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A minimalist model to measure 
interactions between proteins 
and synaptic vesicles
Eleonora Perego1,5, Sofiia Reshetniak2,5, Charlotta Lorenz1, Christian Hoffmann3, 
Dragomir Milovanović3, Silvio O. Rizzoli2,4 & Sarah Köster1,4*

Protein dynamics in the synaptic bouton are still not well understood, despite many quantitative 
studies of synaptic structure and function. The complexity of the synaptic environment makes 
investigations of presynaptic protein mobility challenging. Here, we present an in vitro approach 
to create a minimalist model of the synaptic environment by patterning synaptic vesicles (SVs) on 
glass coverslips. We employed fluorescence correlation spectroscopy (FCS) to measure the mobility 
of monomeric enhanced green fluorescent protein (mEGFP)-tagged proteins in the presence of the 
vesicle patterns. We observed that the mobility of all eleven measured proteins is strongly reduced 
in the presence of the SVs, suggesting that they all bind to the SVs. The mobility observed in these 
conditions is within the range of corresponding measurements in synapses of living cells. Overall, our 
simple, but robust, approach should enable numerous future studies of organelle-protein interactions 
in general.

Information processing in the brain depends on the transmission of information at the level of inter-neuronal 
synapses. The large majority of the brain synapses base their activity on the release of neurotransmitters from 
the presynaptic side (the so-called synaptic bouton) onto receptors on the plasma membrane of the postsyn-
aptic cells. This process takes place through the fusion of neurotransmitter-filled synaptic vesicles (SVs) with 
the presynaptic plasma membrane (exocytosis), followed by the retrieval of SV proteins from the membrane 
(endocytosis), and the formation of new SVs, which are ready for function1,2. The composition of the synaptic 
bouton reflects the importance of neurotransmitter release, as much of its space is taken up by the SVs, organ-
ized in a dense cluster3. Exo- and endocytosis cofactor proteins are also prominent in the bouton, where they 
tend to be strongly enriched4.

Synaptic transmission has been the subject of many quantitative studies, which have established, for example, 
the copy numbers of many of the vesicular5 or presynaptic proteins4. The spatial distribution of the proteins has 
also been analyzed4, and recently the average mobility of multiple synaptic proteins has been estimated6. However, 
in spite of the rich quantitative information available on synaptic transmission, the true molecular organization 
of the presynaptic bouton is still unclear. Importantly, it is still unresolved, why the soluble synaptic proteins are 
enriched in the bouton. They must be retained locally by mechanisms that apply to most or all of the exo- and 
endocytosis cofactors, as otherwise they would be lost in the axon, which can be many orders of magnitude larger 
in volume than the synapse7. The nature of these mechanisms is not yet understood, despite more than a decade 
of research on this subject. As many presynaptic proteins colocalize well with the SVs, it has been proposed that 
the vesicles bind them, thereby serving as a form of storage container for such proteins7,8. This concept has more 
recently been extended to include the hypothesis that the clustered SVs form a distinct liquid phase, together with 
some of the presynaptic proteins9,10. While this hypothesis is highly attractive, a formal demonstration of its main 
assumption, namely that multiple exo- and endocytosis cofactors interact strongly with the SVs, is still missing. 
Biochemical experiments have suggested that isolated SVs can collect soluble proteins on their surfaces5,7, but the 
interpretation of such experiments is difficult, since most of the tested proteins failed to enrich on purified SVs5.

To test the interaction of presynaptic proteins with the SVs in a more direct and controlled fashion, it is neces-
sary to analyze the behavior of individual proteins in a highly defined system, in which both the vesicles and the 
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proteins can be introduced in standardized conditions, and in the absence of most cellular components. Here, 
we present a minimalist in vitro model of the synaptic environment that enables such controlled measurements. 
Using a micro-patterning strategy, SVs were immobilized on glass coverslips, creating a 2D vesicle cluster, where 
protein dynamics could be investigated in a straightforward manner. We employed fluorescence correlation 
spectroscopy (FCS) to quantify the mobility of eleven different synaptic proteins in this system, and we found a 
dramatic decrease of the protein mobility in the presence of the SVs, confirming an effective interaction between 
each of the proteins and the SVs. Importantly, we found a strong agreement of the in vitro diffusion coefficients 
and corresponding values measured in living cells6,11–13. This result implies not only that such proteins interact 
with the vesicles, but also that their mobility is governed by this interaction, confirming the hypothesis that the 
SV cluster is a major factor in the organization of presynaptic proteins7–9.

Results and discussion
An in vitro replica of the synapse.  Measuring protein diffusion and interaction directly in the synapse is 
challenging, owing to the complex and crowded environment4. Therefore, we designed a minimalist in vitro ver-
sion of the synapse, composed of two-dimensional SV arrays adhered to a glass surface, with which we studied 
protein mobility in a highly controlled manner. To attach SVs to glass coverslips, we first functionalized the sub-
strates with patterns of neutravidin. The size and the shape of the patterns are of little relevance for the present 
study, albeit the method can be adapted to many other research questions, where these parameters may play a 
role. In the present case, we chose to pattern the surface instead of uniformly coating it, because it provides a 
straightforward way of controlling the success of the subsequent steps by comparing the pattern to the uncoated 
regions nearby. The process, as well as the quality control, is shown in Fig. 1. A passivated glass coverslip was 
exposed to UV light through a virtual photomask, which projects the pattern onto the substrate employing digital 
micromirror devices (DMD), thus avoiding the use of a real mask. For more details on this procedure, see Ref.14. 
The photo-initiator (4-benzoylbenzyl-trimethylammonium chloride, sold as PLPP (Product of Liaison for Pro-
tein Patterning) by Alvéole, Paris, France) degraded the anti-fouling layer of poly(L-lysine)-graft-poly(ethylene 
glycol) (PLL-PEG) upon exposure, making the exposed area accessible to neutravidin (pink in Fig. 1a,b). The 
reliable attachment of neutravidin was tested using a fluorescently labeled variant, see Fig. 1c, left. The SVs (gray 
in Fig. 1b) were attached via a biotinylated anti-synaptotagmin antibody (orange in Fig. 1b). Synaptotagmin is 
an abundant vesicle protein, which is essential for both exo- and endocytosis, and which is presumably present 
in all functional vesicles, thereby rendering it a convenient tool for anchoring the SVs to the neutravidin. The 
proper attachment of the biotinylated anti-synaptotagmin antibodies was tested via a secondary anti-mouse-
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Figure 1.   Patterning strategy and SV immobilization. (a) Schematic representation of photopatterning of 
neutravidin on a glass coverslip. The glass coverslip was uniformly coated with an anti-fouling layer of PLL-g-
PEG. The photoinitiator (PLPP) was added on top of the PLL-g-PEG layer and the substrate was exposed to 
UV light through a virtual photomask to activate the PLPP. Under UV light, the PLPP degraded the PLL-PEG 
layer, leaving accessible regions for neutravidin to attach. (b) Schematic of our strategy to attach the SVs to 
the substrate. The purified SVs (gray) were attached to the neutravidin (pink) functionalized glass coverslips 
via a biotinylated mouse anti-synaptotagmin antibody (orange). The attachment of antibodies was controlled 
by a secondary anti-mouse antibody labeled with Alexa Fluor 488 (green). To image the SVs, a single-domain 
antibody against vGLUT1, labeled with STAR635P (red) was employed. (c) Fluorescence micrographs of the 
individual steps of the vesicle immobilization strategy. The neutravidin functionalization step was assessed by 
fluorescently labeled neutravidin (neutravidin-FITC, left), the attachment of the biotinylated mouse anti-
synaptotagmin antibody was tested with a secondary anti-mouse antibody labeled with Alexa Fluor 488 (center), 
and the SV attachment was tested with a single-domain antibody against vGLUT1 labeled with STAR635P 
(right). Note that the uniform fluorescence in the right image shows the bound SVs, whereas the small bright 
spots are aggregates. The images of neutravidin-FITC and anti-ms-Alexa488 were taken on two different glass 
coverslips. In the actual experiments, we used unlabeled neutravidin, so as to not interfere with the fluorescence 
of the mEGFP-tagged proteins. The scale bars are 25 μm.
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Alexa Fluor 488 antibody (green in Fig. 1b). As shown in Fig. 1c, center, the antibody attachment is well defined 
and with a low background. To check for unspecific interactions to the patterned neutravidin, a secondary anti-
body (anti-ms-STAR635) was incubated on the neutravidin pattern without the biotinylated anti-synaptotagmin 
antibody added. As shown in Fig. S1a, no signal was obtained from the secondary antibody. Finally, to assess the 
attached SVs, a single-domain antibody against vGLUT1 labeled with STAR635P was employed (red in Fig. 1b). 
vGLUT1 is a major neurotransmitter transporter and can therefore be used to detect the vesicles. As shown in 
Fig. 1c, right, the signal stemming form the vesicle pattern was well confined to the circle region and displayed 
low background. As a negative control, the single domain antibody against vGLUT1 labeled with STAR635P was 
incubated on functionalized coverslips without SVs. As shown in Fig. S1b, no unspecific interaction was found.

To verify our approach of measuring protein mobility in the presence of a 2D SV array, we performed two 
control experiments. We targeted the abundant vesicular glycoprotein synaptophysin with primary rabbit anti-
synaptophysin antibodies and secondary goat anti-rabbit antibodies, and thereby visualized the vesicles. The 
first control was provided by the use of diffusing anti-goat-Alexa Fluor 532 antibodies, which interact with the 
antibody complex on the SVs, whereas as a second control we used diffusing anti-rat-Alexa Fluor 532 antibodies, 
which are not expected to bind to the system. Figure 2a shows the average normalized autocorrelation func-
tion (ACF) (average data from 25 ACFs each) for both control antibodies, measured in the presence of SVs. We 
focused on the surface of our substrate with the SVs attached and thus ensured that the measured diffusion took 
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Figure 2.   Control measurements for the newly developed assay. (a) ACF curves (averaged data from 25 single 
curves) of anti-goat-Alexa Fluor 532 (green upright triangles) and anti-rat-Alexa Fluor 532 (magenta inverted 
triangles) in the presence of SV patterns. For both antibodies, two diffusion coefficients were retrieved from 
the fits. The values are reported in the graph (color coded). The anti-goat-Alexa Fluor 532 interacted with 
the patterned SVs; the diffusion coefficient Dbound corresponds to interacting antibodies and Dfree to non-
interacting, i.e. freely diffusing antibodies. Although anti-rat-Alexa Fluor 532 is not expected to interact with 
the vesicles, we observed two diffusion coefficients; Dfree corresponds to freely diffusing antibodies, whereas 
Dconfined , corresponds to a slower component, which we attribute to the crowded environment in the vesicle 
layer. (b) ACF curves (averaged data from 20 single curves) of α-synuclein-mEGFP in the presence of SVs (blue 
squares) and for comparison without the vesicle pattern (blue circles). As expected, without the vesicle pattern, 
we obtained the bulk diffusion coefficient of α-synuclein-mEGFP, Dbulk ; by contrast, in presence of the SV 
pattern, we observed two diffusion coefficients; Dfree is very similar to the bulk diffusion coefficient, Dbound is 
much smaller and corresponds to α-synuclein-mEGFP interacting with the SVs.
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place in the crowded environment of the layer of SVs to which the proteins and antibodies can bind. For the 
interacting antibody, anti-goat-Alexa Fluor 532 (green upright triangles in Fig. 2a), two diffusion coefficients 
were retrieved from fitting the data. The first diffusion coefficient, Dfree , reflects the non-interacting component, 
i.e. the freely diffusing antibodies, with a value of (49 ± 10) μm2/s. This value is similar to other measurements of 
freely diffusing antibodies15 and to a value of Dbulk = (55 ± 20) μm2/s which we obtained for the same antibody 
measured in bulk, i.e. without the SV pattern. The second diffusion coefficient Dbound is much smaller, (2 ± 1) 
μm2/s, and we interpret it as stemming from antibodies interacting with the SVs. Note that the two separate 
“ensembles” of freely diffusing and interacting, or bound, antibodies, respectively, correspond to average amounts 
of time for each antibody spent in “bound” and in “free” states. Interestingly, although anti-rat antibodies are 
not supposed to bind to anything in the SV array, two diffusion coefficients were also retrieved from the analysis 
of the corresponding data (magenta inverted triangles in Fig. 2a). Again, we observed one diffusion coefficient 
of Dfree = (43 ± 20) μm2/s that we attribute to the freely diffusing component as verified by a bulk measurement 
without an SV pattern ( Dbulk = (47 ± 29) μm2/s). A more slowly diffusing component was additionally measured, 
with Dconfined = (8 ± 5) μm2/s. We speculate that this component describes confinement effects caused by the 
dense 2D vesicle pattern. Such confinement may slow down the mobility of the antibody16–18.

As an additional test for our newly developed assay, we compared the diffusion of purified α-synuclein-
mEGFP (monomeric enhanced green fluorescent protein) with and without the SV pattern, as shown in Fig. 2b. 
α-synuclein is a SV-binding protein particularly important in Parkinson’s disease. When α-synuclein-mEGFP 
was measured in bulk, without the SV pattern present (blue circles in Fig. 2b), a diffusion coefficient of Dbulk 
= (59 ± 15) μm2/s was obtained. This diffusion coefficient is smaller than the ones found in literature19,20 and 
by us (for α-synuclein-Alexa Fluor 532, D = (102 ± 20) μm2/s) when the protein is labeled with chemical dyes.

We attribute this difference to the heavy fluorescent tag (mEGFP) employed here. When α-synuclein-mEGFP 
was measured in the presence of the SVs, two diffusing components were retrieved from the analysis of the ACF 
(blue squares in Fig. 2b). The first diffusion coefficient, Dfree , again corresponds to the non-interacting compo-
nent, i.e. freely diffusing protein, with a value of (67 ± 10) μm2/s. The second diffusion coefficient, D2 , is much 
smaller, Dbound = (4 ± 2) μm2/s, which we attribute to α-synuclein interacting with the SVs.

Mobility and binding efficiency of synaptic proteins.  To test the interaction of SVs and different pro-
teins, we relied on several synaptic proteins, which are known to be involved in synaptic transmission. All syn-
aptic proteins considered here were expressed in HEK293 cells, except synapsin and EGFP, which were expressed 
in Expi293 cells. The cells were lysed and the lysate was either used as is or further purified. For purification, an 
ALFA-tag system21 was employed, as described in the Materials and Methods section. Synapsin and EGFP were 
purified via NiNTA columns and size exclusion chromatography. A schematic representation of the protein pro-
duction and purification process is shown in Fig. 3a, and the resulting purified fraction of α-synuclein is shown 
in Fig. 3b. The coomassie stained polyacrylamide gel for the remaining proteins is shown in Supplementary 
Fig. S2.

We characterized the diffusion properties of cell lysate containing α-synuclein-mEGFP by FCS (see Fig. 4a, 
open blue squares), and compared it to α-synuclein-mEGFP purified from cell lysate (closed blue squares). The 
ACFs as well as the diffusion coefficients derived from the fits, (63 ± 20) μm2/s and (59 ± 15) μm2/s, respectively, 
are in very good agreement, suggesting that the mobility of α-synuclein-mEGFP is identical before and after 
purification. In a next step, we investigated the ability of both versions of α-synuclein-mEGFP to interact with a 
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Figure 3.   Protein purification strategy. (a) The protein of interest (POI, blue) fused to mEGFP (green) and 
ALFA-tag (purple) or His tag (orange) in the case of synapsin was expressed in HEK293 or Expi293 cells, which 
were then lysed. The protein was then purified using an ALFA-tag purification system21 or Ni-NTA purification 
with consecutive size exclusion chromatography. (b) Example of a coomassie stained polyacrylamide gel 
showing, as an example, purified α-synuclein. The magenta box indicates the main band, which runs at the 
expected molecular weight. The full-length coomassie stained polyacrylamide gel for the remaining proteins is 
shown in Supplementary Fig. S2.
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SV pattern. We incubated the preparation in the presence of the SV pattern for two hours, and took fluorescence 
images of the mEGFP signal. For the purified α-synuclein, a fluorescent pattern (see Fig. 4b, left) similar to the SV 
signal (right) was visible in the GFP channel, indicating binding of the protein to the SVs. Using the non-purified 
cell lysate, as shown in Fig. 4c, the fluorescent pattern was not detectable in the GFP channel (left), although the 
SV pattern was present (right), indicating a reduced or null binding. We speculate that additional components in 
the cell lysate unspecifically bind to the SVs, thus blocking the binding sites for the proteins under investigation. 
Based on these results, we performed all remaining experiments with purified proteins, which simplified the 
assay, enabling us to concentrate solely on the interaction of one protein with the SVs, without the conflicting 
presence of all other proteins from the lysate.

Synaptic protein mobility in the presence of SVs.  After evaluating our in vitro model of a synapse 
using purified α-synuclein-mEGFP, we investigated ten additional soluble proteins. All these soluble proteins 
are known to be present in the synaptic bouton, and are important for different synaptic processes1,2,22. In brief, 
Rab3 is thought to be involved in the so-called priming process, preparing vesicles for exocytosis. Complexin 1 
and α-synuclein are involved in the late stages of exocytosis by interacting with the molecules fusing the vesicle 
to the plasma membrane (SNAREs). Clathrin, epsin, endophilin, amphiphysin and clathrin assembly lymphoid 
myeloid leukemia (CALM) are involved in endocytosis, from initializing membrane curvature to coating the 
forming vesicle. Rab7 is involved in SV sorting after endocytosis, whereas calmodulin acts as a general regula-
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Figure 4.   Comparison of cell lysate and purified α-synuclein-mEGFP. (a) Average normalized ACF of purified 
α-synuclein-mEGFP (closed squares, N = 30) and α-synuclein-mEGFP from HEK cell lysate (open squares, N 
= 30); there was no SV pattern present in these experiments; both protein preparations show the same diffusion 
behavior. (b) The purified α-synuclein-mEGFP interacted with the SV pattern (left hand side), as shown by 
the fluorescence signal (right; SV pattern visualized by anti-vGlut-STAR635P). (c) By contrast, α-synuclein-
mEGFP from the cell lysate (left) did not bind to the SV pattern (right). The images in (b) and (c) were recorded 
after 2 hours of incubation of the SV layer with α-synuclein-mEGFP. The scale bars are 25 μm. Note that the 
uniform fluorescence in the right images in (b) and (c) shows the bound SVs, whereas the small bright spots are 
aggregates.
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tor of calcium signaling, thereby affecting both exo- and endocytosis. Finally, we also included in this analysis 
synapsin I, a neuronal phosphoprotein that interacts with SVs and the actin cytoskeleton, and has recently been 
shown to form a liquid phase with lipid vesicles10.

Initially, the proteins were measured in bulk, i.e. without the SVs, to quantify the free diffusion. The averages 
of the ACFs for each protein (N varies between 18 and 70 single ACFs, 30 s of acquisition each) are reported in 
Fig. 5a, where each ACF was normalized to the maximum value, see legend for the color code. The distributions 
of the diffusion coefficients Dbulk retrieved from the single ACF curves are shown in Fig. 5c, and Table 1 sum-
marizes the average diffusion coefficients.

The large and heavy fluorescent EGFP-tag (27 kDa) decreases the diffusion coefficient of all proteins compared 
to the unlabeled case or the use of chemical labels, as the diffusion coefficient is proportional to the molecular 
weight of the diffusing molecule23. Relatively, this effect is more pronounced for the lighter proteins, such as 
α-synuclein (14 kDa) or calmodulin (16 kDa)11. In the case of calmodulin-mEGFP we obtained an average dif-
fusion coefficient of Dbulk = (79 ± 13) μm2/s, and for α-synuclein we obtained Dbulk = (60 ± 16) μm2/s, which 
both are only slightly lower than the diffusion coefficient for EGFP measured to be D = (85 ± 6) μm2/s. The rigid 
barrel-like shape of mEGFP might indeed influence and dominate the mobility of the mEGFP-fusion protein 
in the case of lighter proteins11. However, for the larger proteins, such as epsin (63 kDa), CALM (72 kDa) and 
synapsin (74 kDa), a clear difference between the protein diffusion coefficients and the EGFP diffusion coefficient 
was observed. For endophilin A1 (43 kDa), which has a size in-between the smallest and the largest examples 
considered here, the measured bulk diffusion coefficient was, as expected, smaller compared to the theoretical 
value for the protein without mEGFP, D = 97 μm2/s, calculated using the Stokes-Einstein law23 and considering 
a radius of gyration of 48 Å24, and comparable, within one standard deviation, to fluorescence recovery after 
photobleaching (FRAP) measurements on EGFP-fused endophilin A125.

When measured in the presence of SVs (Fig. 5b), the average ACFs (N varies between 20 and 90 single ACFs, 
30 s acquisition each) were more noisy for small τ , i.e. fast time scales, as shown in Figure 5b. The interaction with 
the SVs may lead to variations in the protein concentration in the observation volume, affecting the low-τ ACFs. 
Furthermore, as these measurements took place very close to the glass surface, artefacts like scattered photons or 
bleaching of the dye may be more pronounced26. In this case, we analyzed the ACFs using a two-component FCS 
model [Eq. (3)]. For all proteins, apart from EGFP, we found one diffusion coefficient, Dfree , in the same range 
as the bulk values, and a second, much lower one, Dbound . For a comparison of the bulk diffusion coefficients 
Dbulk and Dfree , see Supplementary Fig. S3. The ACFs of EGFP can be fully described with one component only, 
confirming that EGFP does not interact with the SVs. In fact, the average diffusion coefficient measured on the 
SV patterns, D = (81 ± 30) μm2/s is comparable to the value measured in bulk. For all proteins Dbulk and Dfree 
are very similar, however, in some cases Dfree is decreased to some extent in comparison to the bulk diffusion. 
We can only speculate about the reason for this behavior. Possibly the diffusing proteins are binding interaction 
partners from the vesicle surfaces, making them slightly heavier, or their mobility is decreased because of the 
confinement effects caused by the 2D vesicle pattern. By contrast, we attribute Dbound to the bound component. 
The corresponding distributions of the diffusion coefficients Dbound are shown as box plots in Fig. 5d, and in 
Table 1, the average values are reported.

The diffusion coefficients for the bound component are statistically different (Mann–Whitney test, p-values 
are presented in Table S1) from the diffusion coefficients measured without the SVs, indicating a clearly different 
mobility in the two cases. The decrease in mobility of synaptic proteins in the presence of SVs, between 7-fold 
(epsin) and 40-fold (amphiphysin), is shown by the ratio between the bulk diffusion coefficient Dbulk and the 
bound diffusion coefficient Dbound , see Fig. 6a. This decrease in mobility differs between different proteins. It 
reflects the diffusion coefficient Dfree of the proteins, since Dbound is very similar in all cases. In particular, the 

Table 1.   Summary of the diffusion coefficients measured in the absence (bulk) and presence (bound) of SVs. 
The % bound shown in the fourth column corresponds to the percentage of protein that interacts at any given 
moment, or the time-share the protein spends in bound state. As EGFP does not interact with the vesicles, the 
percentage of protein bound to the SVs is zero. Values are mean ± standard deviation of at least 12 different SV 
patterns per protein. The last column shows the molecular weight of the respective mEGFP-fusion protein.

Protein Dbulk ± SD (μm2/s) Dbound ± SD (μm2/s) % bound ± SD MW (kDa)

Amphiphysin-mEGFP 72 ± 31 2.2 ± 2.4 24 ± 13 105

α-Synuclein-mEGFP 60 ± 16 1.8 ± 2.0 15 ± 12 44

CALM-mEGFP 28 ± 13 2.8 ± 2.5 10 ± 10 99

Calmodulin1-mEGFP 79 ± 13 2.3 ± 2.5 10 ± 11 47

Clathrin-LC-B-mEGFP 64 ± 13 3.3 ± 2.7 22 ± 18 55

Complexin1-mEGFP 50 ± 11 1.6 ± 1.6 17 ± 14 45

EGFP 85 ± 6 – – 28

EndophilinA1-mEGFP 50 ± 12 2.4 ± 2.3 14 ± 14 70

Epsin-mEGFP 15 ± 10 2.4 ± 2.7 16 ± 11 90

Rab3a-mEGFP 55 ± 14 3.2 ± 2.9 15 ± 12 55

Rab7a-mEGFP 32 ± 23 2.8 ± 3.1 17 ± 14 53

Synapsin-EGFP 33 ± 3 3.3 ± 2.6 30 ± 18 102
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decrease in mobility is less pronounced for the heaviest proteins, CALM, epsin and synapsin, which naturally 
already show a lower mobility without the SVs. Interestingly, the average diffusion coefficients of the bound com-
ponent Dbound for the measured proteins do not depend on the molecular weight of the mEGFP-fusion proteins, 
as shown in Fig. 6b, but are all found to be on the order of 2 μm2/s. These results show that the decreased mobility 
in the presence of SVs is a property of binding and confinement effects, rather than a property of protein size. All 
measured proteins do, on average, interact with the SVs for at least 10 % of the time, as shown in Table 1, where 
the average percentages of the bound component are reported for all proteins.

We calculated the energy difference between the free and the bound state, taking advantage of Boltzmann 
statistics. The percentage of the bound component, shown in Fig. 6c, reflects the probability, or time-share, pb that 
a protein interacts with the SVs. Since we observe pb < 0.5 for all proteins, the interacting state has an average 
higher energy than the free state. In fact, the average energy difference �E derived from the average probability 
values (Table 1) is negative for all proteins, see Fig. 6d, left hand side axis. Note that these quantities were directly 
derived from the data plotted in Fig. 6c and are thus not independent. The energy difference is the energy neces-
sary to overcome entropy, which favors free diffusion. The energy difference and the ratio of transition rates for 
all single data points are shown in Supplementary Fig. S4. Neither quantity depends on the molecular weight 
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Figure 5.   FCS measurements of all purified synaptic proteins considered here. (a) Average normalized FCS 
curves of synaptic proteins diffusing in bulk, i.e. in the absence of SVs; see legend for color code. (b) Average 
normalized FCS curves of synaptic proteins diffusing in the presence of the SVs. (c) Diffusion coefficients Dbulk 
obtained from the fit of the FCS functions in (a). These diffusion coefficients reflect the 3D mobility of the 
proteins tagged with mEGFP in bulk. (d) Diffusion coefficients Dbound obtained from fitting the FCS functions 
in (b) (excluding EGFP which did not show a bound diffusion coefficient). In this case, two diffusion coefficients 
were found and we show only the bound component here. Supplementary Fig. S3 shows the free component 
in comparison to the bulk diffusion without SVs. In (c) and (d) the boxes extend from the lower quartile to the 
upper quartile of the data, the middle line in each box plot represents the median, the whiskers extend from 
the minimum to the maximum data point. The data were plotted using Python (Python Software Foundation, 
Python Language Reference, version 3.7 Available at http://www.pytho​n.org).
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of the protein-mEGFP-construct, supporting the idea that the measured interaction is governed by the binding 
properties of each single protein instead of the protein size. For all proteins, the average ratio of the transition 
rates from free to bound, rfb , and from bound to free, rbf  , is lower than 1, as shown in Fig. 6d, right hand side 
axis, suggesting that the transition from the bound state to the free state is more likely than vice versa. Thus, as 
expected from the average percentage of the bound pool, the proteins prefer the free state over the bound state. 
If the energy of the free state is influenced only by thermal energy, the energy of the bound state can be obtained 
in units of kBT using Eq. (7), see Supplementary Fig. S5. As expected, it is lowest for synapsin ( Eb = (2.5 ± 0.9) 
kBT ) and amphiphysin ( Eb = (2.8 ± 0.8) kBT ), the proteins that interact the most, and highest for calmodulin 
( Eb = (4.2 ± 1.0) kBT ), the protein that interacts the least.

Our in vitro results for Dbound are in agreement with literature values in living cells. For example, for calmo-
dulin in HEK cells11,13 a range from 0.01 up to 10 μm2/s, depending on the measuring conditions and the type 
of fluorescent label used, i.e. EGFP11 or chemical dyes13, was reported. This wide range of diffusion coefficients 
found in HEK cells also reflects different experimental techniques employed, i.e. correlation spectroscopy versus 
single-molecule tracking. Additionally, calmodulin is found in different cellular compartments, and is involved 
in different transport mechanisms. Another example is complexin 1, for which a diffusion coefficient of 2 μm2/s, 
similar to our value, was measured in synapses of living C. elegans12. Additionally, we compared our in vitro data 
with our recent data measured by FRAP in living neurons6. To do so, we show the median diffusion coefficients 
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Figure 6.   Interpretation of the diffusion coefficients measured in the presence of SVs. (a) Ratio between the 
diffusion coefficients for the non-interacting component Dbulk and for the interacting component Dbound for all 
synaptic proteins considered here. The protein mobility was considerably slowed down by interaction with the 
vesicles. (b) The average diffusion coefficients Dbound of the bound fraction do not correlate with the molecular 
weights of the mEGFP-fusion proteins. The colors represent the proteins, color coded as in (a). (c) Percentage 
of the time that each protein remains bound. (d) Energy difference between the free and the bound state (left 
hand side axis, diamonds) measured in units of kBT and ratio between the transition rate from free to bound 
state, rfb , and transition rate from bound to free state, rbf  (right hand side axis, circles). The colors represent 
the proteins, color coded as in (a) and (c). (e) The median diffusion coefficients Dbound of the interacting 
components (purple) are similar to the values obtained in synapses in living cells (blue), and are considerably 
higher than those obtained in the vesicle cluster in living cells (magenta)6. We performed a Kruskal-Wallis test 
followed by Tukey’s post-hoc test, and obtained p = 0.003 (significance level 0.05), confirming the statistical 
difference between Dbound and the values obtained in vesicle clusters, and no significant difference for Dbound 
and the values obtained in the synapse (p = 0.08). In (c) and (e) the boxes extend from the lower quartile to the 
upper quartile of the data, the middle line in each box plot represents the median, the whiskers extend from 
the minimum to the maximum data point. The data were plotted using Python (Python Software Foundation, 
Python Language Reference, version 3.7 Available at http://www.pytho​n.org).
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of the bound component Dbound together with median values derived from living neurons, see Fig. 6e. For the 
living neurons, we distinguished between values measured for the whole synapse (blue box plot) and for the 
vesicle cluster (magenta box plot). A Kruskal-Wallis test, followed by Tukey’s post-hoc test, confirmed the sig-
nificant difference (p-value = 0.003, α-level = 0.05, N = 9, CALM is excluded here as it was not measured in living 
cells) between the mobility measured in vitro in the presence of the SV pattern and in the dense vesicle cluster 
in living neurons. This difference may be due to the geometry of our in vitro synapse model, which constitutes 
a 2D layer of vesicles that is in contrast to the dense 3D cluster of vesicles found in cells, which might further 
reduce protein mobility. When quantifying the vesicle density on our 2D patterns using STED microscopy (see 
Supplementary Fig. S6), we find about 15 vesicles per μm2, with a distance of about 177 nm between vesicle 
centers. In real synapses, the density in a plane taken through the vesicle cluster is higher, around 37 vesicles per 
μm2, and 93 nm between vesicle centers. This may at least to some extent explain, why we do not reproduce the 
values found deep in the vesicle cluster.

By contrast, when comparing our in vitro results, averaged over all proteins, to data from living cells for the 
whole synapse, they are very similar. Indeed, a Kruskal-Wallis test confirmed the non-significant difference, with 
a p-value of 0.08 (α-level = 0.05, N = 9, CALM is excluded here as it was not measured in living cells), between 
the mobility measured in the in vitro vesicle pattern and in the overall synapse in living neurons. We speculate 
that our in vitro results reproduce the situation in cell compartments, where the protein mobility is mostly 
Brownian, complemented by vesicle interaction. By contrast, if active transport or extreme confinement affected 
the protein mobility in the synaptic bouton, the diffusion coefficients of the proteins would differ substantially.

In summary, all eleven proteins, excluding EGFP, bind to the patterned SVs, and a clear decrease of mobility 
was measured in all cases (see Fig. 6a). We did not find a correlation between the average time spent bound (see 
Table 1) and the diffusion coefficients of the bound fraction, Dbound . However, for some of the proteins, we can 
speculate about their binding behavior as measured here and their biological role and function.

Amphiphysin (light blue in Figs. 5 and 6) is known to directly interact with the lipids in the SVs27, rather than 
binding protein partners as is the case for most other proteins. This aspect is reflected in our finding that amphi-
physin is slowed down the most, spends the highest percentage of time bound to the SVs and consequently the 
binding energy Eb is lowest. Proteins that require protein partners, and especially soluble co-factors, to bind to the 
vesicles, would in contrast be at a disadvantage, as our purified vesicles are mostly devoid of soluble co-factors. 
Calmodulin (red in Figs. 5 and 6) spends the least time bound to the vesicles and thus has the highest binding 
energy Eb compared to the other proteins, which is to some extent expected, as this molecule is less strongly con-
nected to presynaptic function than all others. Calmodulin is a general signaling component that is also involved 
in many vesicle-unrelated processes, such as postsynaptic dynamics28. Similarly, CALM (purple in Figs. 5 and 6) 
shows a low percentage of time it spends bound and therefore has a high binding energy Eb . It is known to bind 
the SV SNAREs directly. However, the interaction is dependent on the presence of phosphatidylinositol 4,5-bis-
phosphate (PIP2 ), which is present in the SVs29, but not enriched as in the plasma membrane30. α-synuclein (dark 
blue in Figs. 5 and 6) is known to bind SNAREs31 and may attach to them on the SVs, thus being slowed down 
resulting in a low value for Dbound than the other proteins. We found synapsin to be the molecule that interacted 
most with the SVs. This molecule is capable of binding both SV proteins and SV lipids32 and its main function 
seems to be the tethering of vesicles to each other and to the actin cytoskeleton, being a main contributor to 
vesicle clustering33. It is therefore not surprising that it also displays a strong interaction in our assay.

Conclusion
We established a minimalist in vitro model of the synaptic environment, designed by patterning SVs on glass 
coverslips. We employed FCS on fluorescently tagged synaptic proteins to quantify their mobility in the presence 
of SVs. Our approach is able to mimic the situation in the cell very closely and offers the additional advantage 
of high controllability and flexibility. For example, in future experiments, the design could be combined with 
microfluidic channels to add or wash-out reagents in a highly defined manner. The system further allows to 
quantitatively assess how the addition of kinases and phosphatases affects the kinetics of protein binding to SVs. 
We observed a clear decrease in mobility for proteins in the presence of the SVs, which we attribute to interac-
tion events between the vesicles and the synaptic proteins. Overall, these data demonstrate that eleven different 
synaptic proteins, involved in different steps of SV exo- and endocytosis, can bind to SVs, which strongly reduces 
their mobility. Interestingly, the simple interaction to a monolayer of vesicles reduced the protein mobility to 
the values observed in living neurons to the level of the whole synapse6, thereby implying that SV interaction is 
a major controller of synaptic protein mobility. These experiments therefore provide an answer to the question 
of whether the SV cluster acts as a determinant of protein organization in the synapse, as described in the intro-
duction, and provide further support to the hypothesis that the SV cluster forms a distinct phase in the synapse, 
which locally concentrates a plethora of proteins important for synaptic transmission9.

Methods
Glass coverslip functionalization.  Glass coverslips (number 1, Thermo Scientific Technologies Inc., 
Wilmington, USA) were functionalized with neutravidin (Thermo Fisher Scientific, Waltham, MA, USA) to 
allow for the immobilization of SVs. The neutravidin was patterned on the glass coverslips using a photopatten-
ing system (PRIMO, Alvéole, Paris, France), mounted on top of an inverted microscope (Olympus IX83, Olym-
pus Europa SE & CO. KG, Hamburg, Germany). The photopatterning system was calibrated in the beginning of 
each patterning day, following the manufacturer’s instructions. Glass coverslips were cleaned by rinsing them 
with isopropanol. After drying the coverslips with dry N2, they were treated with air plasma (ZEPTO, plasma 
cleaner, Diener Electronics GmbH, KG Ebhausen, Germany) for 3 minutes at 40 W. After the plasma treatment, 
a polydimethylsiloxane (PDMS) stencil creating a circular chamber (diameter 3.5 mm) designed to enclose the 
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patterns, was applied to the surface, and 20 μL of PLL-g-PEG (0.1 mg/mL, PLL(20)-g[3.5]-PEG(2 kDa), SuSoS 
AG, Dübendorf, Switzerland) diluted in phosphate buffered saline (PBS) were added into the PDMS well and 
incubated for 1 h.

Figure 1a summarizes the main steps of the functionalization of the glass coverslips. The PLL-g-PEG coating 
provided the coverslips with anti-fouling properties, preventing unspecific protein adsorption. After rinsing 
three times with PBS, 8–10 μL of UV-sensitive photoinitiator (PLPP, Alvéole) were added into the PDMS well. To 
create the virtual mask with the pattern (in our case circular dots with 130 or 170 μm diameter), the open source 
software Inkscape (Inkscape Project, https​://inksc​ape.org) was used. The pattern was loaded into the photopat-
terning software, Leonardo (Alvéole), and a 20 × objective (Olympus LUCPLFLN 20X, NA = 0.45) projected 
the UV light through the virtual mask. The PLPP, once activated by UV light, degraded the anti-fouling layer of 
PLL-g-PEG, leaving the exposed regions available for the attachment of neutravidin. A dose between 1800 and 
2000 mJ/mm2 was used. After patterning, the PLPP was removed by washing three times with PBS, and neutra-
vidin (concentration of 0.05 mg/mL) was added to the pattern in the PDMS well. We used fluorescently labeled 
neutavidin-FITC (concentration of 0.05 mg/mL) to check the quality of the patterned substrate. However, in 
the actual experiments, unlabeled neutravidin was used. The protein was incubated overnight at 4 °C, and, after 
washing off the remaining protein with PBS, the functionalized glass coverslips were ready to be used.

Vesicle immobilization.  Biotinylated mouse anti-synaptotagmin monoclonal antibodies (Synaptic Sys-
tems GmbH, Göttingen, Germany), were added to neutravidin-functionalized coverslips (concentration of 0.01 
mg/mL) and incubated for 1 hour. SVs were purified from rat brain as previously described5 and incubated 
with anti-vGLUT1 single-domain antibodies (concentration of 0.05 mg/mL) labeled with STAR635P (Nanotag, 
Göttingen, Germany) for 1 hour. Subsequently, the pattern was washed with PBS 3 times and the labeled SVs 
were incubated on the pattern for 1 hour. The coverslips were then washed 3 times with PBS to remove unbound 
vesicles. A schematic representation of the resulting assembly is shown in Fig. 1b.

STED imaging and vesicle density quantification.  For quantification of the SV density, vesicles were 
immobilized on FITC-conjugated neutravidin patterns, as described above, and were stained with primary anti-
synaptophysin and secondary anti-guinea pig antibodies conjugated to STAR635P. Imaging was performed using 
an Abberior easy3D STED microscope (Abberior GmbH, Göttingen, Germany) equipped with a UPlanSApo 
100 ×, 1.4 NA oil immersion objective (Olympus) and an EMCCD iXon Ultra camera (Andor, Belfast, Northern 
Ireland, UK). A pulsed 640 nm laser was used for excitation, and an easy3D module 775 nm laser was used for 
depletion. Images were analyzed using a custom written Matlab script. In brief, the STED images were filtered 
using a bandpass filter to eliminate background noise and the spots above an empirically-defined threshold were 
identified. Their number was used to determine the vesicle densities, while their positions were used to measure 
the inter-vesicular distance. The example STED image presented in Supplementary Fig. S6 was processed by 
deconvolution, using in-built algorithms in Huygens Essential 4.4 (Scientific Volume Imaging, Hilversum, The 
Netherlands).

Protein purification.  The following proteins (with the respective mRNA reference sequence numbers indi-
cated in parentheses) were simultaneously tagged with mEGFP for FCS measurements and ALFA-tag for affinity 
purification21: α-synuclein (NM_001009158.3), amphiphysin (NM_022217.1), clathrin assembly lymphoid mye-
loid leukemia (CALM) (AF_041374.1), calmodulin 1 (NM_031969.2), clathrin light chain B (NM_053835.1), 
complexin 1 (U35098.1), endophilin A1 (NM_053935.1), epsin (NM_057136.1), Rab3a (NM_013018.2), and 
Rab7a (NM_023950.3). HEK293 cells were transfected with the coding plasmids using Lipofectamine 2000 
reagent (Invitrogen, Carlsbad, CA, USA) following the manufacturer’s recommendations. The proteins were 
expressed for approximately 24 hours and then purified using ALFA Selector PE-based chromatography. In 
brief, the cells were lysed with lysis buffer (1 % triton, 2 mM EDTA, protease inhibitor cocktail in PBS), the cell 
debris was pelleted by centrifugation and the supernatant was applied to the ALFA Selector PE resin. The ALFA-
tagged proteins were allowed to bind to the resin for 1 h at 4 °C, while rotating, and all non-bound components 
were washed away twice with lysis buffer and once with ice-cold PBS. The bound proteins were then eluted with 
ALFA elution peptide. The presence of the protein of interest was confirmed by observing mEGFP fluorescence 
at every purification step and the resulting purified fractions were analyzed on a coomassie stained polyacryla-
mide gel (Supplementary Fig. S2). EGFP-Synapsin 1 and EGFP were expressed in Expi293F cells (Thermo Fisher 
Scientific) for three days following enhancement. Cells were harvested and lysed in buffer that contained 25 mM 
Tris-HCl (pH 7.4), 300 mM NaCl, 0.5 mM TCEP (buffer A), and protease inhibitor (cOmplete Protease Inhibitor 
Cocktail, EDTA-free, Roche, Penzberg, Germany). The lysates were centrifuged for 1h at 20,000×g, followed by a 
two-step purification. The first step was affinity purification on an Ni-NTA column (HisTrap HP, GE Healthcare 
Life Sciences, Freiburg, Germany) with binding at 20 mM, wash at 40 mM, and elution with 400 mM Imidazole 
in buffer A. The second step was size exclusion chromatography (Superdex 200 Increase 10/300, GE Healthcare) 
in 25 mM Tris-HCl (pH 7.4), 150 mM NaCl, 0.5 mM TCEP.

Optical setup.  The setup used was based on an inverted microscope (Olympus IX73, Olympus). The exci-
tation light was provided by two pulsed diode lasers (Cobolt Samba-532 100 mW and Cobolt Calypso-491 25 
mW, Cobolt AB, Solna, Sweden) inserted into a laser combiner box (C-Flex, Cobolt AB). After exiting the optical 
fiber, the laser light passed through a clean-up filter (HC Laser Clean-Up MaxLine 491/1.9 or HC Laser Clean-up 
MaxLine 532/2, AHF Analysentechnik AG, Tübingen, Germany). The laser beam was expanded by a factor of 10 
in order to illuminate the full back aperture of the microscope objective. The laser intensity was attenuated with a 
neutral density filter (OD = 6, Qioptiq Photonics, Göttingen, Germany) before being deflected by a dichroic mir-
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ror (DualLine zt488/532rpc, AHF Analysentechnik AG) into the microscope. The laser beam was focused onto 
the sample using a 60× water immersion objective (UPlanApo, NA = 1.2, Olympus). The fluorescence light was 
then focused using an f = 200 mm lens onto the confocal pinhole (diameter 50 μm, Qioptiq Photonics). After the 
emission filter (Razor Edge Long Pass Filter 488 or RazorEdge LP Edge Filter 532, AHF Analysentechnik AG) 
the light was collimated using an f = 50 mm lens and directed to the avalanche photo diode ( τ-SPAD, Picoquant 
GmbH, Berlin, Germany). The τ-SPADs were connected to a digital correlator card (ALV-7004 USB, ALV-Laser 
Vertriebsgesellschaft mbH, Langen, Germany). The digital correlator card was directly connected to the PC to 
store the data and then analyze them using Python (Python Software Foundation, https​://www.pytho​n.org).

The same microscope was also used for epi-fluorescence microscopy. A mirror in the second deck of the 
microscope body enabled us to switch between the two microscope configurations. The excitation light came 
from a mercury arc lamp (X-Cite 120 PC Q, Excelitas Technologies, Waltham, USA) and was guided onto a 
fluorescence filter cube (filter sets available: DAPI, GFP, Cy3, TxRed and Cy5, all from AHF Analysentechnik 
AG). Images were acquired using a CCD-camera (Hamamatsu Orca R-2, Hamamatsu Photonics Deutschland 
GmbH, Herrsching am Ammersee, Germany) controlled by Micro-Manager34. To access different positions in 
the sample, an automated sample stage (Prior Scientific, Inc., Rockland, MA, USA) was used.

Single‑point FCS measurements.  FCS measurements without the SVs were performed using about 250 
μL of sample placed in an eight-well chamber slide (Nunc, Thermo Fisher Scientific). In the beginning of every 
measurement day, the setup was aligned and the observation volume was determined. The diameter of the obser-
vation volume, w0 , was calculated measuring the ACF of a well-characterized dye, Atto 488 (AttoTech GmbH, 
Siegen, Germany , D = (400 ± 10) μm2/s at 25 °C35) or Rhodamine 6G (Thermo Fisher, D = (414 ± 5) μm2/s at 25 
°C36), at a concentration of 10 nM. The ACF, was fitted using a single-component model for diffusion23:

where τ is the correlation time, N is the average number of fluorescently labeled objects in the observation 
volume, w0 and z0 are the beam profile parameters of the observation volume, τD = w0/4D is the diffusion time 
with D as the diffusion coefficient, and γ is the illumination profile factor, which in our case is 0.35. The one-
component ACF can also be rewritten as:

where G(0) is the amplitude of the ACF at τ = 0, which contains information about the concentration of the 
sample. The measurements were performed at 22 °C. Typically, the diameter of the observation volume was w0 = 
(310 ± 10) nm. Each protein was investigated using multiple samples with SV patterns. For each pattern, about 
30 ACFs were recorded with an acquisition time of 30 s each.

For the measurements, where we detected two diffusing components, a two-component model23 was employed 
to describe the data:

where N1 and N2 are the average numbers of fluorescently labeled objects of each species, N = N1 + N2 is the 
total number of diffusing objects and G1(τ ) and G2(τ ) correspond to the single species, see Eq. (2). The data were 
analyzed using a self-written fitting routine employing Python code. Measurements, where strong fluorescence 
peaks caused by aggregates affect the correlation curves, were excluded from the analysis. All correlation curves 
were fitted with a Levenberg-Marquardt nonlinear least-square routine.

Evaluation of interaction energy.  To describe the behavior of synaptic proteins in the presence of SVs, 
we assumed two states, a bound state b with an average energy Eb and an unbound, or free, state f with an average 
energy Ef  . We assumed that both states are always available to each copy of the proteins, i.e. no state is saturated 
or blocked by steric effects. The probability that a protein binds to an SV is pb and the probability that it freely dif-
fuses is pf  . Since we allowed for enough time for the system to equilibrate before the measurement, we assumed 
a steady state distribution between the bound and the unbound state and free state. The partition function Z of 
the two states is

with the thermal energy of the system kBT . The ratio of the probabilities to find the protein in the bound state 
pb or the free state pf  is obtained via Boltzmann distributions

Thus, the energy difference between the two states can be expressed as

(1)ACF(τ ) =
γ

N

1

1+ τ
τD

1
√

1+ τ
τD
(w0
z0
)2
,

(2)ACF(τ ) =
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N
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(3)ACF2(τ ) =
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,
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1
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1
Z exp (−Ef /kBT)

= exp((Ef − Eb)/kBT).

(6)Ef − Eb = kBT ln(pb/pi) = kBT ln(pb/(1− pb)).
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In first approximation, for the free state, we assumed three degrees of freedom, f = 3 , per protein, i.e. only 
translational kinetic energy, and thus assigned the energy Ef  = f /2 · kBT = 3/2 · kBT . Thus, for the energy of 
the bound state, we obtain

As we assume the system to be in equilibrium, the ratio of the transition rates rfb from the free state to the 
bound state and rbf  from the bound state to the free state directly follows from Eq. (5):

and consequently,

Thus, the transition from the free to the bound state is pb/pf  times slower than the reverse transition.

Data availability
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on reasonable request.

Code availability
The codes generated for the analysis in the current study are available from the corresponding author on request.

Received: 21 July 2020; Accepted: 17 November 2020

References
	 1.	 Südhof, T. C. The synaptic vesicle cycle. Annu. Rev. Neurosci. 27, 509–547. https​://doi.org/10.1146/annur​ev.neuro​.26.04100​2.13141​

2 (2004).
	 2.	 Rizzoli, S. O. Synaptic vesicle recycling: steps and principles. EMBO J. 33, 788–822. https​://doi.org/10.1002/embj.20138​6357 (2014).
	 3.	 Birks, R., Huxley, H. E. & Katz, B. The fine structure of the neuromuscular junction of the frog. J. Physiol. 150, 134–144. https​://

doi.org/10.1113/jphys​iol.1960.sp006​378 (1960).
	 4.	 Wilhelm, B. G. et al. Composition of isolated synaptic boutons reveals the amounts of vesicle trafficking proteins. Science 344, 

1023–1028. https​://doi.org/10.1126/scien​ce.12528​84 (2014).
	 5.	 Takamori, S. et al. Molecular anatomy of a trafficking organelle. Cell 127, 831–846. https​://doi.org/10.1016/j.cell.2006.10.030 (2006).
	 6.	 Reshetniak, S. et al. A comparative analysis of the mobility of 45 proteins in the synaptic bouton. EMBO J. e104596, https​://doi.

org/10.15252​/embj.20201​04596​ (2020).
	 7.	 Denker, A., Krohnert, K., Buckers, J., Neher, E. & Rizzoli, S. O. The reserve pool of synaptic vesicles acts as a buffer for proteins 

involved in synaptic vesicle recycling. Proc. Natl. Acad. Sci. USA 108, 17183–17188. https​://doi.org/10.1073/pnas.11126​90108​ 
(2011).

	 8.	 Shupliakov, O. The synaptic vesicle cluster: a source of endocytic proteins during neurotransmitter release. Neuroscience 158, 
204–210. https​://doi.org/10.1016/j.neuro​scien​ce.2008.03.035 (2009).

	 9.	 Milovanovic, D. & Camilli, P. D. Synaptic vesicle clusters at synapses: a distinct liquid phase?. Neuron 93, 995–1002. https​://doi.
org/10.1016/j.neuro​n.2017.02.013 (2017).

	10.	 Milovanovic, D., Wu, Y., Bian, X. & Camilli, P. D. A liquid phase of synapsin and lipid vesicles. Science 361, 604–607. https​://doi.
org/10.1126/scien​ce.aat56​71 (2018).

	11.	 Sanabria, H., Digman, M. A., Gratton, E. & Waxham, M. N. Spatial diffusivity and availability of intracellular calmodulin. Biophys. 
J. 95, 6002–6015. https​://doi.org/10.1529/bioph​ysj.108.13897​4 (2008).

	12.	 Wragg, R. T. et al. Synaptic activity regulates the abundance and binding of complexin. Biophys. J. 108, 1318–1329. https​://doi.
org/10.1016/j.bpj.2014.12.057 (2015).

	13.	 Johnson, C. K. & Harms, G. S. Tracking and localization of calmodulin in live cells. Biochim. Biophys. Acta 2017–2026, 2016. https​
://doi.org/10.1016/j.bbamc​r.2016.04.021 (1863).

	14.	 Strale, P.-O. et al. Multiprotein printing by light-induced molecular adsorption. Adv. Mater. 28, 2024–2029. https​://doi.org/10.1002/
adma.20150​4154 (2015).

	15.	 Saltzman, W., Radomsky, M., Whaley, K. & Cone, R. Antibody diffusion in human cervical mucus. Biophys. J. 66, 508–515. https​
://doi.org/10.1016/s0006​-3495(94)80802​-1 (1994).

	16.	 Dauty, E. & Verkman, A. S. Molecular crowding reduces to a similar extent the diffusion of small solutes and macromolecules: 
measurement by fluorescence correlation spectroscopy. J. Mol. Recognit. 17, 441–447. https​://doi.org/10.1002/jmr.709 (2004).

	17.	 Weiss, M., Elsner, M., Kartberg, F. & Nilsson, T. Anomalous subdiffusion is a measure for cytoplasmic crowding in living cells. 
Biophys. J. 87, 3518–3524. https​://doi.org/10.1529/bioph​ysj.104.04426​3 (2004).

	18.	 Fujiwara, T. K. et al. Confined diffusion of transmembrane proteins and lipids induced by the same actin meshwork lining the 
plasma membrane. Mol. Biol. Cell 27, 1101–1119. https​://doi.org/10.1091/mbc.e15-04-0186 (2016).

	19.	 Rhoades, E., Ramlall, T. F., Webb, W. W. & Eliezer, D. Quantification of α-synuclein binding to lipid vesicles using fluorescence 
correlation spectroscopy. Biophys. J. 90, 4692–4700. https​://doi.org/10.1529/bioph​ysj.105.07925​1 (2006).

	20.	 Nath, S., Meuvis, J., Hendrix, J., Carl, S. A. & Engelborghs, Y. Early aggregation steps in α-synuclein as measured by FCS and FRET: 
evidence for a contagious conformational change. Biophys. J. 98, 1302–1311. https​://doi.org/10.1016/j.bpj.2009.12.4290 (2010).

	21.	 Götzke, H. et al. The ALFA-tag is a highly versatile tool for nanobody-based bioscience applications. Nat. Commun. 10. https​://
doi.org/10.1038/s4146​7-019-12301​-7 (2019).

	22.	 Haucke, V., Neher, E. & Sigrist, S. J. Protein scaffolds in the coupling of synaptic exocytosis and endocytosis. Nat. Rev. Neurosci. 
12, 127–138. https​://doi.org/10.1038/nrn29​48 (2011).

	23.	 Lakowicz, J. R. Principles of Fluorescence Spectroscopy, 3 edn (Springer, New York, 2006).
	24.	 Wang, Q., Kaan, H. Y. K., Hooda, R. N., Goh, S. L. & Sondermann, H. Structure and plasticity of endophilin and sorting nexin 9. 

Structure 16, 1574–1587. https​://doi.org/10.1016/j.str.2008.07.016 (2008).

(7)Eb =
3

2
kBT − kBT ln(pb/(1− pb)).

(8)
rfb

rbf
=

pb

pf
= exp

(

(Ef − Eb)/kBT
)

,

(9)rfb = rbf · pb/pf .

https://doi.org/10.1146/annurev.neuro.26.041002.131412
https://doi.org/10.1146/annurev.neuro.26.041002.131412
https://doi.org/10.1002/embj.201386357
https://doi.org/10.1113/jphysiol.1960.sp006378
https://doi.org/10.1113/jphysiol.1960.sp006378
https://doi.org/10.1126/science.1252884
https://doi.org/10.1016/j.cell.2006.10.030
https://doi.org/10.15252/embj.2020104596
https://doi.org/10.15252/embj.2020104596
https://doi.org/10.1073/pnas.1112690108
https://doi.org/10.1016/j.neuroscience.2008.03.035
https://doi.org/10.1016/j.neuron.2017.02.013
https://doi.org/10.1016/j.neuron.2017.02.013
https://doi.org/10.1126/science.aat5671
https://doi.org/10.1126/science.aat5671
https://doi.org/10.1529/biophysj.108.138974
https://doi.org/10.1016/j.bpj.2014.12.057
https://doi.org/10.1016/j.bpj.2014.12.057
https://doi.org/10.1016/j.bbamcr.2016.04.021
https://doi.org/10.1016/j.bbamcr.2016.04.021
https://doi.org/10.1002/adma.201504154
https://doi.org/10.1002/adma.201504154
https://doi.org/10.1016/s0006-3495(94)80802-1
https://doi.org/10.1016/s0006-3495(94)80802-1
https://doi.org/10.1002/jmr.709
https://doi.org/10.1529/biophysj.104.044263
https://doi.org/10.1091/mbc.e15-04-0186
https://doi.org/10.1529/biophysj.105.079251
https://doi.org/10.1016/j.bpj.2009.12.4290
https://doi.org/10.1038/s41467-019-12301-7
https://doi.org/10.1038/s41467-019-12301-7
https://doi.org/10.1038/nrn2948
https://doi.org/10.1016/j.str.2008.07.016


13

Vol.:(0123456789)

Scientific Reports |        (2020) 10:21086  | https://doi.org/10.1038/s41598-020-77887-1

www.nature.com/scientificreports/

	25.	 Ross, J. A. et al. Dimeric endophilin a2 stimulates assembly and GTPase activity of dynamin 2. Biophys. J. 100, 729–737. https​://
doi.org/10.1016/j.bpj.2010.12.3717 (2011).

	26.	 Ries, J. & Schwille, P. New concepts for fluorescence correlation spectroscopy on membranes. Phys. Chem. Chem. Phys. 10, 3487. 
https​://doi.org/10.1039/b7181​32a (2008).

	27.	 Salzer, U., Kostan, J. & Djinović-Carugo, K. Deciphering the BAR code of membrane modulators. Cell. Mol. Life Sci. 74, 2413–2438. 
https​://doi.org/10.1007/s0001​8-017-2478-0 (2017).

	28.	 Xia, Z. & Storm, D. R. The role of calmodulin as a signal integrator for synaptic plasticity. Nat. Rev. Neurosci. 6, 267–276. https​://
doi.org/10.1038/nrn16​47 (2005).

	29.	 Paolo, G. D. & Camilli, P. D. Phosphoinositides in cell regulation and membrane dynamics. Nature 443, 651–657. https​://doi.
org/10.1038/natur​e0518​5 (2006).

	30.	 Miller, S. E. et al. The molecular basis for the endocytosis of small r-SNAREs by the clathrin adaptor CALM. Cell 147, 1118–1131. 
https​://doi.org/10.1016/j.cell.2011.10.038 (2011).

	31.	 Tang, Y., Das, U., Scott, D. A. & Roy, S. The slow axonal transport of alpha-synuclein-mechanistic commonalities amongst diverse 
cytosolic cargoes. Cytoskeleton 69, 506–513. https​://doi.org/10.1002/cm.21019​ (2012).

	32.	 Cesca, F., Baldelli, P., Valtorta, F. & Benfenati, F. The synapsins: Key actors of synapse function and plasticity. Progress Neurobiol. 
91, 313–348. https​://doi.org/10.1016/j.pneur​obio.2010.04.006 (2010).

	33.	 Pechstein, A. et al. Vesicle clustering in a living synapse depends on a synapsin region that mediates phase separation. Cell Rep. 
30, 2594–2602. https​://doi.org/10.1016/j.celre​p.2020.01.092 (2020).

	34.	 Edelstein, A., Amodaj, N., Hoover, K., Vale, R. & Stuurman, N. Computer control of microscopes using μmanager. Curr. Protoc. 
Mol. Biol. 92. https​://doi.org/10.1002/04711​42727​.mb142​0s92 (2010).

	35.	 Kapusta, P. Absolute diffusion coefficients: Compilation of reference data for fcs calibration. PicoQuant GmbHhttps​://www.picoq​
uant.com/scien​tific​/techn​ical-and-appli​catio​n-notes​/categ​ory/techn​ical_notes​_techn​iques​_and_metho​ds (2010).

	36.	 Müller, C. B. et al. Precise measurement of diffusion by multi-color dual-focus fluorescence correlation spectroscopy. Europhys. 
Lett. 83, 46001. https​://doi.org/10.1209/0295-5075/83/46001​ (2008).

Acknowledgements
This work was supported by the German Research Foundation (DFG) in the framework of SFB 1286 “Quantita-
tive Synaptology”, project B02, and under Germany‘s Excellence Strategy - EXC 2067/1- 390729940. Further 
funding was provided by the European Research Council (ERC, Grant No. CoG 724932) and the Studienstiftung 
des deutschen Volkes e.V.

Author contributions
S.K. and S.O.R. conceived the project and supervised the experiments, E.P. and S.R. conducted the experiments, 
CH and DM purified synapsin and EGFP. , E.P., S.R., S.O.R. and C.L. analyzed the data. All authors wrote the 
manuscript.

Funding
Open Access funding enabled and organized by Projekt DEAL.

Competing interests 
SOR is a shareholder of NanoTag Biotechnologies and received compensation as consultant of NanoTag Bio-
technologies. There are no conflicts of interest for any of the other authors.

Additional information
Supplementary information is available for this paper at https​://doi.org/10.1038/s4159​8-020-77887​-1.

Correspondence and requests for materials should be addressed to S.K.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://creat​iveco​mmons​.org/licen​ses/by/4.0/.

© The Author(s) 2020

https://doi.org/10.1016/j.bpj.2010.12.3717
https://doi.org/10.1016/j.bpj.2010.12.3717
https://doi.org/10.1039/b718132a
https://doi.org/10.1007/s00018-017-2478-0
https://doi.org/10.1038/nrn1647
https://doi.org/10.1038/nrn1647
https://doi.org/10.1038/nature05185
https://doi.org/10.1038/nature05185
https://doi.org/10.1016/j.cell.2011.10.038
https://doi.org/10.1002/cm.21019
https://doi.org/10.1016/j.pneurobio.2010.04.006
https://doi.org/10.1016/j.celrep.2020.01.092
https://doi.org/10.1002/0471142727.mb1420s92
https://www.picoquant.com/scientific/technical-and-application-notes/category/technical_notes_techniques_and_methods
https://www.picoquant.com/scientific/technical-and-application-notes/category/technical_notes_techniques_and_methods
https://doi.org/10.1209/0295-5075/83/46001
https://doi.org/10.1038/s41598-020-77887-1
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	A minimalist model to measure interactions between proteins and synaptic vesicles
	Results and discussion
	An in vitro replica of the synapse. 
	Mobility and binding efficiency of synaptic proteins. 
	Synaptic protein mobility in the presence of SVs. 

	Conclusion
	Methods
	Glass coverslip functionalization. 
	Vesicle immobilization. 
	STED imaging and vesicle density quantification. 
	Protein purification. 
	Optical setup. 
	Single-point FCS measurements. 
	Evaluation of interaction energy. 

	References
	Acknowledgements


