Spread Function (PSF),
determined by aligning the localization clusters from n = 439 individual
(well-resolved, in dilute staining conditions) SNAP-25 antibodies, showing
2√2σ 0 =13-nm FWHM resolution. (C) Molecular probability density surface
ρ(x, y) determined from the localization data in the region enclosed by the
red square in A. Distinct clusters of localization points (black dots) corresponding to individual SNAP-25 antibodies can be resolved to d ∼ 13-nm
FWHM resolution (Fig. S4). The red circles indicate the estimated locations
of individual SNAP-25 antibodies (Methods), which are not distributed uniformly along the axons. Instead, individual antibodies are spaced in close
proximity, consistent with the organization of multiple SNAP-25 molecules
in 50- to 100-nm nanodomains.
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rms (d ∼ 11-nm FWHM, Gaussian peak) by reﬁning the distributions on the basis of 20% of the points that were localized
better than 3 nm (Fig. 1D).
SNAP-25 and Syntaxin-1 Form Clusters of <100 nm on the Plasma
Membrane. The ∼10-nm FWHM focal-plane optical resolution

afforded by our technique can be extended to imaging of cellular
ultrastructure in situ. We imaged the distribution of the endogenous SNARE proteins SNAP-25 and syntaxin-1 in cultured
neurons by direct immunoﬂuorescence (Figs. 2 and 3). In our
measurements, individual primary antibodies labeled with Alexa
647 appeared as distinct clusters of localization points with rms
widths of σ 0 = 4.5 nm (13-nm FWHM).
Strikingly, the distribution of antibodies along axons was not
uniform; often we observed clusters of antibodies in close
proximity (Fig. 2C and Fig. S4), suggestive of organization of
SNAREs in discrete ≤100-nm–sized domains. We veriﬁed that
the clustered pattern of localization points was not due to incomplete data acquisition by repeatedly imaging the same region
of interest and comparing successive datasets (Fig. S4). Also,
saturation of available epitopes rules out incomplete staining
(Fig. S4). Finally, in our experiments syntaxin-1 and SNAP-25
appeared clustered irrespective of the exact ﬁxation protocols
used (formaldehyde vs. −20 °C methanol).
Previous subdiffraction optical studies in neurons (31, 36) and
rat adrenal gland phaeochromocytoma (PC12) cells (37, 38),
using stimulated emission depletion (STED) imaging in both
ﬁxed and live specimens, have also indicated the presence of
nanometer-sized clusters for a variety of membrane or membrane-associated proteins, including syntaxin-1 and SNAP-25.
Notably, although sequestration of such proteins seems to be
a general paradigm, the resolution (30- to 80-nm FWHM) of
those experiments was inadequate to directly resolve multiple
copies of a protein in each nanodomain or to directly reveal
details of the architecture of such domains. Rather, clustering
was exclusively inferred by the apparent increase (less than
twofold vs. isolated antibodies) in the size (37) and/or intensity
(36) of resolution-limited spots in the STED images. In contrast,
our observations at ﬁvefold higher spatial resolution, akin to
electron microscopy of direct or silver-enhanced immunogold
staining (39), resolve individual antigens in close proximity. A
recent localization-based imaging approach (40) also provided
evidence for syntaxin-1 and SNAP-25 clustering in PC12 cells;
however, the effects of multiple ﬂuorophore localizations, the
use of secondary vs. primary antibodies, and the actual experimentally obtainable resolution were not quantitatively characterized. Thus, the positions of individual molecules could not be
unambiguously resolved.
We determined the SNAP-25 and syntaxin-1 distributions in
cultured neurons, using our superresolution approach. The pairdistribution function gðxÞ ¼ hρðXÞρðX − xÞi=ρ2 , where ρðxÞ ¼
∑k δðx − xk Þ and ρ ¼ hρðxÞi, reports the density proﬁle of the
localization points centered on each point x = (x, y). For a random distribution of points, g(x) = 1, whereas g(x) > 1 if clustering occurs (41, 42). For both SNAP-25 and syntaxin-1, the
radial proﬁle g(r), based of the estimated (x, y) coordinates of
each single antibody, decays over a short distance from the origin, indicating a characteristic cluster size of radius <100 nm
(Fig. S5). We note that the ability to localize individual molecules within clusters could enable a more thorough analysis of
the physicochemical forces that drive membrane protein inhomogeneities. Here we focus on the development of two-color
imaging capabilities and the characterization of the associations
of distinct molecular species.
A Fraction of Munc18-1 Is Associated with SNAP-25/Syntaxin-1 Membrane Clusters. We probed interactions between two intracellu-

lar proteins at nanometer scales, using simultaneous two-color
Pertsinidis et al.
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cdist iGG and cdist iGR reveals very similar density-based underlying
clustering structures. Also, cdist iGG and cdist iGR are signiﬁcantly
correlated for a range of cluster sizes Minpts ∈ [2, 19] (Pearson’s
r ∼ 0.3–0.5, P value negligible) (Fig. S5).
The density-based analysis allows further quantiﬁcation of the
degree of clustering and colocalization between syntaxin-1,
SNAP-25, and Munc18-1. The majority (67–75%) of syntaxin-1,
SNAP-25, or Munc18-1 is assigned to clusters that contain
on average N ∼10 detected molecules within an area of less than
100 nm, whereas 49% of syntaxin-1 and 37% of Munc18-1 molecules overlap with the nearest SNAP-25 cluster, and 62% and 34%
of SNAP-25 overlap with the nearest syntaxin-1 and Munc18-1
cluster, respectively (Fig. S7). The observed cross-correlation
originates from spatial overlap of clusters that contain multiple
copies of syntaxin-1, Munc18-1, and SNAP-25. Munc18-1 is thus
likely recruited to plasma membrane SNAP-25 clusters through
interactions with syntaxin-1.
The ability to measure spatial correlations between two proteins at nanometer scales allows further analysis of the Munc18-1–
syntaxin-1–SNAP-25 interactions, using mutagenesis. Syntaxin-1,
thought to be the main binding partner of Munc18-1, exists in
two isoforms, syntaxin-1A and -1B. In neurons from syntaxin-1A
knockout mice (45), the level of Munc18-1 immunostaining was
slightly reduced (approximately twofold), but the overall distribution and the relationship to SNAP-25 remained similar to the
WT case (Fig. 4A). Observed with two-color superresolution imaging, the cross-correlation between Munc18-1 and SNAP-25
persisted (Fig. 4 D and E), indicating a redundant role for the two
syntaxin-1 isoforms.
Because direct interactions between Munc18-1 and SNAP-25
do not occur in vitro (46), we used the observed nanometer
correlation between Munc18-1 and SNAP-25 as a reference for
dissecting the ﬁner details of the tripartite Munc18-1, syntaxin-1,
and SNAP-25 association. Knockdown of syntaxin-1B on the
syntaxin-1A knockout background (47) resulted in a crosscorrelation function for Munc18-1–SNAP-25 that showed no
peak at the origin, indicating a complete loss of association (Fig. 4
PNAS | Published online July 2, 2013 | E2815
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superresolution imaging of Alexa 647 and Atto 532. Using two
spectrally distinct ﬂuorescent probes ensures negligible crosstalk
between detection channels, enabling unambiguous identiﬁcation of
each detected molecule. We extended our previous two-color
registration method (21) to calibrate the whole ﬁeld of view of
the CCD with an accuracy of ∼3 nm (Fig. S6). Achieving accurate registration between the two detection channels was essential to measure the relative distribution of Munc18-1 and
t-SNAREs at nanometer scales.
In conventional diffraction-limited confocal images, both
SNAP-25 and syntaxin-1 as well as Munc18-1 appeared along the
length of axons, following almost identical distributions (Fig. 3 A
and E). In two-color superresolution images, the two proteins
form small clusters, with a fraction of the clusters containing localization points from both species (Fig. 3 B and F). We performed
a statistical analysis to measure the degree of overlap between
SNAP-25 and syntaxin-1. Similarly to g(x) for a single species, the
cross-species pair-distribution function gij ðxÞ ¼ hρi ðXÞρj ðX − xÞi=
ðρi ρj Þ reports the density proﬁle of species i centered on molecules
of species j. For two completely randomly intermixed species we
expect gij(x) = 1, whereas if the two species associate at short
scales, gij(x) > 1 toward the origin.
The cross-correlation function for pairwise combinations of
Munc18-1, SNAP-25, and syntaxin-1 showed a peak at the origin,
indicating that these three proteins are associated at length
scales <100 nm (Fig. 3 C and G). The radial proﬁle gij(r) has
a roughly exponential decay gij(r) ∼ exp(−r/ξ), with ξ ∼ 80–100
nm for the various combinations (Fig. 3 D and H).
The pair-distribution analysis provides only a statistical measure of correlations averaged over the whole dataset. Inspection
of the two-color superresolution images suggests that the syntaxin-1, Munc18-1, and SNAP-25 clusters overlap. We performed a local-density–based analysis (43, 44), calculating for
each SNAP-25 localization point i the radii (core distances)
cdist iGG and cdist iGR of neighborhoods centered on i that contain SNAP-25 or syntaxin-1 clusters of size Minpts (minimum
number of points required forming a cluster). An ordered plot of

CELL BIOLOGY

Fig. 3. Colocalization of SNAP-25, syntaxin-1, and Munc18-1 in clusters. (A) Overlaid confocal images of syntaxin-1 (red) and SNAP-25 (green) show almost
complete overlap. (B) xy-scatter plots of the syntaxin-1 (red dots) and SNAP-25 (green dots) superresolution localizations. (C and D) The localizations of
syntaxin-1 and SNAP-25 are correlated at nanometer scales, shown by the cross-correlation map g(x, y) (C) and the radial pair distribution function g(r) (D).
The red line is an exponential ﬁt with ξ = 98 nm. (E) Overlaid confocal images of Munc18-1 (red) and SNAP-25 (green) show almost complete overlap. (F) xyscatter plots of the Munc18-1 (red dots) and SNAP-25 (green dots) superresolution localizations. (G and H) The localizations of Munc18-1 and SNAP-25 are
correlated at nanometer scales, shown by the cross-correlation map g(x, y) (G) and the radial pair distribution function g(r) (H). The red line is an exponential
ﬁt with ξ = 87 nm. [Scale bars: 32 μm (A and E), 1 μm (B and F), and 100 nm (C and G and Insets in B and F).]

Fig. 4. Loss of Munc18-1–SNAP-25 colocalization upon deletion of both syntaxin-1 isoforms. (A and B) Overlaid confocal images of Munc18-1 (red) and SNAP25 (green) from syntaxin-1A-null neurons infected with control (A) and syntaxin-1B shRNA (B) viruses. Signiﬁcant Munc18–SNAP-25 overlap remains in the
control (A) but is lost upon syntaxin-1B knockdown (B). (C) xy-scatter plots of the Munc18-1 (red dots) and SNAP-25 (green dots) superresolution localizations
show that upon deletion of both syntaxin-1 isoforms, SNAP-25 remains localized on the membrane whereas Munc18-1 is mostly distributed in the cytoplasm.
The Munc18-1–SNAP-25 correlation persists in the syntaxin-1A-null neurons (D and E; control shRNA), but is lost upon additional knockdown of syntaxin-1B
(F and G), as shown in the cross-correlation maps g(x, y) (D and F) and the radial pair distribution functions g(r) (E and G). The red line is an exponential ﬁt with
ξ = 99 nm. (H) Relative Munc18-1–SNAP-25 correlation amplitude g(r = 0) for measurements from syntaxin-1A-null neurons obtained from n = 2 independent
mouse litters (n = 19 and n = 18 regions of interest for control and knockdown, respectively). Boxes, SE; whiskers, 10th–90th percentile; crosses, min–max. The
correlation is signiﬁcantly reduced upon additional syntaxin-1B knockdown (P = 0.006, one-way ANOVA). [Scale bars: 32 μm (A and B), 1 μm (C), and 100 nm
(D and F).]

F and G). Additionally, the overall pattern of Munc18-1 in confocal images as well as in superresolution images often showed
reduced overlap with SNAP-25 staining and proportionally higher
cell-body vs. axonal Munc18-1 localization (Fig. 4 B and C) (note
that the diffraction-limited confocal images cannot provide any
detailed information on thinner structures where Munc-18 is still
present and only the superresolution images can accurately measure whether Munc18-1 is correlated with SNAP-25 at nanometer
scales). This striking loss of the Munc18-1–SNAP-25 correlation
upon genetic ablation of syntaxin-1 suggests that Munc18-1 is normally associated with both SNAP-25 and syntaxin-1.
The loss of the Munc18-1–SNAP-25 correlation upon ablation
of syntaxin-1A/-1B provides a means to dissect the interactions
between Munc18-1 and t-SNAREs by rescue experiments. Expression of wild-type rat syntaxin-1A restored the Munc18-1–
SNAP-25 correlation (Fig. 5 A–C), conﬁrming that Munc18-1
associates with SNAP-25 via interaction with syntaxin-1.
The N-terminal peptide of syntaxin-1 is essential for tight
binding of Munc18-1 to syntaxin-1 when in the open conformation in SNARE complexes or when in complex with SNAP-25
and synaptobrevin (17, 18), but not for Munc18 binding to the
closed conformation of monomeric syntaxin-1 (14, 48). Expression of a syntaxin-1A mutant lacking the N-terminal 8 aa did not
E2816 | www.pnas.org/cgi/doi/10.1073/pnas.1310654110

fully restore the original phenotype (cross-correlation amplitude approximately twofold smaller than WT rescue, Fig. 5D),
pointing to a direct role of the N-peptide in recruiting Munc18-1
to associate with SNAP-25 and further consistent with the notion
that 50% (or more) of membrane-associated Munc18 may not be
recruited to monomeric syntaxin in these experiments, but to
either binary syntaxin-1/SNAP-25 or to ternary syntaxin-1/SNAP25/synaptobrevin complexes.
Experiments with the syntaxin-1A (“LE”) mutant (15) provide
additional evidence that Munc18-1 is recruited to the plasma
membrane through interactions with syntaxin-1 in an open conformation that allows SNARE assembly (rather than the closed
form of syntaxin-1 that kinetically impedes SNARE complex
assembly). The LE mutation shifts the open/closed equilibrium
of syntaxin-1 to the open state in solution and results in a somewhat weaker afﬁnity in forming 1:1 complexes with Munc18-1 (15)
[binding afﬁnity reduced between ∼10-fold (48) and ∼100-fold
(49)]. Expression of the predominantly open LE syntaxin-1A
restored the Munc18-1–SNAP-25 correlation to a similar level to
that of expression of WT syntaxin-1A (Fig. 5D). Thus, the conformational change from closed to open syntaxin-1 appears to
have already occurred for many of the observed tripartite
Munc18-1, syntaxin-1, and SNAP-25 associations, likely upPertsinidis et al.
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Discussion
Fluorescence Nanoscopy with Photon-Limited Spatial Resolution.

Dissecting the complex molecular assemblies and interactions
that regulate neurotransmitter release has been hindered by the
unavailability of high-resolution/high-sensitivity in situ imaging
tools. Here we demonstrate ﬂuorescence nanoscopy of biological
specimens at ambient conditions down to the photon-noise limit
Pertsinidis et al.

of d ∼ 7.5-nm FWHM resolution (3-nm localization precision).
The performance achieved is an approximately two- to threefold
improvement compared with conventional single-marker switching
approaches (22) that demonstrated ∼20-nm FWHM resolution
benchmarks using similar ﬂuorophores, photoswitching schemes,
and photon efﬁciencies to those used here (23, 29) and that
represent a widely adopted opto-mechanical platform for
superresolution microscopy implementations. Our results are a
unique example of using superresolution cross-correlation analysis and mutagenesis to characterize details of protein–protein
interactions in vivo.
Higher resolution requires minimizing systematic effects while
maximizing the photon budget. Three recent implementations
that collect twice as many photons by imaging the sample using
two opposed objective lenses have shown focal plane FWHM
resolutions ∼10 nm (27) and ∼20 nm (25, 26), respectively.
Faster acquisition reduces the effect of long-term instabilities
and ref. 26 reports an ∼2-nm short-term stability; however, the
faster on–off dye cycling might have limited the photon budget
and thus the obtainable resolution. Brighter ﬂuorophores enable
higher resolution but require correspondingly longer acquisition
times, thus resulting in correspondingly higher susceptibility to
instrument drift, and although the extra improvement in ref. 27 is
PNAS | Published online July 2, 2013 | E2817
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stream of the full SNARE bundle formation in the neuronal
membrane fusion reaction.
Biochemical assays further corroborate our nanometer-scale
imaging results on the associations of Munc18-1, syntaxin-1, and
SNAP-25 (Fig. S8). Munc18-1 can be pulled down from WT
mouse brain lysate together with the SNARE protein SNAP-25
but not with monomeric SNAP-25. Also, in cortical neurons
cultured from syntaxin-1A KO mice, the syntaxin-1B knock-down
inhibits coimmunoprecipitation of Munc18-1 and SNAP-25. This
loss of coimmunoprecipitation is rescued by reexpression of
WT rat syntaxin-1A but not of mutant syntaxin-1A lacking the
N-terminal peptide. Consistent with the notion that the observed
tripartite associations involve mostly the open syntaxin conformation, expression of LE syntaxin-1A results in enhanced pulldown of both Munc-18 and SNAP-25.

CELL BIOLOGY

Fig. 5. Rescue of Munc18-1–SNAP-25 cross-correlation by syntaxin-1A overexpression. (A) xy-scatter plots of superresolution localization of Munc18-1 (red)
and SNAP-25 (green) in syntaxin-1A-null neurons that were infected with a virus encoding shRNA for mouse syntaxin-1 and overexpressing a rat syntaxin-1A.
Overexpression of rat syntaxin-1A rescues the Munc18-1–SNAP-25 cross-correlation at nanometer scales, as shown in the cross-correlation map g(x, y) (B) and
pair-distribution function g(r) (C). The red line is an exponential ﬁt with ξ = 56 nm. (D) The syntaxin-1 N-peptide is important for recovering Munc18-1–SNAP25 cross-correlation. Shown is the relative Munc18-1–SNAP-25 correlation amplitude g(r = 0) for measurements from syntaxin-1A-null neurons obtained from
n = 2 independent mouse litters (n = 28, 14, 18, and 21 regions of interest for N-terminal deletion rescue, wild-type rescue, LE rescue, and knockdown respectively). Boxes, SE; whiskers, 10th–90th percentile; crosses, min–max. The correlation is signiﬁcantly higher for WT rescue compared with the knockdown
and the NTD rescue and for LE rescue compared with the knockdown (P = 0.018, P = 0.044, and P = 0.022, respectively, one-way ANOVA). [Scale bars: 1 μm (A)
and 100 nm (B).] (E) A dynamic equilibrium model for Munc18-1, SNAP-25, and syntaxin-1 associations on the plasma membrane. Wild-type syntaxin-1 (yellow)
can interconvert between (Top Left) an open conformation that can associate with SNAP-25 (green) and can bind Munc18-1 (gray) in an N-peptide-dependent
interaction and (Top Right) a closed conformation that displaces SNAP-25 and binds tightly to Munc18-1. Our results indicate that the closed-syntaxin-1/
Munc18-1 complex is not the only major conﬁguration outside the sites of fusion but rather that the N-peptide-dependent tripartite open-syntaxin-1/SNAP25/Munc18-1 state is signiﬁcantly populated. After Munc18-1 recruitment, a fusion-competent complex can be formed with the addition of synaptobrevin-2 (red).
Munc18-1 can participate in fusion pore opening by interacting with the ternary SNARE complex.

noteworthy, this performance is signiﬁcantly worse than the
theoretical limit. Our active stabilization scheme is simpler and
more efﬁcient than these alternative approaches, while, more
importantly, minimizing systematic errors due to long-term drift
and achieving a currently unique to our knowledge performance
very close to the theoretic resolution limit (Table S1).
In addition to our active feedback system, further increase in the
raw resolution is possible. We note that with additional optimization of ﬂuorescent probes (50) and/or switching kinetics (51), for
∼105 collected photons in each on cycle, localization accuracy
down to s ∼ 0.5 nm (d ∼ 1-nm FWHM resolution) is possible in our
experimental apparatus (21), although statistical errors of ∼0.2 nm
in the interprobe distances could be achieved by repetitive measurements over multiple (e.g., ∼10) successive on cycles. Further
reﬁnement of the sample preparation procedures to achieve dense
labeling, possibly via genetically encoded (50), enzymatically incorporated (52), or chemically attached (53) ﬂuorescent tags,
would further use the potential of our approach to reveal the exact
molecular-scale architecture of subcellular structures.
We also developed optimized calibration standards and algorithms for two-color subdiffraction imaging, using spectrally
separable ﬂuorescent probes. Featuring negligible crosstalk and
∼3-nm spatial registration accuracy over the size of a cell (∼15
μm), our approach enables measuring the relative intracellular
distributions of two distinct protein species. This result establishes a methodological framework to analyze, in situ, interactions between protein components that form macromolecular
assemblies. Our work signiﬁcantly extends the scope of the early
proof-of-principle demonstrations of well-characterized and spatially deﬁned structures, like the cytoskeleton or clathrin cages, and
discerns the unknown organization of irregularly distributed
intracellular molecules.
Due to the demonstrated enhanced imaging performance, we
foresee that reﬁned approaches to carefully eliminate extraneous
errors, such as the active feedback-stabilization and the twocolor mapping calibration procedures we report here, will be
used to improve the resolution of ﬂuorescence “nanoscopes”.
Importantly, deciphering molecular interactions on the basis of
diffraction-limited imaging is often not possible as proteins that
appear colocalized with a conventional microscope can be well
separated on the nanoscale. The improved spatial resolution and
multicolor registration accuracy afforded by our approach opens
up the possibility for further applications to characterize intracellular protein–protein interactions and formation of deﬁned
molecular complexes in situ.
Association of Syntaxin-1, SNAP-25, and Munc18 at the Plasma
Membrane. Here we show at 13-nm FWHM resolution that syn-

taxin-1, SNAP-25, and Munc18-1 are present in clusters on the
plasma membrane, and we demonstrate in pairwise doublelabeling experiments that these three proteins colocalize. This
is to the best of our knowledge a unique two-color experiment
demonstrating that syntaxin-1, SNAP-25, and SM proteins can be
found in the same nanometer-sized clusters. The clusters have
a size of 50–100 nm and contain up to ∼10 detected copies of
each molecule (note that the actual number of molecules present
may be higher, because steric hindrance can preclude efﬁcient
binding of multiple antibodies on closely packed complexes). We
observed a striking colocalization of syntaxin-1, SNAP-25,
and Munc18-1.
Assembly of the neurotransmitter release machinery during
membrane fusion reactions is thought to proceed in several
steps. Often, subsets of SNARE proteins can bind to each other
in kinetically trapped, “dead-end” conﬁgurations, vivid examples
being the 2:1 syntaxin-1–SNAP-25 (54, 55) complexes. Munc18-1
binds to closed syntaxin-1 in a binary complex that is thought to
control the beginning of SNARE-complex assembly (45). Reconstitution experiments with Munc18-1, neuronal SNAREs,
E2818 | www.pnas.org/cgi/doi/10.1073/pnas.1310654110

NSF, SNAP, and Munc13 suggest that the binary syntaxin-1/
SNAP-25 complex is readily dissociated by NSF and SNAP,
allowing Munc18-1 to capture the closed state of syntaxin, kinetically blocking assembly of binary or ternary SNARE complex
(56). Upon action of Munc13 (57), presumably in conjunction
with an approaching synaptic vesicle, binary or ternary SNARE
complex formation is enabled, setting the stage for Ca2+-triggered fusion. Speciﬁcally, when syntaxin opens up, the mode
of Munc18 binding to syntaxin is dependent on the syntaxin-1
N terminus for tight binding but does not require the autonomously
folded three-helix “abc” bundle (Habc) domain anymore (14).
Of these two binding modes, the ﬁrst is observed only for SM
proteins in exocytosis, whereas the second is generally present in
many SM-protein/SNARE interactions. The second binding
mode also involves a direct interaction of Munc18 with the fourhelix bundle of the SNARE complex (17, 18). Munc18’s most
important role, however, is probably in fusion directly by an as
yet unknown mechanism because Munc18 and other SM proteins
are generally essential for the fusion reactions in which they
participate, more so often than synaptobrevin and SNAP-25 (7,
58), suggesting that their function is not that of a chaperone or
SNARE booster, but truly intrinsic to the fusion process.
Because we observe a tripartite association of syntaxin-1,
SNAP-25, and Munc18-1 in neurons, in principle, this suggests
three possibilities: a close association of the closed syntaxin–
Munc18-1 complex with SNAP-25, a complex involving the open
conformation of syntaxin with both Munc18-1 and SNAP-25, or
a dynamic equilibrium between these states. In either case, the
Munc18-1 interaction with the N terminus of syntaxin would play
a role: This interaction is essential for tight binding between
Munc18 and the ternary SNARE complex (17, 48), whereas it
strengthens the interaction between the closed conformation of
Munc18 and syntaxin (48). This conclusion is further supported
by our ﬁnding that deletion of the N terminus of syntaxin-1
largely abrogates the colocalization of Munc18-1 with SNAP-25
(Fig. 5D).
The observation that the Habc domain of syntaxin is not essential for exocytosis but that the N terminus is essential for both
spontaneous and evoked release (47) does not directly rule out
either state (Munc18–closed syntaxin-1 complex with SNAP-25
nearby or Munc18-1/syntaxin/SNAP-25 complex). However, our
ﬁnding that rescue with the N-terminal peptide deletion (NTD)
mutant of syntaxin, which prevents tight binding of Munc18-1 to
syntaxin-1 in a binary or ternary SNARE complex but not to
closed monomeric syntaxin-1 (14), does not fully recover the
Munc18/SNAP-25 cross-correlation (Fig. 5D), suggests that the
observed tripartite Munc18, syntaxin-1, SNAP-25 associations
involve binary or ternary SNARE complexes or a dynamic equilibrium involving these states.
Our results support the notion that in neurons, SNARE proteins are normally arranged in membrane patches, consistent with
the overall subcellular organization of the neuronal plasma
membrane, where channels and receptors are arranged into particular subdomains. This notion is surprising given that SNAREs
effectively primarily function in presynaptic active zones, which
coincide only with a tiny percentage if any of the patches containing SNAREs. Even though a single SNARE complex is sufﬁcient to dock liposomes to membranes and promote spontaneous
lipid and content mixing in vitro (59), conferring fast exocytosis in
combination with the Ca2+ sensor synaptotagmin requires more
than one synaptobrevin molecule (60) and more than three
SNAP-25 molecules (61). The organization of SNAREs in ≤100-nm
membrane domains, similar to the size corresponding to individual
presynaptic active zones, may enhance the efﬁciency and speed of
synaptic vesicle fusion reaction.
A certain fraction of the clusters of Munc18-1, syntaxin-1, and
SNAP-25 observed here likely contain binary (syntaxin-1/SNAP-25)
or ternary (syntaxin-1/SNAP-25/synaptobrevin) SNARE complexes
Pertsinidis et al.

Actively Stabilized Microscope. The two-color superresolution imaging setup is
shown in Fig. S1. A feedback loop that tracked the bright-ﬁeld image of
a ﬁduciary in real time actuated a three-axis nanopositioning stage (Physik
Instrumente; 561-3DD, E-710 controller) and locked the sample at a ﬁxed x,
y, z set point during data acquisition. For cellular imaging, in cases where no
ﬁducials of high-enough contrast for z tracking existed in the ﬁeld of view,
we used an alternative focus-stabilization scheme (21), based on a dedicated
stabilized near-infrared (NIR) laser beam that undergoes total internal reﬂection (TIR) on the sample and is projected on a position-sensitive detector (Quadrant Photo-Detector, QPD).
Stochastic Single-Molecule Switching Imaging. We used ∼5-kW/cm 2 and
∼20-kW/cm2 continuous-wave (CW) ∼640-nm and 532-nm laser illumination for
Cy5/Alexa 647 and Atto 532, respectively. We found that simultaneous illumination with both lasers resulted in irreversible bleaching of the Alexa
647, as well as higher autoﬂuorescence background in the red channel.
Therefore, during cellular imaging, Alexa 647 was measured ﬁrst for ∼30
min, followed by ∼40–50 min for Atto 532. The presence of an enzymatic
oxygen scavenging system and a millimolar concentration of thiol enabled
photoswitching (23, 66), each molecule undergoing a rapid transition to
a dark state upon emitting a distribution of N0 mean collected photons
(Fig. S2). To achieve the highest possible contrast ratio (molecules on:
molecules off) we imaged Cy5/Alexa 647 without the presence of an activator dye (23, 29) or a high-power shorter-wavelength laser (34), allowing
slow, spontaneous recovery of each molecule from the dark state (rate
∼10−2 s−1). This cycle could be repeated several times, providing a cluster of
localization points (centers of observed spots) from each on state for each
molecule. Aligning such localization clusters from multiple molecules
created a Lorentzian distribution of xy points with FWHM 2√2σ 0 ∼ 2.828σ 0
(Figs. 1 and 2), as expected from the total signal and background counts (67,
68) (SI Methods), demonstrating that our active stabilization approach successfully eliminates systematic errors due to drift. (Note that σ 0 is used only
1. Gao Y, et al. (2012) Single reconstituted neuronal SNARE complexes zipper in three
distinct stages. Science 337(6100):1340–1343.

Pertsinidis et al.

PNAS PLUS

Resolution Reﬁnement. To determine the increased resolution afforded by
keeping progressively more precisely localized molecules, only points in
Fig. 1 A and C were kept for which the calculated precision σ was better than
a certain cutoff σ cutoff. The xy distributions (Fig. 1A) or the deviations from the
ﬁtted line (Fig. 1C) for the subset of points were ﬁtted to a Gaussian peak.
The reﬁned resolution vs. σ cutoff was determined from the ﬁtted peak
widths as d = 2.35s. We note that in previous reﬁnement attempts (22, 69)
similar fractions of the data were kept (∼1–10%); however, the accuracy for
the reﬁned set of points was not quantitatively validated against a known
structure. Practically, this procedure is expected to improve the resolution
by approximately two- to threefold (SI Methods and Fig. S3) whereas in
contrast, selecting a random subset of the original data does not improve
the resolution.
Identiﬁcation of Individual SNAP-25 Antibodies. To independently determine
the superresolution image of individual Alexa 647-labeled SNAP-25 antibodies, we imaged a neuronal sample at dilute staining conditions, ensuring
well-spaced antibodies. Because a single Alexa 647 dye can undergo multiple
switching cycles, each SNAP-25 antibody appears as a cluster of xy localization
points (approximately ﬁve points per hour of acquisition time). The FWHM
of the distribution of points in each cluster is d = 13 nm, determined by
aligning individual clusters by their center of mass (Fig. 2B).
Individual antibodies could also be identiﬁed as distinct clusters of Alexa
647 xy localization points in densely stained specimens (Fig. 2A). Neighbor
antibodies could be readily resolved from the xy scatter plots, at minimum
separations of ∼30–50 nm, with <15-nm FWHM resolution (Fig. S4). To estimate a molecular probability density function ρ(x, y) we rendered each xy
Alexa 647 localization point (Fig. 2C) as a normalized 2D Gaussian (22) of rms
size σ given by Eq. S1a. Individual SNAP-25 antibodies were identiﬁed as
local maxima of the resulting 2D ρ(x, y) surface (Fig. 2C), using a peak search
algorithm. The xy coordinates of each SNAP-25 antibody were then determined from the centroid of ρ(x, y) around each peak.
Two-Color Registration over Extended Field of View. Two types of reference
objects were used to register the coordinates between the two CCD channels:
(i) 20-bp Cy3-Cy5 DNA duplexes, randomly distributed in the ﬁeld of view,
and (ii) a regular nanofabricated pattern of subwavelength holes on an Alcoated quartz wafer (SI Methods and Fig. S6). A set of reference coordinates
obtained from multiple such objects and from sampling the whole ﬁeld of
view was used to obtain a mapping transformation (21), using a low-order
polynomial or spline interpolation (SI Methods and Fig. S6).
Sample Preparation and Imaging Conditions. The preparations of DNA constructs, F-actin, dye-labeled antibodies, and neuronal cultures, as well as
procedures and conditions for confocal immunoﬂuorescence imaging, are
detailed in SI Methods.
Quantitative Colocalization and Clustering Structure Analysis. We used the
OPTICS algorithm (44) to perform a hierarchical ordering of the antibody
localization points. For each point i we calculated core-distances (43) cdist iGG
and cdist iGR with respect to points of the same and opposite colors, respectively (Fig. S5). Clusters were identiﬁed using the DBSCAN algorithm(43),
with Minpts = 3 and « ∼ 30–40 nm. The selected values for « correspond to
roughly the average core distances for the particular dataset; approximately
twofold smaller « values failed to identify all but the densest clusters
whereas approximately twofold larger « values resulted in merging all of the
points into just a few large ones.
ACKNOWLEDGMENTS. A.P. wishes to thank James W. Conway for sharing
expertise in Electron Beam Lithography. Work was performed in part at the
Stanford Nanofabrication Facility which is supported by National Science
Foundation through the National Nanotechnology Infrastructure Network
under Grant ECS- 9731293. This work was supported by the National
Institutes of Health (NIH), the National Science Foundation, the National
Aeronautics and Space Administration, and the Defense Advanced Research
Projects Agency through awards to S.C. and by NIH Grant R37-MH63105
(to A.T.B.).

2. Hata Y, Slaughter CA, Südhof TC (1993) Synaptic vesicle fusion complex contains unc18 homologue bound to syntaxin. Nature 366(6453):347–351.

PNAS | Published online July 2, 2013 | E2819

CELL BIOLOGY

Methods

to parameterize the FWHM, as the SD for a Lorentzian distribution
is inﬁnite.)

APPLIED PHYSICAL
SCIENCES

or they represent averages over dynamic states involving these
complexes. It has been known for some time that SNARE and
SM proteins involved in synaptic vesicle exocytosis are not actually enriched at sites of exocytosis (62), but the existence of
structured clusters of SM/SNARE protein complexes throughout
neurons is nevertheless surprising. It suggests that these complexes
may operate in other fusion reactions, but more importantly
indicates that the speciﬁcity and regulation of synaptic vesicle
fusion operate at a level different from that of SNARE and SM
proteins. How these clusters are formed and why SNARE and
SM protein complexes are not randomly distributed in membranes
remain unknown. A plausible hypothesis is that the biophysical
properties of the phospholipid membrane with lipid subdomains
containing enrichment of cholesterol may contribute to the formation of these clusters, but it seems unlikely that these clusters
are only a consequence of such physicochemical forces and more
likely that they represent the result of organizing proteins that
are generally involved in controlling membrane fusion.
Given these previous observations, our ﬁnding that syntaxin-1
and SNAP-25 are abundantly present in a tripartite association
with Munc18-1 is unexpected and raises a number of questions.
It is unexpected because—as mentioned above—Munc18-1 also
binds to syntaxin-1 in a different, independent mode, namely the
closed conformation of syntaxin-1 before it assembles into any
complex with another SNARE protein. Thus, it is surprising that
our observations suggest that this complex might not be the only
predominant complex outside of the sites of synaptic fusion—
instead, we detected recruitment of Munc18-1 through a tripartite association with SNAP-25 and syntaxin that is N-peptide
dependent (Fig. 5E). At the same time, our results independently
validate the notion that Munc18-1 binding to the N-peptide of
syntaxin-1 plays a central role in fusion as proposed previously
(14, 17, 47, 49, 63–65).
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