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ABSTRACT: Current single-molecule techniques do not
permit the real-time observation of multiple proteins inter-
acting closely with each other. We here report an approach
enabling us to determine the single-molecule fluorescence
resonance energy transfer (FRET) kinetics of multiple
protein−protein interactions occurring far below the
diffraction limit. We observe a strongly cooperative forma-
tion of multimeric soluble N-ethylmaleimide-sensitive
factor attachment protein receptor (SNARE) complexes,
which suggests that formation of the first SNARE complex
triggers a cascade of SNARE complex formation.

The current single-molecule fluorescence resonance energy
transfer (FRET) technique provides a unique opportunity

to dissect the behavioral dynamics of individual molecules.1 This
technique, however, has only been able to track single molecules
under molecularly sparse conditions. The current paradigm is to
separate each molecule beyond the diffraction limit, which in
turn permits reading of the fluorescence signal of each molecule
with minimal overlap in measurements.1 However, to bring
about the high cooperativity necessary for their function, for
example, membrane proteins do interact with each other via close
molecular contacts on a two-dimensional membrane.2,3 Under
such high local concentrations, the signals from individual
proteins will severely overlap with each other due to the diffrac-
tion limit, precluding the observation of isolated single
molecules. Counting with fluorophore photobleaching can deter-
mine the number and conformation of molecules of interest, but
this method does not allow real-time measurement that reveals
kinetic pictures.4 Thus, there is an obvious need for a technique
that permits the single-molecule observation of multiple pro-
teins, crowded on a spatial scale smaller than the optical diffrac-
tion limit. This would unveil the kinetic details of multimeric
protein−protein interactions, which are inaccessible with current
biochemistry and biophysics tools.
We chose to study yeast soluble N-ethylmaleimide-sensitive

factor attachment protein receptor (SNARE) proteins, which are
involved in membrane trafficking from the Golgi to the plasma
membrane.5,6 We first labeled the yeast v- and t-SNARE proteins
(Snc2p and Sso1pHT) with a FRET pair consisting of Cy3
and Cy5 dyes, respectively (Figure 1a). Upon SNARE complex

formation, these two dyes are brought into a close proximity
of ∼15 Å according to the crystal structure,7 which yields a high
FRET efficiency (Figure 1b). We have confirmed that the
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Figure 1. Tracking of multiple molecules with single-molecule FRET.
(a) Labeling positions of the FRET donor and acceptor dyes with
reference to the crystal structure of the yeast SNARE complex. (b) Real-
time trace of single protein complex7 shows typical single-molecule
FRET trace. Fluorescence signals of Cy3 (donor) and Cy5 (acceptor)
are colored as green and red, respectively. (c) Schematic representation
of the single-vesicle FRET assay.
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labeling does not affect the functionality of SNAREs
(Supplementary Figures 1 and 2).
We used a single vesicle−vesicle fusion assay that provides the

SNARE proteins with a molecular environment for multimeric
interactions (Supplementary Text). In this assay, effective lipid
mixing8 (Supplementary Figures 1 and 2) as well as content
mixing9,10 was observed in a strictly SNARE-dependent manner.
By adjusting the concentrations of both surface t-vesicles
(Supplementary Figure 4) and diffusing v-vesicles, we were
able to ensure one-to-one interaction between single vesicles of
∼30 nm diameter (Supplementary Figure 7), and also to separate
the fluorescence signals from neighboring vesicle−vesicle
complexes by more than the diffraction limit (Figure 1c, inset).
The fluorescence signals from a single vesicle−vesicle complex,
however, contained information on interactions between
multiple copies of t- and v-SNAREs.
With multiple donor-labeled proteins working in a single

vesicle−vesicle complex, the quantitative dissection of a real-time
trace reporting multiple protein−protein FRET was not as
straightforward as that reporting the single protein−protein
FRET (Figure 1b versus Figure 2). To address this problem, we

considered the photophysical processes among the multiple FRET
donor and acceptor dyes. We assume that there are total ND donor-
labeled v-SNAREs that are interacting with NA acceptor-labeled
t-SNAREs.When nD SNARE complexes are formed as a result of the
specific protein−protein interaction (whileND− nD donors are still in
the free state), the total FRET efficiency (Etot) can be expressed as
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(see Supplementary Methods), where γ is the gamma correction
factor taking into account different quantum yield and CCD
detection efficiency of Cy3 and Cy5,11 and IDA and IAD are the
single donor and acceptor intensities in the specific protein−
protein complex (i.e., SNARE complex). For an ideal case of
γ = 1, eq 1 can be further simplified to
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Because H is the FRET efficiency of the single protein−
protein complex, eq 2 suggests that the total dynamic FRET
range (from 0 toH) can be divided intoND regions with an equal
height of approximately H/ND.
In the light of above discussion, we expect that the FRET value

of a vesicle−vesicle complex becomes quantized as the set of
theoretical FRET states defined by eq 1 with different ND and
nD values. This means that successive SNARE complex forma-
tion events between two single vesicles will be visualized as a
transition to higher FRET states corresponding to higher nD
values (ND is fixed). Indeed, clear stepwise increases were
identified when the real-time traces were analyzed by the step-
fitting algorithm based on the Schwarz information criterion
theory12 (Figure 2).
We compared the identified FRET steps with the theoretical

FRET states given by eq 1. The high FRET efficiency (H) and
gamma correction factor (γ) were measured to be 0.96 ± 0.037
and 0.89 ± 0.075, respectively, from the experiment with ND = 1
using a higher laser power to minimize errors (Figure 1b and
Supplementary Figure 5). We determined the total number of
proteins under tracking (ND) for each single vesicle−vesicle
complex on the basis of its total fluorescence intensity and also
the identified FRET states. The fluorescence intensity of single
Cy3 dye was experimentally determined for each set of
experiment and used as reference for later analysis (Figure 2,
Supplementary Figure 6 and Methods). We were able to double-
check the validity of our estimation by observing photo-
bleaching-induced FRET changes (Figure 3a). With the correct
determination of ND, the photobleaching events of single
acceptor dyes would appear as exactly one step down in the
FRET domain. We compared the FRET decrease due to each
photobleaching event (ΔEbleaching, Figure 3a, red arrow) with the
principal step size (ΔEsignal ≈ H/ND, Figure 3a, green arrow).
The ratio of these two FRET step sizes (ΔEbleaching/ΔEsignal)
showed a narrow distribution centered at 1 (Figure 3b), which
corroborates our theoretical analysis.
Next, we investigated howmany proteins could be observed at

the same time, by quantifying the signal-to-noise ratio (SNR) of
our measurement. The signal was defined as the principal step
size, ΔEsignal ≈ H/ND, which was the FRET region allotted for
one SNARE protein (Figure 3a, green arrow). The noise was the
mean standard deviation of the raw data from the nearest FRET
state (Figure 3a, blue arrow). With these definitions, the signal
decreased as approximately 1/ND (Figure 3c, blue curve), but the
noise also decreased with increasing ND (Figure 3c, blue circle
symbols), which could compensate for the signal decrease and
maintain the SNR level. Indeed, when the SNR values of 297
single-vesicle complexes were plotted as a function of ND, the
SNR was maintained near 2 even when we observed 10 proteins
at the same time (Figure 3c, red circles and curves; see
Supplementary Methods for how we fit the SNR values on the
basis of photon number fluctuation13). This SNR analysis
quantitatively demonstrates that our multiple protein−protein
FRET technique can observe 10 proteins or even more at the
same time.
Transitions of the step-fitted FRET states through the

theoretically defined FRET states revealed the kinetics of
multimeric SNARE complex formation with single-molecule
resolution (Figure 3d−f). Of note, we observed that many
SNARE complex formation events occurred simultaneously

Figure 2. Real-time traces of a single vesicle complex having many
protein complexes. Cy3-labeled protein number (ND) is estimated
considering both the total fluorescence intensity (upper panel, black
traces) and the step-fitted, experimental FRET states (bottom panel, red
lines). For example, the estimated ND = 3 and the corresponding
theoretical FRET states (panel a, green arrows) make a better match
with the experimental FRET states than the cases with ND = 2 and 4.
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within our time resolution (200 ms) (Figure 3e,f and Supplementary
Figure 6).
Simple combination of Markov processes could not describe

this simultaneous, multiple SNARE complex formation. To show
this, we measured the dwell time ΔT, the time interval between
the moment of vesicle−vesicle docking and each SNARE com-
plex formation event (Figure 3d−f). The distribution of these
dwell times could not be fitted using a single exponential function
(Figure 4a). Specifically, while all other bins (ΔT > 1 s) could be
well fitted using a single exponential function with a time
constant of 3.8 s, the first bin of the distribution containing the
multimeric SNARE complex formation events produced a
distinct high population.
We next questioned if this first bin simply represents another

random SNARE complex formation with a faster kinetic rate or
indicates indeed cooperativity in SNARE complex formation. To
answer this, we calculated the average values ofΔT for individual
real-time traces and plotted them against the number of SNARE
complexes formed in vesicle complexes, that is, the maximum nD
obtained in each trace.

We reasoned that if there is no cooperativity in SNARE
complex formation, the average ΔT should remain at a constant
value. Without the cooperativity, all the SNARE complex forma-
tion events occur independently from each other, and the
kinetics must be independent of the number of SNARE
complexes formed in a specific vesicle−vesicle complex.
Moreover, this should be true even when we assume multiple
kinetic groups (and kinetic rates) to describe the putative
random processes.
Remarkably, the average value of ΔT decreases substantially

with the number of SNARE complexes formed in one vesicle
complex, which directly means that the formation of individual
SNARE complexes does not occur in a random manner. Instead,
formation of one SNARE complex accelerates formation of other
SNARE complexes. This suggests a cooperative mechanism
underlying multimeric formation of SNARE complexes, which
would trigger a cascade of SNARE assembly (Figure 4c).
In the traditional single-molecule FRET technique, a single

protein uses the entire FRET range, which is suited for dissecting
its possible intermediate states.14−17 However, in the approach
described here, the dynamic FRET range is divided and allotted
to ND proteins under observation. Association of two binding
partnersa protein heterodimeris reported using one of
these divided FRET ranges. Similar to the conventional single-
molecule FRET, there are limitations in the current method.
First, the labeling positions should be chosen with discretion so
that the FRET efficiency of the specific protein−protein complex
(H) should have the highest possible value, which consequently
defines the dynamic FRET range. At the same time, nonspecific
interactions between proteins that perturb the FRET process in
the specific protein complex should be negligible. Second, the
current method is optimized for protein heterodimers with
two clear states. Additional refinement will be required when
differentiating multiple states in individual protein heterodimers.
Third, this binding state should be stable enough to show

Figure 3. Single vesicle FRET trace analysis. (a) Photobleaching-
induced FRET changes. Each photobleaching event appears as the
FRET trace taking exactly one step down. (b) Ratio of the FRET-value
changes upon photobleaching (ΔEbleaching) to the principal step size
(ΔEsignal, n = 199). The mean and standard deviation of the distribution
are 0.971 and 0.205, respectively. (c) Signal-to-noise ratio (SNR) of our
method (n = 297). The signal (blue curve) is defined as the principal
step size, which is the FRET contribution of an individual molecule (for
example, green arrow in panel a). Noise (blue circles) is defined as the
deviation of the original signal from the theoretical FRET states (blue
arrow in panel a). Red circles represent the SNR values determined from
our experiments, as a function of the number of proteins under tracking
(ND). The red line represents theoretical fitting considering the Poisson
distribution and dark current noise (see Supplemental Methods). (d−f)
The time gap between vesicle docking and each SNARE complex
formation events (ΔT, brown) are measured from step-fitted data.

Figure 4. Kinetic analysis on protein complex formation. (a) Time gap
distribution between vesicle docking and each SNARE complex
formation event. Population other than first bin can be fitted with
single exponential fit (red line). (b) The average time gap between
vesicle docking and each SNARE complex formation (ΔT) is plotted
against the number of SNARE complex in one vesicle. Faster SNARE
complex formation in vesicle with many SNARE complexes suggests
existence of non-Markovian process in SNARE complex formation. (c)
Molecular model for cooperative SNARE complex formation.
Formation of a SNARE complex accelerates the formation of other
SNARE complexes.
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negligible dissociation during observation time. Despite these
potential limitations, our approach would offer a unique platform
to study complex formation between two different proteins in
crowded environment, where multiple protein−protein inter-
actions play important roles.
We have demonstrated that this multiple protein−protein

FRET technique can dissect individual SNARE complex
formation events as stepwise FRET changes when there are
more than 10 donor- and acceptor-labeled SNAREs on a 30 nm-
sized vesicle. SNARE proteins were reported to be even in a
clustered state,3 implying that our observations were indeed
made in a highly crowded molecular environment. Our method
could be extended to other membrane protein interactions like
those of cell adhesion protein to reveal their multimeric
interaction kinetics.18

Our results demonstrate that formation of the SNARE
complex is a strongly cooperative process, which triggers con-
current actions of multiple SNARE proteins. Such concurrent,
multimeric SNARE complex formation would induce membrane
fusion on a faster time scale than would be possible with sporadic
SNARE complex formation.19,20 We note that the Habc domain
(of Sso1p), which hinders formation of the SNARE complex,21

has not been included in our experiment. Nevertheless, our work
suggests that if the regulatory effect of Habc can be lifted by
upstream factors,21 the SNARE motifs have an intrinsic
cooperative interaction to drive assembly of multiple SNARE
complexes. Because the yeast SNARE complex is structurally
homologous to the neuronal SNARE complex, we presume that
the neuronal SNARE proteins also show such strongly co-
operative processes in their complex formation.7,22 In a highly
controlled membrane fusion process like synaptic vesicle fusion,
we speculate that formation of the first SNARE complex defines
an ideal regulation point for the intervention by fusion regulators
because this first SNARE complex would then trigger the
formation of other SNARE complexes. Formation of multiple
SNARE complexes will reduce effective tension on individual
SNARE complexes and push zippering of SNARE complex
toward the membrane-proximal part,23,24 which finally catalyzes
fusion pore opening.25,26
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