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Synaptic vesicles

Figure S1: Comparison of different scattering curves obtained on synaptic vesicles in previous studies by Komorowski et al.
(yellow) (1) and Castorph et al. (violet) (2) and in this study (blue,red). Especially in the intermediate q-range, all curves exhibit
a similar functional form sharing characteristic modulations. The deviations in the small q-range are caused by the different
amount of contamination by larger membranous particles.



Figure S2: Scattered intensities and corresponding structure factors for measurements on SV-synapsin condensates in TRIS
buffer. (a) Scattered intensities of samples containing 60 nm SVs in TRIS buffer and 6 𝜇M synapsin, corresponding to a
𝑃/𝐿 = 1 : 70, measured at a detector distance of 3 m and an acquisition time of 0.1 s. (b) Structure factor a of the scattering
curves shown in (a) (blue) and least-square fit with the distribution introduced in Eq. 3 compared to the structure factor of the
sample with 𝑃/𝐿 = 1 : 124 previously shown in Fig. 4 (b)(red). For a better comparison of the structure factors, the 1:124
curve was vertically shifted. (c) Scattered intensity of a sample with 𝑃/𝐿 = 1 : 70 measured at a detector distance of 10 m with
an acquisition time of 0.1 s. (d) Structure factor obtained from the scattering curves in (c) and least square fit with distribution
introduced in Eq. 3.



Figure S3: Comparison of structure factors condensates of SVs in sucrose and synapsin with and without the subtraction of
synapsin, the curves are shifted vertically for clarity. The structure factors are calculated as described in the result section. The
structure factor for a 𝑃/𝐿 = 1 : 41 significantly changes with the subtraction of synapsin and a peak that was previously not
visible emerges. For the lower 𝑃/𝐿𝑠 the change becomes less significant and decreases with a decreasing 𝑃/𝐿.



Error estimation
The fitting errors and covariance matrices for the nonlinear least-square fits shown in Fig. 3 were determined as described in
(1). Onehundred pseudo-realizations of the ’experimental’ data were generated from randomly drawn values from a normal
distribution around each measured data point. The standard derivation of the distribution was described by the experimental
errors. By fitting the synaptic vesicle model to the generated data, a parameter vector was obtained, which is then used
to calculate the fit errors for each model parameter as well as the covariance matrix. The resulting model parameters and
corresponding fit errors are tablated in Tab. S1, the correlation matrices for SVs in sucrose and SVs in TRIS buffer are tabulated
in Tab. S2 and S3, respectively. An explanation of the parameters of the covariance matrix is given in Tab. S4.

Model fit parameter SV sucrose buffer SV TRIS buffer Unit
𝜌in, 𝜌out 35.5 ± 0.3 46.8 e− nm−3

𝜌tail −40.14 ± 0.3 -28.8 e− nm−3

𝑡in, 𝑡out 1.86 ± 0.02 1.69 ± 0.03 nm
𝑡tail 0.97 ± 0.02 1.07 ± 0.03 nm
𝑅in
𝑔 2.28 ± 0.04 1.87 ± 0.1 nm

𝑅out
𝑔 4.8 ± 0.05 5.25 ± 0.12 nm

𝑁 in
𝑐 /(4𝜋(𝑅 − 𝐷 − 𝑅in

𝑔 )2) 0.028 ± 0.0012 0.031 ± 0.003 nm−2

𝑁out
𝑐 /(4𝜋(𝑅 + 𝑅in

𝑔 )2) 0.00096 ± 0.0001 0.0008 ± 0.0001 nm−2

𝜌𝑐 40.7 ± 0.03 52.1 e− nm−3

R 16.95 16.95 nm
𝜎R 3.92 3.92 nm
Amplitude 242.7 ± 3.2 232.6 ± 1.6 Arb. units
Rlarge 179.4 ± 6.6 261.6 ± 6.2 nm
𝜎R,large 46.2 ± 2.3 78.6 ± 2.3 nm
Amplitudelarge 1.91 ± 0.11 1.25 ± 0.05 Arb. units
Scale 0.79 ± 0.02 0.091 ± 0.004 -
Constant background 0.0028 ± 0.0001 −3.6 · 10−6 ± 6 · 10−6 1/mm

Table S1: Model parameters and corresponding fit errors resulting from the least-squares fit of the N=100 generated pseudo
experimental data using the synaptic vesicle model. The fitting was performed as described in the results section. The maximum
number of iterations was set to 500.

𝑃1 𝑃2 𝑃3 𝑃4 𝑃5 𝑃6 𝑃7 𝑃8 𝑃9 𝑃10 𝑃11 𝑃12 𝑃13
𝑃1 1 -0.91 0.96 -0.66 -0.57 0.76 -0.06 0.75 0.53 -0.22 0.17 0.21 0.16
𝑃2 -0.91 1 -0.98 0.8 0.36 -0.55 0.06 -0.86 -0.63 0.27 -0.2 -0.28 -0.29
𝑃3 0.96 -0.98 1 -0.74 -0.45 0.66 -0.05 0.83 0.64 -0.27 0.21 0.27 0.29
𝑃4 -0.66 0.8 -0.74 1 0.25 -0.25 0.03 -0.98 -0.55 0.12 -0.08 -0.15 -0.23
𝑃5 -0.57 0.36 -0.45 0.25 1 -0.7 -0.49 -0.34 0.09 -0.15 0.04 0.18 0.36
𝑃6 0.76 -0.55 0.66 -0.25 -0.7 1 -0.09 0.38 0.11 -0.17 0.14 0.13 -0.21
𝑃7 -0.06 0.06 -0.05 0.03 -0.49 -0.09 1 -0.01 0.07 0.27 -0.08 -0.29 0.13
𝑃8 0.75 -0.86 0.83 -0.98 -0.34 0.38 -0.01 1 0.59 -0.14 0.1 0.15 0.25
𝑃9 0.53 -0.63 0.64 -0.55 0.09 0.11 0.07 0.59 1 -0.31 0.3 0.31 0.91
𝑃10 -0.22 0.27 -0.27 0.12 -0.15 -0.17 0.27 -0.14 -0.31 1 -0.97 -0.95 -0.26
𝑃11 0.17 -0.2 0.21 -0.08 0.04 0.14 -0.08 0.1 0.3 -0.97 1 0.91 0.26
𝑃12 0.21 -0.28 0.27 -0.15 0.18 0.13 -0.29 0.15 0.31 -0.95 0.91 1 0.25
𝑃13 0.16 -0.29 0.29 -0.23 0.36 -0.21 0.13 0.25 0.91 -0.26 0.26 0.25 1

Table S2: Correlation matrix for the varied fit parameters obtained for SVs in sucrose buffer.



𝑃1 𝑃2 𝑃3 𝑃4 𝑃5 𝑃6 𝑃7 𝑃8 𝑃9 𝑃10 𝑃11 𝑃12
𝑃1 1 -0.87 0.96 -0.7 -0.93 0.85 -0.61 0.8 0.96 -0.77 0.76 0.73
𝑃2 -0.87 1 -0.95 0.8 0.7 -0.67 0.44 -0.88 -0.82 0.76 -0.65 -0.72
𝑃3 0.96 -0.95 1 -0.77 -0.86 0.81 -0.56 0.89 0.94 -0.8 0.74 0.75
𝑃4 -0.7 0.8 -0.77 1 0.53 -0.47 0.48 -0.96 -0.75 0.72 -0.67 -0.68
𝑃5 -0.93 0.7 -0.86 0.53 1 -0.9 0.53 -0.66 -0.93 0.68 -0.74 -0.65
𝑃6 0.85 -0.67 0.81 -0.47 -0.9 1 -0.56 0.61 0.9 -0.61 0.62 0.61
𝑃7 -0.61 0.44 -0.56 0.48 0.53 -0.56 1 -0.51 -0.63 0.58 -0.53 -0.61
𝑃8 0.8 -0.88 0.89 -0.96 -0.66 0.61 -0.51 1 0.83 -0.77 0.7 0.71
𝑃9 0.96 -0.82 0.94 -0.75 -0.93 0.9 -0.63 0.83 1 -0.78 0.77 0.75
𝑃10 -0.77 0.76 -0.8 0.72 0.68 -0.61 0.58 -0.77 -0.78 1 -0.94 -0.89
𝑃11 0.76 -0.65 0.74 -0.67 -0.74 0.62 -0.53 0.7 0.77 -0.94 1 0.82
𝑃12 0.73 -0.72 0.75 -0.68 -0.65 0.61 -0.61 0.71 0.75 -0.89 0.82 1

Table S3: Correlation matrix for the varied fit parameters obtained for SVs in TRIS buffer.

𝑃1 𝐷/2, half thickness of the shell
𝑃2 𝑁out

𝑐 /(4𝜋(𝑅 + 𝑅in
𝑔 )2)

𝑃3 𝑅out
𝑔

𝑃4 𝑁 in
𝑐 /(4𝜋(𝑅 − 𝐷 − 𝑅in

𝑔 )2)
𝑃5 Scale
𝑃6 Constant background
𝑃7 Amplitude
𝑃8 𝑅out

𝑔

𝑃9 Fraction 𝑡headgroup/𝐷
𝑃10 Rlarge
𝑃11 Amplitudelarge
𝑃12 Rlarge
𝑃13 excess scattering of sucrose buffer (compared to water)

Table S4: Explanation of the fit parameters 𝑃𝑖 in the correlation matrix.



Lipid Vesicles
Additional to SVs, condensates of lipid vesicles and synapsin were measured. Figure S4 (a) shows the scattered intensities of
samples containing 6 𝜇M synapsin, 1.56 mM LV4 and condensates thereof with 𝑃/𝐿 = 1 : 260 measured at a sample distance
of 3 m. For the pure LV4 sample, a curve measured at a concentration of 5 mM LV4 was used and the intensity was scaled to fit
the intensity of a 1.56 mM LV4 sample.
To obtain more quantitative information on the vesicles, a model for the scattered intensity is fitted to the data. For this fit, the
model described in (3, 4) was used. In the model, the vesicles are described as polydisperse spherical particles with a Gaussian
distributed polydispersity with mean radius R and width 𝜎𝑅. The radius is described as the radius to the center of the lipid
bilayer. The radial electron density profile of the lipid bilayer is described by three Gaussians as

𝜌(𝑟) =
3∑︁
𝑖=1

𝜌𝑖 exp

(
−(𝑧 − 𝑧𝑖)2

2𝑡2
𝑖

)
, (1)

representing the head- and tail-regions of the lipids, with relative electron density 𝜌𝑖 , position 𝑧𝑖 and width 𝑡𝑖 . The profile is
assumed to be symmetric, so 𝜌h = 𝜌h,in = 𝜌h,out, 𝜎h = 𝜎h,in = 𝜎h,out and 𝑧h = 𝑧h,in = −𝑧h,out. The position of the tail-region is
fixed at 𝑧t = 0 and the relative electron density at 𝜌t = −1, all other model parameters were freely varied. A powerlaw-corrected
background described by 𝐼background (𝑞) = 𝑐2 𝑞−𝑐3 + 𝑐4 was added to the model intensity. The last 330 points were not included
in the fitting process. To fit the model to the data a least squares fit with the a reduced 𝜒2 cost function (see Eq. 2) was performed.
For fitting, the lsqnonlin-function of the Matlab R2020a Optimization toolbox was used, for numerical implementation of the
model was performed as described in (5). The resulting model fit curve and the resulting electron density profile are shown in
Fig. S4 (a), the corresponding model parameters are tabulated in Tab S5.
The structure factor calculated from the scattering curves in (a) are shown in (b) and (c). While in (c) the intensity of synapsin
is subtracted form the intensity of the cluster before the division, no subtraction was performed in (b). Both structure factors
show a peak at 𝑞 ≈ 0.3 nm−1, to determine the exact peak position, a skewed Cauchy-Lorentz distribution (see Eq. 3) was
fitted to the data. The resulting model parameters are shown in Tab. S6. Figure S4 (d) shows the scattering curves for samples
containing 6 𝜇M synapsin, 11 mM LV4 and condensates thereof measured at a sample distance of 10 m. The structure factors
without and with subtraction of synapsin are shown in (e) and (f) respectively. Again, a skewed Cauchy-Lorentz distribution
was fitted to the structure factors, the resulting model parameters are shown in Tab. S6.



Model fit parameter value
𝑡h 0.34
𝑡t 0.74
𝜌h 1.42
𝜌t 1 (fixed)
𝑧h ±1.99
𝑧t 0 (fixed)
R (nm) 13.85
𝜎R 8.1
scale 1.3 · 10−6

𝑐2 7.4 · 10−9

𝑐3 5.2
𝑐4 1.6 · 10−4

Table S5: Model parameters for the least-squares fit of the scattered intensity of 5 mM LV4, shown in Fig. S4 (a) using the
model described in (4). The vesicles are described as Gaussian distributed polydisperse particles with a mean radius R and a
width 𝜎R. The electron density profile is described by three Gaussians with amplitude (relative electron densities) 𝜌𝑖 , width 𝑡𝑖
and position 𝑧𝑖 , 𝑖 ∈ {hin, hout, t}. The profile is assumed to be symmetric. Additional background was described by a powerlaw
correction 𝐼background = 𝑐2𝑞

−𝑐3 + 𝑐4 .

Model fit parameter 3 m (Fig. S4 (b)) 3 m, (fig. S4 (c)) 10 m (fig. S4 (e)) 10 m (fig. S4 (f))
no subtraction synapsin subtracted no subtraction synapsin subtracted

𝜎 0.119 ± 0.003 0.121 ± 0.004 0.16 ± 0.06 0.20 ± 0.02
𝜇 0.313 ± 0.003 0.315 ± 0.003 0.299 ± 0.003 0.142 ± 0.007
𝜆 0.8 ± 0.11 0.66 ± 0.16 0.78 ± 0.092 0.3 ± 0.5
scale 10.82 ± 0.18 10.96 ± 0.22 2.26 ± 0.08 0.73 ± 0.05

Table S6: Parameters resulting from the least squares fits to the calculated LV4-synapsin structure factors, shown in Fig. S4
using a skewed Cauchy-Lorentz distribution (Eq. 3). 𝜎 describes the HWHM of the distribution, 𝜇 the position of the peak and
𝜆 the skewness of the distribution.



Figure S4: Scattered intensities and corresponding structure factor curves for measurements on LV4-synapsin condensates. (a)
Scattering curves of LV4-synapsin condensates at concentrations of 6 𝜇M synapsin and 1.56 mM LV4 (𝑃/𝐿=1:260) measured
at a detector distance of 3 m. The acquisition time of the pure synapsin sample was 0.1 s, of the pure LV4 sample 0.5 s and of
the condensate sample 0.2 s. The pure LV4 sample was measured at a concentration of 5 mM and the intensity was scaled to fit
the intensity of a 1.56 mM LV4 sample. (b) Structure factor of the LV4-synapsin condensates calculated from the scattering
curves in (a). The intensity of pure synapsin is not subtracted form the intensity of the condensates. (c) Structure factor of
the LV4-synapsin condensates calculated from the scattering curves in (a). In contrast to (b), the intensity of pure synapsin is
subtracted before division by the intensity of SVs. (e) Scattering curves of LV4-synapsin condensates at concentrations of
6 𝜇M synapsin and 11 mM LV4 (𝑃/𝐿=1:1833) at a detector distance of 10 m. Even though there is almost no indication of
vesicle clustering in the low q-range, which is attributed to the excess of free lipid vesicles at such high lipid concentrations, the
signal of the fraction of condensates is visible in the high q-range. This is also visible in the resulting structure factors, which
are shown without (e) and with (f) the subtraction of synapsin. Even though an excess of synapsin is not reasonable for such
high lipid concentrations, we show this curve for completeness. All samples were measured at an acquisition time of 0.1 s. (e)
Structure factor of the LV4-synapsin condensates calculated form the scattering curves in (d). (f) Structure factor obtained
from the curves in (d), in contrast to (e), the pure synapsin intensity is subtracted before division. A skewed Cauchy-Lorentz
distribution (see Eq. 3) was fitted to all structure factor curves. The model parameters for these fits are shown in Tab. S6.
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