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Supplementary method: 

 

Alphascreen assay: 

Direct interactions between monomeric N-terminal mCherry α-SYN and the N-GFP Lewy Body 

proteins were assessed using AlphaScreen. AlphaScreen is a nanobead assay, where the two 

interacting proteins bring a “donor” bead and an “acceptor” bead in close proximity. The donor bead is 

coated with streptavidin, which binds biotin-coupled GFP nanotrap. The GFP nanotrap recruits the 

GFP-tagged protein (LB protein). The acceptor bead is coated with anti-myc antibody that binds to the 

mCherry-myc tag of α-SYN. The donor bead contains phtalocyanine, a photosensitizer that converts 

ambient oxygen to an excited state upon illumination at 680 nm. The resulting singlet oxygen has a 

half life of 4µs, in which it can diffuse ∼200 nm in solution, before returning to its triplet unexcited 

state. If the two proteins (N-Cherry α-SYN and N-GFP LB protein) interact, the beads are brought 

within that distance and the singlet oxygen reacts with thioxene derivatives in the acceptor bead, 

leading to emission of light at 520-620 nm. The technique has high sensitivity, thanks to the local 

increase of the concentration of the proteins at the surface of the beads, allowing the formation of low 

affinity complexes. However, AlphaScreen signal is dependent on the concentration of the protein: at 

optimal protein-to-bead ratios (when the beads are fully coated), a maximum signal is detected as 

shown by a typical ‘hook effect’ in the quantified luminescence emitted (Figure 2-b).  

In this study we take advantage of another aspect of the system. We performed 4 serial dilutions of 

the samples containing the co-expressed proteins to find the optimal proteins-to-beads ratio. 

Typically, optimal coating of the beads is achieved when we dilute the LTE by 3-4 orders of 

magnitude. At these (lower) concentrations, dissociation rates are high and even aggregation-prone 

proteins will be largely monomeric. Therefore, the presence of few aggregates should not overwhelm 

the system and interactions between aggregates will have the same influence as interactions between 

two monomers.  

 

Two-color Coincidence Detection (TCCD) to study PPIs: 

Two-color coincidence detection (TCCD) refers to the simultaneous excitation of two fluorophores by 

two independent lasers and detection of the fluorescence emitted as a result. TCCD relies on the 

diffusion of a dual-labelled complex (such as an heterogenous aggregate of two differently tagged 

species) through the confocal volume, which gives rise to coincident bursts of fluorescence on both 

channels. This approach can be used to sensitively detect the presence of dual-labelled molecules, 

even in the presence of a large excess of singly labelled molecules, as are typically our cell-free 

expressed samples of fluorescent proteins. It can also be used to determine the stoichiometry of the 

complex (hence, of the interaction).  

The identification of fluorescent events in TCCD is achieved by counting the number of photons 

emitted at a set interval time 𝜏. First, however, one must define what is to be considered an ‘event’. 

This is achieved by establishing thresholds, above which bursts are recorded. The presence of two 

events on both channels at the same bin-time (selected by the operator) is read as a coincident event. 

The simple binning-threshold method for event selection functions extremely well providing that signal 
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to noise ratio is sufficiently high, and the interval time is longer than the diffusion time of the molecule 

across the probe volume.  

TCCD is now being applied to increasingly complex systems, bringing about issues in the detection of 

fluorescent events.  Systems where the expression level of proteins is difficult to control or where 

background levels are too high may affect the threshold selection. Another factor we had to overcome 

in this study is the occurrence of chance coincident events, i.e. when two species tagged with 

different colours enter the confocal volume at the same time by chance. Ideally, chance coincident 

events should represent only a fraction of the total number of events, but sometimes chance for co-

diffusion can increase. This is particularly critical in our studies of interactions with α-SYN fibrils, which 

were performed at single molecule concentrations, where dissociation rates can be higher. 

To tackle these limitations the choice of threshold is critical, and here we followed an optimized 

methodology published by Clarke and colleagues13, as described next. 

 

Association Quotient (Q) 

Choosing optimal thresholds to define an ‘event’ is a critical step in burst detection: the threshold 

should be high enough that exceeds the background level and minimizes detection of chance co-

diffusions; it should also be low enough that ensures collection of enough fluorescent events. 

Correction for chance can be incorporated into the calculation of an association quotient, Q, that 

defines a fraction of coincident events from the total number of events. Clarke et al13 have 

demonstrated recently that appropriate thresholds can be calculated automatically by plotting the 

population of Q values as a function of the thresholds and finding the maximum Q values. According 

to the authors, Q is defined as: 

 

 
Q =  

(C −  E)

(A + B − (C − E))
 (1) 

 

Where A and B are the events in the two channels, the observed rate of coincident events is C and 

the estimated rate of events that occur by chance is given by E, which in turn can be defined as: 

 

 E = ABτ (2) 

 

Where A and B are the total rates of events in the two channels and 𝜏 is the interval time in seconds. 

In Figure 3-a-iii we show a simple representation of a Q value calculated for a control co-expression 

of C-GFP-tagged G51D α-SYN with C-Cherry-tagged G51D. We used the approach described in the 

manuscript mentioned above13 to calculate, for each time trace of co-expressed m-Cherry- and GFP-

tagged proteins the optimal threshold, as shown in Figure S3.  

In sum, by plotting thresholds against each corresponding Q value, we obtain a color-field graph such 

as represented in Figure S3, and we are then able to define the optimal threshold as the lower 

threshold that gives the maximum Q value. This is represented in our example in Figure S3 (panels 

B and D) as the darker warm colours and in the raw trace (panels A and C) as the blue lines. Below 
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this threshold, the background is too high, increasing the chance (𝐸) for non-interacting partners to 

co-diffuse (therefore decreasing 𝑄 in equation 5); on the other hand, above this threshold we sample 

a number of events that is too low for a representative analysis. In the color-field maps above, we see 

high Q values at the top of the graph as well, owing to the very few events that are detected at such 

high levels, which will mostly be picked as coincident; hence we automatically select the lower 

threshold. This example shows the importance of threshold selection in our work, as we performed 

hundreds of coexpressions of proteins. Therefore, a fast, expedite and automated way of calculating 

association quotients in a high throughput manner was required. 

By applying this methodology to all our co-expression traces we obtained consistent Q values, as 

shown by relatively low dispersity of replicates in our results section. 

 

Coincidence ratio for stoichiometry analysis 

In this work we calculated stoichiometries of interactions for identified binders of α-SYN in order to 

determine the relative presence of each species in heterogenous aggregates. We collected the 

population of coincident events (using the same threshold selection method as described above) and 

calculated a coincidence ratio 𝐶 that gives the average fraction of mCherry fluorophores in the 

aggregate, as defined by the formula below: 

 

 
C =  

IGFP

(ICherry +  IGFP)
 (3) 

 

Where 𝐼𝐶ℎ𝑒𝑟𝑟𝑦 and 𝐼𝐺𝐹𝑃 are the threshold-subtracted intensity in the Cherry and GFP channels, 

respectively. It should be noted that before applying this fraction for each event, the intensities of the 

GFP and Cherry bursts were corrected for background and leakage (6% leakage of the GFP intensity 

into the Cherry channel). By applying equation 3 to our population of coincident events we obtain a 

number between 0 (absence of GFP fluorescence) and 1 (absence of Cherry fluorescence). 

Histograms of single-molecule coincidence were obtained by measuring >400 events per interaction. 
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SUPPLEMENTARY FIGURE 1:  

 

 

Figure S1. SDS-PAGE gels of Lewy Body proteins upon cell-free expression. An library of 65  

constructs was cloned using Gateway cloning vectors and obtained DNA constructs were expressed 

in the cell-free reaction of Leishmania tarentolae extract (LTE). Gels were imaged using ChemiDoc 

MP imaging system with Image Lab software. Expression was allowed to occur for 2h at 27C and 

products were loaded on SDS-PAGE gels for quality control of protein expression. Lanes from the 

same gel were rearranged and are presented here in alphabetical order; rearrangement of lanes is 

indicated by a black vertical line and a wider space separating each lane. Proteins showing a band at 

the expected size and with minimal truncation profile were used throughout this study. For full library 

and sizes of LB proteins see Table S1. This supplement figure refers to Figure 1. 
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SUPPLEMENTARY TABLE 1:  

 

Table S1. LB proteins that were cloned and used for cell-free expression in this study. Proteins 

are organized alphabetically from gene name. Length is represented in aminoacids (aa). Molecular 

weight in daltons (Da). Expected sizes of GFP-tagged constructs are represented in column 

‘MW+GFP’. Family and function keywords were acquired from Panther Gene Onthology software. 

This supplementary table refers to Figure 1 and Figure S1. 
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SUPPLEMENTARY FIGURE 2: 

 

 

Figure S2. ALPHAScreen Luminescence curves for cell-free-expressed interacting pairs. Left 

and  right panels represent two different biological replicates, each depicting average curves of 4 

measurements. 7 Different pairwise interactions with α-SYN are shown: 5 GFP-tagged Lewy Body 

proteins, α-SYN itself and GFP alone. This supplementary figure refers to Figure 2. 
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SUPPLEMENTARY FIGURE 3:  

 

Figure S3. Optimal threshold selection for calculation of association quotients. a Fluorescence 

time trace for coexpression of C-GFP A53T and C-Cherry A53T synucleins. Black line (lower) is 

average intensity; blue line (upper) is the optimal threshold as shown from maximum Q in B. For 

calculation of threshold and Q, data was binned to 10 ms. b Color-field map for threshold selection for 

the trace on the left panel. Optimal thresholds are the ones which give the maximum Q values. Color-

field map was acquired by normalizing the binned data from the raw trace to the background. 

Thresholds were calculated by binning the data to 10ms, in order to filter out small bursts that only 

cross the threshold for short periods of time (i.e. bursts that cross the threshold for less than 10ms 

were disregarded). c,d The same procedure was applied to single-molecule traces of binding to 

AlexaFluor594-labelled α-SYN fibrils. Data was binned and normalized in a similar manner. This 

supplementary figure refers to Figures 3 and 5. 
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SUPPLEMENTARY FIGURE 4: 

 

 
Figure S4: Fingerprinting of the three Synuclein mutants expressed in cell-free.  

A30P, G51D and A53T α-SYN mutants were expressed in our cell-free system with a C-terminal GFP 
tag and the size of the aggregates was characterized using a dedicated 3D printed microscope90. On 
this instrument, each Synuclein aggregate can be analysed for its residence time in the focal volume, 
using a recently developed algorithm91. a-c Raw fluorescence trace obtained for the three mutants on 
the AttoBright setup; the binning time of the fluorescence intensity is 10ms. d-f Analysis of diffusion 
time (residence time in the focal volume) and maximal intensity of the peak for the three mutants. The 
difference colours correspond to replicates. g-i Violin plots of the maximal Intensity, diffusion times 
and area under the curve for the three mutants. 
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SUPPLEMENTARY FIGURE 5: 

 

Figure S5. Example of time traces for cell-free co-expressions between mutant synucleins and 

Lewy Body proteins. Fluorescence time trace for coexpression of C-mCherry synuclein and C-GFP 

Lewy Body proteins. a,b,c Coexpressions with A30P, G51D and A53T, respectively. Insets represent 

a single replicate of a 30 second time trace for each co-expression. A total of 4 replicates were 

obtained and averaged to obtain an average Association Quotient (Q) which was normalized to obtain 

Binding Indexes throughout this study. This supplementary figure refers to Figure 3. 

  



11 
 

SUPPLEMENTARY FIGURE 6: 

 

Figure S6. Analysis of bound fractions for binders of A53T α-SYN conformers. a The variation of 

GFP expression levels is negligible between each coexpression replicate (middle graph) and all 

coexpressions were performed at similar GFP expression levels between different proteins (right bar 

graph). Stoichiometries (left) were measured as the fraction of Cherry-tagged species in coincident 

events (C=C/(C+G)). **** p≤0.0001, ** p≤0.01 (n=3). b Distributions of apparent stoichiometries 

across all the coincident events are depicted. Error bars show mean±SEM. This supplementary figure 

refers to Figure 3. 
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SUPPLEMENTARY FIGURE 7: 

 

 

Figure S7. Kinetics of binding of GABARAPL2 to purified oligomers 

(top): Raw trace of fluorescence measured for monomeric GFP expressed in cell-free, diluted in 

AlphaScreen buffer. The protein was measured diluted in buffer, then recording was blocked during 

addition and mixing of the purified oligomers. The last part of the measurement corresponds to GFP 

in the presence of oligomers. The GFP protein remains monomeric and B values remain unchanged 

(see Figure 4).  

(bottom): raw fluorescence trace obtained for GABARAPL2 expressed in cell-free with a GFP tag at 

the N-terminus, before and after addition of purified oligomers. Brighter peaks appear only after 

addition of the oligomers, showing that multiple GABARAPL2 are recruited on the same particle and 

co-diffuse. This binding causes an increase in the Brightness values, as shown in Figure 4. Note that 

the Brightness value is concentration-independent in the range of intensities used here (between 400 

photons/ms and 5000 photons/ms)92, 93. 
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SUPPLEMENTARY FIGURE 8: 

 

Figure S8. Analysis of bound fractions for interactions with fibrils of α-SYN. a Differences in 

bound fractions are shown across the 17 binders with the highest Q values (left graph). GFP 

expression levels did not vary significantly across all the binders tested (right graph). b Distributions of 

coincidence ratios as defined by the relative presence of Cherry species in heterogeneous 

aggregates. Values represent apparent stoichiometry since these do not account for the 10% 

incorporation rate of AF594 during labelling. *** p≤0.001, n=3. Error bars show mean±SEM. This 

supplementary figure refers to Figure 5. 
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SUPPLEMENTARY FIGURE 9: 

 

Figure S9. Effect of concentrations on association quotients with aggregated forms of alpha-

synuclein. Plots of average Q values and expression levels of each interactor. Red – interactors with 

highest Q values with fibrils; Green – interactors with highest Q values for coexpression with 

oligomeric alpha-synuclein; blue – positive control; yellow – negative control (GFP alone). Dashed line 

represents the threshold above which Q values are statistically different from Q value of negative 

control (GFP). (a, b and c) Plots for cell-free coexpression of oligomeric alpha-synuclein and Lb 

partners; d expression of LB partners in the presence of pre-formed recombinant fibrils of α-SYN. 
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SUPPLEMENTARY FIGURE 10:  

 

Figure S10. Simulation of binding curves for interactions with aggregated forms of α-

Synuclein. Plots of Association Quotients versus Expression levels of interactors were merged with 

simulation curves for binding affinities. Binding curves were simulated for various conditions of 

dissociation constants (Kd) and concentrations of aggregated species. For the concentration of 

oligomers (in a, b and c) we simulated a variation between 1 and 100 nM of monomer equivalent, 

whereas for fibrils ( in d) the concentration was pre-determined at 1 μM, during the purification and 

labelling of synuclein. Q values are here assumed as equivalent to fraction of interactors bound to 

aggregates, since Q represents the number of coincident events, from the total number of events. 

Average Q values of 3 independent results for each interaction are represented. Interactors (black 

circles) are defined as having Q values significantly higher than the Q value of the GFP monomer; 

non-interactors are shown as gray circles. 
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Supplementary Note (Figure S10) 

This work is a high throughput study of over 60 interactors and, as such, is not designed to calculate 

absolute affinities but rather focuses on selectivity of interactions. For simplicity, we will assume that 

the Association Quotient Q can be considered an estimation of the fraction of proteins bound or co-

aggregated. We created simulations of various apparent affinities in Q vs expression levels plots 

(Figure 7). The fractions of bound species were calculated based on the following formula of the 

dissociation constant for a first-order interaction: 

 

It should be noted that this exercise assumes: i) that each aggregate of synuclein is one binding entity 

to which the rules of monomeric binding apply and ii) that Q directly informs on fraction bound (since it 

is the number of coincident events from the total population of events).  

  

 
Kd = [oligomer/fibril] × (fraction bound − 1) + [protein] × (

1

fraction bound
− 1) (4) 
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SUPPLEMENTARY FIGURE 11: 

 

Figure S11. Selectivity of interactions to A53T oligomers versus amyloid fibrils of α-Synuclein. 

a Upper panel: coexpression of the small heat-shock protein alpha-crystallin B (CRYAB) with 

misfolding mutant A53T, which forms oligomeric structures. Bottom Panel: co-translational expression 

of CRYAB in cell-free extract with purified amyloid fibrils of alpha-synuclein. b Similar setup for the 

HSP40 protein, DNAJB6 showing no binding to oligomeric A53T and binding to fibrils. Asterisks 

represent CRYAB or DNAJB6 events that are coincident with aggregates of synuclein. 
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SUPPLEMENTARY FIGURE 12: 

 

Figure S12. Selectivity in the recognition of α-SYN aggregates. a Heatmap of interactions 

highlighting specificities within protein families. b Q values were distributed for all the synuclein forms 

tested. c Selectivity to oligomers was defined as a statistically significant difference between one or 

more mutant forms of cell-free expressed synuclein and PFFs. d Few proteins showed a higher Q 

value for one of the mutant forms, as compared to the other two (selectivity within oligomers). e 

Selectivity to fibrils was defined as a statistically significant higher Q value for binding to fibrils as 

compared to the highest oligomer Q value of the same pairwise interaction. (Dunnett’s multiple 

comparison test, **** p≤0.0001, *** p≤0.001, ** p≤0.01, * p≤0.05, n=3). Error bars show mean±SEM. 

This supplementary figure refers to Figure 7. 
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SUPPLEMENTARY FIGURE 13: 

 

Figure S13. Alpha-synuclein interactome in the LBs (comparison with published data). a 

Interactome of α-SYN, based on list of peer-reviewed published interactors, available in BIOGRID. b 

Interpretative table for the interactome of α-SYN. Highlighted interactions in insets A and B: red – 

interacted preferentially with fibrillar α; green – oligomeric mutant α-SYN (A30P, G51D or A53T); blue 

– monomeric WT α-SYN; black – no interaction was detected in this study; grey – previously 

described as present in LBs but not tested in this study - the high molecular weight of these proteins 

made them unsuitable for cell-free expression in Leishmania tarentolae. This supplementary figure 

refers to Figure 7. 
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SUPPLEMENTARY FIGURE 14: 

 

Figure S14. Proposed model of early α-Syn aggregation and Lewy Body formation.  

1- Mutations and PTMs of the α-SYN molecule enhance its aggregation propensity. 2- β-SYN and αβ-

crystallin are chaperones of α-SYN that recognize early partially folded intermediates/aggregates, 

however faster-aggregating forms of α-SYN ‘escape’ proteostasis (dashed arrow). 3- Membrane-

bound oligomers and β-sheet fibrils coexist during the aggregation cascade of α-SYN and constitute 

nucleation points for further conversion and/or elongation. 4- α-SYN aggregates co-diffuse in vitro with 

ATG8 proteins. 5 – Co-diffusion of α-SYN oligomers with ATG8 proteins leads to growth of 

aggregates. 6- Further growth and recruitment of aggregates potentially impairs autophagosome 

assembly. 
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SUPPLEMENTARY FIGURE 15 

 

Figure S15. Searching for functional LIR motifs in the LBs. a Canonical and extended LIR motifs 

(cLIR and xLIR respectively) were detected using a LIR search engine available online and compared 

against known LIR containing proteins (MAP1B, SQSTM1 and MAP2, bottom rows). This search 

engine detects the consensus sequences surrounding a core sequence of aromatic (W/F/Y) and 

hydrophobic aminoacids (I/L/V) – highlighted in yellow. Functional LIR motifs were selected using 3 

factors (highlighted in red): i) presence of cLIR/xLIR; ii) overlap (more than 3 residues) with 

intrinsically disordered region (IDR), as detected by ANCHOR software; and iii) position specific 

scoring matrix (PSSM) >13. Using different combinations of these 3 factors (cLIR+A, 

xLIR+IDR+PSSM>13 and xLIR+IDR or PSSM>13), three functional LIR containing proteins were 

detected with high confidence (green in ‘OVERALL’ column), based on selectivity and specificity of 

each test: GSN, NBR1 and NFKBIA. Other proteins that could contain functional LIR motifs are 

represented in blue (however this is unclear due to low specificity). b, c Proteins containing functional 

LIR motifs co-aggregated with α-SYN, which could have deleterious consequences for the overall 

autophagic flux. 
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Supplementary Note (Figure S15) 

If we consider the hypothesis that pathological α-SYN aggregates could overwhelm autophagic fluxes 

by binding/clustering to autophagosomes, it is then also worth investigating which other proteins in the 

Lewy Bodies bind to these structures and potentially increase convolution. We have scanned the list 

of Lewy Body components for the presence of LIR motifs that are required for binding to 

autophagosomal (ATG8) proteins, using a bioinformatical consensus sequence search engine94 

(Figure S15). Kalvari and colleagues75 have recently refined the LIR motif to an extended LIR (xLIR) 

that represents functional motifs (experimentally validated) with higher accuracy than the canonical 

LIR (cLIR). Accuracy for functional LIR detection can be further increased when used in conjunction 

with a position-specific-scoring-matrix (PSSM) that analyses the probabilistic multialignment fit. In 

addition, LIR motifs that overlap with an intrinsically disordered region, as detected by ANCHOR 

software are more likely to represent functional motifs. This is because LIR’s are generally extended 

sequences that exhibit characteristics of conformational switches, i.e. they fold upon binding to 

autophagosomes. Using this method we have detected with high accuracy at least three LIR-

containing proteins in our list of LB proteins: gelsolin (GSN), neighbour to BRCA1 (NBR1) and NF-

kappa-β inhibitor alpha (NFKBIA). While NBR1 is known to be involved in delivery of protein 

aggregates to autophagosomes for degradation, GSN and NFKBIA have not been identified before as 

binders of ATG8 proteins and could be important regulators of autophagy.  

Coincidently, specific α-SYN aggregates have been shown to co-diffuse with all these proteins in our 

PPI screen. Interactions between α-SYN aggregates and these LB components could, in principle, 

lead to generalized loss of function and increase the number of species that become trapped in 

insoluble inclusions, potentially amplifying the collapse into the non-functional protein clumps that are 

Lewy Bodies. 

 

 


