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Zusammenfassung 

Die Proteine Synaptobrevin-2 (Syb2), Syntaxin-1 (Stx1) und SNAP25 (engl. synaptosome 

associated protein of 25 kDa) bilden den sogenannten SNARE (engl. soluble N-

ethylmaleimide-sensitive-factor attachment receptor)-Komplex, der die Signalweiterleitung 

zwischen Neuronen durch Exozytose synaptischer Vesikel vermittelt. Während der generelle 

Ablauf der SNARE-vermittelten Membranfusion bekannt ist, sind die Details der 

zugrundeliegenden Mechanismen weitestgehend ungeklärt. Dies beinhaltet die Bildung 

potenzieller Intermediate und möglicher „off-pathway“-Komplexe, die Interaktionen mit 

regulatorischen Proteinen wie Complexin-1 (Cpx1) sowie den Einfluss von Protein-Lipid- und 

Protein-Membran-Wechselwirkungen auf die SNARE-Assemblierung. 

 

In dieser Arbeit wurden die einzelnen SNARE-Proteine, binäre SNARE-Teilkomplexe und 

Intermediate sowie der vollständig assemblierte SNARE-Komplex strukturell charakterisiert. 

Zudem wurden die Interaktionen mit Cpx1 in allen Phasen der SNARE-Assemblierung 

untersucht. Hierfür wurden lösliche Varianten der Proteine (Syb(1-96), Stx(1-262), 

SNAP25(CtoS)) in Escherichia coli exprimiert und aus diesen isoliert und gereinigt. Unter 

Verwendung der nativen Massenspektrometrie (MS) wurde die Bildung, Stöchiometrie und 

Stabilität von Oligomeren und Komplexen analysiert. Mittels chemischer Quervernetzung 

wurden anschließend die spezifischen Interaktionsstellen zwischen den interagierenden 

Proteinen identifiziert. Es konnte gezeigt werden, dass die einzelnen SNARE-Proteine Syb(1-

96), SNAP25(CtoS) und Stx(1-262) sowie das regulatorische Protein Cpx1 in Abwesenheit 

von Interaktionspartnern multimerisieren. Die Proteine nehmen dabei keinen definierten 

Oligomerisierungszustand ein, sondern lagern sich „aggregationsähnlich“ zu Oligomeren 

zusammen. Die Analyse der Proteine mittels Zirkulardichroismus (engl. circular dichroism, 

CD)-Spektroskopie bestätigte, dass der Grad der Multimerisierung mit dem Gehalt an flexiblen 

Strukturen korreliert. Darüber hinaus wurden die Interaktionen zwischen Untereinheiten 

innerhalb der Homooligomere mittels chemischer Quervernetzung identifiziert. Die Validierung 

der Interaktionen durch Visualisierung in Strukturmodellen zeigte, dass sich die Untereinheiten 

in paralleler und antiparalleler Orientierung zusammenlagern. Für Stx(1-262) wurde zudem 

eine „offene“ als auch eine „geschlossene“ Konformation nachgewiesen. Des Weiteren wurden 

zur Analyse der Komplexbildung mehrere SNARE-Proteine miteinander inkubiert. Es wurde 

gezeigt, dass in Gegenwart eines weiteren SNAREs die Proteine bevorzugt miteinander 

interagieren und die Multimerisierung zugunsten der Komplexbildung aufgeben. Die gebildeten 

binären SNARE-Komplexe nehmen dabei eine Stöchiometrie ein, die den SNARE Komplex 

imitiert. Die Bildung helikaler Strukturen konnte mittels CD-Spektroskopie bestätigt werden. In 

Abwesenheit von Syb(1-96) wird die zur Verfügung stehende Bindestelle durch ein weiteres 

vorhandenes Stx(1-262)- oder SNAP25(CtoS)-Molekül eingenommen. Binäre Komplexe, an 
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denen Syb(1-96) beteiligt ist, beinhalten ausschließlich ein Syb(1-96)-Molekül. Diese 

Stöchiometrie konnte durch Variieren der Mischungsverhältnisse nicht beeinflusst werden. Die 

gebildeten Komplexe wiesen zudem eine unterschiedliche Stabilität auf, die durch das 

Dissoziieren der Komplexe ermittelt wurde. Während sich der Stx(1-262):SNAP25(CtoS)-

Komplex stabil bildete, dissoziierte der Syb(1-96):SNAP25(CtoS)-Komplex bei vergleichbarer 

Kollisionsenergie. Syb(1-96) erwies sich insgesamt als die am schwächsten eingebaute 

Untereinheit. Ein binärer Komplex bestehend aus Syb(1-96) und Stx(1-262) konnte mittels 

nativer MS nicht erfasst werden. Durch Zugabe des jeweils dritten SNARE-

Interaktionspartners konnten bestehende binäre Komplexe umgelagert werden, sodass sich 

in allen Fällen der SNARE-Komplex bildete. Native MS und chemisches Quervernetzen 

zeigten darüber hinaus, dass sich der SNARE-Komplex antiparallel zu Oligomeren 

zusammenlagert und die Interaktionen zwischen den Komplexen durch interagierende 

SNAP25-Moleküle hervorgerufen werden.  

Bindungsanalysen von Cpx1 an einzelne SNARE-Proteine und binäre SNARE-Teilkomplexe 

zeigten, dass Cpx1 eine Interaktionsfläche, die durch Syb2 und Stx1 gebildet wird, benötigt. 

Interaktionen mit einzelnen SNARE-Proteinen oder binären Komplexen, die entweder Syb2 

oder Stx1 enthalten, konnten nicht nachgewiesen werden. Jedoch wurde gezeigt, dass Cpx1 

den binären Syb(1-96):Stx(1-262)-Teilkomplex stabilisiert und peripher an den SNARE-

Komplex bindet, sodass die Multimerisierung des Komplexes inhibiert wird. Die identifizierten 

Interaktionen innerhalb des SNARE:Cpx1-Komplexes wurden in einem Model 

zusammengefasst und zeigen, dass Cpx1 den C-terminalen Teil des SNARE-Komplexes 

umklammert, wodurch die Bildung von Multimeren verhindert wird. Dadurch ergibt sich eine 

regulatorische Funktion von Cpx1 in den finalen Schritten der Assemblierung. 

Zusätzlich zu den Proteininteraktionsstudien wurden mit Syb(1-96) und Cpx1 

Lipidbindestudien durchgeführt, um Präferenzen für spezifische Lipide zu identifizieren. Hierfür 

wurde zunächst die Bindung an immobilisierte Lipide mittels Antikörperfärbung untersucht. Es 

zeigte sich, dass sowohl Syb(1-96) als auch Cpx1 bevorzugt mit negativ geladenen Lipiden, 

die einfach zugängliche Phosphatgruppen enthalten, interagieren. Durch Analyse der 

Bindungsaffinitäten der Proteine an gelöste Lipide mittels nativer MS sowie die Bindung an 

Lipidmembranen in Form von Liposomen, konnte die Präferenz von Syb(1-96) für negativ 

geladene Lipide bestätigt werden. Für Cpx1 wurde gezeigt, dass dieses auch zwitterionische 

Lipide mit hoher Affinität bindet und damit eine geringere Spezifität für Lipide aufweist.  

  



XIII 
 

Summary 

The synaptic proteins Synaptobrevin-2 (Syb2), Syntaxin-1 (Stx1) and Synaptosome 

associated protein of 25 kDa (SNAP25) assemble into the soluble N-ethylmaleimide-sensitive-

factor attachment receptor (SNARE) complex, which mediates signal transmission between 

neurons through exocytosis of synaptic vesicles. While the general sequence of SNARE-

mediated membrane fusion is established, the exact underlying mechanisms are largely 

unknown. This includes the formation of potential intermediates and possible “off-pathway” 

complexes, the interactions with regulatory proteins such as Complexin-1 (Cpx1) as well as 

the influence of protein-lipid and protein-membrane interactions on the SNARE complex 

assembly. 

 

In this thesis, individual SNARE proteins, binary SNARE sub-complexes and intermediates as 

well as the fully assembled SNARE complex were structurally characterised. In addition, 

interactions of the SNAREs with Cpx1 at all stages of the SNARE complex assembly were 

investigated. For this, soluble variants of the proteins (Syb(1-96), Stx(1-262), SNAP25(CtoS)) 

were expressed in Escherichia coli, isolated and purified. Using native mass spectrometry 

(MS), formation, stoichiometry and stability of oligomers and complexes were analysed. 

Specific interaction sites between the interacting proteins were further identified by chemical 

cross-linking. The individual SNARE proteins Syb(1-96), SNAP25(CtoS) and Stx(1-262) as 

well as the regulatory protein Cpx1 multimerised in the absence of interaction partners. The 

proteins do not adopt a defined oligomeric state but assemble into oligomers in an 

'aggregation-like' manner. Analysis of the proteins using circular dichroism (CD) spectroscopy 

confirmed that the degree of multimerisation correlates with the intrinsic disorder of the 

proteins. In addition, using chemical cross-linking interactions between the subunits within the 

homooligomers were identified. Validation of the observed interactions using structure 

predictions revealed parallel and antiparallel orientations of the subunits. Furthermore, Stx(1-

262) was shown to adopt both 'open' and 'closed' conformations. In addition, to analyse 

formation of complexes, SNARE proteins were incubated with each other. In the presence of 

an interaction partner, the SNAREs preferentially interact with each other forming complexes 

rather than multimers. The observed binary complexes adopt a stoichiometry resembling the 

SNARE complex. Formation of helical arrangements was further confirmed by CD 

spectroscopy. In the absence of Syb(1-96), the available binding site is occupied by an 

additional copy of Stx(1-262) or SNAP25(CtoS). Binary complexes involving Syb(1-96) 

exclusively incorporated only one Syb(1-96) molecule. This stoichiometry could not be 

challenged by varying protein mixing ratios. Furthermore, the stability of the complexes was 

determined by gas phase dissociation revealing that the Stx(1-262):SNAP25(CtoS) complex 

stably formed, while the Syb(1-96):SNAP25(CtoS) complex dissociated at comparable 
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dissociation energy. Syb(1-96) was shown to be the least stably integrated subunit. A binary 

complex composed of Syb(1-96) and Stx(1-262) was, however, not detected by native MS. 

Addition of the third SNARE interaction partner immediately rearranged existing binary 

complexes, thereby, forming the SNARE complex. Native MS and chemical cross-linking 

further revealed oligomerisation of the SNARE complex in antiparallel orientation resulting from 

interacting SNAP25 molecules.  

When studying interactions between Cpx1 and individual SNARE proteins as well as binary 

SNARE sub-complexes, Cpx1 requires an interaction surface formed by Syb2 and Stx1. 

Interactions with individual SNAREs or binary complexes containing either Syb(1-96) or Stx(1-

262) were not observed. However, Cpx1 stabilised the binary Syb(1-96):Stx(1-262) sub-

complex and bound peripherally to the SNARE complex, thus, inhibiting multimerisation of the 

complex. The interaction sites identified within the SNARE:Cpx1 complex were visualised in a 

model revealing Cpx1 to clamp the C-terminal part of the SNARE core complex, thereby, 

preventing multimer formation. Accordingly, the regulatory function of Cpx1 takes place in the 

final steps of the SNARE complex assembly. 

In addition to the protein interaction studies, lipid binding was analysed to identify preferences 

of Syb(1-96) and Cpx1 for specific lipids. First, binding to immobilised lipids was investigated 

using antibody staining revealing both, Syb(1-96) and Cpx1, to preferentially interact with 

negatively charged lipids containing accessible phosphate groups. Analysing the binding 

affinities of the proteins to solubilised lipids by native MS and validating the binding by making 

use of membranes in form of liposomes confirmed interactions of Syb(1-96) with negatively 

charged lipids. In the case of Cpx1, high-affinity binding to zwitterionic lipids was also observed 

suggesting a lower specificity for lipids.  
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1 Introduction1 

1.1 SNARE complex-mediated signal transmission in neurons  

The nervous system is an interactive network of neurons that communicate via synapses. Most 

of the processes involved in neuronal signal transmission are still elusive and the underlying 

mechanisms such as formation of thoughts or storage of memories are still unknown. In 

addition, neurodegenerative diseases such as dementia are related to dysfunctional synaptic 

proteins. Elucidating the structures of synaptic proteins and their interactions in protein 

assemblies involved in signal transmission are, therefore, crucial to understand their function. 

Consequently, a deeper understanding of the overall pathway will be explored in this thesis. 

 

1.1.1 Synaptic exocytosis  

Signal transmission between neurons takes place at synapses, specialised neuronal contact 

sites, which are organised in the presynaptic and the postsynaptic nerve terminal separated 

by the synaptic cleft. For this, synaptic vesicles undergo a trafficking cycle resulting in fusion 

with the presynaptic membrane and release of neurotransmitters into the synaptic cleft 

(Figure 1) [2]. Synaptic vesicles are the storage organelles of neurotransmitters, which are 

densely packed with proteins of varying function. For instance, the neurotransmitter transporter 

VGlu1 mediates the uptake of glutamic acid into the vesicles driven by a proton gradient 

provided by the vesicular proton-pump V-ATPase, while Synaptotagmin-1 (Syt1) and 

Synaptobrevin-2 (Syb2) are directly involved in calcium-dependent membrane fusion [3]. 

During the trafficking cycle, synaptic vesicles migrate to the so-called ‘active zone’, a highly 

organised protein network that is directly located at the presynaptic membrane (Figure 1). The 

vesicles then dock at the presynaptic membrane in immediate vicinity of Ca2+ channels, 

thereby, forming a pool of readily releasable vesicles (‘docking’), which are subsequently 

transferred into a fusion-competent state (‘priming’) (Figure 1) [2]. The soluble N-

ethylmaleimide-sensitive-factor attachment receptor (SNARE) proteins as well as their 

regulators mammalian Unc-18 (Munc18) and Unc-13 (Munc13) are involved in this process. 

Upon arrival of an action potential, the plasma membrane depolarises leading to the influx of 

Ca2+ ions, which results in rapid membrane fusion [4]. The assembly of SNARE proteins 

forming the SNARE complex mediates fusion of the vesicles with the plasma membrane, which 

is additionally regulated by the calcium sensor Syt1 as well as Complexin-1 (Cpx1) [2]. 

Neurotransmitters are then released into the synaptic cleft and migrate to the postsynaptic 

 
1 Figures shown in this chapter are adopted from J. Hesselbarth, C. Schmidt (2022) Disorder-to-order 
transition of Synaptobrevin-2: Tracing the conformational diversity of a synaptic SNARE protein. Journal 
of structural biology 214 (1):107824 [1]. 
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terminal where they bind neurotransmitter receptors inducing a downstream signalling cascade 

(Figure 1). Following exocytosis, degradation of the SNARE complex is mediated by a 

machinery composed of the N-ethylmaleimide sensitive factor (NSF) and the α-soluble NSF 

attachment protein (α-SNAP) to rapidly regenerate functional vesicles [5]. Synaptic vesicles 

are recycled through different mechanisms, for instance clathrin-mediated endocytosis, in 

which vesicles are formed by invagination and either mature directly into functional synaptic 

vesicles or fuse with an intermediate endosomal compartment and emerge from these by 

budding (Figure 1) [6].  

 

1.1.2 SNARE proteins – the key players of membrane fusion 

Synaptic SNARE proteins. SNARE proteins represent a protein family of small, mostly 

membrane-anchored proteins. They are characterised by an evolutionarily conserved 

sequence of 60 to 70 amino acids, the so-called SNARE motif [7]. The SNARE proteins that 

are involved in exocytosis of synaptic vesicles are the 25 kDa Synaptosome associated protein 

Figure 1. Signal transmission in neurons.  
Synaptic vesicles are loaded with neurotransmitters (red circles) in the cytosol of the presynaptic 
terminal and migrate to the ‘active zone’ (brown shading), where they dock to the presynaptic membrane 
(docking) and are activated by SNARE complex assembly (priming). Upon arrival of an action potential, 
influx of Ca2+ ions (yellow circles) leads to fusion of the membranes resulting in release of 
neurotransmitters into the synaptic cleft. Neurotransmitters migrate to the postsynaptic terminal, bind to 
neurotransmitter receptors and initiate a signalling cascade. Vesicles are e.g regenerated by clathrin-
mediated endocytosis by directly loading with neurotransmitters or by budding from the endosome. 
(Figure adapted from [1].) 
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(SNAP25) and Syntaxin-1 (Stx1), which are both anchored to the presynaptic membrane, as 

well as the vesicular-anchored Synaptobrevin-2 (Syb2) [8]. SNAP25 contains two SNARE 

motifs connected by a flexible linker and is anchored to the membrane by palmitoylation of 

cysteine residues in its linker region (Figure 2A). Stx1 and Syb2, on the other hand, are 

anchored to their membranes by C-terminal transmembrane domains, which are attached to 

the SNARE motifs through a short and flexible linker, referred to as juxtamembrane domain 

[7]. While Syb2 has a highly flexible N-terminal peptide, Stx1 contains an independently folded 

N-terminal domain consisting of an antiparallel three-helix bundle, the Habc domain 

(Figure 2A) [9]. In the absence of other SNARE proteins, the Habc domain reversibly interacts 

with the SNARE motif of Stx1 leading to formation of an ‘open’ or ‘closed’ conformation [10–

12]. In the ‘closed’ conformation, intercalation of the SNARE motif in the Habc domain results 

in a four-helix bundle inhibiting formation of the SNARE complex [12]. 

The three neuronal SNARE proteins assemble into the SNARE complex through interactions 

of complementary SNARE motifs. Zippering of the SNAREs proceeds from the N-terminus 

towards the membrane-proximal C-terminus and is proposed to provide the required energy 

to initiate membrane fusion [13,14]. While the SNARE motifs of monomeric SNAREs are 

mainly unstructured, the presence of other SNAREs induces conformational changes resulting 

Figure 2. Structure of the SNARE complex. 
(A) Schematic representation of the three neuronal SNARE proteins Syb2 (blue), Stx1 (orange) and 
SNAP25 (green). Syb2 and Stx1 each contain one SNARE motif (R and Qa) as well as a C-terminal 
transmembrane domain, while SNAP25 contains two SNARE motifs (Qb and Qc), which are connected 
through a linker that is anchored to the plasma membrane by palmitoylation (zig zag lines). Stx1 
additionally contains an N-terminal folded domain consisting of an antiparallel three-helix bundle (Habc, 
brown). (B) Cartoon (top, lhs) and skeleton (bottom, lhs) representation of the high-resolution structure 
of the neuronal SNARE core complex formed by the QabcR SNARE motifs (PDB ID: 1SFC [17]). 
Position of the central ionic layer (red square) and hydrophobic layers (grey squares) of interacting side 
chains are indicated. The ‘zero layer’ (rhs) is formed by three glutamine and one arginine residues. 
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in a stable four-helix bundle of parallel α-helices (Figure 2B) [15–18]. The core complex of this 

bundle contains 16 parallel layers of interacting amino acid side chains. With the exception of 

the central ionic layer (the so-called ‘zero layer’), which is formed by three highly conserved 

glutamine (Q) and one arginine (R) residues, all layers are formed by hydrophobic residues 

(Figure 2B) [17]. Based on the composition of the ‘zero layer’, the SNARE proteins are 

classified as Qa- (Stx1), Qb- and Qc- (SNAP25) or R-SNAREs (Syb2) resulting in formation of 

the ternary QabcR (3Q:1R) SNARE complex [19].  

 

Mechanisms of SNARE complex formation. Fusion of synaptic vesicles with the presynaptic 

membrane requires energy, which is provided by the assembly of the SNARE proteins into the 

four-helix bundle [13,14]. This process is mediated by regulatory proteins such as Munc18 and 

Munc13, providing a scaffold for the ordered and sequential alignment of the SNARE motifs 

and preventing SNAREs to enter ‘off-pathway’ complexes [5,10,20,21]. The formed complexes 

are helical homo- and heterooligomeric bundles of SNARE motifs, which are kinetically and 

thermodynamically “trapped” [22–26]. In these assemblies, SNARE proteins associate in 

parallel and antiparallel orientation mimicking the helical arrangement of the SNARE core 

complex, however, are less stable and impede membrane fusion [27,28].  

The initiation and the exact pathway of the SNARE complex assembly are still elusive; and 

different mechanisms have been described (Figure 3): In the absence of interaction partners 

SNAP25 and Syb2 are mainly disordered, while Stx1 is kept in a ‘closed’ conformation by 

binding to a U-shaped binding pocket of Munc18 [10,11,23]. In this assembly, the N-terminal 

peptide of Stx1 binds to the outer surface of the regulator [29]. Recruitment of Munc13 converts 

Stx1 into an ‘open’ conformation [21,20,30], thereby enabling association of SNAP25 through 

its complementary SNARE motifs and formation of an ‘acceptor’ complex containing Stx1 and 

SNAP25 (Figure 3i) [31,32]. This complex is considered to be the starting point of the SNARE 

complex assembly, providing a binding site for Syb2 [32]. Rapid association of Syb2 through 

N- to C-terminal zippering forms the partially assembled trans-SNARE complex, an activated 

intermediate keeping synaptic vesicles in immediate proximity of the plasma membrane 

without inducing membrane fusion. An alternative pathway describes Syb2 binding to a 

metastable Munc18:Munc13:Stx1 complex, thereby connecting the membranes and initiating 

formation of a trans-SNARE complex by providing a ‘template’ complex for subsequent binding 

of SNAP25 (Figure 3ii) [33–36]. In this mechanism, Munc13 cooperates with Munc18 to 

chaperone SNARE assembly by stabilising the ‘open’ conformation of Stx1, while binding and 

aligning Syb2 in the proper parallel orientation and recruiting SNAP25 for a fast assembly 

[37,38].  
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The final step of SNARE-mediated membrane fusion is regulated by the vesicular-anchored 

calcium sensor Syt1 as well as the cytosolic Cpx1, which associate with the partially zippered 

SNARE complex and stabilise the complex in an NSF/α-SNAP-resistant, primed state 

(Figure 3iii) [39–41]. Although the underlying mechanism of these final regulators is unclear, 

they appear to support calcium-dependent membrane fusion. Following an action potential, 

calcium ions are transported into the cytosol of the presynaptic terminal resulting in the full 

assembly of the SNARE proteins, thereby, fusing the membranes and releasing 

neurotransmitters into the synaptic cleft (Figure 3iv). All SNAREs finally align in parallel 

orientation at the presynaptic membrane forming the so-called cis-SNARE complex.  

 

Structural properties of Syb2 in a lipid environment. Protein-protein interactions involved 

in SNARE complex assembly were extensively studied, and a general knowledge about the 

procedure is established. On the contrary, less is known about protein-lipid interactions and 

how these influence the formation of the prefusion state and consequently membrane fusion. 

Indeed, structure formation and lipid interactions of SNARE proteins in a variety of membrane 

Figure 3. Mechanisms of SNARE complex formation.  
Synaptic vesicles dock at the presynaptic membrane. The vesicular Syb2 (blue) and plasma membrane-
anchored SNAP25 (green) are unstructured, while Munc18 (purple) stabilises the ‘closed’ conformation 
of Stx1 (orange). (i) Recruitment of Munc13 (cyan) converts Stx1 to an ‘open’ conformation enabling 
binding of SNAP25 and formation of the ‘acceptor’ complex that provides a binding site for Syb2. (ii) 
Alternatively, Munc13 and Munc18 convert Stx1 to an ‘open’ conformation enabling simultaneous 
binding of Syb2, thereby, forming a template complex for association of SNAP25. (iii) SNARE assembly 
takes place from the N- to the C-terminus forming the trans-SNARE complex. This activated 
intermediate state is regulated by Syt1 and Cpx1 following unknown mechanisms. (iv) Upon influx of 
Ca2+ ions (yellow), the membranes fuse, neurotransmitters are released, and the cis-SNARE complex 
is formed. (Figure adapted from [1].) 
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mimetics were controversially discussed. For instance, in the presence of DPC micelles, helical 

structures were observed for Syb2 including the transmembrane domain, the juxtamembrane 

domain as well as some residues of the C-terminal SNARE motif [42]. In addition, the N-

terminal half of the SNARE motif was shown to form a helix, which was proposed to function 

as ‘nucleation’ site for rapid SNARE zippering (Figure 4A) [42]. For Stx1 and SNAP25, similar 

helical structures, N-terminal of the SNARE motif, were observed and speculated to induce 

SNARE assembly [43,44]. On the contrary, the cytosolic domain of Syb2 was found to be 

disordered in lipid bilayers such as liposomes and nanodiscs and even described to be 

reluctant to the membrane (Figure 4A) [45,46]. However, an equilibrium between a lipid-bound 

conformation and a dissociated, disordered conformation was suggested, in which the lipid 

binding affinity decreases with decreasing curvature of the membrane mimetic used [47,48]. 

Interactions with lipids increase towards the C-terminus of the cytosolic domain and were found 

to mainly form due to electrostatic attraction of positively charged residues in the 

juxtamembrane domains of the SNAREs with anionic lipids of the membrane (Figure 4B) [48–

51]. Supported by insertion of aromatic residues into the membrane, this was further 

hypothesized to perturb and bend the membranes and properly position the SNARE complex 

in membrane proximity, thereby, facilitating fusion of the membranes (Figure 4C) [51–55]. The 

negatively charged SNARE motifs, on the other hand, were described to experience 

Figure 4. Structural properties of Syb2 in the presence of lipids. 
(A) Syb2 forms a helix in the presence of DPC micelles (PDB ID: 2KOG [42]), which is absent in the 
presence of nanodiscs and liposomes. (B) High-resolution structure of Syb2 (top) in complex with 
SNAP25 and Stx1 (grey surface, PDB ID: 3HD7 [18]) highlighting charged residues (positively charged, 
blue; negatively charged, red) of the SNARE motif (blue) and the juxtamembrane domain (purple). A 
cartoon (middle) representing electrostatic attraction and repulsion of the cytosolic domain of Syb2 with 
the membrane is visualised. The cytosolic domain of Syb2 shows decreasing flexibility towards the C-
terminus, which correlates with an increase in lipid binding (bottom). (C) High-resolution structure of the 
juxtamembrane domains of Syb2 and Stx1 (top) highlighting the aromatic motif (black) of Syb2 and the 
positively charged linker of Stx1 (orange, PDB-ID: 3HD7). A cartoon (bottom) visualises membrane 
protrusion induced by the positively charged linkers of Syb2 and Stx1 and insertion of aromatic residues 
into the membrane. The trans-SNARE complex is repositioned in the proximity of the membrane. (Figure 
adapted from [1].)  
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electrostatic repulsion and consequently be available for complementary SNARE motifs to 

assemble (Figure 4B) [45,48,51].  

 

1.1.3 Regulation of SNARE complex assembly by Cpx1 

Structural properties and functions of Cpx1. Complexins are a family of small soluble, 

highly charged and evolutionary conserved neuronal proteins that co-localise with the SNARE 

complex and regulate membrane fusion. The mechanisms of Cpx1-mediated regulation of the 

SNARE assembly are still elusive, however, stimulatory and inhibitory functions for different 

domains have been discussed [56–58]. Accordingly, Cpx1 is composed of an unstructured N-

terminal domain (NTD), a dynamic accessory helix (AH), a central helix (CH) including the 

SNARE complex binding motif as well as a highly disordered C-terminal domain (CTD) 

(Figure 5A) [59]. Binding of Cpx1 to the core SNARE complex occurs through the CH, which 

binds in antiparallel orientation to the groove formed by Syb2 and Stx1 (Figure 5A) [60,61]. 

Binding of the CH is crucial for all regulatory functions of Cpx1 including stabilisation of the 

SNARE complex and preventing degradation by the NSF/α-SNAP machinery [59,61–64]. The 

disordered NTD of Cpx1 is located at the membrane proximal part of the SNARE complex 

consecutive to the AH. The NTD potentially forms a positively charged amphipathic helix and 

is therefore likely involved in membrane binding [65,66]. Deletion of the NTD was shown to 

abolish the function of Cpx1, which was restored by deletion of the AH [59]. Accordingly, the 

AH inhibits membrane fusion, which is presumably relieved by the NTD [59]. The CTD contains 

a tandem lipid binding motif composed of two consecutive amphipathic helical motifs to bind 

the vesicular membrane (Figure 5A) [67,68]. Binding of the CTD to the membrane was 

described to play both stimulatory and inhibitory functions in membrane fusion by properly 

guiding Cpx1 to the fusion site, while blocking the proceeding of the fusion [69–71]. 

 

Models of regulatory mechanisms of Cpx1. To explain the function of Cpx1, several models 

were proposed that are not mutually exclusive. In the ‘fusogenicity model’, Cpx1 facilitates 

spontaneous and Ca2+/Syt1-triggered membrane fusion by decreasing the energy needed to 

transfer the primed SNARE complex into the fully assembled complex [56]. The ‘clamping 

model’, on the other hand, describes Cpx1 binding to the SNARE complex, thus, inhibiting 

spontaneous membrane fusion by clamping the SNARE complex in its primed state. Upon 

Ca2+-mediated Syt1 binding to the SNARE complex, Cpx1 diassembles from the trans-SNARE 

complex resulting in complete SNARE complex assembly and membrane fusion [72]. 

According to the ‘cooperativity model’, Syt1 binds to the SNARE complex regardless of the 

presence of Cpx1 and removes an inhibitory domain of Cpx1 without displacing Cpx1 from the 

SNARE complex [73]. 



8 
 

However, none of these models involves all functional domains of Cpx1, which were shown to 

be either inhibitory or stimulating. Therefore, different models focussing on the domain 

structure of Cpx1 were proposed; Cpx1 can adopt two conformations when associated to the 

SNARE complex. In trans-conformation Cpx1 binds to the core of the SNARE complex through 

interactions with its CH, while the NTD and AH are unbound and exposed for other interactions, 

e.g. binding an additional ‘acceptor’ complex (Figure 5Bi) [74]. On the contrary, in cis-

conformation, the AH binds to the SNARE core complex and the NTD clamps the C-terminal 

part of the complex (Figure 5Bii) [74]. While the NTD might interact with the vesicular or 

plasma membrane, the CTD of Cpx1 undergoes a disorder-to-order transition in the presence 

of lipids forming amphipathic helices, which then bind to the vesicular membrane after 

recognising the curvature of the vesicles (Figure 5B) [68,75,76]. The AH plays a central role 

in the inhibition of spontaneous neurotransmitter release, however, the mechanism is 

controversially discussed. Inhibition of the membrane fusion by the AH was hypothesised to 

be achieved through (i) insertion into a neighbouring ‘acceptor’ complex and leading to a zigzag 

array [59,77], (ii) clamping the C-terminal SNARE complex [65,78], (iii) occupying the binding 

site of the C-terminal SNARE motif of Syb2, thus, preventing full zippering [59,79], 

Figure 5. Structural properties and models for the regulatory mechanism of Cpx1. 
(A) Schematic representation and AlphaFold structure prediction (lhs) of Cpx1 (light pink). Cpx1 is 
composed of the disordered NTD and CTD containing amphipathic helices, an AH (magenta) as well 
as a CH (purple). Cartoon representation of the high-resolution structure of the neuronal SNARE 
complex co-crystallised with Cpx1 (rhs, PDB ID: 1KIL [61]). Cpx1 binds through its CH to the groove 
formed by Stx1 (orange) and Syb2 (blue), while the AH is not interacting with the SNAREs. (B) Inhibition 
was proposed to arise from the following structural models: (i) The AH inserts into a second ‘acceptor’ 
complex, thereby, blocking the assembly of Syb2. Cpx1 adopts trans-conformation. (ii) The AH binds 
to the SNARE complex and the NTD clamps the C-termini of the SNAREs. Cpx1 adopts cis-
conformation. (iii) The AH occupies the Syb2 binding site of the same SNARE complex. (iv) The 
negatively charged AH binds the SNARE motif and the positively charged linker of Syb2 and prevents 
binding of Syb2 to the SNARE complex. (v) Electrostatic repulsion and sterical hindrance resulting from 
the negatively charged AH and the negatively charged membrane prevent fusion. 
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(iv) interacting with the C-terminal SNARE motif of Syb2 inhibiting its incorporation into the 

SNARE complex [80] or (iv) electrostatic repulsion or sterical hindrance with the negatively 

charged membranes (Figure 5Bi-iv) [80,81]. Regardless of the underlying mechanism, there 

is strong evidence that Cpx1 binds to trans-SNARE complexes interfering with the C-terminal 

zippering of SNARE proteins [78,82–84].  

 

1.2 Mass spectrometry for structure elucidation of proteins 

For understanding the biological function of protein assemblies, a detailed understanding of 

their structure and dynamics is essential. To date, x-ray crystallography, nuclear magnetic 

resonance (NMR) spectroscopy and cryo-electron microscopy (EM) provided the majority of 

high-resolution structural models. However, these techniques are limited and, for instance, the 

analysis of disordered proteins or membrane proteins remains difficult. Mass spectrometry 

(MS) is a suitable technique to provide complementary structural information to overcome the 

limitations of these conventional approaches. In combination with cross-linking of proteins 

(cross-linking MS) and the analysis of intact proteins and protein complexes (native MS), 

additional structural information for the characterisation of proteins and protein complexes is 

available. 

1.2.1 Identification of proteins by MS 

Identification of proteins established through the analysis of peptides. Two general approaches 

are commonly used: (i) ‘top-down’ MS, in which the intact protein is transferred into the gas 

phase and peptides are generated through fragmentation of the protein within the mass 

spectrometer or (ii) ‘bottom up’ approaches, in which the protein is enzymatically hydrolysed, 

e.g. using trypsin, prior to the MS analysis (Figure 6A). To reduce the complexity of the 

resulting peptide mixture, peptides are separated by high-performance liquid chromatography 

(HPLC) system. For this, the peptides are separated according to their hydrophobicity using a 

reversed phase LC column and directly eluted into the mass spectrometer. The individual steps 

of bottom-up MS analysis are described in the following paragraphs.  

 

Ionisation of peptides. Peptides are often ionised by electrospray ionization (ESI) [85]. For 

this, the peptides pass through a capillary to which a high voltage (1-3 kV) is applied. The 

peptide solution is sprayed under atmospheric pressure into an electric field, the ‘Taylor cone’ 

is formed, charged droplets emit from the tip and are accelerated towards the counter electrode 

[86]. Continuous solvent evaporation leads to an increase in the charge density on the surface 

of the droplets resulting in repeated spontaneous decay into smaller droplets as soon as the 

‘Rayleigh limit’ is reached. The final ionisation of peptides is best described by the ion 

evaporation model (IEM), which is based on the electric field emanating from a Rayleigh-
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charged nanodroplet causing the ejection of small, solvated ions from the droplet surface 

(Figure 6B) [87]. The remaining solvent shell evaporates at the interface of the mass 

spectrometer. ESI is commonly used in nanoflow (nanoESI). The advantages of nanoESI are 

smaller droplets resulting from smaller sample volumes, enabling the use of aqueous solutions, 

tolerating higher salt concentrations and requiring lower sample amounts [88].  

 

Ion separation and detection. The generated ions are then transferred into the gas phase of 

the mass spectrometer. Often hybrid instruments, e.g. quadrupole-orbitrap [89] (Figure 6C) or 

quadrupole time-of-flight (ToF) [90] mass spectrometers are used. The mass of the ions is 

determined by their mass-to-charge ratio (m/z) in high vacuum using mass analysers, e.g. 

quadrupole [91], ToF [92] or orbitrap [93] mass analysers as well as mass detectors. The 

commonly used quadrupole mass analyser is composed of four rods to which a radio frequency 

and direct current potential is applied. Note that adjacent rods have a radio frequency voltage 

out of phase by 180° and a direct current voltage of opposite polarity. The resulting electric 

field stabilises the ions on a trajectory to pass through the analyser. Depending on the applied 

Figure 6. Protein identification workflow. 
(A) Protein (complexes) are hydrolysed using specific proteases and resulting peptides are 
subsequently separated by LC and processed by tandem MS. (B) Peptides are ionised by nanoESI 
following the IEM mechanism and transferred into (C) a Q Exactive Plus Hybrid Quadrupole-Orbitrap 
mass spectrometer. In MS1 mode (blue path) all ions are guided through the lenses and flatapoles into 
the quadrupole and are forwarded through the C-trap into the orbitrap, where they are analysed and 
detected. An overview MS1 spectrum of all peptides is acquired. In MS2 mode (orange path) a specific 
m/z is selected (red) in the quadrupole and transmitted through the C-trap into the collision cell. Peptides 
are fragmented by HCD with inert gas molecules (red star) and fragment ions are guided back into the 
C-trap and forwarded into the orbitrap. The fragment ions are analysed, detected and an MS2 spectrum 
is acquired. Acquired data are further searched against databases and analysed by specific software. 
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potential, the quadrupole is operated in ‘scanning mode’, guiding all ions on stable trajectories, 

or in ‘filter mode’ by selecting and stabilising only one specific m/z value. The ToF analyser 

separates ions of different m/z values, which have been accelerated to the same kinetic 

energy, in a field free drift tube. The flight-time of the ions to the detector is analysed. As the 

velocity of the ions correlates with their m/z value, ions of smaller molecular weight will reach 

the detector first, while ions of higher molecular weight arrive later. ToF analysers are often 

combined with a multichannel plate (MCP) detector to record the induced current resulting from 

the arriving ions [94,95]. Compared to the quadrupole and the ToF analysers, the orbitrap 

operates as analyser and detector. Ions axially oscillate onto stable orbits around a central 

electrode depending on their m/z value [93]. Thereby, the ions induce a current in the outer 

electrode, which is converted into m/z values by Fourier transformation.  

 

LC-MS/MS of peptides. In this thesis, the Q Exactive Plus Hybrid Quadrupole-Orbitrap mass 

spectrometer was used for protein identification (Figure 6C). In the mass spectrometer, the 

ionised peptides are first focussed by ion lenses and forwarded to the quadrupole analyser. In 

an MS1 experiment, the quadrupole operates in ‘scanning mode’ transmitting all ions through 

the analyser. Subsequently, the ions pass the C-trap, enter the orbitrap and an ‘overview’ 

spectrum of all peptides (MS1) is acquired (Figure 6C). During the acquisition, peptides 

continuously elute from the HPLC and ionise. Consequently, previously detected peptides with 

a specific m/z value can now be selected in the quadrupole when operated in ‘filter mode’. The 

peptides pass the C-trap and are forwarded to the collision cell for fragmentation, which is 

achieved by high-energy collisional dissociation (HCD) [96]. For this, precursor ions are 

accelerated in the collision cell and collide with inert gas molecules, e.g. nitrogen, resulting in 

specific fragment ions that are guided to the C-trap and injected into the orbitrap. Within the 

orbitrap, the fragment ions are analysed, and a fragment ion spectrum (MS2) is detected 

(Figure 6C).  

 

Database search. For identification of proteins, experimentally determined m/z values and 

intensities of the precursor and fragment ions are compared with theoretical values of in silico 

calculated peptides and their fragments from a target database. For matching peptide and 

fragment ion spectra, specialised software such as MaxQuant [97] is used. The obtained 

peptide spectrum matches (PSM) are used to estimate the false discovery rate (FDR), which 

is applied while data base search to limit identification of false positive peptides. The FDR is a 

measure of the incorrect PSMs amongst all accepted PSMs [98]. 
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1.2.2 Chemical cross-linking combined with MS 

Chemical cross-linking is used to obtain structural information on protein conformations and 

protein-protein interactions. It is a versatile tool to validate protein structures or derive models 

of protein complexes by integrative structural biology approaches complementing high-

resolution structural information from traditional structural biology techniques. Accordingly, it 

was successfully applied to obtain models of large protein assemblies, e.g. the nuclear pore 

complex [99] or entire cell organelles, e.g. mitochondria [100]. It can be applied to characterise 

protein interactions in whole cells [101] or tissue [102].  

 

Cross-linking workflow. By incubating proteins with a chemical cross-linker, functional 

groups of amino acid side chains in proximity are covalently linked, thereby, conserving non-

covalent interactions of proteins and capturing their conformations. Cross-links are formed 

within a protein (intramolecular) or between two proteins (intermolecular). If the cross-linking 

reagent interacts with the protein through one functional group while the second is hydrolysed, 

a so-called ‘dead-end’ cross-link is formed (Figure 7A). Loop cross-links represent a special 

case of intramolecular cross-links, which connect amino acids within the same peptide [103]. 

Based on the cross-linked positions, the three-dimensional structure of proteins can be 

identified, thereby, providing information on subunit arrangement as well as solvent 

accessibility. After introducing covalent linkages, the cross-linked proteins are enzymatically 

hydrolysed. Traditionally, trypsin is used for hydrolysis; however, to increase sequence 

coverage of the cross-linked proteins, sequential hydrolysis using additional proteases, e.g. 

LysC or chymotrypsin, was established [104,105]. Cross-linked peptide pairs are then enriched 

Figure 7. Chemical cross-linking. 
(A) BS3 covalently links primary amines in proximity resulting in release of Sulfo-NHS forming inter-, 
intra- or partially hydrolysed cross-links. (B) Proteins are chemically cross-linked and hydrolysed using 
proteases. Obtained cross-linked dipeptides are separated from non-cross-linked linear peptides using 
SEC and analysed by LC-MS/MS. Acquired data are further processed using specific software. 
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from non-cross-linked linear peptides and analysed by LC-MS/MS as described above 

(Figure 7B). 

 

Cross-linking reagents. A large number of cross-linkers is available for interaction studies. 

Most cross-linkers contain of two functional groups, which are connected through a flexible 

linker varying in length. Depending on the functional groups of the cross-linking reagent, 

primary amines as well as carboxyl groups, hydroxyl groups and thiol groups of the amino acid 

side chains can be targeted. Homobifunctional cross-linkers based on N-hydroxysuccinimide 

(NHS) esters such as bis-(sulfosuccinimidyl) suberate (BS3) are often used to link primary 

amines of lysine side chains and the proteins’ N-termini [106]. After release of NHS, a stable 

amide bond is formed (Figure 7A). However, side reactions with less reactive hydroxyl groups 

of serine, threonine and tyrosine are also possible [107]. Cross-linking reagents such as 1-

ethyl-3-(3-dimethylaminopropyl)-carbodiimide (EDC) covalently link carboxyl groups of the 

side chains of aspartic acid and glutamic acid with primary amines [108]. EDC mediates the 

reaction, however, is not integrated into the structure and, therefore, called ‘zero-length’ cross-

linker.  

 

Strategies for improved identification of cross-links. Cross-linked peptide pairs are low 

abundant compared to non-cross-linked linear peptides and their identification is challenging 

due to complex data sets. To reduce the complexity of the samples and increase the 

identification rate, several approaches were introduced such as chromatographic enrichment 

prior to LC-MS/MS acquisition. For this, size exclusion chromatography (SEC) [105], strong 

cation exchange chromatography (SCX) [109], hydrophilic strong anion exchange 

chromatography [110] or affinity chromatography using trifunctional cross-linking reagents 

[111,112] are often performed. For whole cell cross-linking studies, a multidimensional 

fractionation was established [101]. In addition, cleavable cross-linkers, e.g. disuccinimidyl 

sulfoxide (DSSO) [113] or dihydrazide sulfoxide (DHSO) [114], which contain labile bonds in 

their linker region, are used. These cross-linkers can be cleaved by collisions in the gas phase, 

resulting in a characteristic doublet of fragment ions. Another approach is the use of isotopically 

labelled cross-linkers e.g. BS3-d4, which bases on the substitution of several atoms of the 

linker region by stable isotopes such as deuterium. The use of ‘heavy’ (deuterated, dx) and 

‘light’ (non-deuterated, d0) cross-linkers at equimolar ratio results in characteristic peak pairs 

in the MS1 spectrum. The mass difference of these peaks allows the unambiguous 

identification of the less abundant cross-links and is used for quantitative and comparative 

experiments [115,116]. Adjustments during the LC-MS/MS acquisition, such as optimized 

fragmentation parameters were also used to increase the identification [117]. In addition, 

charge state selection is used, as cross-linked dipeptides contain higher charges compared to 
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linear peptides. The recent development of field asymmetric ion mobility spectrometry (FAIMS) 

further enables multidimensional separation and filtering of higher charged peptides during the 

measurement [118].  

 

Identification and validation of identified cross-links. Cross-links are in principle identified 

in a similar fashion as linear peptides; however, specialised software, e.g. xQuest [119], pLink2 

[120], StavroX [121], MeroX [122] or XiSearch [104] is necessary. During the data base search, 

an FDR is estimated from a target-decoy database, followed by manual validation of the mass 

spectra to reduce the identification of false positives. Identified cross-linking positions are 

visualised in bar, circle or network plots [123] and will be further validated by mapping onto 

high-resolution structures or structure predictions using e.g. the visualisation software UCSF 

Chimera [124] or ChimeraX [125] combined with the XLink Analyzer [126]. Accordingly, the 

distances between the identified interacting side chains will be compared with the structures 

relative to the length of the cross-linker. Cross-linking positions and distance restrains can then 

be implemented into structural models and used for docking of subunits to complexes, 

modelling of protein structures or refinement of high-resolution structures [127]. 

 

1.2.3 Native MS 

Native MS is a technique that enables the analysis of intact protein complexes in the gas 

phase. By preserving non-covalent interactions, information on the stoichiometry, topology and 

stability of protein complexes is provided. With this protein-protein and protein-ligand 

interactions as well as binding affinities can be analysed. The applicability of native MS ranges 

from individual small peptides and proteins up to large protein complexes and even intact 

macromolecular assemblies such as ribosomes or virus capsids [128–131]. 

 

Sample preparation. To preserve non-covalent interactions and to enable the analysis of 

protein complexes in the gas phase, a volatile buffer and an instrument modified for 

transmission of high masses are required [132]. Non-volatile buffer components such as salts 

and stabilisation reagents, e.g. detergents or glycerol, often lead to ion suppression and 

extensive adduct formation [132]. To prevent this, the storage buffer of the protein sample 

needs to be exchanged into an ESI compatible solution. A commonly used solvent is 

ammonium acetate solution, a volatile electrolyte (NH4
+CH3COO-) that mimics the solvation 

properties of proteins under physiological conditions and stabilises low pH values, thus, 

preventing dramatic acidification during ionisation [133]. Buffer exchange is performed prior to 

the analysis often using small SEC columns, molecular cut-off filters or dialysis membranes 

(Figure 8A) [132].  
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Ionisation of proteins. Protein complexes are often ionised using nanoESI. Release of large 

globular protein assemblies into the gas phase is best explained by the ‘charged residue 

model’ (CRM) (Figure 8B) [134]. Nanodroplets that contain one single analyte evaporate to 

dryness, while the charge of the droplet is transferred to the analyte. For comparison, ionisation 

of disordered and partially hydrophobic analytes is often described by the ‘chain ejection 

model’ (CEM) (Figure 8B) [135]. In this model, unfolded chains migrate to the surface of the 

nanodroplet, one terminus gets expelled into the vapor phase followed by sequential ejection 

of the protein into the gas phase and separation from the droplet. The uptake of charges 

correlates with the surface accessible area of the assemblies and, therefore, provides 

information about the folding state of native protein structures [136–138].  

Figure 8. Native MS workflow. 
(A) Sample preparation of intact protein (complexes) by buffer exchange into volatile solution. (B) Ions 
are generated by nanoESI following the CRM (large globular proteins) or CEM (large, disordered 
proteins) mechanism and are transferred into a Q-ToF Ultima mass spectrometer. (C) In MS1 mode 
(blue path) all ions pass through the quadrupole and the collision cell. Ions are analysed in the time-of-
flight analyser and detected in the MCP detector. A charge state distribution for each protein species is 
acquired in an MS1 spectrum. In MS2 mode (orange path) a specific m/z is selected (red cursor) and 
dissociated in the collision cell. Collision of the protein with inter gas molecules (red star) leads to 
unfolding and dissociation of a subunit at the periphery of the protein complex. The acquired MS2 
spectrum shows distributions for the dissociated subunit and the ‘stripped’ complex. Data are further 
processed and analysed by specific deconvolution software.  
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Stabilisation of non-covalent interactions. The generated ions are directly transferred into 

the mass spectrometer. Modified hybrid instruments are used; for instance, quadrupole-time-

of-flight instruments (Figure 8C) [139] or quadrupole-orbitrap mass spectrometers that enable 

high-resolution measurements [140]. Major modifications of the instrument include an 

increased pressure in the transfer region between the source and the quadrupole analyser as 

well as a decreased radio frequency of the quadrupole [139]. Due to ‘collisional cooling’ and 

‘collisional focussing’ resulting from increased pressure stages, the transmission of high m/z 

ions is improved [141–144]. Accordingly, ions that enter the mass spectrometer through the 

atmospheric pressure in the ion source are decelerated by collisions with background gas 

molecules, thus, losing kinetic energy and axial motion. Consequently, the ion beam is 

confined towards the central axis of the ion guide [141,142]. In addition, transmission of ions 

through the quadrupole depends on the applied radiofrequency of the alternating current, the 

amplitude of the ions on their trajectory through the analyser as well as the inner radius of the 

quadrupole rods. A decreased radiofrequency allows transmission of ions up to 32,000 m/z 

compared to conventional instruments [139,145].  

 

Tandem MS of protein complexes. In a standard native MS experiment, the quadrupole 

operates in ‘scanning mode’ and an MS1 spectrum of all ions including the intact protein 

complexes as well as sub-complexes and individual proteins is acquired (Figure 8C). Note 

that, for each protein species, a Gaussian distributed charge state series is observed. If several 

proteins are present in the analyte, for each protein, a distribution will be detected, thus, not 

only providing information about the mass and the stoichiometry of assemblies, but also about 

the heterogeneity of the analyte. When operating the quadrupole in ‘filter mode’ (MS2), a 

precursor ion can be selected and dissociated by collision-induced dissociation (CID) [146], 

which is achieved by increasing the collisional voltage applied to the collision cell. Rather than 

fragmenting the backbone of the protein, peripherally bound subunits unfold due to collisions 

with inert gas molecules resulting in dissociation from the complex while accumulating charges 

on their increased surface area (Figure 8C) [147,148]. Dissociation of a protein complex leads 

to asymmetric charge partitioning and, as a consequence, yields a highly charged dissociated 

subunit and a so-called ‘stripped complex’ composed of the remaining subunits [148,149]. As 

a result, information on the subunit arrangement within the complex as well as the binding 

strength of subunits or ligands is determined. The annotation of the mass spectra and the 

calculation of the molecular weight of the proteins and complexes is performed using 

deconvolution software such as Massign [150] or UniDec [151].  
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Analysis of membrane proteins. Maintaining the natural conformation of proteins in native 

MS is challenging; this is particularly true for membrane proteins. Due to their amphipathic 

character, it is required to solubilise membrane proteins, while preserving their lipid 

environment that is essential for their function and stability. For this, several membrane 

mimetics were employed, e.g. amphipols [152], nanodiscs [153–155], styrene maleic acid lipid 

particles (SMAPLs) [156–159] and liposomes [160]. However, detergent micelles are the most 

commonly used membrane mimetics, which can be used to purify membrane proteins. In some 

cases, associated lipids are maintained making them accessible for the analysis. Detergent-

lipid micelles can also be used to serve as vehicles to mediate lipid binding to proteins [161]. 

A variety of different detergents was employed for the analysis of membrane proteins [162–

164]. As intact micelles produce highly heterogenous mass spectra, detergent adducts need 

to be removed by collisional activation inside the mass spectrometer. Although most of the 

activation energy is absorbed by the detergent [164], finding the balance between sufficient 

energy to remove the detergent and loss of structure is still delicate. Non-ionic detergents, e.g. 

tetraethylene glycol monooctyl ether (C8E4), minimise ion suppression, are easy to be 

removed in the gas phase and are, therefore, well-suited for native MS [164]. The entire 

protein-lipid-detergent complexes are transferred into the gas phase and analysed as 

described above. The resulting mass spectra usually contain distributions corresponding to the 

‘apo protein’ without lipid bound and to protein-lipid complexes, that are shifted to higher m/z 

values depending on the mass of the bound lipid.  

 

1.3 Aim of the study 

Exocytosis of synaptic vesicles mediated by the SNARE complex is a key step in signal 

transmission between neurons. Even though the general processes are understood, the 

detailed underlying molecular mechanisms are largely unknown. This includes formation and 

regulation of possible intermediates in the SNARE complex assembly. The aim of this thesis 

is, therefore, to unravel the stepwise analysis of the assembly of the SNARE complex and to 

obtain information on its regulation by Cpx1. To reach this goal, a combination of biochemical 

and mass spectrometric techniques will be used to explore protein-protein and protein-lipid 

interactions of the neuronal SNARE proteins. 

To provide information on the SNARE complex assembly, individual SNARE proteins and 

Cpx1 will be first characterised in the absence of interaction partners, followed by incubation 

of the proteins forming binary or ternary complexes. Oligomerisation, complex formation, and 

rearrangements as well as complex stability will be monitored by native MS. Chemical cross-

linking of the individual proteins using BS3 will then provide information on specific interaction 

sites within the proteins and their complexes.  
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Cpx1 is a known regulator of the SNARE-mediated membrane fusion. High-resolution 

structures revealed binding of Cpx1 to the SNARE complex through a groove formed by Syb2 

and Stx1. However, contradictory information on inhibitory and stimulating functions based on 

varying mechanisms were proposed. To unravel potential regulatory functions of Cpx1 at all 

stages of SNARE assembly, interactions of Cpx1 with the individual SNARE proteins, binary 

complexes and the ternary SNARE complex will be analysed by native MS. To specifically 

explored the interactions of Cpx1 bound to the SNARE complex, chemical cross-linking will be 

used to identify interaction sites and protein arrangements including dynamic and disordered 

regions of all SNARE proteins as well as Cpx1.  

In addition to protein interactions, lipid binding to the cytosolic domain of Syb2 as well as Cpx1 

was controversially discussed in many previous studies employing different membrane 

mimetics as well as variants of the proteins. To investigate interactions of Syb(1-96) and Cpx1 

with different phospholipids, three complementary approaches will be used. Lipid overlay 

assays will be performed to screen for potential interacting lipids. For this, binding of the 

proteins to immobilised lipids of various classes is identified by immunostaining. Using native 

MS, lipids will be transferred from mixed detergent-lipid micelles to the proteins, thereby, 

providing lipid binding affinities. To evaluate lipid binding observed in native MS 

measurements, liposomes simulating a curved phospholipid bilayer will be employed, and 

protein-lipid interactions will be elucidated by flotation of liposomes on a sucrose gradient.  

In summary, this thesis will provide novel, mechanistic insights into SNARE complex assembly, 

including formation of intermediate complexes, interactions with the regulatory protein Cpx1 

as well as protein-lipid and protein-membrane interactions of synaptic proteins. 
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2 Materials and methods 

2.1 Materials 

2.1.1 Chemicals 

3-[(3-cholamidopropyl)-dimethyl ammonio]-1-

propane sulphonate (CHAPS) 

Carl Roth, Karlsruhe 

4-(2-hydroxyethyl)-piperazine-1-ethanesulfonic 

acid (HEPES) 

Sigma Aldrich, St. Louis, USA 

Acetonitrile, LC/MS grade Thermo Fisher Scientific, Waltham, USA 

Agar-Agar Carl Roth, Karlsruhe 

Albumin fraction V of bovine serum albumin Carl Roth, Karlsruhe 

Ammonium acetate Sigma Aldrich, St. Louis, USA 

Ammonium bicarbonate Sigma Aldrich, St. Louis, USA 

Bis-(sulfosuccinimidyl) suberate (BS3) Life Technologies, Carlsbad, USA 

Calcium chloride Sigma Aldrich, St. Louis, USA 

Caesium iodide Sigma Aldrich, St. Louis, USA 

Complete™ protease inhibitor cocktail,  

EDTA-free 

Carl Roth, Karlsruhe 

Coomassie® Brilliant Blue G 250 Carl Roth, Karlsruhe 

D- (+) sucrose Carl Roth, Karlsruhe 

Di-potassium hydrogen phosphate Carl Roth, Karlsruhe 

Di-sodium hydrogen phosphate Carl Roth, Karlsruhe 

Dithiothreitol Sigma Aldrich, St. Louis, USA 

Ethanol, LC/MS grade Carl Roth, Karlsruhe 

Ethylenediamine tetra acetic acid disodium 

dihydrate (EDTA) 

Carl Roth, Karlsruhe 

Formic acid, LC/MS grade Sigma Aldrich, St. Louis, USA 

Glycine Sigma Aldrich, St. Louis, USA 

Imidazole  Sigma Aldrich, St. Louis, USA 

Iodoacetamide Sigma Aldrich, St. Louis, USA 

Isopropyl-ß-D-thiogalactopyranoside (IPTG) Carl Roth, Karlsruhe 

Kanamycin sulphate Carl Roth, Karlsruhe 

Magnesium sulphate heptahydrate  Carl Roth, Karlsruhe 

Methanol Thermo Fisher Scientific, Waltham, USA 

Milk powder Carl Roth, Karlsruhe 

n-Octyl ß-D-glucopyranoside Glycon Biochemicals, Luckenwalde 
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Phenylmethylsulphonyl fluoride (PMSF) Carl Roth, Karlsruhe 

Phosphate buffered saline (PBS) tablets Carl Roth, Karlsruhe 

Phosphoric acid Carl Roth, Karlsruhe 

Polyoxyethylen-20-sorbitanmonolaurat  

(Tween-20) 

Carl Roth, Karlsruhe 

Potassium-di-hydrogen phosphate Carl Roth, Karlsruhe 

RapiGest SF Surfactant Waters Corporation, Milford, USA 

Sodium acetate trihydrate Sigma Aldrich, St. Louis, USA 

Sodium chloride Carl Roth, Karlsruhe 

Tetraethylene glycol monooctyl ether (C8E4) Glycon Biochemicals, Luckenwalde 

Trifluoroacetic acid, LC/MS grade Thermo Fisher Scientific, Waltham, USA 

Tris(2-carboxyethyl) phosphine hydrochloride 

(TCEP) 

Carl Roth, Karlsruhe 

Tris(hydroxymethyl)aminomethane (Tris base) Sigma Aldrich, St. Louis, USA 

Tryptone / peptone of casein Merck, Darmstadt 

Urea Thermo Fisher Scientific, Waltham, USA 

Water, LC/MS grade Thermo Fisher Scientific, Waltham, USA 

Yeast extract Merck, Darmstadt 

 

2.1.2 Consumables 

AcclaimTM PepMapTM 100 C18-LC column  

(75 µm x 500 mm, particle size 3 µm, pore size 

100 Å) 

Thermo Fisher Scientific, Waltham, USA 

AcclaimTM PepMapTM 100 C18-LC column 

(300 µm x 5 mm, particle size 5 µm, pore size 

100 Å) 

Thermo Fisher Scientific, Waltham, USA 

AmershamTM Protran® Nitrocellulose Blotting 

membrane (0.2 μm pore size) 

GE Healthcare, Chicago, USA 

Amicon® Ultra-15 Ultracel®-10K Merck, Darmstadt 

HiLoadTM 16/600 SuperdexTM 75 prep grade 

column 

GE Healthcare, Chicago, USA 

HisTrapTM HP column GE Healthcare, Chicago, USA 

HiTrapTM SP HP column GE Healthcare, Chicago, USA 

HiTrapTM Q HP column GE Healthcare, Chicago, USA 

Glas capillaries GC100-T10  

(1.0 OD x 0.78 x 100 L mm) without filament 

HARVARD Apparatus, Holliston, USA 
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Membrane lipids strips P-6002 Echelon Biosciences, Salt Lake City, USA 

Micro Bio-SpinTM 6 column BioRad Laboratories, München 

PD MiniTrap G25 column GE Healthcare, Chicago, USA 

SuperdexTM peptide 3.2 / 300 column GE Healthcare, Chicago, USA 

Vivaspin 500-10K Sartorius AG, Göttingen 

 

2.1.3 Ready-to-use kits, solutions and buffers 

InstantBlueTM Coomassie protein stain Expedeon, Cambridge, UK 

NuPAGETM antioxidant Thermo Fisher Scientific, Waltham, USA 

NuPAGETM Bis-Tris gels (4 – 12 %) Thermo Fisher Scientific, Waltham, USA 

NuPAGETM LDS sample buffer (4x) Thermo Fisher Scientific, Waltham, USA 

NuPAGETM MES SDS running buffer (10x) Thermo Fisher Scientific, Waltham, USA 

NuPAGETM sample reducing agent (10x) Thermo Fisher Scientific, Waltham, USA 

Pierce® ECL western blotting detection kit Thermo Fisher Scientific, Waltham, USA 

Plasmid mini-prep kit Thermo Fisher Scientific, Waltham, USA 

SeeBlue plus 2 pre-stained protein marker Thermo Fisher Scientific, Waltham, USA 

 

2.1.4 Antibodies 

anti-Complexin-1/2 IgG from rabbit (Cat.No. 122003) Synaptic Systems, Göttingen 

anti-SNAP25 IgG from mouse, clone 71.1 

(Cat.No.110011BT) 

Synaptic Systems, Göttingen 

anti-Syntaxin-1A IgG from mouse, clone 78.3 

(Cat.No.110111) 

Synaptic Systems, Göttingen 

anti-VAMP-1/2/3 IgG from mouse (Cat.No.104203) Synaptic Systems, Göttingen 

anti-mouse IgG from rabbit (Cat.No. A9044) Merck, Darmstadt 

anti-rabbit IgG from goat (Cat.No. A0545) Merck, Darmstadt 

 

2.1.5 Enzymes 

DNase I (Cat.No. D5025-15KU) Sigma Aldrich, St. Louis, USA 

Thrombin (Cat.No. 27-0846-01) Merck, Darmstadt 

Trypsin, sequencing grade (Cat.No. 11418775001) Merck, Darmstadt 

Trypsin, sequencing grade modified (Cat.No. V5111) Promega, Mannheim 
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2.1.6 Lipids 

All lipids were purchased from Avanti Polar Lipids, Alabaster, USA. 

 

 

2.1.7 Plasmids and proteins 

Plasmids encoding SNARE proteins and Cpx1 of Rattus norvegicus (Table 1) were provided 

by Prof. Dr. Reinhard Jahn (Max Planck Institute for Multidisciplinary Sciences, Göttingen). Dr. 

Caroline Haupt (ZIK HALOmem, Halle/Saale) created the pET28a_Syntaxin-1A_1-262 and 

pET28a_Synaptobrevin-2_1-96 plasmids for expression of Stx1 and Syb2 without 

transmembrane domain using the pET28a_Syntaxin-1A and pET28a_Synaptobrevin-2 

plasmids. All plasmids contain a resistance gene against kanamycin, the lactose operon for 

induction of the protein expression by IPTG and additional sequences encoding for an N-

terminal hexa-histidine tag for purification of proteins by affinity chromatography and a 

thrombin cleavage site (Supplementary Figure 1). All proteins contain a residual of the 

thrombin clevage site (GSH). Syb(49-96) was purified and provided by Dr. Caroline Haupt (ZIK 

HALOmem, Halle/Saale). 

 

Table 1. Plasmids and protein variants. 

Plasmid Protein variants 

pET28a_Complexin-1 Cpx1, full-length 

pET28a_SNAP25-a_allCtoS SNAP25-a, full-length, all cysteine residues mutated to 

serine residues (SNAP25(CtoS)) 

pET28a_SNAP25-a_1-83 SNAP25-a, N-terminal helix including residues 1 to 83 

(SNAP25(1-83)) 

pET28a_Synaptobrevin-2 Syb2, full-length including transmembrane helix 

pET28a_Synaptobrevin-2_49-96 Syb2, cytosolic domain including residues 49 to 96, lacking 

N-terminal part of SNARE motif (Syb(49-96)) 

pET28a_Synaptobrevin-2_1-96 Syb2, complete cytosolic domain including residues 1 to 96 

(Syb(1-96)) 

pET28a_Syntaxin-1A_1-262 Stx1, complete cytosolic domain including residues 1 to 

262 (Stx(1-262)) 

1,2-dioleoyl-sn-glycero-3-phosphocholine 18:1/18:1 PC (DOPC) 

1,2-dioleoyl-sn-glycero-3-phosphoethanolamine 18:1/18:1 PE (DOPE) 

1,2-dioleoyl-sn-glycero-3-phospho-(1-rac-glycerol) 18:1/18:1 PG (DOPG) 

1,2-dioleoyl-sn-glycero-3-phospho-L-serine 18:1/18:1 PS (DOPS) 
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2.1.8 Instruments  

ÄKTATM pure chromatography system GE Healthcare, Chicago, USA 

ÄKTATM purifier chromatography system GE Healthcare, Chicago, USA 

Avanti Mini Extruder Avanti Polar lipids, Alabaster, USA 

Cell density spectrophotometer Ultrospec 10 Amersham Biosciences, Amersham, UK 

Cell disruptor Constant Systems LTD, Northants, UK 

DS-11+ spectrophotometer DeNovix®, Wilmington, USA 

Fraction collector Frac-950 GE Healthcare, Chicago, USA 

Jasco J-815 circular spectropolarimeter JASCO Deutschland, Pfungstadt 

Litesizer 500 particle analyzer Anton Paar, Graz, Austria 

Luminescent image analyzer LAS-4000 Fujifilm Corporation, Tokyo, Japan 

OWL HEP-1 semi-dry electroblotting system Thermo Fisher Scientific, Waltham, USA 

Q Exactive plus hybrid Quadrupole-Orbitrap 

mass spectrometer 

Thermo Fisher Scientific, Waltham, USA 

Q-ToF Ultima mass spectrometer with high  

mass upgrade  

Waters Corporation, Milford, USA 

(High-mass modification by MS Vision, 

Almere, Nederland) 

UltiMate Dionex 3000 nano-LC system Thermo Fisher Scientific, Waltham, USA 

 

2.1.9 Software 

Croco (version 0.7.1) J. Bender, C. Schmidt [165] 

MassLynx (version 4.1) Waters, Milford, USA 

Masssign (version of 11/14/2012) N. Morgner, C. Robinson [150] 

MaxQuant (version 1.6.17) J. Cox, M. Mann [97] 

Kalliope Anton Paar, Graz, Austria 

pLink2 (version 2.3.11) Z.L. Chen et al. [120] 

PyMOL (version 5) Schrödinger, L.L.C. [166] 

Spectra Manager (version 2.0) JASCO Deutschland 

UCSF Chimera (version 1.15) E. F. Pettersen et al. [124] 

UniDec (version 6.0.1) M. Marty et al. [151] 

Xcalibur (version 4.2.47) Thermo Fisher Scientific, Waltham, USA 

Xlink Analyzer (version 1.1.4) J. Kosinski et al. [126] 

xVis M. Grimm et al. [123] 
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2.2 Molecular biological methods  

2.2.1 Transformation of Escherichia coli cells 

3 µl of purified plasmid (Table 1) were added to 200 µl of chemically competent Escherichia 

coli BL21(DE3) cells followed by incubation on ice for 30 min. Cells were heat-shocked at 42 °C 

for 10 s to permeabilise the membrane and immediately incubated for 5 min on ice. 

Subsequently, 950 µl super optimal broth with catabolite repression (SOC) medium (Table 2) 

were added and cells were incubated at 37 °C for 60 min while gently agitating at 250 rpm. 

Cells were pelleted at 5000 x g and resuspended in 100 µl SOC medium. The cell suspension 

was dispensed on a lysogeny broth (Table 2) agar plate containing 30 µg/ml kanamycin for 

selection of transformed cells. The plates were incubated at 37 °C for approximately 16 h. For 

validation of the transformed plasmid by sequencing analysis, individual colonies were picked 

from the plates and cultivated in 5 ml lysogene broth medium containing 30 µg/ml kanamycin. 

Cells were harvested and plasmid DNA extracted using the plasmid mini-prep kit (Thermo 

Fisher Scientific) following the manufacturers protocol. For long-time storage at -80 °C, the cell 

suspension was mixed with 30 % (w/v) glycerol and frozen in liquid nitrogen.  

 

2.2.2 Cell culture and protein expression 

Escherichia coli BL21 (DE3) cells, transformed with the appropriate plasmid (Table 1), were 

cultured in 150 ml double-yeast tryptone medium (Table 2) or lysogeny broth medium 

(Table 2) in the presence of 30 µg/ml kanamycin by incubating overnight at 37 °C. Main-

cultures of 500 ml double-yeast-tryptone medium or terrific broth medium (Table 2), each 

including 30 µg/ml kanamycin, were inoculated with the corresponding pre-culture to an optical 

density of approximately 0.05 at 590 nm. The Cell density was determined (Ultrospec 10 

spectrophotometer, Amersham Biosciences). Cell cultures were grown at 37 °C until an optical 

density of 0.6 to 0.9 was reached. To prevent expression of chaperones, cell cultures were 

cooled to 22 °C prior to induction of protein expression. Expression of SNARE proteins and 

Cpx1 was induced with 0.4 mM and 1 mM IPTG. Cells were harvested at 4000 x g and 4 °C 

for 20 min, pellets were resuspended in approximately 10 ml 20 mM HEPES, pH 7.4, 500 mM 

NaCl, 20 mM imidazole, 0.1 mM TCEP and directly used for protein purification (Section 2.3.1, 

Section 2.3.2) or stored at -80 °C. 
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Table 2. Composition of media for bacterial cultivation. 

Medium Composition 

Double-yeast tryptone 1.6 % (w/v) tryptone, 1 % (w/v) yeast extract, 0.5 % (w/v) NaCl 

Lysogeny broth 1 % (w/v) tryptone, 0.5 % (w/v) yeast extract, 1 % (w/v) NaCl 

SOC 2 % (w/v) peptone, 0.5 % (w/v) yeast extract, 10 mM NaCl, 

2.5 mM KCl, 10 mM MgCl2, 10 mM MgSO4, 20 mM glucose 

Terrific broth 1.2 % (w/v) tryptone, 2.4 % (w/v) yeast extract, 0.4 % (v/v) 

glycerol, 2.3 % (w/v) KH2PO4, 12.5 % (w/v) K2PO4 

 

2.3 Protein biochemical methods 

2.3.1 Cell lysis 

To the cell suspensions (Section 2.2.2) 5 mM magnesium sulphate heptahydrate as well as 

10 µg/ml DNase I were added, and cells were mechanically lysed (cell disruptor, Constant 

Systems LTD). For this, a pressure of 2 kbar was repeatedly applied. After cell lysis, the lysate 

was immediately collected and mixed with a protease inhibitor cocktail (Roche) and 1 mM 

PMSF for inhibition of proteases. Cell debris was pelleted at 25,000 rpm and 4 °C for 60 min 

and proteins of interest were chromatographically purified (ÄKTATM purifier, GE Healthcare) 

from the supernatant (Section 2.3.2, Section 2.3.3). 

 

2.3.2 Protein purification of SNARE proteins 

SNAP25(CtoS), Syb(1-96) and Stx(1-262) (Table 1) were isolated from cell lysate 

(Section 2.3.1) by immobilized metal affinity chromatography (IMAC) using a HisTrapTM HP 

column (GE Healthcare). All purification steps were performed at 4 °C in purification buffers 

given below (Table 3). The corresponding cell lysate was loaded onto the column and washed 

with IMAC buffer A until the baseline of the UV signal was reached. Unspecifically bound 

proteins were washed off the column using 50 mM to 125 mM imidazole. Proteins eluted from 

the column at 350 mM and 500 mM imidazole. Fractions containing the protein of interest were 

identified by gel electrophoresis (Section 2.3.6). To cleave the hexa-histidine tag, pooled 

fractions were dialysed overnight at 4° C against dialysis buffer 1 containing at least 50 U 

thrombin. Separation of the hexa-histidine tag and the respective protein was performed by 

reverse IMAC following the same procedure as described above. Proteins were collected in 

the flow-through and fractions were pooled for dialysis overnight at 4 °C. 

SNAP25(CtoS) and Stx(1-262) were further purified by anion exchange chromatography 

(AEC) after dialysis against dialysis buffer 2 (Table 3). For this, the proteins were loaded onto 
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a HiTrapTM Q HP column (GE Healthcare) and separated using a linear gradient of 10 mM 

NaCl/min using AEC buffer A and B. SNAP25(CtoS) eluted at 260 mM NaCl, while Stx(1-262) 

eluted at 330 mM NaCl. Syb(1-96) was dialysed against dialysis buffer 3 prior to further 

purification by SCX. For this, the dialysate was loaded onto a HiTrapTM SP HP column (GE 

Healthcare) and separated using a linear gradient of 10 mM NaCl/min using SXC buffer A and 

B. Syb(1-96) eluted at 200 mM NaCl. The protein content of the corresponding fractions was 

evaluated by gel electrophoresis (Section 2.3.6).  

For final purification by SEC, SNAREs were concentrated using molecular weight cut-off filters 

of 3.5 kDa or 10 kDa (Amicon Ultra 15 Ultracell, Merck) and loaded onto a HiLoadTM 16/600 

SuperdexTM 75 prep grade column (GE Healthcare). Proteins were isocratically separated 

using SEC buffer and the fractions containing the protein of interest were concentrated. Protein 

concentrations of SNAP25(CtoS), Syb(1-96) and Stx(1-262) were determined by Lambert-

Beer law using UV/Vis spectroscopy and the specific extinction coefficients (Section 2.3.4).  

 

SNAP25(1-83) (Table 1) was purified according to the purification strategy of SNAP25(CtoS) 

with minor modifications. Since aromatic amino acid residues are absent in this construct, all 

purification steps were monitored at 214 nm and 235 nm detecting the absorbance of the 

peptide bond. Instead of purification by AEC, SNAP25(1-83) was directly purified by SEC. The 

protein concentration was determined using the Bradford-Assay (Section 2.3.4). Syb2 

(Table 1) was purified according to the purification protocol of the soluble Syb(1-96) described 

above, in the presence of 1 % (w/v) CHAPS.  

 

Table 3. Buffers for purification of SNARE proteins. 

Buffers Components 

IMAC buffer A 20 mM HEPES, pH 7.4, 500 mM NaCl, 20 mM imidazole, 0.1 mM TCEP 

IMAC buffer B 20 mM HEPES, pH 7.4, 500 mM NaCl, 500 mM imidazole, 0.1 mM TCEP 

AEC buffer A 20 mM HEPES, pH 7.4, 50 mM NaCl, 0.1 mM TCEP 

AEC buffer B 20 mM HEPES, pH 7.4, 1 M NaCl, 0.1 mM TCEP 

SXC buffer A 20 mM sodium acetate, pH 5.5, 50 mM NaCl, 0.1 mM TCEP 

SXC buffer B 20 mM sodium acetate, pH 5.5, 1 M NaCl, 0.1 mM TCEP 

SEC buffer 20 mM HEPES, pH 7.4, 150 mM KCl, 0.1 mM TCEP, 1 mM EDTA 

Dialysis buffer 1 20 mM HEPES, pH 7.4, 500 mM NaCl, 20 mM imidazole, 0.1 mM TCEP 

Dialysis buffer 2  20 mM HEPES, pH 7.4, 50 mM NaCl, 0.1 mM TCEP 

Dialysis buffer 3 20 mM sodium acetate, pH 5.5, 50 mM NaCl, 0.1 mM TCEP 
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2.3.3 Protein purification of Cpx1 

Cpx1 was purified from cell lysate (Section 2.3.1) by IMAC using a HisTrapTM HP column (GE 

Healthcare). Buffers used for the purification are given below (Table 4) and all purification 

steps were performed at 4 °C. The cell lysate was loaded onto the column and the column was 

washed with IMAC buffer A until the baseline of the UV signal was reached again. 

Unspecifically bound proteins were washed off the column using 80 mM imidazole, followed 

by elution of Cpx1 at 300 mM imidazole. Fractions containing Cpx1 were evaluated by gel 

electrophoresis (Section 2.3.6) and combined for cleavage of the hexa-histidine tag. For this, 

pooled fractions were dialysed overnight at 4° C against dialysis buffer 1 containing 200 U 

thrombin. The hexa-histidine tag and Cpx1 were separated by reverse IMAC following the 

same procedure as described above. Cpx1 was collected in the flow-through and the hexa-

histidine tag eluted at 400 mM imidazole using IMAC buffer B. The flow-through was pooled 

and again dialysed overnight at 4 °C against dialysis buffer 2 to decrease the salt concentration 

for AEC. For this, the dialysate was loaded onto a HiTrapTM Q HP column (GE Healthcare) and 

proteins were separated with a linear gradient of 10 mM NaCl/min using AEC buffer A and B. 

Cpx1 eluted at 250 mM NaCl and the protein content of the corresponding fractions was 

evaluated by gel electrophoresis (Section 2.3.6). Subsequently, pooled fractions containing 

Cpx1 were concentrated using a molecular weight cut-off filter of 10 kDa (Amicon Ultra 15 

Ultracell 10k, Merck). While concentrating Cpx1, the purification buffer was exchanged to 

storage buffer. The protein concentration was determined by Lambert-Beer law using UV/Vis 

spectroscopy and the specific extinction coefficient (Section 2.3.4). 

 

Table 4.  Buffers for purification of Cpx1. 

Buffers Components 

IMAC buffer A 20 mM HEPES, pH 7.4, 300 mM NaCl, 0.1 mM TCEP 

IMAC buffer B 20 mM HEPES, pH 7.4, 300 mM NaCl, 400 mM imidazole, 0.1 mM TCEP 

AEC buffer A 20 mM HEPES, pH 7.4, 0.1 mM TCEP 

AEC buffer B 20 mM HEPES, pH 7.4, 1 M NaCl, 0.1 mM TCEP 

Storage buffer 20 mM HEPES, pH 7.4, 300 mM KCl, 0.1 mM TCEP, 1 mM EDTA 

Dialysis buffer 1 20 mM HEPES, pH 7.4, 300 mM NaCl, 0.1 mM TCEP 

Dialysis buffer 2  20 mM HEPES, pH 7.4, 50 mM NaCl, 0.1 mM TCEP 

 

 

 



28 
 

2.3.4 Determination of the protein concentration 

Lambert-Beer law. For determination of the concentration of proteins containing aromatic 

residues, the absorbance at 280 nm was measured using a DS-11+ spectrophotometer 

(DeNovix®). Concentrations were then calculated according to the Lambert-Beer law using the 

extinction coefficient of the corresponding protein. Extinction coefficients and the molecular 

weights of the SNARE proteins and Cpx1 were calculated using the web-based Expasy 

ProtParam tool [167] and are given below (Table 5).  

 

Table 5. Protein properties of SNARE proteins and Cpx1. 

Protein construct Extinction coefficient (M-1 cm-1) Molecular weight (g/mol) 

Cpx1 4470 15403.37 

SNAP25(CtoS) 6990 23553.13 

SNAP25(1-83) none 9931.01 

Syb2 13980 12972.06 

Syb(49-96) 12490 6039.9 

Syb(1-96) 12490 10799.23 

Stx(1-262) 7450 30620.21 

 

 

Bradford-Assay. For SNAP25(1-83) no extinction coefficient is available, therefore, protein 

concentrations were determined by Bradford-Assay based on a BSA calibration curve [168]. 

For this, samples containing 1 µg to 10 µg BSA in 20 µl 20 mM HEPES, pH 7.4, 150 mM KCl, 

0.1 mM TCEP, 1 mM EDTA were prepared. A sample omitting BSA was used as a control. 

Each sample was prepared in triplicates. 1 ml Bradford reagent containing 0.01 % (w/v) 

Coomassie Brilliant Blue G-250, 8.5 % (v/v) phosphoric acid, 4.75 % (v/v) ethanol was added 

to each sample, followed by incubation for 10 min at room temperature. The absorbance was 

determined by UV/Vis spectroscopy (DeNovix®) at 595 nm. Values were plotted and a linear 

regression was performed. Samples of the protein of interest were prepared as described using 

a dilution in the middle of the calibration curve.  
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2.3.5 Formation of protein complexes 

Proteins were mixed in varying ratios ranging from 10 µM to 60 µM of the corresponding 

protein in 20 mM HEPES, pH 7.4, 150 mM KCl, 0.1 mM TCEP, 1 mM EDTA 

(Supplementary Table 1). For this, the stoichiometry of binary complexes mimicking the four-

helical structure of the SNARE complex was considered. To promote SNARE complex 

formation by preventing formation of the ‘dead end’ complex [169], SNAP25(CtoS) and Syb(1-

96) were initially mixed in 1:1 ratio, followed by equimolar addition of Stx(1-262). Interactions 

of Cpx1 with the SNARE proteins were analysed by equimolar addition of Cpx1 to pre-

assembled SNARE complexes. Mixed proteins were incubated overnight at 4 °C, followed by 

chemical cross-linking (Section 2.3.7) and LC-MS/MS analysis (Section 2.5.4), or analysis by 

circular dichroism (CD) spectroscopy (Section 2.4.1) and native MS (Section 2.5.5). 

Rearrangement of pre-assembled complexes was directly followed by native MS after addition 

of interaction partners without further incubation. 

 

2.3.6 Gel electrophoresis and western blotting 

Proteins were electrophoretically separated on 4-12 % NuPAGETM Bis-Tris gels in NuPAGETM 

MES SDS running buffer containing 0.1 % (v/v) NuPAGETM antioxidant (Thermo Fisher 

Scientific). SeeBlue Plus 2 Pre-Stained Protein Marker (Thermo Fisher Scientific) was used as 

molecular weight standard. Electrophoresis was performed at constant voltage of 200 V for 

35 min (proteins) or 30 min (proteoliposomes). The gels were stained with InstantBlueTM 

Coomassie protein stain (Expedeon) or further processed for Western blotting. 

(Cross-linked) proteins were transferred onto a nitrocellulose membrane (GE Healthcare) for 

2 h at 50 mA using the buffers given below (Table 6). For this, two layer of filter papers, the 4-

12 % Bis-Tris gel including the separated proteins, the nitrocellulose membrane and two 

additional filter papers were drained in transfer buffer and stacked on top of each other. After 

the transfer, the membrane was incubated in blocking buffer for 1 h at room temperature to 

block the membrane and inhibit unspecific antibody binding. Subsequently, the membrane was 

washed with PBST, followed by overnight incubation at 4 °C in primary antibody solution 

(Table 6). To remove unspecifically bound antibody, the membrane was washed again with 

PBST, followed by incubation for 1 h at room temperature in secondary antibody solution 

(Table 6). After washing the membrane with PBST, Pierce ECL western blotting substrate 

(Thermo Fisher Scientific) was added and the resulting chemiluminescence was detected 

using the Luminescence Image Analyzer LAS-4000 (Fujifilm). 
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Table 6. Buffers and solutions for western blotting 

Solution Composition 

Transfer buffer 25 mM Tris Base, pH 8.3, 192 mM Glycin, 0.1 % (w/v) SDS, 10 % (v/v) 

methanol 

PBS buffer 1.76 mM KH2PO4, 10 mM Na2HPO4, pH 7.4, 2.7 mM KCl, 137 mM NaCl 

PBST buffer PBS, 0.02 % (v/v) Tween 20 

Blocking buffer PBST, 5 % (w/v) milk powder 

Primary antibody 

solution 

PBST, 1 % (w/v) BSA containing anti-SNAP25 clone 71.1 (1:10,000), 

anti-Syntaxin-1A clone 78.3 (1:10,000), anti-VAMP-1/2/3 (1:10,000) or 

anti-Complexin-1/2 (1:1000) antibody 

Secondary 

antibody solution 

PBST, 1 % (w/v) BSA containing anti-mouse (1:10,000 for anti-SNAP25 

clone 71.1 and anti-Syntaxin-1A clone 78.3) or anti-rabbit (1:10,000 for 

anti-Complexin-1/2 and anti-VAMP-1/2/3) antibody 

 

2.3.7 Chemical cross-linking 

For optimisation of cross-linking conditions, 10 µM protein (complex) were cross-linked with 

increasing amounts of BS3 ranging from 0.1 mM up to 1.5 mM BS3, followed by incubation for 

1 h at 25 °C and 350 rpm. The cross-linking reaction was quenched by addition of NuPAGETM 

LDS sample buffer (Thermo Fisher Scientific). Cross-linked samples were analysed by gel 

electrophoresis (Section 2.3.6) and stained with InstantBlueTM
 Coomassie protein stain 

(Expedeon) or analysed by western blotting (Section 2.3.6). For identification of cross-linking 

sites, 10 µM of the corresponding SNARE proteins, 40 µM of the SNARE:Cpx1 complex and 

50 µM of Cpx1 were each cross-linked with 0.5 mM or 1.5 mM BS3 in a total volume of 100 µl. 

These samples were precipitated with ethanol (Section 2.5.1), hydrolysed in solution 

(Section 2.5.2) and cross-linked dipeptides were enriched by SEC (Section 2.5.3), followed 

by LC-MS/MS analysis (Section 2.5.4).  

 

2.3.8 Lipid overlay assay 

Lipid overlay assays were performed using commercially available membrane lipids strips 

(Echelon Biosciences). All buffers and solutions are given below (Table 7). The membrane 

strip was blocked in blocking buffer for 1 h at room temperature prior to incubation overnight 

at 4 °C in PBST buffer containing 1.5 µg/ml of the protein of interest. Subsequently, the protein 

solution was discarded and the membrane was washed with PBST buffer. For visualisation of 

protein-lipid binding, the appropriate primary antibody solution was added and the membrane 

was again incubated overnight at 4 °C. Following an additional washing step with PBST, the 
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membrane was incubated in secondary antibody solution for 1 h at room temperature. Binding 

of the protein to the lipids was detected using Pierce ECL western blotting substrate (Thermo 

Fisher Scientific) and resulting chemiluminescence was measured (Luminescence Image 

Analyzer LAS-4000, Fujifilm). 

 

Table 7. Buffers and solutions for lipid overlay assay. 

Solution Composition 

PBS buffer 1.76 mM KH2PO4, 10 mM Na2HPO4, pH 7.4, 2.7 mM KCl, 137 mM NaCl 

PBST buffer PBS, 0.1 % (v/v) Tween 20 

Blocking buffer PBST, 3 % (w/v) BSA 

Primary antibody 

solution 

PBST, 1 % (w/v) BSA containing anti-VAMP-1/2/3 (1:10,000) or anti-

Complexin-1/2 (1:1000) antibody 

Secondary 

antibody solution 

PBST, 1 % (w/v) BSA containing anti-rabbit (1:10,000 for anti-VAMP-

1/2/3 and anti-Complexin-1/2) antibody 

 

2.3.9 Preparation of proteoliposomes and flotation assay 

Preparation of proteoliposomes by association of soluble protein. Dried lipid films were 

dissolved in 20 mM HEPES, pH 7.4, 150 mM KCl, 0.1 mM TCEP, 1 mM EDTA by sonication 

and liposomes formed by hydration of the lipids for 1 h at room temperature. To obtain 

liposomes of defined size, liposomes were extruded by 21 strokes through a polycarbonate 

membrane with a pore size of 100 nm. Proteoliposomes were prepared by incubation of 

liposomes with soluble protein for 1 h at room temperature considering a lipid:protein ratio of 

1:300 for Syb(1-96) and 1:1000 for Cpx1. Homogenic size distributions of extruded liposomes 

and proteoliposomes were validated by dynamic light scattering (Section 2.4.2). Association 

of soluble protein to the liposomes was verified in a flotation assay. 

 

Flotation Assay. Proteoliposomes were separated from unbound protein on a sucrose step 

gradient. For this, proteoliposomes were mixed with 2.5 M sucrose to a final concentration of 

1 M sucrose. This solution was overlayed with 3/4 volumes of 0.75 M sucrose, followed by 

1/10 volumes of 20 mM HEPES, pH 7.4, 150 mM KCl, 0.1 mM TCEP, 1 mM EDTA. The 

sucrose gradient was centrifuged at 268,000 x g for 2 h at 22 °C. Due to their lower density, 

liposomes float on top of the sucrose gradient. To evaluate protein binding to the liposomes 

the top, middle and bottom fractions of the gradient were collected and analysed by gel 

electrophoresis (Section 2.3.6).  
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2.4 Biophysical methods 

2.4.1 Circular dichroism (CD) spectroscopy 

CD spectroscopy was performed using a Jasco J-815 CD spectrometer (Jasco Deutschland). 

For this, 30 µM to 60 µM of the individual proteins and 60 µM to 90 µM of binary complexes 

were used (Section 2.3.5). All measurements were performed in 20 mM HEPES, pH 7.4, 

150 mM KCl, 0.1 mM TCEP, 1 mM EDTA. CD spectra were acquired from 195 nm to 260 nm 

with a step size of 0.1 nm at 10 °C. Quartz cuvettes with an optical path length of 0.01 cm or 

0.001 cm were used. Baseline correction was performed by subtraction of the buffer signal of 

each measurement and 32 scans per measurement were averaged. To evaluate structural 

changes resulting from complex formation, theoretical spectra for binary complexes were 

calculated from the CD spectra of individual SNARE proteins and compared with the 

experimentally detected spectra. For this, the molar ellipticity [θ] of the individual proteins was 

calculated as followed:  

 

[𝜃] =  
𝜃

(10 · 𝑐 · 𝑑)
 in (deg cm2 dmol-1) 

 

where ϴ is the observed ellipticity in mdeg, c is the concentration in mol l-1 and d is the path 

length in cm. CD spectra of individual proteins were summed to obtain a theoretical molar 

ellipticity [θ]th for binary complexes using the following equation:  

 

[𝜃]𝑡ℎ  =  [𝜃]𝑃𝑟𝑜𝑡𝑒𝑖𝑛 1 + [𝜃]𝑃𝑟𝑜𝑡𝑒𝑖𝑛 2   

 

Observed data were smoothed by the Savitzky-Golay algorithm with a smooth window of 40. 

 

2.4.2 Dynamic light scattering (DLS) 

DLS measurements were performed on a Zetasizer Pro (Malvern Panalytical Ltd, Malvern, UK) 

equipped with a 633 nm helium-neon laser and a detection angle of 173°. Liposomes and 

proteoliposomes (Section 2.3.9) in 20 mM HEPES, pH 7.4, 150 mM KCl, 0.1 mM TCEP, 1 mM 

EDTA were analysed at 25 °C using a 3 x 3 mm quartz cuvette. After an equilibration time of 

60 s, each sample was measured three times using the ZS Xplorer (Version 2.3.1.4) software. 

To yield intensity and number-weighted particle size distributions, autocorrelation functions 

were automatically fitted applying the ZS Xplorer software. 
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2.5 Mass spectrometric methods 

2.5.1 Precipitation with ethanol 

Samples were diluted to a total volume of 200 µl using water and proteins were precipitated 

by addition of 20 µl 3 M sodium acetate, pH 5.3 and 600 µl ice-cold 100 % (v/v) ethanol, 

followed by overnight incubation at -20 °C. The proteins were pelleted and subsequently 

washed with ice-cold 80 % (v/v) ethanol. Resulting protein pellets were dried in a vacuum 

centrifuge, hydrolysed in-solution (Section 2.5.2) and analysed by LC-MS/MS analysis 

(Section 2.5.4).  

 

2.5.2 In-solution hydrolysis of (cross-linked) proteins 

Protein pellets from ethanol precipitation (Section 2.5.1) were dissolved in 10 µl 1 % (m/v) 

RapiGest (Waters Corporation) in 25 mM ammonium bicarbonate, pH 8.5. The pellet of the 

SNARE:Cpx1 complex was suspended in 10 µl 8 M urea. For reduction of disulphide bonds, 

10 µl 50 mM dithiothreitol in 25 mM ammonium bicarbonate, pH 8.5, were added, followed by 

incubation for 1 h at 37 °C. Alkylation of free sulfhydryl groups of cysteine residues was 

performed by addition of 10 µl 100 mM iodoacetamide in 25 mM ammonium bicarbonate, 

pH 8.5, for 1 h at 37 °C in the dark. (Cross-linked) proteins were then hydrolysed with trypsin 

(Promega) in a total volume of 100 µl in 25 mM ammonium bicarbonate, pH 8.5 and at an 

enzyme:protein ratio of 1:20. For this, the concentration of RapiGest and urea was diluted to 

final concentrations of 0.1 % (m/v) and 0.8 M. The protein pellets were incubated overnight at 

37 °C. RapiGest was hydrolysed by addition of 20 µl 5 % (v/v) trifluoroacetic acid for 2 h at 

37 °C, followed by centrifugation. The peptide containing supernatant was collected and dried 

in a vacuum centrifuge. For cross-linking analysis, cross-linked peptide pairs were enriched 

(Section 2.5.3) prior to LC-MS/MS analysis (Section 2.5.4).  

 

2.5.3 Enrichment of cross-linked peptide pairs 

For enrichment of low abundant cross-linked peptide pairs from linear peptides, SEC was 

performed using an ÄKTA pure chromatography system (GE Healthcare). For this, peptide 

pellets (Section 2.5.2) were dissolved in 60 µl 30 % (v/v) acetonitrile, 0.1 % (v/v) trifluoroacetic 

acid and the peptides were isocratically separated on a Superdex peptide column 3.2/300 GL 

(GE Healthcare) at a flow rate of 50 µl/min. Peptide elution was followed by monitoring the 

wavelength of 214 nm. Early fractions containing cross-linked peptide pairs were collected, 

dried in a vacuum centrifuge and subsequently analysed by LC-MS/MS analysis 

(Section 2.5.4).  
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2.5.4 LC-MS/MS analysis 

(Cross-linked) peptides were analysed by reverse-phase liquid-chromatography using a 

DionexUltiMate 3000 RSLC nano system coupled to a Q-Exactive Plus Hybrid Quadrupol-

Orbitrap mass spectrometer (Thermo Fisher Scientific). For liquid-chromatography, 0.1 % (v/v) 

formic acid was used as mobile phase A and 80 % (v/v) acetonitrile, 0.1 % (v/v) formic acid, 

was used as mobile phase B. Peptides (Section 2.5.2, Section 2.5.3) were dissolved in 

2 % (v/v) acetonitrile, 0.1 % (v/v) formic acid and loaded onto a trap column (Acclaim PepMap 

100 C18-LC pre-column, 300 μm I.D., particle size 5 μm, Thermo Fisher Scientific) with a flow 

rate of 10 µl/min. Peptide separation was performed on an analytical column (Acclaim PepMap 

100 C18-LC column, 75 μm I.D., particle size 3 μm, Thermo Fisher Scientific) at a flow rate of 

300 nl/min using a gradient of 4 % to 90 % mobile phase B in 69 min for protein identification 

and 99 min for cross-linking analysis. Considering varying hydrophobicity of cross-linked 

peptide pairs, the gradient was adjusted and different elution times were applied for early, 

middle and late fractions (Table 8). 

 

Table 8. Gradients for liquid-chromatography.  
Gradients were formed using 0.1 % (v/v) formic acid as mobile phase A and 80 % (v/v) 
acetonitrile, 0.1 % (v/v) formic acid as mobile phase B. For protein identification a 90 min 
gradient was used. For cross-linking analysis, 120 min gradients were adjusted depending on 
hydrophobicity (early fractions: highly hydrophobic; late fractions: weak hydrophobic).  

Mobile 
phase A [%] 

Mobile 
phase B [%] 

Gradient time [min] 

90 min 120 min 
(early 

fractions) 

120 min 
(middle 

fractions) 

120 min 
(late 

fractions) 

96 4 0 0 0 0 

92 8 3 3 3 3 

85 15 - 15 - 75 

75 25 60 90 90 90 

50 50 64 94 94 94 

10 90 65 95 95 95 

10 90 69 99 99 99 

96 4 70 100 100 100 

96 4 90 120 120 120 

 

Peptides eluting from the C18-LC column were directly transferred into the mass spectrometer. 

For data acquisition, the following parameters were applied: capillary voltage, 2.8 kV; capillary 

temperature, 275 °C; data dependent mode; polarity, positive. Survey full scans were acquired 
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in the orbitrap over a mass range of 350-1600 m/z with a resolution of 70,000 and an automatic 

gain control target of 3e6. The 20 most intense ions were selected and fragmented in the HCD 

cell at an AGC target of 1e5 and a normalized collision energy of 30 %. Precursor ions with 

charge states of 2+ to 8+ (for protein identification) and 3+ to 8+ (for cross-linking analysis) 

were selected. MS2 spectra were acquired with a resolution of 17,500 for protein identification 

samples and 35,000 for cross-linked dipeptide samples. Previously selected ions were 

dynamically excluded for 30 s. The lock mass option for internal calibration of the Orbitrap was 

enabled. The lock mass was set to m/z 445.120025 [170]. 

 

2.5.5 Native MS 

Storage buffer of at least 20 µl protein solution was exchanged against 200 mM ammonium 

acetate using Micro Bio-Spin 6 gel filtration columns (BioRad) or Vivaspin 500 filtration units 

with a molecular weight cut-off of 10 kDa (Sartorius AG) according to the manufacturer's 

protocol. The protein concentration was diluted to 5 µM to 50 µM. For the analysis of protein-

lipid complexes, 5 µM protein in 200 mM ammonium acetate were mixed with 5 µM, 25 µM 

and 50 µM lipid in 200 mM ammonium acetate, 0.5 % (v/v) C8E4. The detergent concentration 

was adjusted to 0.5 % (v/v) C8E4. 4 µl protein or protein-lipid sample were loaded into gold-

coated glass capillaries prepared in house [132] and directly introduced into a Waters 

Micromass Q-ToF Ultima mass spectrometer modified for transmission of high masses [139]. 

For data acquisition, the following parameters were applied: capillary voltage, 1.3 kV to 1.7 kV; 

sample cone voltage, 35 V (protein-lipid samples) or 80 V (protein samples); RF lense voltage, 

80 V; collisional voltage, 10 V to 50 V. Mass spectra were processed using MassLynx 4.1 

software (Waters) and data were externally calibrated using 100 mg/ml caesium iodide 

solution.  

 

2.6 Database search and data analysis 

2.6.1 Identification of proteins  

Protein identification was performed using MaxQuant (v.1.6.17) [97]. For this, raw data were 

searched against a database containing the Escherichia coli proteome, the amino acid 

sequences of the target proteins as well as defined contaminants. Following database search 

parameters were applied: enzyme, trypsin; missed cleavage-sites, 2; variable modifications, 

carbamidomethylation (cysteine), oxidation (methionine) and acetylation (N-terminus); mass 

accuracy, 20 ppm (precursor ions) and 4.5 ppm (fragment ions); FDR, 0.01.  
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2.6.2 Identification of cross-linked peptide pairs  

Cross-linked peptide pairs were identified using pLink2 (v.2.3.9) [120]. For this, raw data were 

searched against a database including amino acid sequences of the corresponding SNARE 

proteins as well as Cpx1. The following search parameters were applied: enzyme, trypsin; 

missed cleavage sites, 3; peptide mass, 600 to 6000; peptide length, 6 to 60; precursor and 

fragment tolerance +/- 20 ppm; fixed modification, carbamidomethylation (cysteine); variable 

modification, oxidation (methionine); fragmentation, HCD; FDR, 0.05; crosslinker, BS3. BS3 

cross-links primary amines of N-termini and lysine residues and to a lower extent serine, 

threonine and tyrosine residues. Therefore, the database search was performed twice 

excluding cross-links between primary amines in the second search. Mass spectra of potential 

cross-links were manually evaluated using the pLink2 visualization software pLabel [120]. 

Results tables were filtered for positively validated cross-links and summarised using CroCo 

software [165]. Identified cross-links were visualised using xVis software [123]. To visualise 

the reproducibility of cross-linking experiments, cross-links identified in three replicates were 

plotted in VENN diagrams.  

 

2.6.3 Validation of identified cross-linking sites 

For validation of cross-links, an available high-resolution structure of the SNARE complex 

(PDB ID: 1SFC) [17] including the SNARE core complex but lacking flexible structures was 

used. To further enable visualisation of cross-links formed towards disordered protein regions, 

ColabFold [171] was used to predict AlphaFold 2 structures of the individual SNARE proteins, 

Cpx1, the soluble SNARE complex and the SNARE:Cpx1 complex. For this, the following 

parameters were applied: query_sequence, protein sequences of SNAP25(CtoS), Syb(1-96), 

Stx(1-262) and Cpx1; template_mode, none; msa_mode, MMseqs2 (UniRef and 

Environmental); pair_mode, unpaired and paired; model_type, AlphaFold2-ptm and 

AlphaFold-multimer-v2; num_recycles, 3. Cross-links identified in at least two out of three 

replicates were mapped into the structures using UCSF Chimera [124] and Xlink Analyzer 

[126]. Cross-links with a cα - cα distance of ≤ 30 Å are represented as blue lines, while cross-

links with a cα - cα distance of ≥ 30 Å are shown as red lines. Multimers of SNARE proteins and 

complexes thereof were predicted using ColabFold [171] by including the protein sequences 

twice during prediction to further validate intermolecular cross-links as well as parallel and 

antiparallel orientations of oligomers and SNARE complexes. 
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2.6.4 SNARE:Cpx1 model building 

For visualisation of validated cross-links (Section 2.6.3) identified in the SNARE:Cpx1 

complex, a model based on the complete SNARE complex and full-length Cpx1 structures was 

created using PyMOL [166]. A high resolution structure of the SNARE core complex 

(PDB ID: 1SFC) [17] was aligned with an incomplete structure of the SNARE:Cpx1 complex 

(PDB ID: KIL) [61] including the central helix of Cpx1, but lacking disordered regions as well 

as structures for Syb2. To this template, an AlphaFold [172] prediction of the full-length Cpx1 

was aligned and a high-resolution structure of the Habc domain of Stx1 (PDB ID: 1EZ3) was 

added [22]. Missing structural elements of SNARE proteins such as linkers were added 

manually as coloured lines. Cross-linking sites are indicated as black lines.  

 

2.6.5 Analysis of native mass spectra 

Native mass spectra (Section 2.5.5) were analysed using MassLynx 4.1 (Waters), Massign 

software (version 11/14/2014) [150] and an in-house written deconvolution macro. For this, at 

least 100 scans per measurement were combined and smoothed twice using Savitzky Golay 

algorithm and a smooth window of ten. Masses were calculated from centroided spectra using 

MassLynx 4.1 or Massign software. For manual assignment, masses were calculated using 

the following equations:  

 

(m/z)∗  =  
mProtein+ (z+1) · mProton

z+1
          (m/z)  =  

mProtein+ z · mProton

z
 

 

with (m/z) > (m/z)* and mProton = 1 

 

z (m/z)  =  
(m/z)∗−1 

(m/z) −(m/z)∗          m
Protein = z · ((m/z) – 1) 

 

where m is the mass and z the charge.  

 

2.6.6 Data availability 

The mass spectrometry proteomics data have been deposited to the ProteomeXchange 

Consortium (http://proteomecentral.proteomexchange.org) via the PRIDE partner repository 

[173] with the dataset identifier PXD030619.  
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2.6.7 Statistics and Reproducibility 

Purification of the proteins was confirmed by LC-MS/MS once (Supplementary Table 2). An 

FDR of 1 % was applied during all database searches (MaxQuant). All cross-linking 

experiments were performed three times using individual proteins or protein complexes mixed 

in independent experiments. An FDR of 5 % was applied during database search (pLink). 

Identified cross-links for each individual experiment are given (Supplementary Table 3-6). 

Native MS experiments of individual proteins, protein complexes and Syb(1-96):lipid 

complexes were performed at least three times. Native MS experiments of Cpx1:lipid 

complexes were performed once. Protein complexes and protein:lipid complexes were mixed 

in independent experiments. Representative mass spectra are shown. CD measurements 

were performed at least in duplicates for individual proteins and protein mixtures. Western blots 

and lipid overlay assays were performed at least three times. Representative blots are shown. 

Proteoliposomes were prepared in at least three independent experiments and each 

preparation was analysed by DLS with each sample measured three times. Flotation assays 

were performed at least three times and representative gels with the corresponding DLS 

measurement are shown. 

 

  



39 
 

3 Results2 

3.1 Expression, purification and identification of SNARE proteins and Cpx1 

To study the assembly of the SNARE complex including formation of potential intermediates 

and ‘off pathway’ complexes, soluble constructs of the SNARE proteins were used to allow 

rotational freedom of all compounds during complex formation. For the structural 

characterisation of Syb2, three protein variants were used: the full-length Syb2 including the 

transmembrane domain (Syb(FL)), the complete cytosolic domain including the full SNARE 

motif (Syb(1-96)) and a shortened cytosolic domain lacking the N-terminal half of the SNARE 

motif (Syb(49-96)). Stx1 was expressed without transmembrane helix (Stx(1-262)), and full-

length SNAP25 was expressed with all cysteines mutated to serine residues (SNAP25(CtoS)) 

to prevent formation of disulfide bonds and providing additional cross-linking sites for structural 

analysis. In addition, the N-terminal Qb SNARE motif of SNAP25 (SNAP25(1-83)) was 

expressed allowing incorporation of a single SNARE motif into the complexes. To study the 

regulatory function of Cpx1 on SNARE complex assembly, the full-length variant was purified. 

All plasmids encoding these protein variants were provided by Prof. Reinhard Jahn (Max-

Planck Institute for Multidisciplinary Sciences, Göttingen).  

All proteins were expressed in Escherichia coli (Section 2.2.2) and isolated from cell lysate 

using an affinity-based purification strategy using N-terminal hexa-histidine tags 

(Section 2.3.2, Section 2.3.3). In the following, the purification strategy is exemplary 

described for Syb(1-96). After lysis of the Escherichia coli cells, Syb(1-96) was isolated from 

the cell lysate by IMAC (Figure 9A). Histidine-rich proteins, which unspecifically bound to the 

column material were eluted at 100 mM imidazole. Subsequently, Syb(1-96) eluted from the 

column using 350 mM to 500 mM imidazole. All fractions were then analysed by gel 

electrophoresis. Fractions containing an abundant protein band with an approximate molecular 

weight of 11 kDa corresponding to Syb(1-96) were combined (F14 to F17) and dialysed 

overnight while cleaving off the hexa-histidine tag by thrombin. Performing a second IMAC, the 

hexa-histidine tag as well as histidine-rich contaminations were removed as they associate 

with the column material, while Syb(1-96) was collected in the flow-through (Figure 9B). 

Syb(1-96)-containing fractions were combined (F3 to F9) and dialysed again overnight to 

decrease the salt concentration for subsequent purification by SCX (Figure 9C). Applying a 

linear salt gradient from 50 mM to 500 mM NaCl additional impurities differing in their overall 

charge from Syb(1-96) were removed. Fractions mainly containing Syb(1-96) were combined 

(F28 to F31) and concentrated before removing remaining contaminations by a SEC 

 
2 Parts of these results were published in J. Hesselbarth, C. Schmidt (2023) Mass spectrometry 
uncovers intermediates and off-pathway complexes for SNARE complex assembly. Communications 
biology 6(1):198 [174]. 
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(Figure 9D). Fractions containing Syb(1-96) (F19 to F23) were combined, concentrated and 

stored at -20 °C for subsequent experiments. 

Similar to the described purification protocol for Syb(1-96), the protein variants Syb(FL), Stx(1-

262), SNAP25(1-83), SNAP25(CtoS) and Cpx1 were purified (Supplementary Figures 2-6). 

Note that Syb2 variants were purified by SCX, while all other proteins were purified by AEC. 

In addition, Syb(FL) was purified in the presence of 1 % (w/v) CHAPS to ensure solubility and 

integrity of the transmembrane domain. As the amino acid sequence of SNAP25(1-83) does 

Figure 9. Purification of Syb(1-96).  
Chromatograms (lhs) and gel electrophoresis of selected fractions (rhs) of the purification of Syb(1-96) 
by (A) IMAC (B) IMAC after thrombin cleavage (C) SCX and (D) SEC are shown. Fractions that were 
combined for the following purification step are indicated by dotted lines. M: marker, L: lysate, D1: 
dialysate after thrombin cleavage, D2: dialysate after second IMAC, Lo: concentrated fractions after 
SCX 
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not include aromatic residues, the elution profiles were monitored at a wavelength of 235 nm. 

For Cpx1, the final SEC was omitted. Syb(49-96) was provided by Dr. Caroline Haupt (Martin 

Luther University Halle-Wittenberg, Halle). 

Proteins used in this thesis were separated by gel electrophoresis followed by staining with 

Coomassie to assess purity of the purified proteins (Figure 10A). To confirm the protein 

identity by western blotting analysis, specific antibodies against the appropriate variant were 

used (Figure 10B). Low abundant degradation products and dimers were observed for 

Syb(FL) and Stx(FL). Low abundant impurities were observed for SNAP25(CtoS) and Stx(1-

262).  

Proteins and contaminations were identified by MS. For this, proteins were precipitated with 

ethanol, digested in solution with trypsin and analysed by LC-MS/MS (Section 2.5). Using the 

MaxQuant search engine, all proteins were verified with high sequence coverage, i.e. 100 % 

for SNAP25(1-83), 94.7 % for SNAP25(CtoS), 87.5 % for Stx(1-262), 80 % for Syb(1-96), 

74.8 % for Syb(FL) and 88.3 % for Cpx1. A predominant contamination was DnaK 

(Supplementary Table 2), an Escherichia coli homologue of the human chaperone Hsp70, 

which is constitutively expressed during protein synthesis, presumably maintaining the integrity 

of the SNAREs by stabilizing their disordered structure in solution [175]. 

 

 

 

 

 

Figure 10. SDS-PAGE and Western Blot of the protein variants. 
(A) 5 µg of Syb(49-96), Syb(1-96)), Syb(Fl), SNAP25(1-83), SNAP25(CtoS), Stx(1-262), Stx(Fl) and 
Cpx1 were separated by gel electrophoresis and stained with Coomassie. (B) Western Blots of the 
proteins visualised by anti-VAMP1/2/3 antibody, anti-SNAP25-b antibody, anti-Syntaxin-1A antibody 
and anti-Complexin-1/2 antibody. A molecular weight standard (M) was applied. 
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3.2 Structural characterisation of individual synaptic proteins in solution 

Syb2 was previously structurally characterised in the absence of interaction partners using 

chemical cross-linking and native MS [176]. With decreasing structural content, increasing 

oligomerisation of Syb2 in solution was described. To explore whether SNAP25(CtoS), Stx(1-

262) and Cpx1 exhibit the same oligomerisation behaviour in solution as discussed above for 

Syb2, proteins were also characterised in the absence of interaction partners. For the sake of 

completeness, Syb2 will also be analysed in this thesis, using the same experimental 

conditions for native MS and cross-linking as for SNAP25(CtoS), Stx(1-262) and Cpx1. All 

individual proteins were analysed by chemical cross-linking (Section 2.3.7), native MS 

(Section 2.5.5) and CD spectroscopy (Section 2.4.1). 

 

3.2.1 Oligomerisation of different Synaptobrevin-2 variants 

10 µM Syb(49-96), Syb(1-96) and Syb(FL), were cross-linked with concentrations of 10 µM to 

3 mM BS3 cross-linker. The cross-linked proteins were separated by gel electrophoresis and 

visualised by Coomassie staining (Figure 11). For Syb(49-96) and Syb(1-96) higher oligomers 

were not observed, while Syb(FL) showed oligomers up to tetramers with increasing cross-

linker concentration. Interestingly, Syb(1-96) and Syb(FL) showed two distinct monomeric 

protein bands that were not observed for Syb(49-96). These might originate from an elongated 

and a folded conformation involving the N-terminal peptide of Syb2, which is not included in 

Syb(49-96). To overcome the detection limit of Coomassie staining, oligomerisation was also 

analysed by western blotting. Using the anti-VAMP1/2/3 antibody for visualisation revealed low 

abundant oligomers up to decamers for Syb(49-96), up to octamers for Syb(1-96) and up to 

heptamers for Syb(FL) (Figure 11).  

To validate oligomerisation of Syb2 without inducing covalent linkages native MS was 

performed. This technique preserves non-covalent interactions of proteins and protein 

complexes during ionisation while the proteins are transferred from the solvent into the gas 

phase. Depending on the surface area of a protein, different charges are acquired resulting in 

a Gaussian distribution of charge states [177]. Similar to the previous study [176], the 

oligomeric state of the Syb2 variants was analysed at increasing protein concentrations. 

However, to avoid formation of unspecific aggregates during ionisation, a protein concentration 

of maximally 50 µM was used [178]. The native mass spectra of both, Syb(49-96) and Syb(1-

96), show a single charge state distribution at 5 µM and at 25 µM protein concentration 

corresponding to monomeric Syb(49-96) (6039 Da) and Syb(1-96) (10799 Da) (Figure 11A 

and 11B). These masses agree well with the theoretically calculated masses of the variants 

based on the amino acid sequences, i.e. 6039.9 Da for Syb(46-96) and 10799.23 Da for Syb(1-

96). At the employed concentrations, oligomer formation was not observed. However, the 
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mass spectra of Syb(49-96) and Syb(1-96) at a concentration of 50 µM showed several charge 

state distributions corresponding in mass to the dimeric (12102 Da) and trimeric (18184 Da) 

Syb(49-96) as well as dimeric Syb(1-96) (21598 Da) (Figure 11A and 11B). For the analysis 

of membrane proteins such as Syb(FL), detergents are required to solubilise the proteins 

Figure 11. Oligomerisation of Syb2 variants. 
10 μM of Syb2 variants were cross-linked with 0 µM (lane 1), 10 µM (lane 2), 25 µM (lane 3), 50 µM 
(lane 4), 75 µM (lane 5), 100 µM (lane 6), 300 µM (lane 7), 1 mM (lane 8) and 3 mM (lane 9) BS3 cross-
linker. Cross-linked and non-cross-linked protein were separated by gel electrophoresis and visualised 
by Coomassie staining and western blotting (lhs). Native mass spectra of 5 μM, 25 µM and 50 µM 
protein are shown. Charge state distributions corresponding to monomers (circle), dimers (twin-circles) 
and trimers (triangle) are assigned (rhs). The following Syb2 variants were used: (A) Syb(49-96), (B) 
Syb(1-96) and (C) Syb(FL). 
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[179,162]. At the same time, detergent micelles exhibit heterogeneous sizes resulting in 

detergent clusters overlapping with the protein signal and impeding the analysis of proteins in 

the presence of detergent. To analyse the oligomeric state of membrane proteins by native 

MS, detergents need to be removed inside the mass spectrometer by collisional activation, 

releasing the intact complex [179]. Syb(FL) was purified in the zwitterionic CHAPS detergent, 

which is not suited for native MS. Therefore, Syb(FL) was transferred into C8E4 by SEC prior 

to native MS analysis. C8E4 is a non-ionic detergent requiring less activation energy and, 

therefore, decreasing the possibility of unintended loss of non-covalent protein-protein 

interactions [164]. The mass spectrum of 23 µM Syb(FL) was obtained at a collisional energy 

of 100 V, dissociating C8E4 clusters. One charge state distribution corresponding in mass to 

monomeric Syb(FL) (12972 Da) was observed (Figure 11C) and agrees well with the 

theoretically calculated mass of 12972.06 Da. Additional charge state series corresponding to 

oligomers, such as the dimer observed by western blotting, were not detected, presumably 

due to the high collisional energy applied. In conclusion, oligomerisation of Syb2 variants was 

observed at low protein concentrations by chemical cross-linking combined with western 

blotting. Using native MS formation of oligomers of the soluble Syb2 variants was also 

observed, however, the highest oligomeric state was a trimer of Syb(49-96). Oligomers of the 

Syb(FL) were not identified by native MS, presumably due to the high collisional energy 

applied.  

To determine the secondary structure content of the Syb2 variants, CD spectroscopy was 

performed. For this, 0.1 µg/µl of each protein variant were analysed in 7.4 mM HEPES, 50 mM 

KCl, 0.3 mM EDTA, 0.03 mM TCEP. In the case of Syb(FL) the buffer additionally contained 

0.5 % (w/v) C8E4. The CD spectra of Syb(49-96) and Syb(1-96) both show a dominant 

minimum at 200 nm and a minor minimum at 225 nm revealing an intrinsically disordered 

structure (Figure 12). When compared with Syb(49-96), Syb(1-96) shows a slight increase in 

Figure 12. Secondary structure content of Syb2 variants. 
CD spectra of 0.1 µg/µl Syb(49-96) (light blue), Syb(1-96) (dark blue) and Syb(FL) (purple).  
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helicity at 205 nm, probably corresponding to a previously described helical nucleation site 

present at the N-terminal region of the SNARE motif that is not present in Syb(49-96) [42]. 

Comparison of the CD spectrum of the full-length variant with the soluble constructs reveals 

an increase in helicity as visualised by the shifted minimum from 200 nm to 208 nm and a 

second dominant minimum at 225 nm. The increased helicity likely results from the helical 

transmembrane domain. Consequently, the high degree of oligomerisation of the shortened 

Syb2 variants correlates well with a decreased helical content and an increased disorder 

compared to Syb(FL).  

 

3.2.2 Structural characterisation of SNAP25(CtoS) 

SNAP25(CtoS) was analysed as described above for Syb2. First, 10 µM SNAP25(CtoS) were 

cross-linked with increasing amounts of BS3 cross-linker ranging from 0.5 mM up to 1.5 mM. 

Cross-linked SNAP25(CtoS) was then separated by gel electrophoresis, and Coomassie 

staining revealed oligomers up to pentamers. For evaluation of protein bands corresponding 

to low abundant higher molecular weight species, western blotting using a specific antibody 

against SNAP25-b was performed; oligomers up to heptamers were detected (Figure 13A).  

To identify specific interaction sites within SNAP25(CtoS) and oligomers thereof, 10 µM of the 

protein were cross-linked with 1.5 mM BS3 cross-linker and hydrolysed in solution using 

trypsin. Cross-linked peptide pairs were separated from linear peptides by SEC. Fractions 

containing cross-linked peptide pairs were analysed by LC-MS/MS and potential cross-links 

were identified by database searching using the software pLink2 [120], followed by manual 

validation of fragment spectra.  

Figure 13. Cross-linking analysis of SNAP25(CtoS). 
(A) 10 μM SNAP25(CtoS) were cross-linked with 0 mM (lane 1), 0.5 mM (lane 2), 1 mM (lane 3) and 
1.5 mM (lane 4) BS3 cross-linker. Cross-linked and non-cross-linked SNAP25(CtoS) were separated by 
gel electrophoresis and visualised by Coomassie staining and western blotting using anti-SNAP25-b 
antibody. (B) 10 μM of SNAP25(CtoS) were cross-linked with 1.5 mM BS3 cross-linker in three 
replicates. The number of evaluated cross-links of each replicate is visualised in a VENN diagram. (C) 
Identified cross-links are visualised in a network plot. SNARE motifs (light green), the residual histidine 
tag (grey) and serine mutations (orange) are indicated. Intermolecular (blue lines) and intramolecular 
(purple lines) cross-links are shown. (Figure adapted from [174].) 
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A cross-link was positively validated if the following requirements were fulfilled: (i) both 

peptides show a series of at least four consecutive fragment ions, (ii) for both peptides a 

sufficient number of fragment ions was observed, and (iii) signals are well above the signal-to-

noise ratio. A spectrum including a fragment ion that additionally contains the mass of the 

cross-linker and the second peptide was unambiguously identified to correspond to a cross-

linked peptide pair. Cross-linked peptide pairs containing identical or overlapping peptide 

sequences were assigned as intermolecular cross-links, whereas different peptide sequences 

were considered to be intramolecular cross-links although these might also originate from 

different copies of the same protein. Example mass spectra of an inter- and intramolecular 

cross-link of SNAP25(CtoS) are shown in Figure 14. The intermolecular cross-link contains 

two identical peptides with the sequence K*AWGNNQDGVVASQPAR, which are covalently 

linked through their lysine side chains (K*). Both peptides were identified by series of singly 

charged ions (y1+ to y16+) fully covering the peptide sequences. Low abundant doubly charged 

ions (b32+ and b42+) were also observed for both peptides. These ions include the mass of the 

cross-linker and the second peptide, thus, verifying the position of the cross-linked residues. 

The example spectrum of an intramolecular cross-link of SNAP25(CtoS) includes the peptides 

with the sequences NLKDLGK*SSGLFISPSNK (peptide 1) and K*AWGNNQDGVVASQPAR 

(peptide 2) that were cross-linked through two lysine residues (K*). Peptide 1 was identified by 

a series of singly charged ions (y1+ to y11+ and b2+ to b6+). Peptide 2 was identified by a 

complete series of singly charged ions (y1+ to y14+) as well as the doubly charged y152+-ion. 

The position of the cross-link was confirmed by the doubly charged b22+- and b32+-ions of the 

second peptide. 

Manual validation of the fragment ion spectra revealed 53 intra- and 13 intermolecular cross-

links in at least two out of three replicates (Figure 13B, Supplementary Table 3). 

Visualisation of the cross-links in a network plot showed that most of the cross-links are formed 

with the serine rich linker of SNAP25(CtoS) (Figure 13C). The BS3 cross-linker is not only 

reactive towards primary amines such as lysine side chains and the protein’s N-terminus, but 

also towards hydroxyl groups of serine, threonine and tyrosine residues. Accordingly, the 

intermolecular cross-links were mainly identified between lysine and serine residues of the 

linkers of two copies of SNAP25(CtoS) and are mainly located C-terminal of the first 

SNAP25(CtoS) SNARE motif (Figure 13C). Intermolecular cross-links between SNARE motifs 

of two SNAP25(CtoS) copies were also observed indicating parallel orientation of 

SNAP25(CtoS) oligomers. Intramolecular cross-links were predominantly formed between the 

linker and the C-termini of both SNARE motifs suggesting high flexibility of the protein. Note 

that, these cross-links can only form if individual SNAP25(CtoS) resembles a similar 

conformation in solution as it adopts in the assembled SNARE complex with both SNARE 
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motifs orientated in parallel, thus, indicating structure formation for SNAP25(CtoS) in solution 

(Figure 13C).  

The described arrangement was validated by mapping the observed cross-links onto structural 

models predicted by AlphaFold 2 [171,172] including disordered regions that are not available 

in high resolution structures (Figure 15). For the visualisation of intermolecular cross-links an 

AlphaFold 2 prediction of dimeric SNAP25(CtoS) was used. Identified cross-links correlate well 

with the predicted structure and 7 out of 14 cross-links are in the expected cross-linking 

distance below 30 Å. However, cross-links formed between SNAP25(CtoS) linkers exceed this 

distance (Figure 15A). Comparing the AlphaFold 2 predicted structure and a high-resolution 

structure of SNAP25, co-crystallized with Stx1 and Syb2, confirmed that overlength cross-links 

are formed by the disordered SNAP25(CtoS) linker (Figure 15B). Intramolecular cross-links 

Figure 14. Example spectra of SNAP25(CtoS) cross-links. 
Fragment ion spectra of (A) an intermolecular and (B) an intramolecular cross-link of SNAP25(CtoS) 
cross-linked with BS3. The m/z values and charges of the precursor ions are indicated (boxes). Series 
of y-ions (light/dark green) and b-ions (light/dark blue) as well as immonium ions and immonium related 
ions (Im/Im*, orange) are assigned. (Figure taken from Hesselbarth, master thesis (2019).) 
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were visualised in the structure of a SNAP25(CtoS) monomer. 34 out of 53 cross-links 

identified cross-links are within the expected cross-linking distance; however, 19 cross-links 

exceed the 30 Å threshold (Figure 15C). These cross-links might originate from two different 

copies of the protein and, therefore, represent intermolecular interactions. Including a second 

copy of SNAP25(CtoS) in antiparallel orientation into the arrangement resulted in positive 

validation of these overlength cross-links; 49 out of 53 identified cross-links are short-range 

cross-links (Figure 15D). 

Oligomerisation of SNAP25(CtoS) observed by chemical cross-linking was also verified by 

native MS (Figure 16A). For this, the storage buffer of 10 µM SNAP25(CtoS) was exchanged 

against 200 mM ammonium acetate and the protein was directly transferred into the Ultima 

mass spectrometer. Several charge state distributions corresponding to monomeric 

Figure 15. Validation of inter- and intramolecular interactions of SNAP25(CtoS).  
AlphaFold 2 predictions of monomeric and dimeric SNAP25(CtoS) (green) are shown as cartoon 
representation. N- and C-termini are labelled. Cross-links identified in at least two out of three replicates 
are visualised and cross-linking distances corresponding to short-range (<30 Å, blue lines) and long-
range (>30 Å, red lines) cross-links are highlighted. (A) Intermolecular cross-links are mapped onto a 
SNAP25(CtoS) dimer in parallel orientation. (B) An alignment of an AlphaFold 2 prediction of monomeric 
SNAP25(CtoS) (pLDDT score < 50 %, red; 50-70 %, light-red; 70-90 % light-blue; > 90 % blue) and a 
crystal structure of SNAP25 (black) co-crystallized with Stx1 and Syb2 [17] is shown. (C) Intramolecular 
cross-links are mapped onto a SNAP25(CtoS) monomer. (D) Intramolecular cross-links are mapped 
onto an SNAP25(CtoS) dimer in antiparallel orientation. Cross-links are shown twice.  
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(23926 Da), dimeric (47841 Da) and trimeric (71754 Da) SNAP25(CtoS) were observed. Of  

these, the monomeric species is the main species with highest intensity, while dimeric and 

trimeric oligomers appear less abundant. Consequently, SNAP25(CtoS) shows a similar 

oligomerisation behaviour as described above for Syb2. To examine whether the observed 

oligomers are structured, SNAP25(CtoS) was analysed by CD spectroscopy determining the 

content of secondary structures (Figure 16B). The CD spectrum of SNAP25(CtoS) shows a 

dominant minimum at 205 nm and a minor minimum at 225 nm corresponding to an intrinsically 

disordered structure, similar to a random coil, with additional contributions from α-helices. 

SNAP25(CtoS) is, therefore, mostly unstructured and oligomers likely result from unspecific 

interactions formed between disordered regions or transiently formed structures. The helical 

content agrees well with a recently proposed nucleation site for SNARE complex assembly 

revealed by nuclear magnetic resonance spectroscopy [44]. Formation of oligomers might be 

an attempt to stabilise the disordered structure in the absence of other interaction partners by 

trying to assemble complementary SNARE motifs.  

 

3.2.3 Characterisation of Stx(1-262) in ‘open’ and ‘closed’ conformation 

Stx(1-262) was characterised in solution following the same procedure as described for 

SNAP25(CtoS). First, 10 µM Stx(1-262) were cross-linked with increasing amounts of BS3 

cross-linker ranging from 0.5 mM up to 1.5 mM. The cross-linked protein was separated by gel 

electrophoresis and stained using Coomassie or analysed by western blotting using a specific 

antibody against Stx1. Coomassie staining revealed two distinct monomeric species formed 

Figure 16. Native MS and CD spectroscopy of SNAP25(CtoS). 
(A) Native mass spectrum of 10 μM SNAP25(CtoS). Charge state distributions corresponding to 
monomers (circle), dimers (twin-circles) and trimers (triangle) are assigned. (B) CD spectrum of 30 μM 
SNAP25(CtoS). (Figure adapted from [174].) 
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by intramolecular interactions that likely correspond to the ‘open’ and ‘closed’ conformations  

of Stx1 [10,20,21,180]. In addition, oligomers up to tetramers were observed. Using western 

blotting analysis, oligomers up to pentamers were observed (Figure 17A).  

Interaction sites within cross-linked Stx(1-262) monomers and oligomers were then determined 

by LC-MS/MS analysis. For this, 10 µM Stx(1-262) were cross-linked with 1.5 mM BS3 cross-

linker, the cross-linked protein was hydrolysed and cross-linked peptide pairs were enriched 

by SEC. LC-MS/MS analysis was performed and manual validation of the mass spectra 

resulted in 93 intra- and 13 intermolecular interactions identified in at least two out of three 

replicates (Figure 17B, Supplementary Table 4). Identified cross-links were visualised in a 

network plot: intramolecular cross-links are mainly located in the folded N-terminal Habc 

domain of Stx(1-262) or form between the Habc domain and the SNARE motif of Stx(1-262) 

(Figure 17C). These cross-links likely result from the high flexibility of the disordered SNARE 

motif in the absence of other SNARE proteins and the equilibrium between ‘open’ and ‘closed’ 

conformation. Intermolecular interactions were identified between Habc domains and SNARE 

motifs of two Stx(1-262) molecules indicating a parallel orientation. Note that, interactions 

between the SNARE motifs are only possible if these are accessible, e.g. when Stx(1-262) 

exhibits the ‘open’ conformation. Therefore, identified cross-links reflect an ensemble of both 

conformations in the absence of other SNARE proteins or regulatory proteins such as Munc18.  

To validate the cross-linking sites, intermolecular cross-links were mapped onto an 

AlphaFold 2 prediction of dimeric Stx(1-262), showing a parallel orientation of two Stx(1-262) 

molecules in ‘open’ conformation (Figure 18A). All identified cross-links that formed between 

Habc domains as well as the SNARE motifs of two Stx(1-262) molecules are in the expected 

Figure 17. Cross-linking analysis of Stx(1-262). 
(A) 10 μM Stx(1-262) were cross-linked with 0 mM (lane 1), 0.5 mM (lane 2), 1 mM (lane 3) and 1.5 mM 
(lane 4) BS3 cross-linker. Cross-linked and non-cross-linked Stx(1-262) were separated by gel 
electrophoresis and visualised by Coomassie staining and western blotting using anti-Syntaxin-1A 
antibody. (B) 10 μM of Stx(1-262) were cross-linked with 1.5 mM BS3 cross-linker in three independent 
replicates. Evaluated cross-links of each replicate are visualised in a VENN diagram. (C) Identified 
cross-links are visualized in a network plot. The SNARE motif (yellow), residual histidine tag (grey) and 
Habc domain (brown) are indicated. Intermolecular (blue lines) and intramolecular (purple lines) cross-
links are shown. (Figure adapted from [174].) 
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distance range, thus, validating a parallel assembly of Stx(1-262) molecules in ‘open’ 

conformation. Intramolecular interactions were also plotted into an AlphaFold 2 prediction of 

Stx(1-262) corresponding to Stx1 in complex with Munc18 and representing its ‘closed’ 

conformation [180]. 24 out of 31 cross-links formed within the folded Habc domain are within 

the expected distance range of 30 Å (Figure 18B). 15 out of 43 cross-links between the Habc 

domain and the N-terminal region of the SNARE motif are within the expected cross-linking 

distance and are, therefore, in agreement with the ‘closed’ conformation (Figure 18C). The 

remaining 28 cross-links formed with the C-terminal region of the SNARE motif of Stx(1-262) 

exceed the 30 Å distance threshold (Figure 18C). From the cross-links formed with the N-

terminal peptide of Stx(1-262) 14 out of 18 cross-links are long-range cross-links 

(Figure  18D). Aligning the AlphaFold 2 prediction and an available high-resolution crystal 

structure of Stx1 co-crystallized with Munc18 [180] confirmed that the N-terminal peptide and 

Figure 18. Validation of inter- and intramolecular interactions of Stx(1-262). 
AlphaFold 2 predictions of monomeric and dimeric Stx(1-262) (yellow, orange) including disordered 
structures and the Habc domain (dark and light brown) are shown as cartoon representation. N- and 
C-termini are labelled. Cross-links identified in at least two out of three replicates are visualised and 
cross-linking distances corresponding to short-range (<30 Å, blue lines) and long-range (>30 Å, red 
lines) cross-links are highlighted. (A) Intermolecular cross-links are mapped onto a Stx(1-262) dimer in 
‘open’ conformation with parallel orientation. Intramolecular cross-links were mapped into a Stx(1-262) 
monomer in ‘closed’ conformation. Cross-links that formed (B) within the Habc domain, (C) towards the 
SNARE motif and (D) towards the N-terminal peptide of Stx(1-262) are shown. (E) Alignment of an 
AlphaFold prediction of Stx(1-262) in ‘closed’ conformation (pLDDT score < 50%, red; 50-70%, light-
red; 70-90% light-blue; >90% blue) and a crystal structure of Stx1 co-crystallized with Munc18 (black) 
are shown (PDB ID: 7XSJ [179]).  
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the C-terminal half of the SNARE motif are highly flexible, thereby, explaining the observed 

overlength cross-links (Figure 18E).  

To analyse oligomer formation of Stx(1-262) without introduction of covalent linkages by BS3 

cross-linker, native MS was performed. Again, the storage buffer of Stx(1-262) was exchanged 

against 200 mM ammonium acetate and a mass spectrum was acquired using the Q-ToF 

Ultima mass spectrometer. Charge state distributions corresponding to monomers (30623 Da) 

that agree well with the theoretical mass of 30620.21 Da, as well as dimers (61366 Da) and 

trimers (92009 Da) were observed (Figure 19A). Again, the monomer of Stx(1-262) showed 

the highest intensity. Dimers and trimers of Stx(1-262) were observed at lower intensity.  

For the analysis of the structural content of Stx(1-262), CD spectroscopy was employed. The 

CD spectrum shows two dominant minima at 210 nm and 225 nm revealing a helical structure 

for Stx(1-262) (Figure 19B). In the ‘closed’ conformation, the disordered SNARE motif 

intercalates into the folded Habc domain, leading to an almost completely folded Stx(1-262) 

molecule as shown previously by protein crystallography of Stx1 in complex with Munc18 [180] 

(Figure 18E). Due to the large and structured Habc domain, the contribution of the 

unstructured SNARE motif in ‘open’ conformation is negligible and most of the secondary 

structure is attributed to the Habc domain. The observed oligomerisation might, therefore, 

result from unspecific interactions of helical arrangements. The stabilisation of the disordered 

SNARE motif, as described for SNAP25(CtoS) above, might be another explanation. However, 

for this, Stx(1-262) is require to adopt the ‘open’ conformation. 

 

Figure 19. Native MS and CD spectroscopy of Stx(1-262). 
(A) Native mass spectrum of 10 μM Stx(1-262). Charge state distributions corresponding to monomers 
(circle), dimers (twin-circles) and trimers (triangle) are assigned. (B) CD spectrum of 30 μM Stx(1-262). 
(Figure adapted from [174].) 
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3.2.4  Oligomerisation of the SNARE regulator Cpx1 

Cpx1 was characterised following the same procedure as described for the SNARE proteins. 

Using increasing amounts of BS3 cross-linker, 10 µM Cpx1 were cross-linked, separated by 

gel electrophoresis and visualised by Coomassie staining. Comparison of cross-linked and 

non-cross-linked Cpx1 revealed mainly monomeric Cpx1 and a low abundant dimeric species. 

Performing western blotting analysis using a specific antibody against Cpx1 uncovered 

additional low-abundant multimers up to heptamers (Figure 20A).  

For identification of specific interaction sites, 50 µM Cpx1 were cross-linked with a 10-fold 

molar excess of BS3, the cross-linked protein was hydrolysed and analysed by LC-MS/MS 

analysis. Manual validation of cross-linked spectra yielded 31 intra- and 3 intermolecular cross-

links in two out of three replicates (Figure 20B, Supplementary Table 5). Visualising the 

protein interactions of Cpx1 in a network plot showed that many interactions were formed 

between the NTD and AH of Cpx1 as well as the CTD and CH (Figure 20C).  

Further validation by mapping intermolecular interactions onto an AlphaFold 2 prediction of 

dimeric Cpx1 revealed oligomer formation through parallel interactions; a minor number of 

cross-links was identified, however, two out of three are in the expected distance range smaller 

30 Å (Figure 21A). The majority of the identified intramolecular cross-links are formed towards 

the flexible termini of Cpx1 and 21 out of 31 cross-links exceed the expected 30 Å distance 

threshold (Figure 21B). Considering the high degree of disorder of Cpx1 and the predicted 

structure representing an ensemble of conformations, overlength cross-links were expected to 

be identified. This observation highlights the conformational diversity of Cpx1 in the absence 

of interaction partners. However, some of the cross-links might form between peptides 

Figure 20. Cross-linking analysis of Cpx1. 
(A) 10 μM Cpx1 (light pink) were cross-linked with 0 mM (lane 1), 0.01 mM (lane 2), 0.1 mM (lane 3) 
and 1 mM (lane 4) BS3 cross-linker. Cross-linked and non-cross-linked Cpx1 were separated by gel 
electrophoresis and visualised by Coomassie staining and western blotting using anti-Complexin-1/2 
antibody. (B) 50 μM of Cpx1 were cross-linked with 0.5 mM BS3 cross-linker in three individual 
experiments. Evaluated cross-links of each replicate are visualised as VENN diagram. (C) Identified 
cross-links are visualised in a network plot. The AH (magenta), the CH (purple) and the residual histidine 
tag (grey) are indicated. Intermolecular (blue lines) and intramolecular (purple lines) cross-links are 
shown. (Figure adapted from [174].) 



54 
 

originating from several Cpx1 molecules and, therefore, represent intermolecular interactions. 

Consequently, antiparallel orientations of Cpx1 molecules are also conceivable.  

Analysing Cpx1 by native MS in the absence of covalent linkages revealed three charge state 

distributions corresponding to a highly abundant monomer (15403 Da) and low abundant 

dimers (30807 Da) and trimers (46284 Da) revealing the same oligomerisation behaviour as 

observed for the SNARE proteins (Figure 22A). The determined mass for the monomeric 

species agrees well with the theoretical mass of 15403.37 Da. 

The structural content of Cpx1 was again analysed by CD spectroscopy. Although Cpx1 

contains two highly disordered terminal domains represented by missing structural information 

in the high-resolution crystal structure (Figure 21C), helical structures as confirmed by two 

distinct minima at 210 nm and 225 nm in the CD spectrum were determined (Figure 22B). The 

helical content is likely attributed to the CH of Cpx1. Oligomerisation of Cpx1 suggests that 

stabilisation of the protein in the absence of interaction partners occurs in a similar manner as 

observed above for the SNARE proteins. In summary, even though Cpx1 is not considered a 

SNARE protein, it shows a comparable structural behaviour.  

 

Figure 21. Validation of inter- and intramolecular interactions of Cpx1. 
AlphaFold 2 predictions of monomeric and dimeric Cpx1 (light and dark pink) including disordered 
structures are shown as cartoon representation with labelled N- and C-termini. Cross-links identified in 
at least two of three replicates are visualised and cross-linking distances corresponding to short-range 
(< 30 Å, blue lines) and long-range (> 30 Å, red lines) cross-links are highlighted. (A) Intermolecular 
cross-links are mapped onto a Cpx1 dimer in parallel orientation. (B) Intramolecular cross-links are 
mapped onto a Cpx1 monomer. (C) An alignment of an AlphaFold prediction (pLDDT score < 50%, red; 
50-70%, light-red; 70-90% light-blue; >90% blue) of monomeric Cpx1 and a crystal structure (black) of 
Cpx1 co-crystallized with the SNARE complex (PDB ID: 1KIL [61] is shown. 
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3.3 Assembly of the SNARE complex and its regulation by Cpx1 

3.3.1 Formation of binary complexes and reorganisation into the SNARE complex  

SNAP25 and Stx1, both located at the pre-synaptic membrane, were shown to form a 

1:1 ‘acceptor’ complex providing an interaction surface for Syb2, thus, promoting the assembly 

of the full SNARE complex [181]. Although this assembly sequence is widely accepted, 

alternative pathways including formation of different intermediate complexes, e.g. composed 

of SNAP25 and Syb2 [182–184] or Stx1, Syb2 and Munc18 [33–36], are controversially 

discussed. Therefore, the SNARE complex assembly was analysed by native MS 

(Section 2.5.5), and the formation of binary intermediates and ‘off-pathway’ complexes as well 

as the reorganisation of binary complexes and formation of the ternary SNARE complex was 

explored. 

 

3.3.1.1 Formation of the ‘dead end’ complex by SNAP25(CtoS) and Stx(1-262) 

SNAP25(CtoS) and Stx(1-262) were mixed in a 1:1 ratio and assembled complexes were 

analysed by native MS (Figure 23A). The mass spectrum showed several charge state 

distributions corresponding to monomers of SNAP25(CtoS) (23840 Da) and Stx(1-262) 

(30622 Da) as well as complexes thereof. The following SNAP25(CtoS):Stx(1-262) complexes 

with the given stoichiometry were observed: 1:1 (54464 Da), 2:1 (78465 Da), 1:2 (85091 Da), 

2:2 (109132 Da) and 2:4 (170278 Da). The species with the highest intensity corresponds to 

the 1:2 SNAP25(CtoS):Stx(1-262) complex, in which the binding site for Syb2 is occupied by 

an additional copy of Stx(1-262) as previously described [16], thereby resembling the 

Figure 22. Native MS and CD spectroscopy of Cpx1. 
(A) Native mass spectrum of 10 μM Cpx1. Charge state distributions corresponding to monomers 
(circle), dimers (twin-circles) and trimers (triangle) are assigned. (B) CD spectrum of 30 μM Cpx1 
showing two dominant minima at 210 nm and 225 nm. (Figure adapted from [174].) 
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stoichiometry of the four-helical SNARE complex (Qaabc). In addition, a charge state 

distribution with decreased intensity corresponding to a 2:1 SNAP25(CtoS):Stx(1-262) 

complex was observed; in this complex, SNAP25(CtoS) contributes four SNARE motifs to the 

assembly, while Stx(1-262) contributes one SNARE motif. Considering a structural assembly 

similar to the ternary SNARE complex, one SNARE motif of SNAP25(CtoS) is likely located 

outside the four-helical bundle (Qabbcc*). In both assemblies, the central layer of the complex 

is formed by four glutamine residues (4Q:0R). A low abundant species corresponding to a 

1:1 SNAP25(CtoS):Stx(1-262) complex represents the previously reported ‘acceptor’ complex 

providing the binding site for Syb2 [181]. The complexes with a stoichiometry of 2:2 and 2:4 

Figure 23. Formation and reorganisation of SNAP25(CtoS):Stx(1-262) complexes.  
SNAP25(CtoS) and Stx(1-262) were mixed in (A) 1:1 and (B) 1:2 ratio and analysed by native MS. 
Charge state distributions of monomeric SNAP25(CtoS) (green circles) and Stx(1-262) (yellow circles) 
as well as SNAP25(CtoS):Stx(1-262) complexes with 1:1 (green-yellow twin-circles), 2:1 (green triangle 
with yellow left corner), 1:2 (yellow triangle with green bottom corner), 2:2 (yellow/green squares) and 
2:4 (yellow stars with green corner) stoichiometry were observed. (C) CD spectra of monomeric 
SNAP25(CtoS) and Stx(1-262) as well as a theoretically calculated and a measured CD spectrum of 
the 1:2 Stx(1-262):SNAP25(CtoS) mixture. (D) Addition of Syb(1-96) at a 1.2 molar excess to the pre-
assembled SNAP25(CtoS):Stx(1-262) complexes results in formation of the SNARE complex. 
Monomeric Syb(1-96) (blue circles) and Stx(1-262) (orange circles) as well as monomeric (grey 
triangles), dimeric (grey hexagonal stars) and trimeric (grey nonagonal stars) SNARE complexes are 
assigned. (Figure adapted from [174].)  
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are dimers of the 1:1 and 1:2 SNAP25(CtoS):Stx(1-262) complexes revealing oligomerisation 

of complexes at low protein concentration. Low abundant monomers of individual 

SNAP25(CtoS) and Stx(1-262) and the absence of the previously observed oligomers indicate 

a preference for complex formation over oligomerisation when physiological interaction 

partners are available. The predominant 1:2 SNAP25(CtoS):Stx(1-262) complex was 

previously observed in a liposome fusion assay revealing that the complex is kinetically 

trapped; consequently, the complex was termed the ‘dead end’ complex [169]. To assess the 

formation of this complex, SNAP25(CtoS) and Stx(1-262) were incubated at a 1:2 molar ratio 

promoting formation of this complex (Figure 23B). Indeed, the complex with the highest 

intensity observed at this mixing ratio is the 1:2 complex suggesting that this stoichiometry is 

preferred and likely most stable in the absence of Syb2. SNAP25(CtoS):Stx(1-262) complexes 

with 2:1 and 2:2 stoichiometry were not detected in this experiment indicating that these 

complexes are less stable and that the equilibrium shifted towards the formation of the 

preferred 1:2 SNAP25(CtoS):Stx(1-262) complex. The presence of the 1:1 

SNAP25(CtoS):Stx(1-262) complex suggest that this complex is a stable intermediate to form 

the ‘dead end’ complex by providing a binding surface for Stx(1-262).  

Next, the structural content of the mixture of SNAP25(CtoS) and Stx(1-262) was analysed to 

interrogate if the complexes formed are indeed structured and comparable to the helical 

structure of the assembled SNARE complex. For this, CD spectroscopy was performed 

(Figure 23C). While individual SNAP25(CtoS) exhibited a random coil structure with some 

helical content, characteristic for a disordered protein, a fully helical structure was determined 

for Stx(1-262). A theoretical spectrum, in which the proteins do not interact with each other and 

which is based on the CD spectra of the individual proteins, was calculated for the binary 

complexes. Comparison of this spectrum with the experimentally obtained spectrum of the 

SNAP25(CtoS):Stx(1-262) mixture revealed only minor changes in the helicity. According to 

the high-resolution crystal structures of Stx(1-262) in its ‘closed’ conformation (interacting with 

Munc18) and in ‘open’ conformation (interacting with the SNAREs), the helical content of Stx(1-

262) is comparable [17,22,180]. For SNAP25(CtoS) only the Qb SNARE motif was described 

to be partially structured in solution [44]. Marginal changes in the CD spectrum of the protein 

mixture might, therefore, mostly originate from a disorder-to-order transition of the second 

SNARE motif of SNAP25(CtoS). 

To explore whether the observed 1:2 SNAP25(CtoS):Stx(1-262) complex is indeed kinetically 

trapped, a 1.2 molar excess of Syb(1-96) was added to the pre-assembled complexes 

(Figure 23D). Surprisingly, none of the previously detected SNAP25(CtoS):Stx(1-262) 

complexes were observed. Instead, charge state distributions corresponding to monomers 

(65308 Da), dimers (130603 Da) and trimers (195970 Da) of the fully assembled SNARE 

complex (3Q:1R, QabcR) were detected. These results indicate a higher binding affinity for 
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Syb(1-96) compared to Stx(1-262). Unexpectedly, only monomeric Syb(1-96) and Stx(1-262) 

were observed indicating a rearrangement of the 1:2 SNAP25(CtoS):Stx(1-262) complex 

rather than a complete disassembly of the ‘dead end’ complex and reassembly into the SNARE 

complex. In this case, the R-SNARE Syb(1-96) substitutes the Q-SNARE Stx(1-262), while the 

‘acceptor’ complex remains intact; consequently, individual SNAP25(CtoS) is not detected. 

However, binding of Syb(1-96) to the ‘acceptor’ complex and thereby shifting the equilibrium 

between the 1:1 and 1:2 SNAP25(CtoS):Stx(1-262) complexes is also conceivable.  

To validate the stoichiometry of the monomeric and dimeric SNARE complex, the 16+ and 25+ 

charge states, respectively, were selected for collision induced dissociation (Figure 24). To 

dissociate complexes in native MS the collisional energy is increased, resulting in dissociation 

of the peripheral subunit that requires the least activation energy for unfolding. As a result, an 

unfolded and, therefore, highly charged monomer and a so-called ‘stripped’ complex 

composed of the remaining protein subunits are observed [148,185]. Syb(1-96) dissociates 

from the monomeric as well as from the dimeric SNARE complexes yielding the highly charged 

monomeric protein (Figure 24). In the case of the monomeric SNARE complex, the ‘stripped’ 

complex corresponds to the 1:1 SNAP25(CtoS):Stx(1-262) ‘acceptor’ complex (54471 Da) 

(Figure 24A). For the dimeric SNARE complex, two consecutive dissociation events occurred 

yielding the 2:2:1 SNAP25(Ctos):Stx(1-262):Syb(1-96) complex (119750 Da) and a 

2:2 SNAP25(CtoS):Stx(1-262) second generation dissociation product (108950 Da) omitting 

both Syb(1-96) molecules (Figure 24B). Ready dissociation of Syb(1-96) indicates that this 

subunit is least stably incorporated into the SNARE complex, and that the ‘acceptor’ complex 

composed of SNAP25(CtoS) and Stx(1-262) is stably formed providing a solid interaction 

surface for Syb(1-96) to assemble.  

Figure 24. Collision induced dissociation of the ternary SNARE complex.  
(A) The 16+ charge state of the monomeric SNARE complex (grey triangle) and (B) the 25+ charge 
state of the dimeric SNARE complex (grey hexagonal star) were selected for collisional induced 
dissociation. Charge state distributions corresponding to the dissociated subunit Syb(1-96) (blue circle) 
as well as first and second generation ‘stripped’ complexes of 1:1 SNAP25(CtoS):Stx(1-262) (green-
yellow twin-circles), 2:2 (two green and two yellow circles), 1:2:2 Syb(1-96):SNAP25(CtoS):Stx(1-262) 
(green-yellow twin-circles grey triangle) stoichiometry were observed. (Figure adapted from [174].) 
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3.3.1.2 SNARE complex stoichiometry mimicked by SNAP25(CtoS) and Syb(1-96) 

To analyse complex formation between SNAP25(CtoS) and Syb(1-96) by native MS, the 

SNAREs were incubated at a 1:2 ratio providing an excess of Syb(1-96) to promote formation 

of a four-helical bundle (Figure 25A). The native mass spectrum showed charge state 

distributions corresponding to monomeric SNAP25(CtoS) (23096 Da), monomeric Syb(1-96) 

(10800 Da) and dimeric SNAP25(CtoS) (47694 Da). Interestingly, binary complexes 

composed of SNAP25(CtoS) and Syb(1-96) with a stoichiometry of 2:1 (58513 Da) and a dimer 

thereof with a stoichiometry of 4:2 (117040 Da) were also observed. Similar to the previously 

observed 2:1 SNAP25(CtoS):Stx(1-262) complex, the SNAP25(CtoS):Syb(1-96) complex 

Figure 25. Formation and reorganisation of SNAP25(CtoS):Syb(1-96) complexes. 
SNAP25(CtoS) and Syb(1-96) were mixed in (A) 1:2 (B) 2:1 and (C) 1:1 ratio and analysed by native 
MS. Charge state distributions corresponding to monomeric SNAP25(CtoS) (green circles), monomeric 
Syb(1-96) (blue circles), dimeric SNAP25(CtoS) (green-twin-circles) as well as binary 
SNAP25(CtoS):Syb(1-96) complexes with a stoichiometry of 2:1 (green-blue triangle) and 4:2 (green-
blue hexagonal stars) were observed. Degradation products of SNAP25(CtoS) and Syb(1-96) (open 
circles) are also assigned. (D) Equimolar addition of Stx(1-262) to the pre-assembled 
SNAP25(CtoS):Syb(1-96) complexes results in formation of monomeric (grey triangles), dimeric (grey 
hexagonal stars), trimeric (grey nonagonal stars) and tetrameric (grey dodecagonal stars) SNARE 
complexes. Monomeric Syb(1-96) (blue circles) and Stx(1-262) (orange circles) were also observed.  
(Figure adapted from [174].)  
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contains four SNAP25(CtoS) SNARE motifs and one Syb(1-96) motif. However, considering 

formation of a four-helical bundle, only three SNAP25(CtoS) SNARE motifs contribute to the 

complex, while one motif is located outside the four-helical bundle (Qbbcc*R) as already 

described above for the 2:1 SNAP25(CtoS):Stx(1-262) complex (Qabbcc*). In such an 

arrangement, the central layer of the complex is in agreement with the four-helical bundle of 

the SNARE complex (3Q:1R). Although an excess of Syb(1-96) was employed, only one copy 

of the R-SNARE was incorporated into the complex. Two copies of Syb(1-96), each molecule 

providing an arginine residues in the central layer, might prevent complex formation due to 

electrostatic repulsion. Therefore, the binding site of Stx(1-262) was occupied by one helix of 

the available Q-SNARE SNAP25(CtoS). While oligomers were not observed for Syb(1-96), 

indicating a preference to form complexes in the presence of physiological interaction partners, 

a dimer of SNAP25(CtoS) was detected (Figure 25A). Note, that the charge state distribution 

of this SNAP25(CtoS) dimer appears at higher m/z values compared to the 

2:1 SNAP25(CtoS):Syb(1-96) complex. As complexes with higher molecular weight provide an 

increased surface area, more charges will be acquired during ionisation resulting in higher m/z 

values. Consequently, the observed SNAP25(CtoS) dimer is likely a gas phase dissociation 

product of the 2:1 SNAP25(CtoS):Syb(1-96) complex, rather than an oligomer formed in 

solution. This assumption is supported by the higher charged dimer observed for individual 

SNAP25(CtoS) (see Figure 16A). To validate formation of the expected dissociation products, 

collisional induced dissociation of the 2:1 SNAP25(CtoS):Syb(1-96) complex was performed 

confirming the SNAP25(CtoS) dimer to be the ‘stripped’ complex and revealing Syb(1-96) less 

stably incorporated into the complex (Figure 26A). This is also true for the 

Figure 26. Collision induced dissociation of SNAP25(CtoS):Syb(1-96) complexes. 
(A) The 15+ charge state of the monomeric 2:1 SNAP25(CtoS):Syb(1-96) complex (green-blue triangle) 
and (B) the 22+ charge state of the 4:2 SNAP25(CtoS):Syb(1-96) complex (green-blue triangle) were 
selected for collisional induced dissociation. Charge state distributions corresponding to the dissociated 
subunit Syb(1-96) (blue circle) as well as first and second generation ‘stripped’ complexes were 
observed namely, a dimer of SNAP25(CtoS) (green twin-circles) and complexes of 
SNAP25(CtoS):Syb(1-96) with a stoichiometry of 4:1 (green-blue triangle and green twin-circles) and 
2:2 (four green circles). (Figure adapted from [174].) 
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4:2 SNAP25(CtoS):Syb(1-96) complex, which dissociates in a similar manner as the dimeric 

SNARE complex described above (Figure 26B). For both protein mixtures, SNAP25(CtoS) 

and Stx(1-262) as well as SNAP25(CtoS) and Syb(1-96), the same collisional energy of 10 V 

was applied. Although the 3Q:1R conformation of the 2:1 SNAP25(CtoS):Syb(1-96) complex 

is expected to be more stable compared to the 1:2 SNAP25(CtoS):Stx(1-262) complex 

(4Q:0R), dissociation was only observed for the 2:1 SNAP25(CtoS):Syb(1-96) complex 

indicating that stable complex formation requires an ‘acceptor’ complex containing Stx(1-262). 

Note, that a 1:1 SNAP25(CtoS):Syb(1-96) complex was not observed, suggesting that stable 

association of Syb(1-96) requires an interaction surface formed by three interacting SNARE 

motifs. In order to shift the equilibrium of SNAP25(CtoS) and Syb(1-96) promoting formation 

of the 2:1 complex, the incubation ratios were varied. However, when incubating 

SNAP25(CtoS) and Syb(1-96) at a 2:1 and 1:1 ratio, the same 2:1 SNAP25(CtoS):Syb(1-96) 

complex and a dimer thereof were observed (Figure 25B and 25C). As a result, formation of 

the 3Q:1R stoichiometry resembling the four-helical structure of the SNARE complex is indeed 

preferred. 

Again, CD spectroscopy was performed to evaluate the structural content of the 

SNAP25(CtoS):Syb(1-96) protein mixture. While individual SNAP25(CtoS) and Syb(1-96) 

were both found to be disordered with only minor helical structures (Figure 27), comparison 

of the theoretically calculated spectrum of both proteins, that do not interact with each other, 

and the experimentally determined spectrum revealed meaningful structural rearrangements. 

A signal shift from 203 nm to 208 nm and an increase in ellipticity at 220 nm verifies formation 

of alpha-helical SNAP25(CtoS):Syb(1-96) complexes structurally similar to the four-helical 

ternary SNARE complex. However, the structure of the SNARE motif of SNAP25(CtoS) that is 

presumably not involved in the formation of the four-helical bundle remains unknown. 

To elucidate, if the pre-assembled binary complexes rearrange into the SNARE complex, 

Stx(1-262) was added in equimolar amounts to the protein mixture (Figure 25D). Immediately 

Figure 27. CD spectra of SNAP25(CtoS), Syb(1-96) and binary SNARE complexes. 
CD spectra of monomeric SNAP25(CtoS) and Syb(1-96) as well as calculated and measured CD 
spectra of the 2:1 Syb(1-96):SNAP25(CtoS) mixture are shown. (Figure adapted from [174].)  
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after addition of Stx(1-262), charge state distributions corresponding to monomeric 

(65029 Da), dimeric (130659 Da), trimeric (196053 Da) and even tetrameric (261438 Da) 

SNARE complexes were observed. Accordingly, the second copy of SNAP25(CtoS) was 

replaced and the preferred SNARE complex (3Q:1R) was formed. While the exact mechanism 

remains unclear, prompt dissociation of Syb(1-96) as well as the high stability for the 

SNAP25(CtoS) dimer suggest dissociation of Syb(1-96) at first. This assumption is 

strengthened by the presence of monomeric Syb(1-96) in the mass spectrum (Figure 25D). 

To specifically assess, which SNARE motif of SNAP25(CtoS) is replacing Stx(1-262) in the 

2:1 SNAP25(CtoS):Syb(1-96) complex, the assembly of the complex was interrogated using 

SNAP25(1-83), i.e. the Qb SNARE motif of SNAP25(CtoS). Analysing SNAP25(1-83) in the 

absence of interaction partners revealed several charge state distributions corresponding to 

monomers (9931 Da) as well as low abundant dimers (19862 Da) and trimers (29840 Da) of 

SNAP25(1-83) (Figure 28A). Formation of these SNAP25(1-83) oligomers suggest that the 

oligomerisation observed for the SNARE proteins is driven by interacting SNARE motifs rather 

than unspecific interactions. When incubating SNAP25(1-83) and Syb(1-96), one additional 

charge state series corresponding to monomeric Syb(1-96) (10799 Da) was detected 

(Figure 28B). Interestingly, a dimer of SNAP25(1-83) including two SNARE motifs such as in 

SNAP25(CtoS) was also observed. However, formation of a binary complex was not observed 

suggesting that either the linker of SNAP25(CtoS) or the amino acid sequence of the Qc 

SNARE motif are crucial for stable complex formation. After equimolar incubation of Syb(1-

96), SNAP25(CtoS) and SNAP25(1-83) charge state series corresponding in mass to 

monomers of Syb(1-96) (10799 Da), SNAP25(CtoS) (23844 Da) and SNAP25(1-83) 

(9931 Da) were observed (Figure 28C). In addition, a complex composed of Syb(1-96), 

SNAP25(CtoS) and SNAP25(1-83) with a stoichiometry of 1:1:1 (44577 Da) was identified. 

This observation reveals substitution of Stx(1-262) by the N-terminal Qb SNARE motif of 

SNAP25(CtoS) resulting in a ternary complex mimicking the stoichiometry of the SNARE 

complex (QbbcR). A dimer of this complex (89198 Da) was also detected (Figure 28C). 

Interestingly, a heterodimer formed by SNAP25(CtoS) and SNAP25(1-83) with higher m/z ratio 

when compared with the ternary complex could also be assigned. Collision induced 

dissociation of the ternary complex confirmed that the SNAP25(CtoS):SNAP25(1-83) complex 

is a gas phase product resulting from prompt dissociation of Syb(1-96) (Figure 28D). 

Surprisingly, Syb(1-96) is dissociating from the complex, although SNAP25(1-83) is the smaller 

subunit and it is replacing Stx(1-262) in the assembly, suggesting that an intermediate 

‘acceptor’ complex is indeed formed by SNAP25 and Stx1 rather than a complex involving 

Syb2. A complex including a second copy of the full-length SNAP25(CtoS) molecule was not 

observed, indicating that incorporation of a single SNARE motif is sterically preferred. 
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In summary, for stable complex formation, an ‘acceptor ‘complex is required, which is formed 

by three SNARE motifs and not only contains the N-terminal, but also the C-terminal SNARE 

motif of SNAP25(CtoS). This assumption is supported by the absence of the 

1:1 SNAP25(CtoS):Syb(1-96) (QbcR) as well as 1:1, 2:1 and 3:1 SNAP25(1-83):Syb(1-96) 

complexes (QbR, QbbR, QbbbR). However, it is also conceivable that the linker of 

SNAP25(CtoS) is crucial to guide both SNARE motifs into the correct parallel orientation and 

thereby enabling binding of the third SNARE motif. 

Figure 28. Complex formation involving SNAP25(1-83). 
Native mass spectra of SNAP25(1-83) (A) in the absence of interaction partners, (B) equimolarly 
incubated with Syb(1-96) and (C) equimolarly incubated with Syb(1-96) and SNAP25(CtoS). Charge 
state distributions corresponding to monomeric SNAP25(CtoS) (green circles), dimeric SNAP25(CtoS) 
(green-twin-circles), monomeric Syb(1-96) (blue circles) as well as a 1:1 SNAP25(CtoS):SNAP25(1-83) 
complex and 1:1:1 (green-blue triangle) and 2:2:2 SNAP25(CtoS):SNAP25(1-83):Syb(1-96) complexes 
(green-blue hexagonal star) are assigned. (D) The 14+ charge state of the 1:1:1 
SNAP25(CtoS):SNAP25(1-83):Syb(1-96) complex was selected for collisional induced dissociation. 
Charge state distributions corresponding to the dissociated subunit Syb(1-96) (blue circle) and the 
‘stripped’ complex of 1:1 SNAP25(CtoS): SNAP25(1-83) (green-twin-circles) were detected.  
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3.3.1.3 Stabilisation of Syb(1-96) and Stx(1-262) interactions by Cpx1 

For investigation of the complex formation between Syb(1-96) and Stx(1-262), both SNARE 

proteins were incubated at a 1:1 ratio and analysed by native MS. Charge state distributions 

corresponding to high abundant monomers of Syb(1-96) (10800 Da) and Stx(1-262) 

(30622 Da) were observed (Figure 29A). Distributions corresponding to complexes formed 

between Syb(1-96) and Stx(1-262) were, surprisingly, not detected. Interestingly, the 

oligomerisation observed for the individual proteins in the absence of an interaction partner 

(see Figures 11 and 19) seems to be impeded as only a low abundant dimer of Stx(1-262) 

Figure 29. Stabilisation of the binary Syb(1-96):Stx(1-262) complex by Cpx1.  
(A) Syb(1-96) and Stx(1-262) were mixed at a 1:1 ratio and analysed by native MS. Charge state 
distributions corresponding to monomeric Syb(1-96) (blue circles), monomeric Stx(1-262) (orange 
circles) and dimeric Stx(1-262) (orange twin-circles) were observed. (B) Equimolar addition of Cpx1 
(pink circles) to the Syb(1-96):Stx(1-262) protein mixture results in formation of a 1:3:1 Syb(1-96):Stx(1-
262):Cpx1 complex (orange-blue-pink circles). (C) The 22+ charge state of the 1:3:1 Syb(1-96):Stx(1-
262):Cpx1 complex was selected for collision induced dissociation. Dissociation of the subunits Syb(1-
96) (blue circle) and Cpx1 (pink circle) from the selected complex yielded the two ‘stripped’ 3:1 Stx(1-
262):Cpx1 (orange-pink circles) and 3:1 Stx(1-262):Syb(1-96) (orange-blue circles) complexes. (D) 
Upon equimolar addition of SNAP25(CtoS) (green circle) to the pre-assembled 1:3:1 Syb(1-96):Stx(1-
262):Cpx1 complex (orange-blue-pink circles), the 1:1:1:1 Syb(1-96):Stx(1-262):SNAP25(CtoS):Cpx1 
complex (grey triangle-pink circle) formed. (Figure adapted from [174].) 
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was detected. This leads to the assumption that both SNAREs transiently interact with each 

other, however, do not form a stable complex that could be preserved during transfer into the 

gas phase.  

To analyse if Syb(1-96) and Stx(1-262) undergo structural rearrangements, CD spectroscopy 

was performed. For this, a calculated spectrum was again compared with the experimentally 

recorded CD spectrum of the SNARE mixture showing a decrease in alpha-helicity 

(Figure 30). The presence of Syb(1-96) likely shifted the equilibrium of both Stx(1-262) 

conformations towards the ‘open’ form. Consequently, dissociation of the SNARE motif of 

Stx(1-262) from its Habc domain made it available for interactions with the SNARE motif of 

Syb(1-96) leading to lower helical content. The absence of a stable binary complex highlights 

the role of SNAP25 as an interaction partner as well as a general necessity for regulatory 

proteins to stabilise interactions between Syb(1-96) and Stx(1-262). 

Cpx1 is a well-known regulator of the SNARE assembly [40]. High resolution crystal structures 

and a site-directed mutagenesis study revealed Cpx1 to be a physiological interaction partner 

of Syb2 and Stx1 that binds the interface provided by both SNAREs in the SNARE complex in 

an antiparallel orientation [60,61,186]. Assuming that Cpx1 interacts with Syb(1-96) and Stx(1-

262) and possibly stabilises a transiently formed binary complex, it was added in equimolar 

amounts to the pre-incubated proteins. Immediately upon addition of Cpx1, formation of a 

Syb(1-96):Stx(1-262):Cpx1 complex with a stoichiometry of 1:3:1 was observed (Figure 29B). 

In this arrangement, Syb(1-96) provides the R-SNARE motif, while two additional Stx(1-262) 

molecules substitute the two alpha helices of SNAP25(CtoS) providing in total three Q-SNARE 

motifs, thereby, resembling the stoichiometry of the SNARE complex (3Q:1R, QaaaR). 

Assuming a similar arrangement of the binary complex as in the SNARE complex, Cpx1 likely 

binds to Syb(1-96) and Stx(1-262) peripherally rather than supplementing one of the SNARE 

helices.  

Figure 30. CD spectra of Stx(1-262), Syb(1-96) and binary SNARE complexes. 
CD spectra of monomeric Stx(1-262) and Syb(1-96) as well as calculated and measured CD spectra of 
the 1:1 Syb(1-96):Stx(1-262) mixture are shown. (Figure adapted from [174].)  
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Therefore, collision induced dissociation was performed to target the topology of the 

1:3:1 Syb(1-96):Stx(1-262):Cpx1 complex (Figure 29C). For this, the 22+ charge state of the 

distribution of this ternary complex was selected and dissociated by increasing the collisional 

energy. Surprisingly, dissociation of the 1:3:1 Syb(1-96):Stx(1-262):Cpx1 complex yielded two 

highly charged monomeric subunits and two lower charged ‘stripped’ complexes indicating 

selection of a complex with the same mass, but different topology. Dissociation of Cpx1 yielded 

the 1:3 Syb(1-96):Stx(1-262) complex (102661 Da) confirming indeed the expected peripheral 

position of Cpx1 (Figure 29C). In a second dissociation event, Syb(1-96) disassembled 

yielding a 3:1 Stx(1-262):Cpx1 complex (107276 Da) indicating least stable incorporation into 

the selected complex as observed above for other binary complexes (Figure 29C). However, 

binding of Cpx1 to an interface formed by Syb(1-96) and Stx(1-262) should prevent 

dissociation of Syb(1-96), suggesting that Cpx1 might also bind other interfaces of the 

complex, for instance an interface formed by two Stx(1-262) molecules, which would enable 

dissociation of Syb(1-96). Replacement of Syb(1-96) by Cpx1 forming a helical bundle with the 

three Stx(1-262) molecules and thereby providing a binding interface for Syb(1-96) seems 

unlikely because of the missing SNARE motif. The presence of Cpx1 stabilises the Stx(1-

262):Syb(1-96) interface, therefore, enabling the detection of a complex mimicking the 

stoichiometry of the SNARE complex and indicating that the binding interface of the 3:1 Stx(1-

262):Syb(1-96) complex is comparable to the interface present in the SNARE complex.  

To test whether the third SNARE reorganises the pre-assembled 1:3:1 Syb(1-96):Stx(1-

262):Cpx1 complex causing disassembly of two Stx(1-262) molecules, SNAP25(CtoS) was 

added in equimolar amounts (Figure 29D). Indeed, an additional charge state distribution 

corresponding in mass to the 1:1:1:1 SNAP25(CtoS):Syb(1-96):Stx(1-262):Cpx1 complex 

(80695 Da) was observed. Interestingly, following complex formation over time revealed that 

immediately after addition of SNAP25(CtoS) only the previously identified 1:3:1 complex was 

present (Supplementary Figure 7). After several minutes of incubation, the intensity of the 

1:3:1 complex decreased, while an additional distribution corresponding to the SNARE 

complex binding one copy of Cpx1 appeared. The intensity of this complex increased over 

time, and after approximately 10 min, the SNARE:Cpx1 complex was the only complex 

observed (Supplementary Figure 7). Although Cpx1 stably bound to the complex, 

replacement of two Stx(1-262) molecules by SNAP25(CtoS), reassembling into the SNARE 

complex, is possible. However, this process takes several minutes suggesting that blocking 

one interface decelerates either the disassembly of the Stx(1-262) copies for rearrangement 

of the complex or the disassembly of the full complex assuming that the exchange of individual 

helices is not possible. Nonetheless, both scenarios impede new complex formation. 
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3.3.2 Characterising interactions of Cpx1 with the SNARE proteins 

Cpx1 is a well-known regulator of the SNARE assembly; it is proposed to exhibit both 

stimulating and inhibitory functions during SNARE mediated membrane fusion [56,187]. High-

resolution crystal structures visualise antiparallel binding of Cpx1 to the SNARE complex, 

through interactions of the central helix with an interface formed by Syb2 and Stx1 [61,77,186]. 

This arrangement suggests that Cpx1 adopts its regulatory function in the late steps of the 

SNARE assembly. However, it is still unclear whether Cpx1 binds the individual SNAREs or 

other intermediate complexes and possibly has a role at the early stages of the SNARE 

assembly. For this reason, interactions of Cpx1 with individual SNARE proteins and pre-

assembled binary complexes providing varying interaction interfaces as well as interactions of 

Cpx1 with the fully assembled SNARE complex were characterised by native MS 

(Section 2.5.5). In addition, chemical cross-linking (Section 2.3.7) combined with LC-MS/MS 

analysis (Section 2.5.4) was used to shed light on the specific interactions formed between 

the SNARE complex and Cpx1, including flexible regions of Cpx1 that are not included in the 

available high-resolution structures.  

 

3.3.2.1 Identification of binding interfaces for Cpx1 

Cpx1 was incubated at equimolar ratios with each individual SNARE protein and analysed by 

native MS (Figure 31). In the mass spectra, charge state series corresponding to monomers 

of SNAP25(CtoS) (23842 Da), Stx(1-262) (30620 Da), Syb(1-96) (10800 Da) and Cpx1 

(15402 Da) were assigned. Complex formation involving Cpx1 was, however, not observed. 

Figure 31. Individual SNARE proteins do not interact with Cpx1. 
The SNARE proteins were incubated with Cpx1 (pink circles) in a 1:1 molar ratio and analysed by native 
MS. Charge state distributions corresponding to monomers of the SNARE proteins and Cpx1 as well as 
low abundant dimers of Stx(1-262) were observed. (A) SNAP25(CtoS) (green circles) (B) Stx(1-262) 
(orange circles) (C) Syb(1-96) (blue circles). (Figure adapted from [174].)  



68 
 

Although collision induced dissociation of the 1:3:1 Syb(1-96):Stx(1-262):Cpx1 complex 

resulted in formation of a 3:1 Stx(1-262):Cpx1 complex (see Figure 29C), this arrangement 

was not observed when incubating Stx(1-262) and Cpx1. With the exception of a low abundant 

Stx(1-262) dimer, oligomerisation of SNARE proteins and Cpx1 as observed for the individually 

analysed proteins (see Figure 16, 19 and 22) was not monitored. The absence of both, 

oligomers of each protein and complexes formed between the SNARE proteins and Cpx1, 

indicates transient interactions between the proteins that do not lead to formation of stable 

complexes which cannot be preserved by native MS. Although Stx(1-262) and Syb(1-96) are 

known to interact with Cpx1, the individual proteins are not sufficient for formation of a stable 

complex suggesting that a binding interface such as the one present in the 1:3:1 Syb(1-

96):Stx(1-262):Cpx1 complex is required for the assembly (see Figure 29).  

To test whether Cpx1 binds complexes that provide an interface containing either Stx(1-262) 

or Syb(1-69), SNAP25(CtoS) and Stx(1-262) as well as SNAP25(CtoS) and Syb(1-96) were 

mixed at a 1:2 ratio to pre-assemble binary complexes. Subsequently, equimolar amounts of 

Cpx1 were added (Figure 32). Compared to the native mass spectra of the binary complexes 

omitting Cpx1 (see Figure 23 and 25), only one additional charge state series corresponding 

to monomeric Cpx1 (15399 Da) was observed. The absence of complexes including Cpx1 

reveals that binding of Cpx1 to interfaces formed by SNAP25(CtoS) and Stx(1-262) or 

Figure 32. Binary complexes do not interact with Cpx1. 
SNARE proteins were incubated to form binary complexes, followed by equimolarly addition of Cpx1 
and analysis by native MS. (A) SNAP25(CtoS) and Stx(1-262) were incubated in 1:2 molar ratio and 
charge state distributions corresponding to monomeric Cpx1 (pink circle), SNAP25(CtoS) (green circle) 
and Stx(1-262) (orange circle) as well as binary complexes composed of SNAP25(CtoS) and Stx(1-262) 
in a 1:1 (green-orange twin-circles), 1:2 (orange-green triangles) and 2:4 (orange-green stars) 
stoichiometry were observed. (B) SNAP25(CtoS) and Syb(1-96) were incubated in 1:2 molar ratio. 
Charge state distributions corresponding to monomeric Cpx1 (pink circle), Syb(1-96) (blue circle) and 
SNAP25(CtoS) (green circle), dimeric SNAP25(CtoS) (green twin-circles) as well as binary complexes 
composed of SNAP25(CtoS) and Syb(1-96) with a stoichiometry of 2:1 (green-blue triangle) were 
observed. (Figure adapted from [174].) 



69 
 

SNAP25(CtoS) and Syb(1-96) does not occur. Consequently, the presence of Stx(1-262) or 

Syb(1-96) is not sufficient for stable binding of Cpx1. Furthermore, binding of Cpx1 was not 

observed to interfaces formed by two copies of Stx(1-262) or SNAP25(CtoS) as well as both 

proteins such as provided by the ‘acceptor’ complex suggesting that indeed an interaction site 

containing both Stx(1-262) and Syb(1-96) is required for stable binding.  

 

3.3.2.2 Disassembly of SNARE complex oligomers by Cpx1 

To assemble the ternary SNARE complex (3Q:1R, QabcR), SNAP25(CtoS), Stx(1-262) and 

Syb(1-96) were mixed in equimolar amounts and incubated overnight. Analysis by native MS 

showed charge state distributions corresponding in mass to monomeric (65306 Da), dimeric 

(130632 Da) and trimeric SNARE complexes (195970 Da) (Figure 33A). SNARE complex 

multimers were already observed after rearrangement of binary complexes into the SNARE 

complex (see Figures 23, 25 and 29). Note that the monomer and dimer of the SNARE 

complex are highly abundant and show similar intensities indicating stable oligomer formation. 

The trimeric SNARE complex on the contrary, is less abundant. Assuming that Cpx1 binds in 

a similar fashion to the fully assembled SNARE complex, providing the natural Syb(1-

96):Stx(1-262) binding interface as observed for the interface in the 1:3:1 Syb(1-96):Stx(1-

262):Cpx1 complex (Figure 29), Cpx1 was added to the pre-assembled SNARE oligomers. 

Figure 33. Disassembly of SNARE complex oligomers by Cpx1. 
(A) Syb(1-96) (blue), SNAP25(CtoS) (green) and Stx(1-262) (orange) were mixed at a 1:1:1 ratio and 
analysed by native MS. Charge state distributions corresponding to monomers of the SNARE proteins 
(coloured circles) as well as monomeric (grey triangles), dimeric (grey hexagonal stars) and trimeric 
(grey nonagonal stars) SNARE complexes are assigned. (B) Addition of Cpx1 (pink circle) reduced 
SNARE complex oligomerisation. Series of charge states corresponding to monomers (grey triangle-
pink circle) and dimers (grey hexagonal star-pink circle) of the SNARE:Cpx1 complex were observed. 
(Figure adapted from [174].)  
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Immediately after addition of Cpx1, binding to the SNARE complex was observed resulting in 

two charge state distributions corresponding to the SNARE:Cpx1 complex and a dimer thereof 

(Figure 33B). Importantly, the monomeric complex is high abundant, while the dimeric species 

shows remarkably reduced intensity. SNARE complex oligomers without Cpx1 were not 

detected and only a low abundant SNARE complex monomer was observed. Cpx1 appears to 

impede SNARE complex oligomerisation by binding to the complex and presumably blocking 

the interaction surface formed by two SNARE complexes. Validating the stoichiometry of the 

observed complexes by collision induced dissociation reveals a similar dissociation pattern as 

monitored for the 1:3:1 Syb(1-96):Stx(1-262):Cpx1 complex (see Figure 29). For the 

monomeric SNARE:Cpx1 complex dissociation of Cpx1 yielded a ‘stripped’ SNARE complex, 

while dissociation of Syb(1-96) led to formation of the 1:1:1 SNAP25(CtoS):Stx(1-262):Cpx1 

complex with unknown structural arrangement (Figure 34A). Disassembly of the dimeric 

SNARE:Cpx1 complex resulted in formation of ‘stripped’ complexes omitting either Syb(1-96) 

or Cpx1 (Figure 34B). Although dissociation of Syb(1-96) should be sterically hindered due to 

binding of Cpx1, its dissociation still confirms least stable incorporation into the complexes. 

Disassembly of Cpx1 on the contrary was, however, expected and confirmed binding at the 

periphery of the complexes.  

To identify the interactions formed between the SNARE proteins and Cpx1 that lead to 

dissociation of SNARE complex oligomers, chemical cross-linking was performed. The 

SNARE:Cpx1 complex was pre-assembled, cross-linked using increasing concentrations of 

BS3 cross-linker and separated by gel electrophoresis followed by Coomassie staining to 

Figure 34. Collision induced dissociation of the SNARE:Cpx1 complex. 
(A) The 18+ charge state of the monomeric SNARE:Cpx1 complex (grey triangle pink circle) and (B) 
the 27+ charge state of the dimeric SNARE:Cpx1 complex (grey hexagonal star-pink circle) were 
selected for collisional induced dissociation. Charge state distributions corresponding to the dissociated 
subunits Syb(1-96) (blue circle) and Cpx1 (pink circle) as well as ‘stripped’ complexes with a 
stoichiometry of 1:1:1 SNAP25(CtoS):Stx(1-262):Cpx1 (green-yellow-pink circle), 1:1:1 Syb(1-
96):SNAP25(CtoS):Stx(1-262) (grey triangle) as well as 1:2:2:2 (grey pentagonal star pink twin-circles) 
and 2:2:2:1 Syb(1-96):SNAP25(CtoS):Stx(1-262):Cpx1 (grey hexagonal star-pinkcircle) were observed. 
(Figure adapted from [174].) 
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identify a suitable cross-linker concentration capturing the whole complex (Figure 35A). For 

identification of cross-linking sites, the complex was then cross-linked with 1 mM BS3 and 

subsequently unfolded using urea. Tryptic digestion in solution resulted in cross-linked 

dipeptides that were enriched by SEC. LC-MS/MS analysis and a database search led to the 

identification of 154 intramolecular and 162 intermolecular cross-links as well as 21 cross-links 

that were formed between homooligomers of the individual proteins 

(Supplementary Table 6). Of these, 100 intramolecular and 82 intermolecular cross-links 

were identified in at least two out of three experiments (Figure 35B). Visualising intermolecular 

cross-links in a network plot showed that most of the interactions between the SNAREs were 

formed between the linker of SNAP25(CtoS), the SNARE motif of Syb(1-96) and the C-

terminus of Stx(1-262) (Figure 35C). These interactions indicate a parallel orientation of the 

SNARE proteins as previously described for the fully assembled SNARE complex [17,18]. In 

addition, many cross-links are formed with the Habc domain of Stx(1-262) presumably 

resulting from its high flexibility. Cross-links formed between the N-terminus as well as the CH 

of Cpx1 and the SNAREs are mainly located in the linker region of SNAP25(CtoS) adjacent to 

its Qb SNARE motif and the C-termini of Syb(1-96) and Stx(1-262) and, therefore, reveal 

antiparallel binding of Cpx1 to the SNARE complex.  

Validation of the observed cross-links was achieved by mapping of the cross-links into 

available hight-resolution structures, however, flexible protein regions that contain cross-

linking sites are not present in these structures. To enable visualisation of all identified cross-

Figure 35. Cross-linking analysis of the SNARE:Cpx1 complex. 
(A) 40 μM pre-assembled SNARE:Cpx1 complex were cross-linked with 0 mM (lane 1), 0.01 mM (lane 
2), 0.03 mM (lane 3),  0.05 mM (lane 4), 0.075 mM (lane 5), 0.1 mM (lane 6), 0.3 mM (lane 7) and 1 mM 
(lane 8) BS3 cross-linker. Cross-linked and non-cross-linked complex were separated by gel 
electrophoresis and visualised by Coomassie staining. (B) 40 μM SNARE:Cpx1 complex were cross-
linked with 1 mM BS3 cross-linker in three individual replicates. Evaluated cross-links of each replicate 
are visualised in a VENN diagram. (C) Identified cross-links are visualized in a network plot. 
SNAP25(CtoS) (green), Syb(1-96) (blue), Stx(1-262) (orange) and Cpx1 (pink) are shown as coloured 
bars. SNARE motifs (light green or blue and yellow), helices of the Habc domain of Stx(1-262) (brown) 
as well as the central helix (pink) and accessory helix (purple) of Cpx1 are highlighted. Intermolecular 
cross-links between SNARE proteins (blue lines) and towards Cpx1 (red lines) are shown. (Figure 
adapted from [174].) 
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links, AlphaFold 2 predictions of monomeric and dimeric complexes were additionally used 

(Figure 36). Of 16 identified intermolecular cross-links formed between the SNARE proteins 

within the SNARE:Cpx1 complex, eight cross-links were visualised in the high-resolution 

crystal structure of the SNARE core complex, which lacks the flexible linker of SNAP25 as well 

Figure 36. Validation of intermolecular interactions between SNARE proteins. 
SNAP25 (green); Syb2 (blue) and Stx1 (orange) are shown in cartoon representation. Short-range 
(< 30 Å, blue lines) and long-range (> 30 Å, red lines) cross-links, identified in at least two out of three 
replicates, are visualised. Cross-links are shown in (A) a high-resolution structure of the SNARE 
complex (PDB ID: 1SFC [17]) lacking disordered regions, (B) an AlphaFold 2-multimer prediction of the 
monomeric SNARE complex including flexible regions and (C) two high-resolution SNARE complexes 
in antiparallel orientation. Note that cross-links are shown twice in this model. (D) An AlphaFold 2-
multimer prediction of a dimer of the SNARE complex in antiparallel orientation is shown. (Figure 
adapted from [174]) 
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as the Habc domain of Stx1 [17] (Figure 36A). Four of these cross-links are within the 

expected distance range < 30 Å and formed between the C-termini of the SNAREs. However, 

four cross-links exceed the distance threshold and are formed between the C-termini and 

lysine residues close to the central arginine of Syb(1-96). Using the AlphaFold 2 multimer 

model, which provides a structure based on the complete sequence of the SNARE complex, 

allowed mapping of all 16 cross-links (Figure 36B). Of these, seven cross-links exceed the 

distance range, while nine short range cross-links < 30 Å correlate well with the predicted 

structure. Most overlength cross-links result from interactions involving the flexible linker of 

SNAP25(CtoS). Considering multimerisation of the SNARE:Cpx1 complex as observed by 

native MS (see Figure 33), cross-links formed towards the centre of the SNARE core might 

originate from a second copy of the SNARE complex. Including a second high-resolution 

SNARE complex into the validation and docking the complexes in antiparallel orientation using 

UCSF chimera and Xlink Analyzer [124,126], all eight cross-links present in the SNARE core 

satisfy the distance restrains and are, therefore, positively validated (Figure 36C). To verify 

the suggested arrangement, a dimer of the SNARE complex was predicted using AlphaFold 

2, which indeed confirms antiparallel orientation of the SNARE complexes (Figure 36D). Since 

available high resolution structures only include the CH of Cpx1, while the disordered termini 

containing the cross-linking sites remain unresolved [61,77], visualisation of the cross-links 

formed with Cpx1 within the SNARE:Cpx1 complex was achieved by mapping the cross-links 

into an AlphaFold 2 prediction of the monomeric complex (Figure 37). In this prediction, Cpx1 

Figure 37. Validation of intermolecular interactions of Cpx1 within the SNARE:Cpx1 complex. 
SNAP25(CtoS) (green), Syb(1-96) (blue), Stx(1-262) (orange) and Cpx1 (pink) are shown in cartoon 
representation. Short-range (< 30 Å, blue lines) and long-range (> 30 Å, red lines) cross-links identified 
in at least two out of three replicates are visualised. Cross-links are shown in an AlphaFold 2 multimer 
prediction of the monomeric SNARE:Cpx1 complex. (Figure adapted from [174].) 
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indeed binds in an antiparallel orientation to the SNARE complex. The N- and C-terminal 

domains of Cpx1 are visualised including additional helical segments and are randomly 

oriented; an interaction of these with the complex was, however, not predicted. In addition, the 

linker of Stx(1-262) connecting its Qa SNARE motif and the Habc domain is predicted as an 

helical elongation of the SNARE motif, thus, the Habc domain of Stx(1-262) is directed away 

from the SNARE core. For the sake of clarity, only 21 out of 37 intermolecular cross-links 

formed between Cpx1 and the four-helical bundle are visualised in the prediction (Figure 37). 

Of these, 16 long-range cross-links > 30 Å were formed with flexible regions of SNAP25(CtoS) 

and Cpx1 as well as the central lysine K54 of Cpx1. These might also result from interactions 

formed with a second copy of the SNARE:Cpx1 complex as described above for the 

interactions of the SNARE proteins. However, five short-range cross-links were observed 

between the NTD of Cpx1 and the C-terminal SNARE complex. Note that all disordered regions 

are captured in one conformation rather than multiple possible conformations and, therefore, 

only represent a ‘snapshot’ of possible structures. Consequently, most interactions are 

displayed as overlength cross-links (Figure 37).  

Attempting to visualise and validate all identified cross-links including the ones formed with the 

Habc domain of Stx(1-262) as well as those that might originate from a second copy of the 

SNARE:Cpx1 complex, a structural model was created. For this, a high-resolution structure of 

the partially resolved SNARE:Cpx1 complex was aligned with a full-length AlphaFold prediction 

of Cpx1 containing its disordered N- and C-terminal domains (Figure 38A). Note that the N-

terminal domain of Cpx1 was manually repositioned to visualise a conformation in which 

interactions with the core SNARE complex are possible. In addition, a high-resolution structure 

of the Habc domain of Stx1 was added twice to the arrangement visualising varying 

interactions sites with the SNARE core complex resulting from the flexible linker of Stx1 

(Figure 38A). Regions that are not present in the crystal structure, such as the linker of 

SNAP25 as well as the linker and the C-terminus of Stx(1-262) were indicated by coloured 

lines. Cross-links identified in 2 out of 3 experiments are shown as dotted lines, while cross-

links identified in all replicates are shown as solid lines. For the sake of clarity, cross-links 

formed between Cpx1 and the Habc domain of Stx(1-262) (Figure 38A) as well as cross-links 

formed towards the SNARE core complex (Figure 38B) are visualised separately. The Habc 

domain of Stx(1-262) interacts via the residues K12, K57, K88, K94, K117, K126 and S132 

with either the CH of Cpx1 involving the lysine residues K26, K51, K54 and K96 or with the 

NTD of Cpx1 including the N-terminus (G-2) as well as the lysine residues K14 and K18 

(Figure 38B). In this model, the CH and the NTD of Cpx1 are located at opposite sides of the 

SNARE complex. For formation of these cross-links, high flexibility of the Habc domain is 

required and likely results from the flexible linker that connects it to the Qa SNARE motif of 

Stx(1-262). Interactions formed between Cpx1 and the SNARE proteins involve G-2, K14 and 
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K26 of the N-terminal domain of Cpx1 as well as K83 and K91 of Syb(1-96), K256 and K260 

of Stx(1-262) and K79 and K83 of SNAP25(CtoS) (Figure 38B). All of these residues are 

located at the C-terminus of the SNARE complex. The NTD of Cpx1 appears to overlap with 

the C-termini of the SNAREs, thus, clamping the SNARE complex and likely blocking the 

interaction surface of SNARE oligomers. As a consequence, Cpx1 might sterically hinder 

SNARE complex multimerisation resulting in a decreased intensity as observed by native MS 

(see Figure 33). In addition, cross-links formed between K26, K54 and K98 of Cpx1 and K79, 

K96, K102 and K103 of SNAP25(CtoS) as well as K256 and K260 of Stx(1-262) are unlikely 

to be formed within one SNARE:Cpx1 complex, since the involved residues are located at 

opposite sides of the complex (Figure 38B). Adding a second copy of the SNARE:Cpx1 

complex into the model in an antiparallel orientation, as also validated above (see Figure 36), 

indeed satisfies all cross-links. 

  

Figure 38. Model of the SNARE:Cpx1 complex. 
Cpx1 (pink), Syb(1-96) (blue), the SNARE motif (orange) and the Habc domain of Stx(1-262) (brown) 
as well as SNAP25(CtoS) (green) are shown. Disordered structures of SNAREs are shown as coloured 
lines. Cross-linked residues are labelled. Cross-links identified in 2 out of 3 replicates (dotted lines) or 3 
out of 3 replicates (solid lines) are shown. Interactions between Cpx1 and (A) the Habc domain of Stx(1-
262) and (B) the SNARE complex are visualised. Two copies of the Habc domain and the SNARE 
complex are shown. (Figure adapted from [174].) 
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3.4 Structural characterisation of Syb(1-96) and Cpx1 in a lipid environment 

While the protein machinery of SNARE-mediated membrane fusion was extensively 

investigated, less is known about the role of lipids. Depending on the membrane mimetic used, 

contrary structural content of the cytosolic domain of Syb2 was reported; for instance, a helical 

nucleation site observed in micelles that was absent in liposomes and nanodiscs [42,45,48]. A 

patch of positively charged residues was proposed to be critical for lipid binding of the 

juxtamembrane domain and insertion of aromatic residues into the membrane was described 

to promote membrane fusion by bending of the membrane [48,51]. However, the negatively 

charged residues of the R-SNARE motif were described to induce electrostatic repulsion 

between Syb2 and the membrane, keeping its SNARE motif available for interactions with 

other SNARE proteins [51]. Cpx1, on the other hand, is well known to interact with membranes 

and was shown to promote and inhibit the SNARE assembly, although the underlying 

mechanism is still enigmatic. Cpx1 contains a C-terminal lipid binding motif composed of two 

consecutive amphipathic helices. These helices undergo a disorder-to-order transition upon 

binding to membranes, which occurs in a curvature-dependent manner [68,75,76]. The N-

terminal amphipathic helix was also described to bind lipid membranes and is sensitive towards 

membrane curvature, although the membrane binding affinity mostly results from the C-

terminus of Cpx1 [188,189]. While lipid binding of Cpx1 appears to be independent on the lipid 

class, a preference for PI(4,5)P2 membranes was proposed [190,189]. To specifically assess 

the interactions of the cytosolic domain of Syb2 (Syb(1-96)) as well as Cpx1 with individual 

lipids, interactions of both proteins with immobilized lipids on membrane strips (Section 2.3.8), 

solubilised lipids (Section 2.5.5) and lipids forming a phospholipid bilayer (Section 2.3.9) were 

investigated. 

 

3.4.1 Interactions of Syb(1-96) with lipids 

To interrogate lipid binding of Syb(1-96), a lipid overlay assay was performed. For this, 

commercially available membrane lipid strips with immobilised lipids of different classes were 

incubated with Syb(1-96). Binding of the protein to the lipids was then analysed using the 

specific anti-VAMP-1/2/3 antibody as well as a secondary antibody. The emitted 

chemiluminescence revealed binding of Syb(1-96) to lipids that provide negative charges such 

as phosphatidic acid (PA), cardiolipin (CL) as well as phosphatidylinositol phosphate (PI(4)P), 

phosphatidylinositol bisphosphate (PI(4,5)P2) and phosphatidylinositol trisphosphate 

(PI(3,4,5)P3) (Figure 39). In addition to cholesterol, the main components of the synaptic 

vesicle membrane are phosphatidylserine (PS), phosphatidylethanolamine (PE) and 

phosphatidylcholine (PC) [3,191,192]. While Syb(1-96) binds negatively charged PS, binding 
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to cholesterol as well as zwitterionic PE and PC was not observed (Figure 39). Interestingly, 

Syb(1-96) binds lipids containing one or two negative charges that are not in vicinity, e.g. PA, 

PS and PI(4)P, stronger than lipids containing several negative charges in proximity, e.g. CL, 

PI(4,5)P2 and PI(3,4,5)P3. Although phosphatidylglycerol (PG), phosphatidylinositol (PI) and 

sphingomyelin also provide a negative charge, binding was not observed. Binding to additional 

lipid classes such as triglycerides, diacylglycerol and 3-Sulfogalactosylceramide was also not 

observed (Figure 39).  

To gain further insights into the binding of Syb(1-96) to individual lipids, a native MS approach 

based on the transfer of lipids from detergent-lipid micelles was used [161]. Based on the lipid 

composition of the synaptic vesicle membrane, the standard lipids DOPS, DOPE and DOPC 

were assessed. Since Syb(1-96) preferentially binds negatively charged lipids, DOPG was also 

employed to include a negatively charged lipid that is physiologically not relevant in the 

synapse. To perform lipid transfer, detergent-lipid micelles were assembled by mixing the lipid 

of interest with the non-ionic detergent C8E4, which was previously described to be well-suited 

to analyse lipid interactions with soluble proteins [193], in 200 mM ammonium acetate. These 

micelles were subsequently mixed with Syb(1-96) to form protein-lipid complexes presumably 

during ionisation, although the mechanism is still enigmatic [161,193]. Protein-lipid complexes 

show the same charge state distribution as the apo-protein and consequently appear as 

additional peak series shifted to higher m/z values depending on the number of lipids bound. 

Syb(1-96) was analysed without lipids and with increasing concentrations of each lipid, and 

lipid binding to Syb(1-96) increased for all lipids in a concentration-dependent manner 

(Supplementary Figure 8 and 9). A detailed analysis of the native MS spectra, acquired when 

a ten-fold excess of lipid over Syb(1-96) was used, shows binding of two or three lipids with 

comparable intensity indicating that binding of individual lipids was not specific (Figure 40). 

Figure 39. Lipid overlay assay of Syb(1-96). 
Commercially available membrane strips with spotted lipids of different classes were incubated with 
Syb(1-96). Binding of Syb(1-96) to the lipids was detected using the anti-VAMP-1/2/3 antibody. 
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For DOPS and DOPC, a higher number of associated lipids was observed for lower charge 

states. Due to faster acceleration in the electric fields of the mass spectrometer, higher charge 

states experience higher collisional energy presumably leading to dissociation of bound lipids. 

Singly-charged gas phase clusters of C8E4 and lipids were also observed (Figure 40). 

Interestingly, a Gaussian distribution of charge series of Syb(1-96) in the presence of DOPS 

Figure 40. Native MS of Syb(1-96) interacting with lipids of different classes.  
5 µM Syb(1-96) were mixed with 50 µM of each lipid in 0.5 % C8E4 and analysed by native MS. (A) 
Charge state distributions corresponding in mass to monomeric Syb(96) (blue circle), dimeric C8E4 
(light blue circle), lipid clusters (coloured squares with number of lipids), C8E4:DOPS clusters (light blue 
circle purple square) and Syb(1-96):lipid complexes with up to three (i) DOPS (blue circle purple 
square), (ii) DOPE (blue circle red square), (iii) DOPG (blue circle orange square) and (iv) DOPC (blue 
circle green square) lipids are assigned. (B) The mass spectra were deconvolved and signal intensities 
extracted. (i) The relative abundance of Syb(1-96):lipid complexes and (ii) the total number of lipids 
bound to Syb(1-96) in five (DOPS/DOPE/DOPC) and three (DOPG) replicates are shown. Error bars 
represent standard deviations. 
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and DOPE, but not in the presence of DOPG and DOPC, was observed suggesting that 

different conformations are present that might result from structural rearrangements. The 

acquired mass spectra were deconvolved followed by extraction of the peak intensities of the 

lipid-free and lipid-bound states of Syb(1-96) using UniDec [151] (Figure 40B (i)). Normalising 

the intensity of Syb(1-96):lipid complexes to the total signal intensity of all species detected, 

revealed indeed similar lipid binding for the different lipid classes; although, binding of 

negatively charged DOPS and DOPG was slightly higher compared to the zwitterionic DOPE 

and DOPC. However, when analysing the total number of bound lipids, a significant difference 

was not observed. Accordingly, binding of two or three DOPS, DOPE and DOPC as well as a 

maximum of two DOPG molecules was observed (Figure 40B (ii)).  

In the next step, binding of Syb(1-96) to phospholipid bilayers, composed of each lipid used 

above and resembling a more physiological environment, was explored. For this, dried lipid 

films of the individual lipids were dissolved in aqueous buffer and extruded through a 

polycarbonate membrane forming membrane vesicles of defined size. These liposomes were 

then incubated with Syb(1-96) at a protein:lipid ratio of 1:300 [48], tested for a homogenous 

size of 100 nm and subsequently overlayed with a sucrose gradient (Figure 41). Following 

centrifugation, liposomes, due to their lower density, float on top of the gradient. Proteins that 

are stably interacting with the liposomes will co-migrate and are, therefore, identified in the top 

fractions of the sucrose gradient. If the protein is not binding to the liposomes, it remains as 

‘free’ protein in the bottom fraction. Top, middle and bottom fractions of the sucrose gradient 

were, therefore, collected and analysed by gel electrophoresis (Figure 41A). In contrast to the 

Figure 41. Binding of Syb(1-96) to liposomes. 
(A) Binding of Syb(1-96) to (i) DOPS, (ii) DOPE, (iii) DOPG and (iv) DOPC liposomes was analysed by 
flotation on a sucrose gradient. Top (t), middle (m) and bottom (b) fractions of the gradient were analysed 
by gel electrophoresis. (B) The homogenous size distribution of liposomes was validated by DLS. 
Intensity-weighted size distributions before (grey, black) and after addition of Syb(1-96) (blue) are 
shown. 
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native MS measurements that showed lipid binding independent of the lipid class, Syb(1-96) 

bound only to liposomes composed of the negatively charged DOPS and DOPG 

(Figure 41A (i, iii)). Association to liposomes composed of zwitterionic DOPE or DOPC was 

not observed (Figure 41A (ii, iv)). In summary, Syb(1-96) shows a preference for negatively 

charged lipids in solution. Interactions with these lipids might be formed with the patch of 

positively charged residues of the juxtamembrane domain as previously reported [48,51]. 

Binding to zwitterionic lipids, however, might be prevented due to electrostatic repulsion 

occurring from the positive charges of the ethanolamine and choline head groups.  

 

3.4.2 Interactions of Cpx1 with lipids 

Following the same procedure as described above for Syb(1-96), interactions between Cpx1 

and varying lipid classes were screened in a lipid overlay assay using the specific anti-

Complexin-1/2 antibody as well as a secondary antibody. Although Cpx1 contains amphipathic 

helices at both termini, binding was only observed to the negatively charged lipids PA, PS, CL, 

PI, PI(4)P, PI(4,5)P2 and PI(3,4,5)P3 (Figure 42). Note that the highest intensity was observed 

for DOPS and that, with increasing degree of phosphorylation of the inositol headgroup, the 

signal intensity decreased. This is in contrast to the previously announced specificity of Cpx1 

for PI(4,5)P2 [189]. Binding to cholesterol, PE, PC or sphingomyelin as well as triglyceride, 

diacylglycerol and 3-Sulfogalactosylceramide was not observed.  

To explore interactions of Cpx1 with solubilised lipids, Cpx1 was mixed with increasing 

concentration of five up to 50 µM of DOPS, DOPE, DOPG or DOPC and subsequently 

analysed by native MS (Supplementary Figure 10 and 11). In the absence of lipids, 

Cpx1:C8E4 complexes were formed; however, these complexes disassembled with increasing 

lipid concentration favouring the formation of Cpx1:lipid complexes. Interestingly, for DOPS 

Figure 42. Lipid overlay assay of Cpx1. 
Commercially available membrane strips with spotted lipids of different classes were incubated with 
Cpx1. Binding of Cpx1 to the lipids was detected using anti-Complexin-1/2 antibody. 
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and DOPC, low abundant Cpx1:C8E4 complexes remained at higher lipid concentration. 

Again, lipid binding was observed for each lipid and with increasing lipid concentration a higher 

intensity of lipid adducts was observed (Supplementary Figure 10 and 11). Comparing the 

native mass spectra acquired at 50 µM lipid revealed binding of the lipids with different 

capacity. While Cpx1 binds up to three DOPS and up to four DOPE molecules (Figure 43A 

(i, ii)), complexes involving DOPG or DOPC showed binding of up to eight lipid molecules 

Figure 43. Native MS of Cpx1 interacting with lipids of different classes. 
5 µM Cpx1 were mixed with 50 µM of each lipid in 0.5 % C8E4 and analysed by native MS. (A) Charge 
state distributions corresponding in mass to monomeric Cpx1 (light pink circle), lipid clusters (coloured 
squares with number of lipids), C8E4:lipid clusters (light blue circle coloured square) and Cpx1:lipid 
complexes with up to three (i) DOPS (light pink circle purple square), (ii) DOPE (light pink circle red 
square), (iii) DOPG (light pink circle orange square) and (iv) DOPC (light pink circle green square) lipids 
are assigned. (B) The mass spectra were deconvolved and signal intensities extracted. (i) The relative 
abundance of Cpx1:lipid complexes and (ii) the total number of lipids bound to Cpx1 in one experiment 
are shown.  



82 
 

(Figure 43A (iii, iv)). This is in contrast to the lipid overlay assay showing the strongest binding 

to DOPS, while binding to DOPE, DOPC or DOPG was not observed. Singly-charged clusters 

of DOPE and DOPC were also observed. Dissociation of DOPC molecules from higher charge 

states indicates less stable interactions with Cpx1 than with other lipids (Figure 43A (iv)). For 

DOPS, DOPG and DOPC, Gaussian distributions of charge state series of Cpx1 were 

detected, while an equal distribution was not observed for DOPE. To determine binding 

preferences of Cpx1 for the varying lipids, mass spectra were deconvolved and the intensities 

of Cpx1 and Cpx1:lipid complexes were extracted and normalised to the total signal intensity 

of all species detected (Figure 43B (i)). With the exception of DOPC, the relative abundance 

of the Cpx1:lipid complexes correlates well with the total number of bound lipids (Figure 43B 

(ii)). The specificity for negatively charged lipids as observed in the lipid overlay assay could 

not be confirmed. Instead, the relative abundance of Cpx1:lipid complexes containing the 

zwitterionic DOPE and the negatively charged DOPG was comparably higher than obtained 

for complexes containing the zwitterionic DOPC or the negatively charged DOPS. Surprisingly, 

Cpx1:DOPG complexes show the highest relative abundance, in contrast to Cpx1:DOPS 

complexes, which show the lowest relative abundance. Note that native MS was performed 

only once and additional replicates are required to confirm these results.  

To interrogate binding of Cpx1 to phospholipid membranes composed of DOPS, DOPE, DOPG 

or DOPC, liposomes of 100 nm size were prepared as described above and incubated with 

Cpx1 using a protein:lipid ratio of 1:1000. The size distribution of the liposomes before and 

after addition of Cpx1 was monitored by DLS and the protein:lipid mixtures were separated by 

centrifugation using a sucrose gradient (Figure 44A and B). Flotation analysis revealed 

binding of Cpx1 to DOPS, DOPG and DOPC liposomes; interactions with DOPE membranes 

were not observed (Figure 44A). While binding of Cpx1 to DOPC membranes seems to be 

less stable as indicated by a higher amount of ‘free’ protein in the bottom fraction, for DOPS 

and DOPG liposomes small amounts of unbound Cpx1 were observed. The size distribution 

of the liposomes without Cpx1 was homogenous; however, immediately after addition of the 

protein to the liposomes composed of DOPS and DOPG the protein:lipid mixtures became 

turbid. Determining the intensity weighted size distribution of these proteoliposomes revealed 

formation of particles with increased size (Figure 44B (i, iii)). Cpx1 contains amphipathic 

helices on both termini, which were shown to interact with membranes [68,75,76,188,189]. 

Accordingly, Cpx1 presumably bridges several liposomes by interacting through both termini, 

leading to formation of ‘liposome aggregates’. However, individual large particles appear with 

a disproportionally higher signal intensity in the intensity-weighted size distribution as they 

evoke increased light scattering. Therefore, the size distribution weighted by number was 
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taken into account for comparison (Figure 44B). A negligible increase in size upon addition of 

Cpx1 without additional distributions was observed, thus, validating the previously observed 

intensity-weighted distributions as a result of individual particles.  

In summary, the lipid overlay assay revealed a preference of Cpx1 for negatively charged 

lipids, which could not be confirmed by native MS and flotation analysis. Instead, binding to 

both negatively charged and zwitterionic lipids was observed, presumably due to hydrophobic 

interactions formed between the amphipathic helices and the fatty acyl chains of the lipids. The 

latter are available in detergent:lipid micelles and might also be available during insertion of 

the lipid binding domains into the membrane.  

  

Figure 44. Binding of Cpx1 to liposomes. 
(A) Binding of Cpx1 to (i) DOPS, (ii) DOPE, (iii) DOPG and (iv) DOPC liposomes was analysed by 
flotation on a sucrose gradient and top (t), middle (m) and bottom (b) fractions of the gradient were 
analysed by gel electrophoresis. (B) The homogenous size distribution of liposomes was analysed by 
DLS weighted by intensity (top) and number (bottom) before (grey, black) and after addition of Cpx1 
(pink). 
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4 Discussion and outlook 

4.1 Methodological aspects 

In this thesis, native MS and chemical cross-linking combined with MS were used to 

characterise individual synaptic proteins as well as their complexes to provide structural 

information on the SNARE complex assembly and its regulation.  

 

Native MS. Native MS is a powerful technique for determining the stoichiometry of proteins 

and their assemblies. By preserving non-covalent interactions in the gas phase, it enables the 

analysis of proteins in their near-native conformation. Accordingly, the topology and subunit 

arrangement of complexes as well as ligand binding and complex stability can be assessed. 

With respect to the experiments performed in this thesis, native MS was particularly useful as 

it enables the analysis of heterogenous protein mixtures containing several populations of 

protein complexes of varying intensities. Furthermore, native MS allows real-time monitoring 

of dynamic processes such as the assembly or disassembly of the complexes, which is not 

possible when using the classical structural biology techniques such as Cryo-EM or X-ray 

crystallography.  

To perform native MS, two pre-requisites have to be fulfilled: (i) A specific instrument modified 

for transmission of high masses is required, and (ii) the purification buffer of the protein needs 

to be replaced by a volatile solution [132]. Importantly, the decreasing pH in the ESI droplet, 

applied heat during evaporation and the loss of the hydration shell as well as changing the 

buffer and transferring the proteins from solution into the gas phase might affect the stability 

of the proteins [194–196]. The gas phase and solution structures might, therefore, not be 

comparable. While the overall structure of globular proteins was shown to remain in the gas 

phase [197,198], in some cases unfolding and refolding was observed [199,200]. For 

disordered proteins, structural rearrangements such as collapsed structures and kinetically 

trapped gas phase conformations were described [201]. The loss of the hydration shell was 

further hypothesised to enhance intramolecular electrostatic interactions, thereby, increasing 

the number of conformations during transfer from solution into the gas phase [202]. In a 

combined model of the CRM and CEM, partially folded local regions were described to be 

trapped in the droplet while flexible regions are ejected due to charge equilibration. 

Consequently, the probability that structured motifs are formed is higher during solvent 

evaporation and, as a result, the number of trapped structures increases, leading to different 

solution conformations entering a kinetically trapped gas phase state [203]. The charge state 

distribution of proteins, therefore, already provides information on their folding state. Folded 

proteins are represented by a Gaussian-shaped charge state series, whereas proteins lacking 
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a structure result in overlapping or tailed charge state distributions shifted to higher m/z values 

[204].  

Importantly, all complexes observed in this thesis show a normal distributed series of charge 

states and, therefore, likely represent folded structures. Surprisingly, in some cases, individual 

SNARE proteins that are disordered in solution show a normal distribution of charge states 

indicating that a collapsed gas phase state or an ordered conformation formed. However, 

under optimised experimental conditions, maintaining solution-like structures is possible [205]. 

Note that the observed masses are, in some cases, slightly higher than the theoretical masses 

of individual proteins and their complexes, which is attributed to buffer and solvent adducts 

resulting from low activation energies during the analysis to prevent disruption of non-covalent 

interactions [206]. Nonetheless, even assuming differences between solution and gas phase 

structures, the sole goal of this study was the identification of sub-complexes or ‘off-pathway’ 

complexes during SNARE assembly. To answer this question, correct folding of the proteins 

in the gas phase is not required.  

An additional aspect that needs to be considered is the protein concentration employed during 

the measurement. Due to solvent evaporation during ionisation, protein concentrations 

≥ 50 µM increase the probability to trap more than one molecule in one ESI droplet, thereby, 

generating non-specific oligomers [178]. Considering this limitation, protein concentrations up 

≤ 50 µM were used. The formation of non-specific aggregates during ESI can, therefore, be 

excluded. In addition, the proteins and their complexes were also analysed by using 

complementary biochemical techniques, such as SDS PAGE and Western Botting of cross-

linked complexes. Using these approaches, the assemblies observed by native MS were also 

identified in solution and are consequently not considered to be gas phase products. 

Nonetheless, the main advantage of native MS over other structural techniques is that it allows 

to unravel a heterogeneous mixture of complexes in the same measurement. As the 

complexes observed in the mass spectra are sufficiently resolved, complexes of different 

composition and even stoichiometry can be distinguished. Assuming a similar ionisation 

efficiency of the complexes of similar molecular weight and surface area, even a semi-

quantitative comparison is possible.  

In addition to soluble protein complexes, native MS is also well-suited to characterise 

membrane proteins and their lipid interactions. However, the analysis of membrane proteins is 

challenging as it requires solubilisation of the proteins and the lipids. For this, detergent 

micelles are commonly used, which is often accompanied by peak broadening and ion 

suppression, an effect resulting from the different ionisation efficiency of proteins, lipids and 

detergents [207,208]. To overcome these limitations, associated detergent molecules are 

removed from the protein by increasing the collisional energy resulting in release of the protein 

from the detergent micelle [179,209]. Although most of the collisional energy is likely absorbed 
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by the micelle [179], conformational changes of the protein and, as a consequence, the loss 

of protein-protein or protein-lipid interactions are often observed. On the other hand, this effect 

can be used to assess the stability of membrane proteins in the presence of various lipids and 

provide information about the lipid binding strength [210]. Dissociation of bound detergent 

molecules from membrane proteins was further described to preserve the native-like 

conformation of the protein in the gas phase [211].  

Importantly, detergent micelles cannot only be used to stabilise integral membrane proteins 

[209,211,212], they further allow the transfer of lipids from detergent-lipid micelles to proteins 

providing information about lipid binding affinities [161,210]. Although the mechanisms of the 

lipid transfer is still elusive, it proved to be useful to analyse lipid interactions of membrane 

associated proteins and peptides [213,214]. Note that, only few detergents are suited for native 

MS analysis: non-ionic and zwitterionic detergents are recommended as these require less 

activation energy [163,164,215]. C8E4 is a non-ionic detergent, which was previously shown 

to stabilise soluble proteins, while enabling lipid transfer to membrane associated proteins 

[193]. This approach is well-suited to analyse protein-lipid interactions and was, therefore, also 

used in this thesis. While the obtained results were comparable to those obtained in solution 

when using liposome flotation assays, additional questions arose. Most importantly, the 

number of associated lipids observed in the mass spectra cannot be explained and needs to 

be addressed in future studies. Elucidating the mechanism of lipid transfer from mixed 

detergent-lipid micelles to the proteins will be a first step for interpretation of the observations.  

 

Chemical cross-linking. This technique preserves protein-protein interactions by covalently 

linking pairs of functional groups in proximity. Depending on the used cross-linking reagent, 

different distance constrains are obtained, providing information about the three-dimensional 

orientation of the proteins. The identified constrains can then be implemented into structural 

modelling approaches. As the identification of interacting side chains is performed at the level 

of peptides, this technique is theoretically not limited in the protein size and can further be 

applied to dynamic proteins and heterogenous protein mixtures. As this thesis focusses on the 

formation of protein complexes and their regulation, chemical cross-linking is a well-suited 

approach to complement the data observed by native MS.  

The analysis of proteins by chemical cross-linking depends on the primary structure of the 

involved proteins and the cross-linking conditions have to be optimised with respect to the used 

cross-linker reagent and its concentration as well as the enzymatic digestion. A wide variety of 

cross-linking reagents of different chemistry is available [216]. In this study, the 

homobifunctional cross-linker BS3 was used, which mainly interacts with primary amines of 

lysine residues and the protein’s N-terminus as well as to a lower extent with hydroxyl groups 

of serine, threonine and tyrosine residues [107]. Lysine residues are solvent accessible and 
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equally distributed in most proteins including the SNARE proteins and Cpx1 and are, therefore, 

a suitable cross-linking target. As cross-linking traps protein structures, it can in principle lead 

to structural artefacts. These might arise from capturing a rare conformation inducing further 

cross-linking events, thus, impairing the effect and forming irrelevant conformations. On the 

other hand, if protein molecules are in proximity due to high protein concentrations, a protein-

protein interaction that is not reflecting a functional interaction might be captured [217]. In order 

to prevent formation of artefacts, both the cross-linker and the protein concentration have to 

be optimised [217,218]. Taking this into account, the BS3 cross-linker was titrated to identify 

an appropriate concentration and low protein concentrations of 10 µM were used for the cross-

linking experiments. Nevertheless, disordered proteins are structurally diverse and, 

consequently, the identified cross-links likely represent an ensemble of conformations. While 

this is not problematic for the identification of protein interactions, as requested in this thesis, 

a quantitative comparison of different conformations should be avoided and was therefore not 

intended. 

When lysine residues are targeted during the cross-linking reaction, enzymatic digestion using 

trypsin might result in a reduced hydrolysis efficiency as modified residues would not be 

recognised by the enzyme resulting in larger peptides [218]. Note that, in this thesis, a 

complete sequence coverage of the cross-linked proteins was observed and limitations due to 

limited hydrolysis can be excluded. However, the generally low abundance of cross-linked 

peptide pairs compared to linear peptides often requires the enrichment of the cross-links. 

Therefore, cross-linked peptides pairs were separated from linear peptides by SEC prior to the 

LC-MS/MS analysis and instrument parameters were optimised, e.g. by excluding doubly-

charged ions from fragmentation to increase the identification rate.  

When analysing homodimers, differentiation between inter- and intramolecular interactions is 

particularly difficult by cross-linking, due to identical sequences of the monomeric subunits. 

Intermolecular interactions will therefore only be identified if a cross-linked dipeptide contained 

overlapping or identical peptide sequences. As the SNARE proteins and Cpx1 do not contain 

repeating sequences, identical sequences must originate from two copies of the same protein. 

Different peptide sequences, on the other hand, were in this study considered to be 

intramolecular cross-links although these might also originate from different copies of the same 

protein. This problem could be circumvented by labelling the protein with heavy isotopes, e.g. 

15N, during protein expression and equally mixing it with unlabelled protein (14N) directly before 

the cross-linking reaction [219,220]. However, this approach requires a specialised data 

analysis workflow and analysis software [221–223], and was, therefore, not followed in this 

thesis. Considering this limitation, an alternative approach using visualisation of the identified 

cross-links in monomeric and dimeric high-resolution structures as well as predicted structural 

models was used, thus, identifying cross-links violating spatial restraints and determining the 
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relative orientation of subunits within the protein assemblies [126]. The visualised cross-links 

are mapped at Cα-Cα distances to allow for varying side-chain conformations. Cross-link are 

visualised as satisfied to an upper distance limit of 30 Å, which includes the cross-linker spacer 

length, the maximum length of the appropriate side-chain rotamers and a small additional 

tolerance to account for molecular motions [127]. Note that, computational predictions using 

AlphaFold2 depend on existing high-resolution structures such as provided by the protein data 

bank [224]. Although AlphaFold 2 is capable of identifying and visualising disordered structures 

it is limited to reflect dynamic and multiple protein conformations [224]. Recently AlphaFold2 

was shown to preferably predict disordered proteins with high confidence in their conditionally 

folded state, which they adopt, for instance, when binding to an interaction partner [225]. 

 

In Summary, native MS mainly provides information on the quaternary structure of protein 

arrangements, while chemical cross-linking MS provides details on the protein interactions that 

form. The strength of this thesis is, therefore, that the two techniques provide complementary 

information that is not achievable with the individual methods alone. As an example, the 

identification of protein interactions in the SNARE complex using cross-linking does not include 

information on the stoichiometry of the assembly and the oligomerisation of the complex, as 

observed in this thesis by native MS. Vice versa, the formation of antiparallel oligomers of the 

SNARE complex is not amenable by native MS and requires insights from chemical cross-

linking. As indicated by this example, the combination of the two techniques is particularly 

powerful for the research question of this thesis. In many cases, sub-complexes of different 

stoichiometry were identified, which otherwise would have been undetected. Without this 

knowledge, false assumptions during the interpretation of cross-linking results are likely. 

Finally, considering limitations of other structural techniques, the two approaches have 

additional advantages: the demand for sample amounts is low, labelling of the proteins is not 

required and sample impurities can be excluded during the analysis. 

 

4.2 Structural characterisation of individual synaptic proteins 

The SNARE proteins spontaneously assemble into the SNARE complex [16]. The assembly, 

however, proceeds slowly, taking minutes to hours for completion, in vitro when employing the 

soluble domains of the proteins or when incorporating full-length proteins into liposomes 

[226,227]. The tendency of the SNARE proteins to reversibly form homo- and heterooligomeric 

complexes varying in their stoichiometry and composition might be an explanation for the 

decelerated assembly. In this thesis, SNARE proteins as well as the regulator Cpx1 were first 

structurally characterised in the absence of interaction partners to analyse their oligomerisation 

behaviour including specific interaction sites formed within the assemblies. Native MS and 

chemical cross-linking revealed an ‘aggregation-like’ oligomerisation; instead of a defined 
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stoichiometry, all proteins form oligomers with increasing number of units. This behaviour was 

previously described for different Syb2 variants [176] and was also observed in this thesis 

(Figure 11). Formation of higher oligomers was shown to originate from interactions of the 

cytosolic domain of Syb2, rather than its transmembrane domain as earlier suggested, and 

correlates with an increasing degree of disorder [176]. The observed interactions were, 

therefore, described to be unspecific. In this thesis, a similar oligomerisation behaviour was 

also observed for SNAP25(CtoS), Stx(1-262) and Cpx1 (Figure 16, 19 and 22); accordingly a 

high number of cross-links was identified (Figure 13, 17 and 20).  

SNAP25(CtoS) is natively disordered. Mapping the identified cross-links into predicted 

monomers and dimers of SNAP25(CtoS) revealed parallel and antiparallel orientations in the 

oligomeric arrangement (Figure 15). In the presynaptic membrane, SNAP25 is organised in 

clusters surrounding clusters of Stx1, presumably serving as a reserve pool to fast isolate 

monomers for formation of the ‘acceptor’ complex [228,229]. From that point of view, formation 

of parallel oligomers might be of physiological relevance, while antiparallel orientations might 

result from the lack of the membrane anchor. Whether SNAP25(CtoS) adopts a fully helical 

structure or only forms partially helical structures is unclear. SNARE motifs have been 

described to be extremely versatile in their conformations, and structural changes between 

random coils and helical conformations, in which parts of the domains are alpha-helical while 

other parts remain unstructured, were described [15,183]. Note that proper integration of 

flexible and disordered protein regions cannot be reflected by the predicted structures as 

discussed above. In addition, AlphaFold2 predictions of SNAP25 represent its conditionally 

folded state, as part of the SNARE complex, explaining the four-helical parallel dimer of 

SNAP25 [225]. Nevertheless, AlphaFold 2 predictions enable the visualisation of cross-links 

and, thereby, positively validate intermolecular cross-links in the SNAP25(CtoS) dimer, 

indicating that SNAP25(CtoS) adopts a similar structure as in the SNARE complex 

(Figure 15). Cross-links formed towards the flexible linker exceeded the distance threshold, 

which is attributed to the disorder of the linker and the fact that only one possible conformation 

is visualised (Figure 15). Addition of a second copy of SNAP25(CtoS) into the arrangement, 

indeed allowed validation of some cross-links to be intermolecular cross-links that formed with 

a second SNAP25(CtoS) copy. As a result, most cross-links were positively validated. SNAP25 

was shown to be primarily disordered in solution containing some backbone order towards the 

N-terminus [15,25,44,230], which was also confirmed by CD spectroscopy (Figure 16). Fully 

helical arrangements could not be confirmed. However, it was shown, that the helicity of 

SNAP25 increases upon increasing amounts of NaCl and SNAP25 even forms oligomers at 

high concentrations [15]. The Qb SNARE motif of SNAP25(CtoS) was previously described to 

form parallel oriented dimers without interaction partners [230] and both SNAP25-SNARE 

motifs were found to preferentially align in parallel [183]. All of these findings are in agreement 
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with the intra- and intermolecular cross-links observed in this thesis. In addition, SNAP25 

interactions are responsible for antiparallel dimerisation of SNARE complexes [231], which 

was also observed here (Figure 36) and agrees with the cross-links in antiparallel orientation 

(Figure 15). Consequently, oligomerisation of SNAP25(CtoS) is likely driven by transient 

interactions through complementary SNARE motifs, attempting to stabilise their structure. 

Identified cross-links, therefore, likely reflect an ensemble of different partially folded 

SNAP25(CtoS) molecules that dynamically assemble in parallel and antiparallel orientation 

without forming fully helical structures.  

Stx1 is also highly dynamic in the absence of regulatory proteins, such as Munc18. It adopts 

an ‘open’ or ‘closed’ conformation, which influence the ability to bind to other SNARE proteins 

[10–12]. In the ‘open’ conformation, Stx1-SNARE motif Qa does not interact with the Habc 

domain and is consequently available for interactions with other SNARE motifs. In addition, 

Stx1 forms well-structured dimeric and tetrameric Qa bundles in solution [22,23], trimers when 

incorporated into liposomes [231] and higher ordered clusters in native membranes [24,228]. 

Identified intermolecular cross-links, mapped onto a dimer of Stx(1-262), agree well with Stx(1-

262) adopting an ‘open’ conformation with both Stx(1-262) copies oriented in parallel 

(Figure 18). As Stx(1-262) is not restricted by a transmembrane anchor allowing rotational 

freedom of the protein, parallel and antiparallel orientations are conceivable. However, the 

identified cross-links do not support an antiparallel orientation, as described for a Stx1 tetramer 

formed by antiparallel oriented dimers [23,230]. Antiparallel orientations could, therefore, not 

be confirmed in this thesis. In the ‘closed’ conformation, the Qa SNARE motif is partially 

intercalated into the Habc domain agreeing well with identified cross-links formed between the 

N-terminal part of Qa SNARE motif and the Habc domain (Figure 18). This intercalation, 

however, requires the SNARE motif to be highly flexible and CD spectroscopy previously 

revealed a concentration dependent increase in helicity of the Qa SNARE motif probably 

resulting from its self-assembly [25]. A previous electron paramagnetic resonance (EPR) study 

further described an equilibrium of Qa between an ordered and a disordered conformation that 

is only rearranged upon binding of Munc18 [232]. Considering the protein concentrations used 

in the cross-linking experiment and the absence of regulatory proteins such as Munc18, the 

Qa SNARE motif is disordered. Consequently, the cross-links observed in this study reflect 

both ‘open’ and ‘closed’ conformations of Stx(1-262), which are likely present in an dynamic 

equilibrium as suggested earlier [12,232].  

Cpx1 is a highly disordered protein in solution and was to-date mainly structurally characterised 

in the presence of the SNARE complex [60,61]. Oligomerisation of Cpx1 in the absence of 

interaction partners as revealed in this thesis was so far not described (Figure 22). Low-

abundant dimers of Cpx1 were only observed in a cross-linking study, when Cpx1 was bound 

to the SNARE complex [78]. Considering the available binding site of Cpx1 provided by the 
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SNARE complex, oligomerisation might not be physiologically required for its regulatory 

function in the final steps of the SNARE assembly. Consequently, the oligomerisation might 

result from the high degree of disorder of Cpx1 and the attempt to stabilise the structure as 

previously discussed for the SNAREs. This is supported by the cross-linking analysis; most of 

the intramolecular interactions are represented by overlength cross-links correlating with the 

high flexibility of the NTD and CTD of Cpx1 in the absence of interaction partners (Figure 21). 

The cross-links, therefore, represent an ensemble of conformations reflecting the 

conformational diversity of Cpx1. On the other hand, Cpx1 was shown to phase separate 

driven by its NTD [233] and to be recruited and enriched by synaptic vesicle associated 

proteins, such as α-Synuclein, Syt1 and Synapsin 1 [234–236]. Based on these observations, 

it is conceivable that the observed oligomerisation represents a nucleation site for higher 

ordered assemblies. Increasing the local concentration might facilitate formation of transient 

interactions, thereby, influencing adjacent binding events [237].  

 

4.3 Analysis of the SNARE complex assembly 

For the SNARE complex assembly two pathways are commonly proposed: (i) SNAP25 and 

Stx1 form an ‘acceptor’ complex providing a binding site for Syb2 and (ii) Stx1 and Syb2 are 

chaperoned by Munc18 forming a ‘template’ complex for association of SNAP25. To identify 

intermediate and ‘off-pathway’ complexes in the SNARE complex assembly and to obtain 

mechanistic insights into this process, SNARE proteins were mixed and complex formation 

was monitored.  

 

Formation of binary and ternary complexes mimicking the stoichiometry of the SNARE 

complex. In the presence of an interaction partner, SNARE proteins preferably interact with 

each other forming sub-complexes rather than oligomers indicating a higher affinity for 

complementary SNARE motifs. While individual SNAREs are unable to form tetrameric 

structures similar to the four-helical SNARE complex, the binary complexes observed in this 

thesis adopt a defined stoichiometry. The first complex that was analysed was the sub-complex 

formed between SNAP25(CtoS) and Stx(1-262). Considering that both proteins are located at 

the presynaptic membrane, formation of the 1:1 ‘acceptor’ complex as a starting point of the 

assembly appears logical. However, in the absence of the R-SNARE Syb2, the position of the 

fourth SNARE motif is occupied by an available Q-SNARE leading to formation of a 4Q:0R 

stoichiometry, namely the 1:2 SNAP25(CtoS):Stx(1-262) complex (Qaabc, Figure 23A 

and B). This observation is in agreement with previous studies, which also identified formation 

of this so-called ‘dead end’ complex in the absence of Syb2 [16,25,26]. Most studies 

addressing SNARE complex assembly make different attempts to circumvent formation of this 

complex; for instance, by using an excess of SNAP25 to bind all available Stx1 molecules 
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[169,238]. It is assumed that formation of the 1:1 ‘acceptor’ complex is favoured under these 

conditions. In this thesis, when varying the incubation ratios, the stoichiometry of the ‘dead 

end’ complex could not be challenged, suggesting that the proteins adopt a preferred 

stoichiometry. The sequence of SNARE complex assembly is still elusive and although it is 

commonly accepted that it proceeds through the intermediate ‘acceptor’ complex [169,181], 

an alternative pathway was suggested [230]. In this pathway, the ‘dead end’ complex was 

proposed to be an essential intermediate for SNARE complex formation in the absence of 

regulatory proteins. Using kinetic measurements and EPR spectroscopy, the authors showed 

that binding to SNAP25 requires dimerisation of Stx1 as an initial step. They further claimed 

that there is no evidence for formation of an 1:1 intermediate complex [230]. However, in this 

thesis, dimers of Stx(1-262) were not detected after addition of SNAP25(CtoS) and formation 

of the 1:1 ‘acceptor’ complex (Qabc) was observed at low abundance (Figure 23A and B). 

Consequently, the data presented here are more in line with formation of the ‘dead end’ 

complex by binding of a second Stx(1-262) molecule to the ‘acceptor’ complex. A previous 

fluorescent anisotropy study revealed a significantly reduced binding rate of Syb2 to the 

‘acceptor’ complex in the presence of an excess of SNAP25 [239]. The authors reasoned that 

the inhibition of the complex formation by SNAP25 results from formation of a 

1:2 Stx1:SNAP25 complex [239]. Interestingly, a complex composed of two SNAP25(CtoS) 

and one Stx(1-262) molecules was also observed in this thesis (Figure 23A). Following the 

4Q:0R composition of the ‘zero layer’ (see above), one of the SNARE motifs of SNAP25(CtoS) 

would be located exterior of the core bundle (Qabbcc*). The individual Qb SNARE motif of 

SNAP25 was previously described to associate with Stx1 alone forming a complex of 2:2 

stoichiometry (Qaabb) [240]. In combination with Syb2 stable complex formation was only 

observed, when the binding site of the Qc SNARE motif was occupied by an additional Qb 

motif (QabbR) or Stx1 molecule (QaabR) [230]. Interactions between Stx1 and the Qc SNARE 

motif, on the other hand, were shown to be weak resulting in formation of an unstable complex 

(QaacR) [230]. These observations support the suggestion that the Qb motif of SNAP25(CtoS) 

binds to the ‘acceptor’ complex, while the Qc motif of the second SNAP25(CtoS) molecule 

remains exterior of the SNARE helical bundle. However, future studies addressing complex 

formation using the individual Qb and Qc SNARE motifs of SNAP25 are required to answer 

this question. 

When R- and Q SNAREs are available, the 3Q:1R stoichiometry resembling the four-helical 

structure of the SNARE complex is imitated. Incubating SNAP25(CtoS) and Syb(1-96), a 

complex with a stoichiometry of 2:1 was observed (Figure 25); in this complex an additional 

SNAP25(CtoS) molecule is integrated (Qbbcc*R), similar to the 2:1 SNAP25(CtoS):Stx(1-262) 

complex. Again, the stoichiometry of this complex could not be challenged by varying protein 

mixing ratios indicating a stable conformation. To address the assumption that the Qb SNARE 
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motif of the second SNAP25(CtoS) copy is incorporated in the arrangement, complex 

formation was followed using SNAP25(1-83). The Qb motif of SNAP25(CtoS) is readily 

associating to the binding site of Stx(1-262) forming a complex in which SNAP25(CtoS), Syb(1-

96) and SNAP25(1-83) each contribute one molecule (QbbcR, Figure 28C). Consequently, 

the Qb motif of SNAP25(CtoS) is indeed integrating into the complex as suggested earlier 

validating the 3Q:1R stoichiometry. Importantly, although full-length SNAP25(CtoS) is present, 

the complex involving SNAP25(1-83) is exclusively formed. Binding of the individual Qb motif 

appears to be favoured, presumably due to less sterical hindrance caused by the additional 

Qc motif of full-length SNAP25(CtoS). The observed SNAP25(CtoS) dimer (Figure 25A to C) 

and 1:1 SNAP25(CtoS):SNAP25(1-83) complex (Figure 28C), both composed of at least three 

SNARE motifs, indicate that for association of Syb(1-96) a complex providing a binding site 

similar to the ‘acceptor’ complex is required. It is conceivable that the 1:2 Syb(1-

96):SNAP25(CtoS) complex formed due to association of a second SNAP25(CtoS) to the 

1:1 Syb(1-96):SNAP25(CtoS) complex (QbcR). In PC12 cells this 1:1 complex was previously 

proposed, providing a high affinity binding site for Stx1 [182]; this complex was, however, not 

observed in this thesis. The absence of this complex is further supporting the assumption that 

three SNARE motifs are required for subsequent binding of Syb2. Note that stable complex 

formation is only observed if Qb and Qc SNARE motifs are available; Syb(1-96) is not forming 

complexes if the Qb SNARE motif is exclusively present (Figure 28B). 

In the case of Stx(1-262) and Syb(1-96), complex formation was not observed (Figure 29A). 

However, upon addition of Cpx1 a complex composed of three Stx(1-262) molecules and one 

Syb(1-96) molecule was stabilised (QaaaR, Figure 29B). This complex resembles a complex 

with 3Q:1R stoichiometry. The observation that the presence of both SNAREs decreased their 

tendency to self-assemble, led to the suggestions that transient interactions were formed. 

Interactions between both proteins were previously described to be weak [241,242]. An early 

NMR spectroscopy study analysed the interactions between Syb2 and Stx1 employing either 

the complete cytosolic domain of Stx1 or the isolated Qa SNARE motif [243]. The authors 

showed that the R-SNARE motif of Syb2 entirely interacts with the isolated Qa-SNARE motif, 

whereas only few residues bind to the cytosolic domain containing the Habc domain [243]. 

Based on these results, stable complex formation without Cpx1 was presumably not observed, 

because of competing interactions of the Qa SNARE motif with the Habc domain and the R 

SNARE motif of Syb2. In the presence of Cpx1, the equilibrium of both Stx1 conformations is 

likely shifted towards the ‘open’ state, thereby, facilitating complex formation by ensuring 

accessibility of the Qa SNARE motif.  

Interestingly, all observed complexes contain only one R SNARE suggesting that two arginine 

residues in the central layer prevent complex formation. A previous study performing a 

mutational analysis of the central ‘zero’ layer examined the role of the glutamine and arginine 
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residues [244]. Based on this study, two arginine residues in the central layer led to 

electrostatic and sterical hindrance and, therefore, prevent complex formation. Four glutamine 

residues, on the other hand, allow complex formation and membrane fusion, although the 

formed complexes are less stable compared to the SNARE complex [244]. These observations 

are in agreement with the 4Q:0R and 3Q:1R stoichiometry observed in this thesis. 

Although several studies showed that the SNARE assembly occurs zipper-like from the N- to 

the C-terminus, the mechanism guiding the SNARE motifs during the assembly is still elusive. 

The Q SNARE motifs are exchangeable and easily occupy available binding sites in parallel 

and antiparallel orientation [22,27,245]. Complex formation might, therefore, not result from 

specific interacting residues but originate from the overall structure of the SNAREs. This 

assumption is supported by stable non-cognate complexes obtained when using other 

members of the SNARE protein family [246,247]. The recurring hydrophobic residues of the 

SNARE motifs might guide complex formation as these are less prone to be solvent accessible 

and tend to form the hydrophobic layers of the four-helix bundle. However, these assumptions 

do not explain why the individual SNARE proteins do not form stable tetramers and preferably 

assemble into complexes that are all in agreement with the 4Q:0R and 3Q:1R stoichiometry 

(Qaabc, Qabbcc*, Qbbcc*R, QbbcR, QaaaR). Results obtained in this thesis suggest that the 

affinity of a SNARE motif for a complementary motif is higher than for the same SNARE motif. 

In addition, stable complex formation requires at least three complementary SNARE motifs or 

a regulatory protein for stabilisation. It further appears that the amount of available interaction 

partners does not define formation of the complexes, but rather specific interaction partners 

are responsible for stability of the complexes. These properties are likely encoded in the 

sequence of the different SNARE motifs.  

 

Rearrangements of binary complexes and formation of the SNARE complex. Addressing 

the question if the observed binary complexes represent trapped ‘off-pathway’ complexes, their 

rearrangements after addition of the third SNARE protein were analysed. As soon as the 

protein was added to the pre-assembled binary complexes, rearrangements of the complexes 

into the ternary SNARE complex (QabcR) were observed (Figure 23D, 25D and 29D). 

Therefore, the ternary SNARE complex represents the preferred and most stable 

conformation. From a physiological point of view, this is reasonable as fusion of synaptic 

vesicles with the presynaptic membrane is only achieved when Syb2 associates with Stx1 and 

SNAP25. The rearrangements of the complexes were, however, found to proceed at different 

time scales; while the ‘dead end’ complex immediately reorganised, binary complexes 

composed of SNAP25(CtoS) and Syb(1-96) or Stx(1-262) and Syb(1-96) showed extended 

time scales.  
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The ‘dead end’ complex was previously described to be kinetically trapped [169]. While the 

previously described complex assembled from membrane-anchored variants, in this thesis, 

soluble variants of the SNARE proteins were employed. Consequently, the variants are not 

restricted by the membranes allowing disassembly and reassembly in parallel and antiparallel 

orientations. Although an excess of Stx(1-262) favouring formation of the ‘dead end’ complex 

was used, immediate and exclusive formation of the SNARE complex was observed. As a 

result, Stx(1-262) and Syb(1-96) do not compete for the binding site on the ‘acceptor’ complex. 

Binding of Syb(1-96) prevails, presumably due to its higher affinity for the ‘acceptor’ complex 

interface compared to Stx1; this observation is in agreement with a previous isothermal titration 

calorimetry study [248]. An equilibrium between the ‘dead end’ complex and the ‘acceptor’ 

complex, both identified in this thesis, might accelerate rearrangements into the SNARE 

complex. A similar assumption was made in a study addressing the organisation of the plasma 

membrane in PC12 cells [249]. Accordingly, Stx1 forms tight clusters that interact at their 

periphery with surrounding diffuse clusters of SNAP25. SNAP25 is recruited to the Stx1 

clusters through alpha-helical interactions of its Qb SNARE motif forming complexes at the 

interfaces of the clusters [249]. The high abundance of SNAP25 prevents formation of the 

‘dead end’ complex, thereby, supporting formation of the ‘acceptor’ complex [249]. Note that 

individual SNAP25(CtoS) was not observed when adding Syb(1-96) to the ‘dead end’ complex 

suggesting a rearrangement through dissociation of Stx(1-262) followed by association of 

Syb(1-96) rather than a complete disassembly of the ‘dead end’ complex. 

On the contrary, complete incorporation of Stx(1-262) into the pre-assembled 

2:1 SNAP25:Syb(1-96) complex required overnight incubation. As this complex contains two 

SNAP25(CtoS) molecules, of which one Qc SNARE motif is presumably unfolded and not 

involved in the core complex as discussed above, this unstructured loop might cause sterical 

hindrance. As the used soluble variants possess full rotational freedom, antiparallel 

arrangements of the SNARE motifs might also explain the decelerated reassembly. Antiparallel 

configurations were previously reported as low-energy states that do not interconvert at an 

hour time scale [27,28]. The mechanism of the rearrangement is, however, unclear. A stable 

1:1 SNAP25(CtoS):Syb(1-96) complex was not observed, accordingly, dissociation of one 

SNAP25(CtoS) molecule followed by association of Stx(1-262) is not reflected in the obtained 

data. Complete disassembly of the binary complex and formation of the SNARE complex 

through the ‘acceptor’ complex by association of Syb(1-96) would, however, explain extended 

time scales. 

Incorporation of SNAP25(CtoS) into the 1:3:1 Syb(1-96):Stx(1-262):Cpx1 complex also 

proceeds comparatively slow. Stable oligomer formation of Stx1 in parallel and antiparallel 

orientations, as described above, might hamper subunit exchange [23,25,250]. Considering 

that the disassembly of two Stx(1-262) molecules is required to enable binding of one 
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SNAP25(CtoS) molecule and the observation that Stx1 trimers are comparably stable [231], 

explains the slow replacement of the subunits. On the other hand, antiparallel binding of Cpx1 

to Stx(1-262) and Syb(1-96), which was shown to stabilise the interaction, might lock the 

interface of both proteins within the complex. Consequently, structural rearrangements would 

be impeded. Assuming a similar conformation of Cpx1 within the 1:3:1 Syb(1-96):Stx(1-

262):Cpx1 complex, as described in the SNARE:Cpx1 model provided in this thesis 

(Figure 38), the N-terminus of Cpx1 clamps the C-termini of the SNAREs, thereby, inhibiting 

dissociation of Stx(1-262). The rearrangement, therefore, likely occurs through dissociation of 

a Stx(1-262) dimer or sequential dissociation of monomers of Stx(1-262), while the Syb(1-

96):Stx(1-262) interface is still preserved by Cpx1. 

 

Stability of binary and ternary complexes. SNAP25(CtoS) and Syb(1-96) were found to 

weakly interact. Moderate collisional energies during MS analysis readily caused dissociation 

of the complexes resulting in ‘stripped’ complexes composed of two SNAP25(CtoS) or one 

SNAP25(CtoS) and one SNAP25(1-83) molecules (Figure 25 and 28). In comparison, the 

‘dead end’ complex, the ‘acceptor’ complex, the SNARE complex and the 1:3:1 Syb(1-

96):Stx(1-262):Cpx1 complex were found to be very stable; dissociation was only observed 

during tandem MS analysis (Figure 24, 26, 28D, 29C and 34). In general, Syb(1-96) was 

shown to readily dissociate from all binary and ternary complexes upon increasing collisional 

energy, suggesting least stable incorporation into the complexes. Considering the rapid 

rearrangement of the ‘dead end’ complex into the SNARE complex as well as formation of the 

‘acceptor’ complex, which was previously characterised as being highly stable [183] and also 

observed during tandem MS analysis, SNAP25 and Stx1 likely form the platform for rapid 

assembly of Syb2. This is further supported by their co-localisation on the presynaptic 

membrane [228,249]. From a functional point of view, rapid formation of the SNARE complex 

is required for fast membrane fusion and binding to an available ‘acceptor’ complex is, 

therefore, kinetically preferred. Least stable incorporation of Syb2 into the SNARE complex 

might also facilitate its disassembly during recycling of the SNARE proteins by the NSF/α-

SNAP machinery after membrane fusion [251]. On the other hand, the proposed ‘acceptor’ 

complex might only be relevant in the minimal fusion machinery studied in vitro omitting 

regulatory proteins.  

 

Consideration of the ‘template’ model. An alternative SNARE assembly pathway describes 

the alignment of Syb2 and Stx1 mediated by Munc18 to form a ‘template’ complex for 

recruitment of SNAP25 [36,37]. This hypothesised pathway does not include formation of an 

‘acceptor’ complex composed of Stx1 and SNAP25. While Munc18 binds Stx1 with high affinity 

in solution, keeping it in its ‘closed’ conformation [29], interactions with Syb2 were described 
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to be weak [35,252]. However, a cryo-EM structure showed both, Syb2 and Stx1, bound to 

Munc18 [34]. Note that, to obtain the high-resolution structure as well as the optical tweezer 

experiments supporting the model, N-terminal cross-linking of Syb2 and Stx1 was required 

[34–36,252]. Accordingly, interactions between both proteins are presumably transient and 

require additional stabilisation. This assumption is supported in this thesis; complex formation 

between Syb(1-96) and Stx(1-262) was only observed upon addition of Cpx1. Although 

Munc18 was not included in these experiments, the observed complex reveals that interactions 

between Syb2 and Stx1 in the absence of SNAP25 are possible albeit require a third protein. 

Nevertheless, considering that cross-linking was required to obtain the high-resolution 

structure, information on the sequence of the assembly is not provided as restricting the 

proteins hinders potential interactions. It is further worth mentioning that Munc18 was 

described to have a lower affinity for Stx1 in native membranes containing SNAP25 [253], and 

that it is less abundant in neurons compared to the SNARE proteins [254]. Most of the SNAREs 

are, therefore, free and available to form ‘acceptor’ and ‘dead end’ complexes. The role of 

Munc18 needs to be determined in future studies, especially considering that previous studies 

provide evidence for Munc18 to promote formation and binding to the ‘acceptor’ complex 

[31,32,255]. 

 

Multimerisation of binary and ternary complexes. SNARE proteins mediate fusion of 

synaptic vesicles with the plasma membrane and, thereby, formation of the fusion pore. The 

mechanism to form the pore as well as its structure remains elusive. A variety of studies 

discuss the number of SNARE complexes contributing to this process. Some in vitro fusion 

experiments showed that, in principle, one SNARE complex is sufficient for membrane fusion 

[256,257]; representing the minimal fusion machinery. However, others proposed that up to 

ten SNARE complexes are required for membrane fusion [258,259], which is in line with in vivo 

studies finding the number to range between three and fifteen [260–262]. In this thesis, 

multimerisation of the SNARE complex up to tetramers was observed (Figure 25 and 33). 

Using native MS, the observed multimers showed high intensities indicating that 

multimerisation is prevalent in solution. The cross-linking analysis performed in this thesis 

further revealed SNARE complexes to interact through their C-termini, but not their N-termini, 

adopting an antiparallel orientation. Visualisation of the identified cross-linking sites using high-

resolution structures and structural predictions further evaluated the binding site to be formed 

by SNAP25(CtoS). Interestingly, dimerisation was also observed for binary complexes 

containing SNAP25(CtoS); the stabilised complex composed of Stx(1-262) and Syb(1-96), 

however, did not dimerise (Figure 25, 28 and 29). This observation further supports previous 

findings that interactions between SNARE complexes occur through an interaction site 

provided by SNAP25(CtoS); binary complexes, therefore, likely resemble the structure of the 
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SNARE complex. Although several SNARE complexes were proposed to be involved in 

membrane fusion, they do not necessarily directly interact with each other. Note that soluble 

variants of the SNARE proteins were employed in this study, therefore, allowing rotational 

freedom of the complexes. As SNARE proteins are restricted in their orientation when 

anchored to membranes, formation of oligomers in antiparallel orientation is likely impeded. 

Tight contacts between the membranes and interactions with bulky, regulatory proteins such 

as Syt1 or Munc18, presumably impose sterical hindrance. Accordingly, oligomerisation 

through the cytosolic domain of the SNARE complex might result from the approach performed 

in this study, rather than being physiologically relevant.  

 

4.4 Interactions of Cpx1 with SNARE proteins. 

It is well established that fusion of synaptic vesicles with the presynaptic membrane is 

regulated by Syt1 and Cpx1. However, a variety of contradictory models for the regulation was 

proposed and the underlying mechanisms are highly debated. High-resolution structures of 

Cpx1 co-crystallised with the SNARE complex revealed binding of Cpx1 to a groove formed 

by Syb2 and Stx1 within the SNARE complex [61,77]. Consequently, binding of Cpx1 after 

initialisation of the assembly was suggested; accordingly, Cpx1 is involved in regulation of the 

late steps of membrane fusion. In this thesis, binding of Cpx1 to the Syb2:Stx1 interface was 

confirmed and specific interactions sites with the SNARE complex were identified leading to a 

structural model that agrees well with the proposed ‘clamping’ model. 

 

Cpx1 preferentially binds the surface provided by Syb2 and Stx1. To address the 

specificity of Cpx1 for the Syb2:Stx1 interface, binding to the individual proteins as well as 

complexes providing alternative interaction interfaces, such as 

SNAP25(CtoS):SNAP25(CtoS), Stx(1-262):Stx(1-262), SNAP25(CtoS):Stx(1-262) or 

SNAP25(CtoS):Syb(1-96), was investigated (Figure 32). In this thesis, Cpx1 exclusively 

formed complexes when both, Syb(1-96) and Stx(1-262), were present; binding to the 

individual proteins was not monitored (Figure 31). This observation supports the necessity for 

an interaction surface provided by Syb(1-96) and Stx(1-262) confirming its regulatory function 

in the late steps of membrane fusion after initialisation of the assembly. Complex formation 

between Syb(1-96) and Stx(1-262) in the absence of SNAP25(CtoS) was, interestingly, only 

observed upon addition of Cpx1 (see above). Consequently, Cpx1 not only binds to both 

proteins but furthermore stabilises their interactions. This observation is in agreement with a 

previous study that used magnetic tweezers, revealing an enhanced mechanical stability of 

the SNARE complex when Cpx1 is bound [84]. The authors suggested that the increased 

stability originates from a conformational change induced by the NTD of Cpx1, when clamping 

the SNARE complex in a so-called ‘linker-open’ conformation [84]. Stabilisation of the trans-
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SNARE complex by Cpx1 was further suggested to support zippering by overcoming the 

repulsive force between both membranes [61]. Considering that Cpx1 bound to the 1:3 Syb(1-

96):Stx(1-262) complex and the SNARE complex (Figure 29 and 33) led to the assumption 

that both complexes are similarly structured and the structure of the binary complex indeed 

resembles the SNARE complex.  

 

Considerations of the inhibition models. A variety of inhibitory pathways was described for 

Cpx1. Several studies suggested that blocking the binding site of Syb2 by the AH of Cpx1 

interferes with the further assembly of the SNARE complex, thereby, inhibiting membrane 

fusion. One study suggested that the AH of Cpx1 replaces parts of Syb2 in the SNARE 

complex [79]. Other studies proposed simultaneous binding of Cpx1 to a partially assembled 

SNARE complex via its CH and to a second SNARE complex through its AH, thereby, bridging 

two SNARE complexes resulting in a ‘zigzag’ array [74,77]. Bridging of the complexes was 

even proposed to form ring-like structures to support formation of the fusion pore [263]. Note 

that for these studies variants of Cpx1, e.g. mutated ‘superclamp’ variants including 

replacement of charged residues of the AH to hydrophobic residues, were used. In addition, 

C-terminally truncated Syb2 variants were applied to maintain the Stx1:SNAP25 binding site 

available for association of the AH [74,77]. For the experiments performed in this thesis, the 

wild-type Cpx1 was used and binding to the ‘acceptor’ complex providing the required binding 

site for Syb2 was not observed (Figure 32). This observation is supported by an earlier NMR 

study, which did not detect interactions between wildtype or ‘superclamp’ Cpx1 with C-

terminally truncated SNARE complexes [80]. Furthermore, considering the hydrophobicity of 

the binding pocket formed by Stx(1-262) and SNAP25(CtoS), it is hard to imagine that the 

charged AH of Cpx1 inserts into the complex. Nevertheless, when a partially zippered SNARE 

complex would be available, binding might be observed. Previous studies, using binding-

deficient Cpx1 variants that include point mutations or deletions of the CH, revealed a loss of 

function of Cpx1 [59,264]. Based on these studies, binding of Cpx1 to the SNARE complex 

through the CH is mandatory for its activity. As the ‘acceptor’ complex, observed in this thesis, 

is not providing the Syb2:Stx1 binding interface, association of Cpx1 through the CH is 

presumably not possible and the required orientation of the AH relative to a second SNARE 

complex might not be achieved. In addition, soluble variants of the proteins were used in this 

thesis and bridging of complexes in membrane environment, when complexes are in proximity, 

cannot be excluded. However, in contrast to the above hypothesised multimerisation of 

SNARE complexes, disassembly of SNARE complex multimers upon addition of Cpx1 was 

clearly observed in this thesis (Figure 33). Nevertheless, a low abundant dimer of the 

SNARE:Cpx1 complex was detected and tandem MS revealed dissociation of either Cpx1 or 

Syb2 resulting in ‘stripped’ complexes omitting the respective protein (Figure 34). Based on 



100 
 

this observation, Syb(1-96) and the AH of Cpx1 might compete for the binding site and the 

dimers could potentially represent bridged complexes.  

 

Cpx1 clamps the SNARE complex. The structural model provided in this thesis (Figure 38) 

confirmed the antiparallel binding of Cpx1 to the SNARE complex as earlier observed by X-ray 

crystallography [61]. Furthermore, it provides information on the interactions of the AH and 

NTD of Cpx1, when bound to the SNARE complex. Accordingly, it was shown that the AH 

interacts with the C-termini of Syb(1-96), SNAP25(CtoS) and Stx(1-262). This observation is 

in agreement with a recent study revealing interactions formed within the SNARE:Cpx1 

complex reconstituted into liposomes [78]. Photo-cross-linking captured the complex and 

showed that the AH of Cpx1 binds the membrane-proximal part of Syb2 and SNAP25. The 

authors suggested that the SNARE complex is captured in an inactive state, supressing final 

zippering of the SNARE proteins by restraining Syb2 and SNAP25 [78]. A recent molecular 

dynamic simulation study also observed interactions of the AH with C-terminal residues of the 

SNARE motifs of Syb2 and SNAP25 [265]. The authors further showed that the AH of Cpx1 is 

oriented towards the vesicle membrane and distorts due to sterical hindrance if a continuous 

straight helix is formed. They suggested that an energy barrier might be established that 

deaccelerates SNARE zippering [265]. The model proposed in this thesis confirms interactions 

between the AH and NTD of Cpx1 with the C-terminal SNARE complex. Furthermore, it 

extends previous models by identifying specific interaction sites, including interactions 

involving the disordered NTD of Cpx1. The flexible loop of the NTD was further shown to 

interact with the C-terminal part of the Qb SNARE motif and the linker of SNAP25, thereby, 

overlaying the SNARE complex. The results observed here are, therefore, in line with the 

proposed ‘clamping’ model. Note that Cpx1 was added to the pre-incubated SNARE proteins. 

Due to missing regulatory proteins and restriction by membranes, it is likely that the proteins 

are fully zippered, possibly throughout the linker region. Although Cpx1 is proposed to bind 

partially zippered SNARE complexes to prevent progression of the zippering [59,64,72,79,266] 

and, thereby, the assembly of the linkers of Syb2 and Stx1 [78,84], binding and clamping of 

the fully assembled SNAREs was observed in this thesis. 

 

In summary, Cpx1 exclusively binds to complexes providing the Syb2:Stx1 interface, thereby, 

stabilising these complexes. It further clamps the C-termini of the SNARE complex, which 

prevents formation of SNARE complex multimers and presumably inhibits proceeding of the 

SNARE zippering. In additional experiments, the SNARE assembly remains to be analysed in 

the presence of Cpx1 and membranes. By incorporating the SNARE proteins into membrane 

mimetics, the partially assembled trans-SNARE complex could be captured. This system 



101 
 

should further be extended by including additional regulatory proteins, such as Syt1, Munc18 

and Munc13.  

 

4.5 Structural characterisation of synaptic proteins in lipid environment 

Syb2 and Cpx1, are part of the membrane fusion machinery and interactions with lipids are, 

therefore, suggested to influence the SNARE complex assembly and its regulation. To analyse 

lipid binding affinities of Syb(1-96) and Cpx1, a multidisciplinary approach was used. For this, 

binding of the proteins to immobilised lipids, solubilised lipids and to membranes was analysed.  

 

Screening for lipid classes by binding to immobilised lipids. First, lipid overlay assays 

were performed to screen for binding of Syb(1-96) and Cpx1 to different lipid classes. Both 

proteins preferentially bound to negatively charged lipids (Figure 39 and 42). The observed 

binding to PA, PS, PI(4)P, PI(4,5)P2 and PI(3,4,5)P3 is in agreement with the cellular location 

of the lipids, as these are part of the synaptic vesicle or plasma membrane [267,268]. Note 

that binding to PE, PC and cholesterol, which are also part of the vesicular membrane [3], was 

not observed. Surprisingly, both proteins bound to CL, which is specific to the inner 

mitochondrial membrane [269] and, therefore, biologically not relevant for synaptic proteins. 

This observation indicates that the interactions of Syb(1-96) and Cpx1 with the lipids are mainly 

driven by electrostatic attraction to the negatively charged headgroups. On the contrary, PG is 

negatively charged, however, binding of Cpx1 and Syb(1-96) was not observed. Considering 

the chemistry of the lipids, binding was only monitored to lipids that contain easily accessible 

phosphate groups and, therefore, negative charges. In the case of PG, the negative charge 

might be shielded by the glycerol group. Surprisingly, although increasing phosphorylation of 

the inositol ring provides additional negative charges, Syb(1-96) and Cpx1 show less binding 

to multiple phosphorylated PI. Syb(1-96) contains one patch of positively charges amino acids 

in the JMD. As the rest of the SNARE is mainly negatively charged, an increasing number of 

phosphate groups might result in electrostatic repulsion. Cpx1 was previously described to 

have a high affinity for PI(4,5)P2 [189], which could not be confirmed in this thesis. However, 

as it is unclear how the lipids are immobilised and oriented on the membrane lipid strips, it is 

conceivable that the lipids are not properly accessible for the proteins during the assay. 

 

Interactions with solubilised lipids. Using native MS, the binding affinities of Syb(1-96) and 

Cpx1 for DOPS, DOPE, DOPC as well as DOPG were assessed (Figure 40 and 43). For both 

proteins, binding to all lipids employed in this thesis was observed. Although the lipid overlay 

assays revealed a preference for negatively charged lipids, interactions including the 

zwitterionic lipids DOPE and DOPC were also observed. Protein-lipid interactions formed in 

solution were shown to be stabilised in the gas phase [214]. As hydrophobic interactions 
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cannot be preserved during the transfer into the gas phase, observed protein-lipid complexes 

are mainly attributed to electrostatic interactions formed towards the headgroups of the lipids 

[214]. Consequently, binding of DOPE and DOPC might occur through negatively charged 

residues, such as the SNARE motif of Syb(1-96). However, Syb(1-96) showed slightly higher 

affinity for DOPS and DOPG, which agrees with the previous observed preference for 

negatively charged lipids (Figure 40). Surprisingly, this specificity cannot be confirmed for 

Cpx1. Instead, the binding affinity of Cpx1 for the negatively charged DOPG and zwitterionic 

DOPE was higher than for the zwitterionic DOPC or the negatively charged DOPS (Figure 43). 

A previous study addressed binding of Cpx1 to membranes of varying composition and 

revealed the highest affinity for negatively charged membranes containing high amounts of 

PI(4,5)P2 [189]. When comparing cholesterol:POPC membranes that additionally contain 

POPE or POPS, the authors observed a higher affinity for membranes containing POPE [189]. 

This is in line with a high affinity observed for the negatively charged DOPG followed by DOPE 

and DOPC in this thesis. The lowest affinity for DOPS might be attributed to the chemistry of 

the lipid. The serine group of DOPS might sterically hinder binding of Cpx1 to the phosphate 

group. Interestingly, the lipid binding capacity of Cpx1 of up to eight lipids is comparably higher 

than that for Syb(1-96) as well as for previous performed lipid binding studies [213,214]. This 

observation might result from the charged patches and the available amphipathic motifs of 

Cpx1. However, it needs to be considered that the measurements for Cpx1 were performed 

only once and replicates are required for comprehensive results. Furthermore, the mechanism 

of the lipid transfer is unknown and the influence of the available contact sites as well as the 

properties of the proteins, therefore, require further investigations.  

 

Interactions with membranes. Finally, interactions of Syb(1-96) and Cpx1 with phospholipid 

bilayers were investigated. Binding of Syb(1-96) to DOPS and DOPG liposomes was observed 

and correlates well with the results from previous experiments (Figure 41). This observation 

agrees with former studies suggesting that PS plays an essential role in the interactions of 

Syb(1-96) with the vesicular membrane [47,48]. Binding to DOPG, which is not a component 

of the membrane of synaptic vesicles, leads to the assumption that the observed interactions 

in general rely on electrostatic attraction rather than lipid specificity. These interactions 

presumably originate from the negatively charged headgroups of the lipids and the positively 

charged JMD of Syb(1-96) as mentioned before [48–51].  

For Cpx1, contradictory results compared to the previous experiments were obtained. Native 

MS revealed a low binding affinity for DOPS and a high affinity for DOPC. On the contrary, 

Cpx1 clearly interacts with negatively charged DOPS liposomes, while binding to zwitterionic 

DOPC was observed at lower affinity (Figure 44). The affinities observed by native MS are, 

therefore, not reflecting solution interactions and the results should be cautiously interpretated. 
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However, binding of Cpx1 to DOPG liposomes is in line with the high binding affinity observed 

by native MS. As Cpx1 contains amphipathic helices, the interactions with membranes are not 

restricted to electrostatic attraction and are, therefore, less specific as the helices are capable 

of intercalating into the membrane. Surprisingly, binding to DOPE liposomes was not 

observed, although the binding affinity observed by native MS was even higher compared to 

DOPS. This observation is likely attributed to the experimental approach; liposomes solely 

composed of DOPE are difficult to form due to their low solubility and instability in aqueous 

solution. Consequently, the applied amount of lipid in the experiment might differ from the 

theoretically calculated lipid concentration. Interestingly, immediately upon addition of Cpx1 to 

DOPS and DOPG, a turbidity of the solution was observed and formation of aggregates was 

confirmed by DLS analysis (Figure 44). As Cpx1 contains amphipathic motifs on both termini, 

this effect might result from Cpx1 bridging liposomes, thereby, forming a pool of vesicles. 

Although the membrane affinity of Cpx1 was shown to mainly arise from its CTD, a higher 

amount of negative charges of the membrane can also mediate binding of the NTD [189]. 

Consequently, as DOPS and DOPG liposomes are highly negatively charged, clustering of 

vesicles by Cpx1 is conceivable. On the other hand, the C-terminal 21 residues of Cpx1 were 

described to have the same pore-forming probability as the antimicrobial peptide melittin [270]. 

Using a pore-formation assay and cryo-EM, the authors revealed remodelling and perforation 

of giant unilamellar vesicles by the CTD of Cpx1 [270]. The increased heterogeneity of 

liposomes observed in this thesis could, therefore, also originate from membrane remodelling 

and pore formation.  

 

In summary, for both proteins a preference for negatively charged lipids with easily-accessible 

phosphate groups was observed. Comparative lipid binding studies using lipid mixtures 

resembling the vesicular and plasma membrane including phosphatidyl inositol phosphates 

remain to be performed in future studies. 
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6 Supplement 

 

 

 

Supplementary Figure 1. Plasmid map of pET28a.  
Cleavage sites of restriction enzymes with the respective name of the enzyme, multiple cloning site 
(MSC), thrombin cleavage site, N-terminal hexa-histidine tag (6xHis), kanamycin resistance (KanR) and 
lactose operon (lacI) are encoded and labelled. Encoded sequences are shown as arrows. All proteins 
were expressed using the same plasmid architecture. (created by SnapGene) 
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Supplementary Figure 2. Purification of Syb(FL).  
Chromatograms (lhs) and gel electrophoresis of selected fractions (rhs) of the purification of Syb(FL) by 
(A) IMAC (B) IMAC after thrombin cleavage (C) SCX and (D) SEC are shown. Fractions that were 
combined for the following purification step are indicated by dotted lines. M: marker, P: pellet, L: lysate, 
D1: dialysate after thrombin cleavage reaction, D2: dialysate after second IMAC, Lo: concentrated 
fractions after SCX 
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Supplementary Figure 3. Purification of Stx(1-262).  
Chromatograms (lhs) and gel electrophoresis of selected fractions (rhs) of the purification of Stx(1-262) 
by (A) IMAC (B) IMAC after thrombin cleavage (C) AEC and (D) SEC are shown. Fractions that were 
combined for the following purification step are indicated by dotted lines. M: marker, L: lysate, D1: 
dialysate after thrombin cleavage reaction, D2: dialysate after second IMAC, Lo: concentrated fractions 
after AEC 
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Supplementary Figure 4. Purification of SNAP25(1-83). 
Chromatograms (lhs) and gel electrophoresis of selected fractions (rhs) of the purification of SNAP25(1-
83) by (A) IMAC (B) IMAC after thrombin cleavage and (D) SEC are shown. Fractions that were 
combined for the following purification step are indicated by dotted lines. M: marker, L: lysate, D1: 
dialysate after thrombin cleavage reaction, Lo: concentrated fractions after AEC 
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Supplementary Figure 5. Purification of SNAP25(CtoS). 
Chromatograms (lhs) and gel electrophoresis of selected fractions (rhs) of the purification of 
SNAP25(CtoS) by (A) IMAC (B) IMAC after thrombin cleavage (C) AEC and (D) SEC are shown. 
Fractions that were combined for the following purification step are indicated by dotted lines. M: marker, 
L: lysate, D1: dialysate after thrombin cleavage reaction, D2: dialysate after second IMAC, Lo: 
concentrated fractions after AEC 
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Supplementary Figure 6. Purification of Cpx1. 
Chromatograms (lhs) and gel electrophoresis of selected fractions (rhs) of the purification of Cpx1 by 
(A) IMAC (B) IMAC after thrombin cleavage (C) AEC are shown. Fractions that were combined for the 
following purification step are indicated by dotted lines. M: marker, P: pellet, L: lysate, D1: dialysate after 
thrombin cleavage reaction, D2: dialysate after second IMAC 
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Supplementary Figure 7. Rearrangement of the ternary Syb(1-96):Stx(1-262):Cpx1 complex. 
Syb(1-96), Stx(1-262) and Cpx1 were pre-incubated forming the ternary 1:3:1 complex (main panel, 
yellow-blue-pink circles). Upon addition of SNAP25(CtoS), the ternary SNARE complex binding one 
Cpx1 molecule is formed (grey triangle-pink circle). Rearrangements of the pre-assembled complex 
occur over several minutes (scan time 1s, inter scan time 0.1 s); at incubation times above 11 minutes, 
the SNARE:Cpx1 complex is exclusively observed. 
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Supplementary Figure 8. DOPS and DOPE binding of Syb(1-96) analysed by native MS. 
5 µM Syb(1-96) were mixed with increasing lipid concentration in 0.5 % C8E4. Lipid binding was 
analysed by native MS. Charge state distributions corresponding in mass to monomeric Syb(1-96) (blue 
circle), lipid clusters (coloured squares with number of lipids), DOPS:C8E4 clusters (light blue circle 
purple square) and Syb(1-96):lipid complexes with (A) DOPS (blue circle purple square) and (B) DOPE 
(blue circle red square) lipids are assigned.  
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Supplementary Figure 9. DOPG and DOPC binding of Syb(1-96) analysed by native MS. 
5 µM Syb(1-96) were mixed with increasing lipid concentration in 0.5 % C8E4. Lipid binding was 
analysed by native MS. Charge state distributions corresponding in mass to monomeric Syb(1-96) (blue 
circle), lipid clusters (coloured squares with number of lipids), Syb(1-96):C8E4 complexes (blue and light 
blue circles) and Syb(1-96):lipid complexes with (A) DOPG (blue circle orange square) and (B) DOPC 
(blue circle green square) lipids are assigned.  
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Supplementary Figure 10. DOPS and DOPE binding of Cpx1 analysed by native MS. 
5 µM Cpx1 were mixed with increasing lipid concentration in 0.5 % C8E4. Lipid binding was analysed 
by native MS. Charge state distributions corresponding in mass to monomeric Cpx1 (light pink circle), 
Cpx1:C8E4 complexes (light pink and light blue circle and triangle) and Cpx1:lipid complexes with (A) 
DOPS (light pink circle purple square) and (B) DOPE (light pink circle red square) lipids are assigned.  
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Supplementary Figure 11. DOPG and DOPC binding of Cpx1 analysed by native MS. 
5 µM Cpx1 were mixed with increasing lipid concentration in 0.5 % C8E4. Lipid binding was analysed 
by native MS. Charge state distributions corresponding in mass to monomeric Cpx1 (light pink circle), 
Cpx1:C8E4 coplexes (light pink and light blue circle and triangle), Cpx1:C8E4:lipid complexes (light pink 
and light blue circles green square) and Cpx1:lipid complexes with (A) DOPG (light pink circle orange 
square) and (B) DOPC (light pink circle green square) lipids are assigned.  
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Supplementary Table 1. Incubation ratios of SNARE proteins and Cpx1. 

SNAP25(CtoS) SNAP25(1-83) Stx(1-262) Syb(1-96) Cpx1 

1  1   

1  2   

1   1  

1   2  

2   1  

 1  1  

1 1  1  

  1 1  

1  1 1  

1    1 

  1  1 

   1 1 

1  2  1 

  1 1 1 

1   2 1 

1  1 1 1 
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Supplementary Table 2. Protein identification. The hit number, the protein name (and database accession number of contaminating Escherichia coli proteins), 
the number of identified peptide sequences, the observed sequence coverage and the MaxQuant (MQ) protein score are given for each protein in the different 
samples. 
 

Protein sample Hit Protein Peptide sequences Sequence coverage [%] MQ Score 

Cpx1 1 Cpx1 19 88.3 323.31 

  2 Serine hydroxymethyltransferase (A0A140N8X9) 6 19.9 86.90 

  3 Histidine triad (HIT) protein (A0A140ND09) 7 96.6 83.33 

  4 Dihydrolipoyl dehydrogenase (A0A140NBS3) 6 15.0 44.00 

  5 ATP synthase subunit alpha (A0A140ND72) 4 9.6 30.45 

SNAP25(CtoS) 1 SNAP25(CtoS) 38 94.7 323.31 

  2 Chaperone protein DnaK (A0A140NFV3) 46 74.5 323.31 

  3 Elongation factor Tu (A0A140NCI6; A0A140N6W0) 15 52.8 130.83 

  4 ATP synthase subunit beta (A0A140NHS0) 13 38.0 107.06 

  5 Dihydrolipoyl dehydrogenase (A0A140NBS3) 12 34.2 106.18 

SNAP25(1-83) 1 SNAP25(1-83) (P0A9A9) 20 100.0 323.31 

 2 Ferric uptake regulation protein (P0ABA6) 6 66.9 105.27 

 3 ATP synthase gamma chain (P37655) 1 4.9 6.70 

 4 Putative cellulose biosynthesis protein BcsQ (P0AEX9) 1 5.8 6.60 

 5 Maltose-binding periplasmic protein (P0AE18) 6 21.0 45.83 

Stx(1-262) 1 Stx(1-262) 33 83.8 323.31 

  2 Chaperone protein DnaK (A0A140NFV3) 32 57.8 267.96 

  3 SNAP25(CtoS) 18 70.8 224.46 

  4 ATP synthase subunit beta (A0A140NHS0) 10 29.3 74.34 

  5 30S ribosomal protein S1 (A0A140NBA5) 8 18.5 54.46 

Syb(1-96) 
  

1 Syb(1-96) 16 94.9 323.31 

2 Ferric uptake regulation protein (A0A140NE13) 8 65.5 117.29 
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Protein sample Hit Protein Peptide sequences Sequence coverage [%] MQ Score 

 Syb(1-96) 3 PTS system, mannose/fructose/sorbose family, IIA subunit (A0A140NBF2) 6 24.5 49.61 

  4 SNAP25 (CtoS) 4 26.3 37.39 

  5 Outer membrane chaperone Skp (OmpH) (A0A140NFE9) 2 14.9 31.55 

Syb(FL) 1 Syb(FL) 17 74.8 323.31 

 2 ATP synthase subunit alpha (P0ABB0) 31 72.1 323.31 

 3 ATP synthase subunit beta (P0ABB4) 31 88.3 323.31 

 4 Aspartate carbamoyltransferase regulatory chain (P0A7F3) 12 83.7 283.36 

 5 Elongation factor Tu 2 (P0CE48) 25 83.5 323.31 
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Supplementary Table 3. Cross-links identified in SNAP25(CtoS). The protein names, the peptide sequences of the cross-linked peptides and the cross-linked 
residues are given. Cross-linked residues are highlighted (bold) in the peptide sequences. The pLink score and the number of acquired tandem mass spectra are 
given for each cross-link in each replicate. 

  replicate 1  replicate 2  replicate 3  

protein 1 protein 2 sequence 1 sequence 2 residue 1 residue 2 score # spectra score # spectra score # spectra 

homomultimeric cross-links 

SN25(CtoS) SN25(CtoS) MLQLVEESKDAGIR MLQLVEESKDAGIR 43 43 4,15E-06 14     1,12E-19 61 

SN25(CtoS) SN25(CtoS) VEEGMNHINQDMKEAEK VEEGMNHINQDMKEAEK 75 75 5,46E-04 13         

SN25(CtoS) SN25(CtoS) VEEGMNHINQDMKEAEK EAEKNLK 75 79     1,99E-03 18     

SN25(CtoS) SN25(CtoS) EAEKNLK NLKDLGK 79 82     1,06E-03 13     

SN25(CtoS) SN25(CtoS) NLKDLGK NLKDLGK 82 82 3,81E-12 58 1,51E-10 31     

SN25(CtoS) SN25(CtoS) NLKDLGKSSGLFISPSNK NLKDLGKSSGLFISPSNK 82 86 2,78E-07 82 4,98E-05 47     

SN25(CtoS) SN25(CtoS) DLGKSSGLFISPSNK DLGKSSGLFISPSNK 86 86 6,32E-06 23 3,01E-06 11     

SN25(CtoS) SN25(CtoS) DLGKSSGLFISPSNK SSGLFISPSNK 86 87 3,08E-04 4 9,01E-03 10     

SN25(CtoS) SN25(CtoS) DLGKSSGLFISPSNK SSGLFISPSNK 86 93 2,37E-05 26 1,50E-03 12     

SN25(CtoS) SN25(CtoS) DLGKSSGLFISPSNK SSGLFISPSNK 86 95 3,78E-04 11         

SN25(CtoS) SN25(CtoS) DLGKSSGLFISPSNK SSGLFISPSNKLK 86 97 3,10E-06 44 8,20E-04 34     

SN25(CtoS) SN25(CtoS) SSGLFISPSNK SSGLFISPSNK 87 87     6,03E-04 7     

SN25(CtoS) SN25(CtoS) SSGLFISPSNK SSGLFISPSNK 93 87 1,33E-08 49         

SN25(CtoS) SN25(CtoS) SSGLFISPSNK SSGLFISPSNK 93 93 2,41E-05 11         

SN25(CtoS) SN25(CtoS) SSGLFISPSNKLK SSGLFISPSNK 97 87 2,22E-05 5 5,31E-06 5     

SN25(CtoS) SN25(CtoS) SSGLFISPSNKLK SSGLFISPSNK 97 93     1,66E-01 3     

SN25(CtoS) SN25(CtoS) SSGLFISPSNKLK SSGLFISPSNKLK 97 97 1,36E-05 34 3,23E-05 50     

SN25(CtoS) SN25(CtoS) SSGLFISPSNKLK LKSSDAYK 97 99 9,19E-08 58 2,78E-07 26     

SN25(CtoS) SN25(CtoS) LKSSDAYKK LKSSDAYK 99 99 2,12E-07 32         

SN25(CtoS) SN25(CtoS) SSDAYKK SSDAYK 105 100     7,85E-11 25     

SN25(CtoS) SN25(CtoS) SSDAYKK SSDAYKK 105 105 2,01E-16 38 4,69E-11 35     

SN25(CtoS) SN25(CtoS) KAWGNNQDGVVASQPAR SSDAYKK 106 105 3,15E-07 50 5,89E-07 31     

SN25(CtoS) SN25(CtoS) KAWGNNQDGVVASQPAR KAWGNNQDGVVASQPAR 106 106 1,59E-08 71 2,55E-11 38 9,18E-17 2 

SN25(CtoS) SN25(CtoS) IMEKADSNK IMEKADSNK 187 187     5,95E-08 39     

SN25(CtoS) SN25(CtoS) IMEKADSNK ADSNKTR 187 192 7,31E-06 32 3,44E-09 27     

intramolecular cross-links 

SN25(CtoS) SN25(CtoS) ADQLADESLESTR LKSSDAYK 31 99 1,05E-06 8 4,88E-06 8     
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 replicate 1 replicate 2 replicate 3 

protein 1 protein 2 sequence 1 sequence 2 residue 1 residue 2 score # spectra score # spectra score # spectra 

SN25(CtoS) SN25(CtoS) ADQLADESLESTR SSDAYKK 31 105     2,01E-04 3     

SN25(CtoS) SN25(CtoS) MLQLVEESKDAGIR ADQLADESLESTR 42 28         1,09E-06 5 

SN25(CtoS) SN25(CtoS) MLQLVEESKDAGIR SSGLFISPSNK 42 87 5,28E-06 12 5,26E-05 5     

SN25(CtoS) SN25(CtoS) MLQLVEESKDAGIR SSGLFISPSNK 42 93 3,05E-07 44         

SN25(CtoS) SN25(CtoS) MLQLVEESKDAGIR SSGLFISPSNK 42 95 3,25E-07 11 3,37E-04 11     

SN25(CtoS) SN25(CtoS) MLQLVEESKDAGIR SSDAYK 42 100 1,47E-07 13 6,38E-07 5     

SN25(CtoS) SN25(CtoS) MLQLVEESKDAGIR ADQLADESLESTR 43 28         1,68E-06 2 

SN25(CtoS) SN25(CtoS) MLQLVEESKDAGIR EAEKNLK 43 79 5,05E-04 39         

SN25(CtoS) SN25(CtoS) MLQLVEESKDAGIR NLKDLGK 43 82 1,13E-06 105 1,76E-05 96 2,11E-09 14 

SN25(CtoS) SN25(CtoS) MLQLVEESKDAGIR DLGKSSGLFISPSNK 43 86 4,94E-08 23 9,68E-05 25 6,53E-26 12 

SN25(CtoS) SN25(CtoS) MLQLVEESKDAGIR SSGLFISPSNKLK 43 97 3,53E-11 56 2,15E-05 81 3,47E-19 11 

SN25(CtoS) SN25(CtoS) MLQLVEESKDAGIR LKSSDAYK 43 99 1,33E-08 67 2,72E-14 70 1,26E-18 5 

SN25(CtoS) SN25(CtoS) MLQLVEESKDAGIR SSDAYK 43 100 2,78E-09 25 4,44E-06 9     

SN25(CtoS) SN25(CtoS) MLQLVEESKDAGIR SSDAYKK 43 105 2,28E-06 73 1,89E-06 54     

SN25(CtoS) SN25(CtoS) MLQLVEESKDAGIR IMEKADSNK 43 187 6,93E-05 63 5,17E-06 148 7,69E-10 13 

SN25(CtoS) SN25(CtoS) MLQLVEESKDAGIR ADSNKTR 43 192 1,26E-03 22 4,62E-03 17     

SN25(CtoS) SN25(CtoS) TLVMLDEQGEQLDR MLQLVEESKDAGIR 49 42         3,77E-12 14 

SN25(CtoS) SN25(CtoS) TLVMLDEQGEQLDR MLQLVEESKDAGIR 49 43         4,74E-06 1 

SN25(CtoS) SN25(CtoS) VEEGMNHINQDMKEAEK MLQLVEESKDAGIR 75 43 3,18E-06 32     1,75E-14 33 

SN25(CtoS) SN25(CtoS) VEEGMNHINQDMKEAEK TLVMLDEQGEQLDR 75 49         2,38E-12 5 

SN25(CtoS) SN25(CtoS) VEEGMNHINQDMKEAEK NLKDLGK 75 82 3,28E-04 98 5,31E-05 172 4,01E-09 21 

SN25(CtoS) SN25(CtoS) VEEGMNHINQDMKEAEK SSGLFISPSNKLK 75 97 2,01E-06 22         

SN25(CtoS) SN25(CtoS) VEEGMNHINQDMKEAEK LKSSDAYK 75 99 2,30E-04 32 5,40E-07 64     

SN25(CtoS) SN25(CtoS) VEEGMNHINQDMKEAEK SSDAYK 75 100     8,97E-06 18     

SN25(CtoS) SN25(CtoS) VEEGMNHINQDMKEAEK SSDAYKK 75 105 7,52E-04 24 7,25E-08 38     

SN25(CtoS) SN25(CtoS) VEEGMNHINQDMKEAEK KAWGNNQDGVVASQPAR 75 106 1,83E-05 25 1,67E-08 58     

SN25(CtoS) SN25(CtoS) VEEGMNHINQDMKEAEK IMEKADSNK 75 187 4,12E-05 39 8,19E-10 105 1,01E-02 3 

SN25(CtoS) SN25(CtoS) VEEGMNHINQDMKEAEK ADSNKTR 75 192     2,47E-01 19     

SN25(CtoS) SN25(CtoS) NLKDLGK SSDAYK 82 100 3,29E-10 39 2,45E-09 18     

SN25(CtoS) SN25(CtoS) DLGKSSGLFISPSNK EAEKNLK 86 79     6,43E-04 8     

SN25(CtoS) SN25(CtoS) DLGKSSGLFISPSNK LKSSDAYK 86 99 4,77E-08 129 3,09E-11 75     

SN25(CtoS) SN25(CtoS) DLGKSSGLFISPSNK SSDAYK 86 100 3,15E-08 23 2,26E-08 17     
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 replicate 1 replicate 2 replicate 3 

protein 1 protein 2 sequence 1 sequence 2 residue 1 residue 2 score # spectra score # spectra score # spectra 

SN25(CtoS) SN25(CtoS) DLGKSSGLFISPSNK SSDAYKK 86 105 5,19E-06 74 2,57E-08 53     

SN25(CtoS) SN25(CtoS) DLGKSSGLFISPSNK IMEKADSNK 86 187 2,87E-05 43 4,08E-12 34     

SN25(CtoS) SN25(CtoS) DLGKSSGLFISPSNK ADSNKTR 86 192     4,79E-05 19     

SN25(CtoS) SN25(CtoS) SSGLFISPSNK NLKDLGK 87 82 1,57E-06 32         

SN25(CtoS) SN25(CtoS) SSGLFISPSNK IMEKADSNK 87 187 3,19E-06 12 1,36E-05 6     

SN25(CtoS) SN25(CtoS) SSGLFISPSNK TRIDEANQR 87 193 9,91E-06 12         

SN25(CtoS) SN25(CtoS) SSGLFISPSNK NLKDLGK 93 82 5,93E-08 52         

SN25(CtoS) SN25(CtoS) SSGLFISPSNK IMEKADSNK 93 187 7,75E-05 15 7,03E-06 22     

SN25(CtoS) SN25(CtoS) SSGLFISPSNK NLKDLGK 95 82 5,57E-08 18 6,17E-05 11     

SN25(CtoS) SN25(CtoS) SSGLFISPSNK SSDAYKK 95 105 5,38E-05 3 3,00E-06 3     

SN25(CtoS) SN25(CtoS) SSGLFISPSNK IMEKADSNK 95 187     9,67E-06 3     

SN25(CtoS) SN25(CtoS) SSGLFISPSNKLK EAEKNLK 97 79     4,85E-04 35     

SN25(CtoS) SN25(CtoS) SSGLFISPSNKLK NLKDLGK 97 82 2,78E-08 112 1,65E-06 86     

SN25(CtoS) SN25(CtoS) SSGLFISPSNKLK SSDAYK 97 100 1,00E-06 47 2,68E-07 25     

SN25(CtoS) SN25(CtoS) SSGLFISPSNKLK SSDAYK 97 101 2,31E-04 2         

SN25(CtoS) SN25(CtoS) SSGLFISPSNKLK SSDAYKK 97 105 1,84E-09 77 1,88E-07 61     

SN25(CtoS) SN25(CtoS) SSGLFISPSNKLK IMEKADSNK 97 187 1,72E-07 44 3,62E-05 32     

SN25(CtoS) SN25(CtoS) SSGLFISPSNKLK ADSNKTR 97 192     3,07E-03 15     

SN25(CtoS) SN25(CtoS) LKSSDAYK NLKDLGK 99 82 9,50E-13 73 1,46E-11 56     

SN25(CtoS) SN25(CtoS) LKSSDAYK VTNDAR 99 141     1,43E-06 6     

SN25(CtoS) SN25(CtoS) SSDAYKK NLKDLGK 105 82 9,13E-09 58 4,38E-06 40     

SN25(CtoS) SN25(CtoS) SSDAYKK ADSNKTR 105 192 4,94E-20 46 1,27E-15 5     

SN25(CtoS) SN25(CtoS) KAWGNNQDGVVASQPAR ADQLADESLESTR 106 28     1,25E-02 9     

SN25(CtoS) SN25(CtoS) KAWGNNQDGVVASQPAR MLQLVEESKDAGIR 106 43 2,52E-10 98 1,79E-07 93 1,87E-28 47 

SN25(CtoS) SN25(CtoS) KAWGNNQDGVVASQPAR TLVMLDEQGEQLDR 106 49         4,19E-03 2 

SN25(CtoS) SN25(CtoS) KAWGNNQDGVVASQPAR EAEKNLK 106 79     4,47E-07 24 9,38E-03 7 

SN25(CtoS) SN25(CtoS) KAWGNNQDGVVASQPAR NLKDLGK 106 82 2,05E-10 86 2,08E-08 74 9,60E-13 6 

SN25(CtoS) SN25(CtoS) KAWGNNQDGVVASQPAR DLGKSSGLFISPSNK 106 86 6,32E-09 73 6,22E-11 76 5,36E-19 3 

SN25(CtoS) SN25(CtoS) KAWGNNQDGVVASQPAR SSGLFISPSNK 106 87 6,02E-09 30 8,35E-07 10     

SN25(CtoS) SN25(CtoS) KAWGNNQDGVVASQPAR SSGLFISPSNK 106 88     2,24E-03 5     

SN25(CtoS) SN25(CtoS) KAWGNNQDGVVASQPAR SSGLFISPSNK 106 93 4,91E-08 46 9,26E-06 27     

SN25(CtoS) SN25(CtoS) KAWGNNQDGVVASQPAR SSGLFISPSNK 106 95 6,08E-07 11 1,62E-05 11     
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 replicate 1  replicate 2  replicate 3  

protein 1 protein 2 sequence 1 sequence 2 residue 1 residue 2 score # spectra score # spectra score # spectra 

SN25(CtoS) SN25(CtoS) KAWGNNQDGVVASQPAR SSGLFISPSNKLK 106 97 4,90E-07 88 3,48E-11 78 2,62E-13 5 

SN25(CtoS) SN25(CtoS) KAWGNNQDGVVASQPAR LKSSDAYK 106 99 1,58E-07 84 4,80E-10 77 4,97E-04 19 

SN25(CtoS) SN25(CtoS) KAWGNNQDGVVASQPAR SSDAYK 106 100 3,00E-12 44 4,63E-09 26     

SN25(CtoS) SN25(CtoS) KAWGNNQDGVVASQPAR EQMAISGGFIR 106 133 7,02E-05 10         

SN25(CtoS) SN25(CtoS) KAWGNNQDGVVASQPAR IMEKADSNK 106 187 4,82E-05 43 2,53E-08 25 6,99E-04 6 

SN25(CtoS) SN25(CtoS) KAWGNNQDGVVASQPAR ADSNKTR 106 192         3,32E-06 5 

SN25(CtoS) SN25(CtoS) KAWGNNQDGVVASQPAR ATKMLGSG 106 204     1,98E-08 51     

SN25(CtoS) SN25(CtoS) AWGNNQDGVVASQPAR NLKDLGK 118 82 1,46E-04 16 3,76E-06 7     

SN25(CtoS) SN25(CtoS) AWGNNQDGVVASQPAR LKSSDAYK 118 99 8,81E-07 15 4,06E-05 9     

SN25(CtoS) SN25(CtoS) AWGNNQDGVVASQPAR SSDAYKK 118 105 1,82E-04 7 1,04E-04 7     

SN25(CtoS) SN25(CtoS) EQMAISGGFIR NLKDLGK 133 82     6,90E-03 10     

SN25(CtoS) SN25(CtoS) EQMAISGGFIR SSDAYKK 133 105 4,26E-04 12         

SN25(CtoS) SN25(CtoS) ENEMDENLEQVSGIIGNLR KAWGNNQDGVVASQPAR 157 106         8,51E-11 1 

SN25(CtoS) SN25(CtoS) ENEMDENLEQVSGIIGNLR IMEKADSNK 157 187         7,67E-12 4 

SN25(CtoS) SN25(CtoS) IMEKADSNK EAEKNLK 187 79     1,76E-05 27     

SN25(CtoS) SN25(CtoS) IMEKADSNK NLKDLGK 187 82 1,07E-09 48 2,05E-12 29 1,55E-12 8 

SN25(CtoS) SN25(CtoS) IMEKADSNK LKSSDAYK 187 99 1,02E-07 36 3,06E-14 52     

SN25(CtoS) SN25(CtoS) IMEKADSNK SSDAYKK 187 105 7,33E-07 33 3,07E-10 44     

SN25(CtoS) SN25(CtoS) ADSNKTR NLKDLGK 192 82 1,94E-08 27 3,94E-15 21     

SN25(CtoS) SN25(CtoS) ADSNKTR SSDAYK 192 100 9,37E-11 13         
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Supplementary Table 4. Cross-links identified in Stx(1-262). The protein names, the peptide sequences of the cross-linked peptides and the cross-linked 
residues are given. Cross-linked residues are highlighted (bold) in the peptide sequences. The pLink score and the number of acquired tandem mass spectra are 
given for each cross-link in each replicate. 

  replicate 1  replicate 2  replicate 3  

protein 1 protein 2 sequence 1 sequence 2 residue 1 residue 2 score # spectra score # spectra score # spectra 

homomultimeric cross-links 

Stx(1-262) Stx(1-262) KTQHSTLSR KTQHSTLSR 120 120 6,81E-09 4 5,69E-07 7 6,36E-10 19 

Stx(1-262) Stx(1-262) KFVEVMSEYNATQSDYR KFVEVMSEYNATQSDYR 129 129 1,31E-06 2 3,34E-05 10     

Stx(1-262) Stx(1-262) TAKDSDDDDDVTVTVDR TAKDSDDDDDVTVTVDR 15 15     7,59E-09 21 4,72E-08 42 

Stx(1-262) Stx(1-262) TAKDSDDDDDVTVTVDR DSDDDDDVTVTVDR 15 17         1,23E-04 2 

Stx(1-262) Stx(1-262) HSEIIKLENSIR HSEIIKLENSIR 207 207 3,56E-10 16 1,18E-06 40 1,06E-07 7 

Stx(1-262) Stx(1-262) IEYNVEHAVDYVER IEYNVEHAVDYVER 238 238 2,24E-17 7 1,89E-04 20     

Stx(1-262) Stx(1-262) AVKYQSK AVKYQSK 259 259 7,34E-09 11 1,39E-07 35     

Stx(1-262) Stx(1-262) AVKYQSK YQSKAR 259 263             

Stx(1-262) Stx(1-262) GFIDKIAENVEEVKR GFIDKIAENVEEVK 49 49 7,47E-11 3 1,78E-03 5     

Stx(1-262) Stx(1-262) GFIDKIAENVEEVK IAENVEEVKR 49 58     3,88E-07 26     

Stx(1-262) Stx(1-262) IAENVEEVKR IAENVEEVKR 58 58     1,22E-08 8     

Stx(1-262) Stx(1-262) KHSAILASPNPDEK KHSAILASPNPDEK 60 60 1,29E-14 32 4,16E-09 16 3,29E-15 17 

Stx(1-262) Stx(1-262) HSAILASPNPDEKTK KHSAILASPNPDEK 73 60 2,02E-09 19 5,95E-05 13 5,18E-10 4 

Stx(1-262) Stx(1-262) KHSAILASPNPDEK HSAILASPNPDEK 62 62         4,37E-01 1 

Stx(1-262) Stx(1-262) HSAILASPNPDEKTKEELEELMSDIK TKEELEELMSDIKK 73 75     1,28E-02 4     

Stx(1-262) Stx(1-262) TKEELEELMSDIKK TKEELEELMSDIKK 75 75     2,58E-05 14     

Stx(1-262) Stx(1-262) TKEELEELMSDIKK TKEELEELMSDIKK 75 86 2,83E-16 12 3,36E-06 32     

Stx(1-262) Stx(1-262) TKEELEELMSDIKK TKEELEELMSDIKK 86 86     2,96E-04 20     

Stx(1-262) Stx(1-262) TANKVR TANKVR 91 91 1,38E-14 15 2,43E-08 9     

Stx(1-262) Stx(1-262) LKSIEQSIEQEEGLNR LKSIEQSIEQEEGLNR 97 97 2,98E-14 9 7,72E-09 25 1,27E-07 13 

Stx(1-262) Stx(1-262) LKSIEQSIEQEEGLNR SIEQSIEQEEGLNR 97 98     9,20E-04 1     

Stx(1-262) Stx(1-262) LKSIEQSIEQEEGLNR SIEQSIEQEEGLNR 98 98     1,46E-02 4 5,22E-02 1 

intramolecular cross-links 

Stx(1-262) Stx(1-262) KTQHSTLSR SSADLR 120 112 8,39E-32 18 3,97E-13 48     

Stx(1-262) Stx(1-262) KFVEVMSEYNATQSDYR SSADLR 129 112     1,19E-09 11 2,95E-10 6 

Stx(1-262) Stx(1-262) HSEIIKLENSIR SSADLR 207 112     1,56E-08 20 3,46E-04 12 

Stx(1-262) Stx(1-262) IEYNVEHAVDYVER SSADLR 238 112 2,64E-07 4 3,70E-09 23     
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  replicate 1  replicate 2  replicate 3  

protein 1 protein 2 sequence 1 sequence 2 residue 1 residue 2 score # spectra score # spectra score # spectra 

Stx(1-262) Stx(1-262) AVKYQSK SSADLR 259 112 1,24E-36 8 2,72E-10 12     

Stx(1-262) Stx(1-262) YQSKAR SSADLR 263 112 6,46E-09 4 3,66E-08 9     

Stx(1-262) Stx(1-262) HSEIIKLENSIR SSADLR 207 113 3,45E-05 1         

Stx(1-262) Stx(1-262) IEYNVEHAVDYVER SSADLR 238 113     7,50E-05 3     

Stx(1-262) Stx(1-262) YQSKAR SSADLR 263 113 9,90E-08 1         

Stx(1-262) Stx(1-262) KFVEVMSEYNATQSDYR KTQHSTLSR 129 120     5,18E-10 29     

Stx(1-262) Stx(1-262) 
TTTSEELEDMLESGNPAIFASGIIMDSSISKQ
ALSEIETR 

KTQHSTLSR 192 120     1,92E-03 2 1,81E-03 5 

Stx(1-262) Stx(1-262) KTQHSTLSR QALSEIETR 120 196 2,60E-08 4         

Stx(1-262) Stx(1-262) HSEIIKLENSIR KTQHSTLSR 207 120 7,93E-12 33 6,70E-10 29 6,34E-14 178 

Stx(1-262) Stx(1-262) IEYNVEHAVDYVER KTQHSTLSR 238 120     4,05E-10 10 6,53E-05 16 

Stx(1-262) Stx(1-262) IEYNVEHAVDYVER KTQHSTLSR 246 120     2,12E-03 3     

Stx(1-262) Stx(1-262) KTQHSTLSR AVSDTKK 120 255     2,62E-07 14     

Stx(1-262) Stx(1-262) KTQHSTLSR AVKYQSK 120 259 1,01E-08 8 1,96E-08 11 4,50E-09 5 

Stx(1-262) Stx(1-262) KFVEVMSEYNATQSDYR TQHSTLSR 129 121         2,33E-08 20 

Stx(1-262) Stx(1-262) KTQHSTLSR QALSEIETR 121 196 1,64E-14 3         

Stx(1-262) Stx(1-262) HSEIIKLENSIR TQHSTLSR 207 121         4,95E-03 14 

Stx(1-262) Stx(1-262) IEYNVEHAVDYVER KTQHSTLSR 238 121         8,20E-03 11 

Stx(1-262) Stx(1-262) KTQHSTLSR AVSDTK 121 252 6,60E-03 3         

Stx(1-262) Stx(1-262) TQHSTLSR AVSDTKK 121 255     7,24E-04 5     

Stx(1-262) Stx(1-262) HSEIIKLENSIR TQHSTLSR 207 124 2,07E-04 2     4,23E-03 10 

Stx(1-262) Stx(1-262) TQHSTLSR AVKYQSK 124 259     1,20E-05 3     

Stx(1-262) Stx(1-262) KFVEVMSEYNATQSDYR HSEIIKLENSIR 129 207 1,24E-14 31 8,03E-09 38 1,84E-17 4 

Stx(1-262) Stx(1-262) KFVEVMSEYNATQSDYR IEYNVEHAVDYVER 129 238     1,90E-05 29     

Stx(1-262) Stx(1-262) KFVEVMSEYNATQSDYR AVKYQSK 129 259     2,39E-07 62 3,56E-13 13 

Stx(1-262) Stx(1-262) KFVEVMSEYNATQSDYR YQSKAR 129 263     2,00E-04 39 8,73E-07 18 

Stx(1-262) Stx(1-262) TAKDSDDDDDVTVTVDR SIEQSIEQEEGLNR 15 102         1,26E-05 5 

Stx(1-262) Stx(1-262) TAKDSDDDDDVTVTVDR SSADLR 15 112     4,12E-13 11 9,62E-10 48 

Stx(1-262) Stx(1-262) TAKDSDDDDDVTVTVDR KTQHSTLSR 15 120 1,77E-14 36 1,99E-12 38 3,64E-21 172 

Stx(1-262) Stx(1-262) TAKDSDDDDDVTVTVDR TQHSTLSR 15 121         3,08E-04 7 

Stx(1-262) Stx(1-262) TAKDSDDDDDVTVTVDR TQHSTLSR 15 124         1,20E-02 7 

Stx(1-262) Stx(1-262) TAKDSDDDDDVTVTVDR TQHSTLSR 15 125     1,93E-03 2     
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 replicate 1  replicate 2  replicate 3  

protein 1 protein 2 sequence 1 sequence 2 residue 1 residue 2 score # spectra score # spectra score # spectra 

Stx(1-262) Stx(1-262) TAKDSDDDDDVTVTVDR TQHSTLSR 15 127     6,50E-04 2     

Stx(1-262) Stx(1-262) KFVEVMSEYNATQSDYR TAKDSDDDDDVTVTVDR 129 15 8,85E-17 18 1,09E-10 69 2,58E-16 145 

Stx(1-262) Stx(1-262) TAKDSDDDDDVTVTVDR HSEIIKLENSIR 15 207     1,48E-08 26 1,69E-14 23 

Stx(1-262) Stx(1-262) TAKDSDDDDDVTVTVDR IEYNVEHAVDYVER 15 238     1,59E-06 26 2,08E-11 24 

Stx(1-262) Stx(1-262) TAKDSDDDDDVTVTVDR IEYNVEHAVDYVER 15 246     2,93E-05 18 1,49E-05 7 

Stx(1-262) Stx(1-262) TAKDSDDDDDVTVTVDR AVSDTKK 15 255     7,03E-06 27 5,20E-09 24 

Stx(1-262) Stx(1-262) TAKDSDDDDDVTVTVDR KAVKYQSK 15 256     1,10E-06 2     

Stx(1-262) Stx(1-262) TAKDSDDDDDVTVTVDR AVKYQSK 15 259 7,99E-11 30 4,86E-10 25 1,99E-14 21 

Stx(1-262) Stx(1-262) TAKDSDDDDDVTVTVDR YQSKAR 15 263 6,65E-09 16 1,60E-04 16 3,26E-04 8 

Stx(1-262) Stx(1-262) TAKDSDDDDDVTVTVDRDR GFIDKIAENVEEVKR 15 49 6,83E-14 9 6,18E-11 29 2,17E-07 16 

Stx(1-262) Stx(1-262) TAKDSDDDDDVTVTVDR IAENVEEVKR 15 58     4,58E-09 21 1,63E-09 18 

Stx(1-262) Stx(1-262) TAKDSDDDDDVTVTVDR KHSAILASPNPDEK 15 60 6,08E-12 12 1,31E-11 27 1,01E-21 47 

Stx(1-262) Stx(1-262) TAKDSDDDDDVTVTVDR HSAILASPNPDEK 15 62         4,57E-03 1 

Stx(1-262) Stx(1-262) TAKDSDDDDDVTVTVDR HSAILASPNPDEKTK 15 73 4,07E-09 9 1,27E-06 13 6,52E-14 6 

Stx(1-262) Stx(1-262) TAKDSDDDDDVTVTVDR TKEELEELMSDIK 15 75 8,86E-14 16 5,15E-05 22 1,09E-06 6 

Stx(1-262) Stx(1-262) TAKDSDDDDDVTVTVDR TKEELEELMSDIKK 15 86 5,36E-19 31 1,11E-07 47 3,43E-13 10 

Stx(1-262) Stx(1-262) TAKDSDDDDDVTVTVDR TANKVR 15 91     3,41E-07 35 1,99E-07 49 

Stx(1-262) Stx(1-262) TAKDSDDDDDVTVTVDR LKSIEQSIEQEEGLNR 15 97 1,12E-08 9 6,13E-11 45 1,35E-16 36 

Stx(1-262) Stx(1-262) TAKDSDDDDDVTVTVDR SIEQSIEQEEGLNR 15 98     1,94E-03 3 1,15E-08 6 

Stx(1-262) Stx(1-262) TTTSEELEDMLESGNPAIFASGIIMDSSISK HSEIIKLENSIR 164 207     3,26E-03 1     

Stx(1-262) Stx(1-262) DSDDDDDVTVTVDR KTQHSTLSR 17 120     3,33E-04 5     

Stx(1-262) Stx(1-262) DSDDDDDVTVTVDR KTQHSTLSR 17 121 1,23E-08 3         

Stx(1-262) Stx(1-262) KFVEVMSEYNATQSDYR DSDDDDDVTVTVDR 129 17     4,45E-03 5     

Stx(1-262) Stx(1-262) DSDDDDDVTVTVDR AVKYQSK 17 259     3,07E-04 4     

Stx(1-262) Stx(1-262) DSDDDDDVTVTVDR KHSAILASPNPDEK 17 60     1,02E-03 4     

Stx(1-262) Stx(1-262) DSDDDDDVTVTVDR TANKVR 17 91     4,84E-04 6     

Stx(1-262) Stx(1-262) 
TTTSEELEDMLESGNPAIFASGIIMDSSISKQ
ALSEIETR 

AVKYQSK 192 259     4,06E-03 4     

Stx(1-262) Stx(1-262) HSEIIKLENSIR QALSEIETR 207 196     4,94E-06 16 2,06E-02 7 

Stx(1-262) Stx(1-262) QALSEIETR AVKYQSK 196 259 8,28E-08 2         

Stx(1-262) Stx(1-262) IEYNVEHAVDYVER HSEIIKLENSIR 238 207 3,28E-16 16 2,65E-06 16 6,10E-04 6 

Stx(1-262) Stx(1-262) HSEIIKLENSIR AVSDTKK 207 255         4,08E-08 68 
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 replicate 1 replicate 2 replicate 3 

protein 1 protein 2 sequence 1 sequence 2 residue 1 residue 2 score # spectra score # spectra score # spectra 

Stx(1-262) Stx(1-262) HSEIIKLENSIR AVKYQSK 207 259 2,44E-07 11 2,76E-07 17 6,03E-12 11 

Stx(1-262) Stx(1-262) HSEIIKLENSIR YQSKAR 207 263         3,87E-05 16 

Stx(1-262) Stx(1-262) IEYNVEHAVDYVER AVSDTK 238 252     5,99E-04 12 5,84E-03 10 

Stx(1-262) Stx(1-262) IEYNVEHAVDYVER AVSDTKK 238 255     1,75E-09 26     

Stx(1-262) Stx(1-262) IEYNVEHAVDYVER AVKYQSK 238 259 5,93E-11 8 3,84E-10 31 2,11E-03 10 

Stx(1-262) Stx(1-262) IEYNVEHAVDYVER YQSKAR 238 262 8,29E-03 5         

Stx(1-262) Stx(1-262) IEYNVEHAVDYVER YQSKAR 238 263     6,75E-06 11     

Stx(1-262) Stx(1-262) IEYNVEHAVDYVER AVKYQSK 246 259 7,49E-08 5 1,54E-08 22     

Stx(1-262) Stx(1-262) DSDDDDDVTVTVDR AVKYQSK 24 259     4,62E-05 2     

Stx(1-262) Stx(1-262) AVSDTKK YQSKAR 255 263 4,48E-19 31 3,81E-09 33 4,04E-06 7 

Stx(1-262) Stx(1-262) GFIDKIAENVEEVKR KTQHSTLSR 49 120     6,52E-10 43 9,46E-16 20 

Stx(1-262) Stx(1-262) KFVEVMSEYNATQSDYR GFIDKIAENVEEVK 129 49 3,96E-13 7 1,53E-05 27     

Stx(1-262) Stx(1-262) GFIDKIAENVEEVK HSEIIKLENSIR 49 207 4,44E-15 19 4,13E-08 22 9,08E-15 3 

Stx(1-262) Stx(1-262) GFIDKIAENVEEVKR IEYNVEHAVDYVER 49 238 1,32E-13 5 1,07E-05 17     

Stx(1-262) Stx(1-262) GFIDKIAENVEEVK AVKYQSK 49 259 1,72E-11 24 3,32E-08 43 7,17E-13 2 

Stx(1-262) Stx(1-262) GFIDKIAENVEEVK YQSKAR 49 263 5,54E-09 29 6,63E-07 50 9,76E-08 7 

Stx(1-262) Stx(1-262) GFIDKIAENVEEVKR KHSAILASPNPDEK 49 60 5,77E-17 20 6,70E-12 54 3,80E-22 28 

Stx(1-262) Stx(1-262) HSAILASPNPDEKTK GFIDKIAENVEEVK 73 49 2,19E-12 9 2,32E-03 10     

Stx(1-262) Stx(1-262) GFIDKIAENVEEVKR TKEELEELMSDIKK 49 75 8,62E-19 7 2,30E-06 9     

Stx(1-262) Stx(1-262) GFIDKIAENVEEVKR TKEELEELMSDIKK 49 86 7,58E-15 11 4,02E-08 22     

Stx(1-262) Stx(1-262) GFIDKIAENVEEVKR TANKVR 49 91 6,59E-18 77 9,39E-07 268 2,51E-11 101 

Stx(1-262) Stx(1-262) LKSIEQSIEQEEGLNR GFIDKIAENVEEVKR 97 49 2,58E-17 12 1,87E-07 23 7,45E-06 6 

Stx(1-262) Stx(1-262) IAENVEEVKR KTQHSTLSR 58 120 4,21E-11 14 1,40E-11 20 7,92E-12 35 

Stx(1-262) Stx(1-262) KFVEVMSEYNATQSDYR IAENVEEVKR 129 58     5,98E-09 104 2,83E-17 221 

Stx(1-262) Stx(1-262) HSEIIKLENSIR IAENVEEVKR 207 58     2,62E-11 15     

Stx(1-262) Stx(1-262) IEYNVEHAVDYVER IAENVEEVKR 238 58     7,81E-07 27     

Stx(1-262) Stx(1-262) IAENVEEVKR AVKYQSK 58 259 4,98E-11 10 1,06E-09 17     

Stx(1-262) Stx(1-262) KHSAILASPNPDEK IAENVEEVKR 60 58     9,01E-08 10     

Stx(1-262) Stx(1-262) TKEELEELMSDIK IAENVEEVKR 75 58 1,94E-14 22 5,71E-06 23     

Stx(1-262) Stx(1-262) LKSIEQSIEQEEGLNR IAENVEEVKR 97 58     4,64E-06 25 4,66E-08 8 

Stx(1-262) Stx(1-262) TAKDSDDDDDVTVTVDR GSHMKDR 15 5         1,49E-09 85 

Stx(1-262) Stx(1-262) KHSAILASPNPDEK SSADLR 60 112 3,39E-25 11 3,20E-09 10 2,56E-04 3 
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 replicate 1 replicate 2 replicate 3 

protein 1 protein 2 sequence 1 sequence 2 residue 1 residue 2 score # spectra score # spectra score # spectra 

Stx(1-262) Stx(1-262) KHSAILASPNPDEK KTQHSTLSR 60 120 2,36E-12 15 4,32E-13 31 9,09E-23 50 

Stx(1-262) Stx(1-262) KFVEVMSEYNATQSDYR KHSAILASPNPDEK 129 60     4,70E-08 43 7,18E-20 13 

Stx(1-262) Stx(1-262) 
TTTSEELEDMLESGNPAIFASGIIMDSSISKQ
ALSEIETR 

KHSAILASPNPDEK 192 60 3,31E-08 3 9,47E-03 2     

Stx(1-262) Stx(1-262) KHSAILASPNPDEK HSEIIKLENSIR 60 207     4,85E-10 20 1,28E-13 25 

Stx(1-262) Stx(1-262) IEYNVEHAVDYVER KHSAILASPNPDEK 238 60     3,99E-06 6     

Stx(1-262) Stx(1-262) KHSAILASPNPDEK AVSDTKK 60 255 9,33E-05 20 5,70E-06 20 5,30E-08 18 

Stx(1-262) Stx(1-262) KHSAILASPNPDEK AVKYQSK 60 259 4,60E-12 27 1,14E-07 37 4,81E-12 9 

Stx(1-262) Stx(1-262) KHSAILASPNPDEK YQSKAR 60 263 7,23E-08 20 4,95E-05 20     

Stx(1-262) Stx(1-262) KHSAILASPNPDEK TKEELEELMSDIK 60 75         1,28E-17 17 

Stx(1-262) Stx(1-262) TKEELEELMSDIKK KHSAILASPNPDEK 86 60     2,28E-08 59     

Stx(1-262) Stx(1-262) KHSAILASPNPDEK TANKVR 60 91 4,56E-10 37     1,79E-08 23 

Stx(1-262) Stx(1-262) SKLKSIEQSIEQEEGLNR RKHSAILASPNPDEK 95 60     5,05E-04 17     

Stx(1-262) Stx(1-262) LKSIEQSIEQEEGLNR KHSAILASPNPDEK 97 60     2,84E-11 52 1,53E-16 20 

Stx(1-262) Stx(1-262) LKSIEQSIEQEEGLNR HSAILASPNPDEK 98 62     1,45E-04 2     

Stx(1-262) Stx(1-262) HSAILASPNPDEK KTQHSTLSR 67 120     1,66E-05 2     

Stx(1-262) Stx(1-262) HSAILASPNPDEKTK KTQHSTLSR 73 120 1,23E-09 10 2,69E-08 17 1,91E-04 4 

Stx(1-262) Stx(1-262) HSAILASPNPDEKTKEELEELMSDIK KFVEVMSEYNATQSDYR 73 129     2,85E-03 19     

Stx(1-262) Stx(1-262) HSAILASPNPDEKTK HSEIIKLENSIR 73 207     3,10E-05 14     

Stx(1-262) Stx(1-262) HSAILASPNPDEKTK AVKYQSK 73 259 2,61E-09 14 7,81E-05 21     

Stx(1-262) Stx(1-262) HSAILASPNPDEKTK TANKVR 73 91     1,17E-02 38     

Stx(1-262) Stx(1-262) HSAILASPNPDEKTKEELEELMSDIK LKSIEQSIEQEEGLNR 73 97 2,52E-09 2 6,75E-07 20     

Stx(1-262) Stx(1-262) IEYNVEHAVDYVER TKEELEELMSDIK 238 74     1,31E-06 22     

Stx(1-262) Stx(1-262) IEYNVEHAVDYVER TKEELEELMSDIK 246 74     3,74E-05 10     

Stx(1-262) Stx(1-262) KFVEVMSEYNATQSDYR TKEELEELMSDIK 129 75     1,62E-06 21     

Stx(1-262) Stx(1-262) TKEELEELMSDIK HSEIIKLENSIR 75 207 3,17E-17 24 2,93E-10 73 3,18E-18 26 

Stx(1-262) Stx(1-262) IEYNVEHAVDYVER TKEELEELMSDIKK 238 75     6,94E-06 22     

Stx(1-262) Stx(1-262) TKEELEELMSDIK AVKYQSK 75 259 1,08E-12 17 4,99E-08 65     

Stx(1-262) Stx(1-262) TKEELEELMSDIK YQSKAR 75 263 2,31E-06 11 1,45E-06 57     

Stx(1-262) Stx(1-262) TKEELEELMSDIK TANKVR 75 91 7,34E-07 9 4,21E-05 69     

Stx(1-262) Stx(1-262) LKSIEQSIEQEEGLNR TKEELEELMSDIK 97 75 7,61E-19 10 1,30E-08 26     

Stx(1-262) Stx(1-262) TKEELEELMSDIKK KTQHSTLSR 86 120     2,94E-10 47     
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 replicate 1 replicate 2 replicate 3 

protein 1 protein 2 sequence 1 sequence 2 residue 1 residue 2 score # spectra score # spectra score # spectra 

Stx(1-262) Stx(1-262) KFVEVMSEYNATQSDYR TKEELEELMSDIKK 129 86 6,12E-15 10 2,15E-05 35     

Stx(1-262) Stx(1-262) EELEELMSDIKK HSEIIKLENSIR 86 207 2,95E-15 23 2,71E-08 69 4,65E-15 13 

Stx(1-262) Stx(1-262) TKEELEELMSDIKK LENSIR 86 211         9,36E-02 3 

Stx(1-262) Stx(1-262) IEYNVEHAVDYVER TKEELEELMSDIKK 238 86 2,11E-16 4 3,34E-05 24     

Stx(1-262) Stx(1-262) IEYNVEHAVDYVER TKEELEELMSDIKK 246 86     8,06E-05 6     

Stx(1-262) Stx(1-262) TKEELEELMSDIKK AVKYQSK 86 259     9,59E-07 40     

Stx(1-262) Stx(1-262) TKEELEELMSDIKK TANKVR 86 88 3,51E-29 14         

Stx(1-262) Stx(1-262) TKEELEELMSDIKK TANKVR 86 91         2,68E-09 68 

Stx(1-262) Stx(1-262) LKSIEQSIEQEEGLNR TKEELEELMSDIKK 97 86 7,73E-19 13 3,24E-09 53 1,34E-15 6 

Stx(1-262) Stx(1-262) TANKVR SSADLR 91 112 1,11E-16 3         

Stx(1-262) Stx(1-262) KTQHSTLSR TANKVR 120 91 3,22E-12 23 7,19E-04 13     

Stx(1-262) Stx(1-262) KFVEVMSEYNATQSDYR TANKVR 129 91     2,68E-04 47     

Stx(1-262) Stx(1-262) HSEIIKLENSIR TANKVR 207 91 5,50E-07 15 2,09E-04 19 2,04E-07 59 

Stx(1-262) Stx(1-262) IEYNVEHAVDYVER TANKVR 238 91     9,48E-05 27 6,25E-03 15 

Stx(1-262) Stx(1-262) AVSDTKK TANKVR 255 91 4,47E-20 16 7,26E-06 12     

Stx(1-262) Stx(1-262) AVKYQSK TANKVR 259 91 7,69E-16 20 2,99E-10 30     

Stx(1-262) Stx(1-262) YQSKAR TANKVR 263 91 1,29E-12 21 1,31E-07 13     

Stx(1-262) Stx(1-262) LKSIEQSIEQEEGLNR TANKVR 97 91 8,22E-10 13 1,46E-05 55 9,75E-07 17 

Stx(1-262) Stx(1-262) SIEQSIEQEEGLNR TANKVR 98 91 1,18E-08 4         

Stx(1-262) Stx(1-262) LKSIEQSIEQEEGLNR SSADLR 97 112     7,62E-07 5     

Stx(1-262) Stx(1-262) LKSIEQSIEQEEGLNR KTQHSTLSR 97 120     3,21E-12 40 4,59E-22 113 

Stx(1-262) Stx(1-262) LKSIEQSIEQEEGLNR TQHSTLSR 97 121     3,62E-10 10 7,77E-09 24 

Stx(1-262) Stx(1-262) LKSIEQSIEQEEGLNR TQHSTLSR 97 125         1,39E-02 12 

Stx(1-262) Stx(1-262) KFVEVMSEYNATQSDYR LKSIEQSIEQEEGLNR 129 97 1,45E-18 14 1,57E-10 62 2,95E-07 5 

Stx(1-262) Stx(1-262) LKSIEQSIEQEEGLNR HSEIIKLENSIR 97 207 4,63E-15 45 1,22E-08 39 6,95E-17 46 

Stx(1-262) Stx(1-262) LKSIEQSIEQEEGLNR IEYNVEHAVDYVER 97 238 1,80E-36 13 1,36E-08 27 3,33E-08 17 

Stx(1-262) Stx(1-262) LKSIEQSIEQEEGLNR IEYNVEHAVDYVER 97 246     1,13E-08 9 1,97E-08 6 

Stx(1-262) Stx(1-262) LKSIEQSIEQEEGLNR AVKYQSK 97 259 5,10E-07 5 3,83E-07 39 4,32E-11 12 

Stx(1-262) Stx(1-262) LKSIEQSIEQEEGLNR YQSKAR 97 263 1,08E-05 7         

Stx(1-262) Stx(1-262) SIEQSIEQEEGLNR KTQHSTLSR 98 120     1,72E-04 4 8,24E-04 4 

Stx(1-262) Stx(1-262) TTTSEELEDMLESGNPAIFASGIIMDSSISK LKSIEQSIEQEEGLNR 174 98 9,26E-05 1         

Stx(1-262) Stx(1-262) SIEQSIEQEEGLNR HSEIIKLENSIR 98 207     2,84E-06 5     
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 replicate 1 replicate 2 replicate 3 

protein 1 protein 2 sequence 1 sequence 2 residue 1 residue 2 score # spectra score # spectra score # spectra 

Stx(1-262) Stx(1-262) SIEQSIEQEEGLNR AVKYQSK 98 259     5,38E-05 4     
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Supplementary Table 5. Cross-links identified in Cpx1. The protein names, the peptide sequences of the cross-linked peptides and the cross-linked residues 
are given. Cross-linked residues are highlighted (bold) in the peptide sequences. The pLink score and the number of acquired tandem mass spectra are given for 
each cross-link in each replicate. 

  replicate 1  replicate 2  replicate 3  

protein 1 protein 2 sequence 1 sequence 2 residue 1 residue 2 score # spectra score # spectra score # spectra 

homomultimeric cross-links 

Cpx1 Cpx1 DKYGIK DKYGIK 72 72 1.26E-03 8 1.28E-06 23 1.59E-10 28 

Cpx1 Cpx1 DKYGIKK DKYGIK 76 72 1.77E-01 2         

Cpx1 Cpx1 DMGKMLGGDEEKDPDAAK DMGKMLGGDEEKDPDAAK 21 21 5.50E-04 5         

Cpx1 Cpx1 GSHMEFVMK GSHMEFVMK 1 1 1.66E-06 20         

Cpx1 Cpx1 KEEREAEAQAAMEANSEGSLTRPK YGIKKKEER 78 78     4.83E-01 2     

Cpx1 Cpx1 MLGGDEEKDPDAAK MLGGDEEKDPDAAK 29 29 2.94E-07 12         

Cpx1 Cpx1 MLGGDEEKDPDAAKK MLGGDEEKDPDAAKK 35 35 7.14E-06 2         

Cpx1 Cpx1 QALGGATKDMGK QALGGATKDMGK 17 17 7.06E-03 2         

Cpx1 Cpx1 QALGGATKDMGKMLGGDEEKDPDAAK 
QALGGATKDMGKMLGGDE
EKDPDAAK 

17 21 4.73E-03 21 1.68E-03 12     

Cpx1 Cpx1 YAKMEAER YAKMEAER 57 57 5.33E-05 36     1.32E-06 16 

Cpx1 Cpx1 YGIKKKEER DKYGIK 77 72 2.49E-01 5         

intramolecular cross-links 

Cpx1 Cpx1 
AIPPGCGDEPEEEDESILDTVIKYLPGPL
QDMFK 

DKYGIK 125 72 4.28E-02 1         

Cpx1 Cpx1 DKYGIK KAKYAK 72 54 2.66E-03 3 8.97E-04 5     

Cpx1 Cpx1 DMGKMLGGDEEK DPDAAKK 21 35 1.30E-03 37         

Cpx1 Cpx1 DMGKMLGGDEEKDPDAAK DKYGIK 21 72 9.49E-06 25 2.31E-06 7 2.09E-05 5 

Cpx1 Cpx1 DMGKMLGGDEEKDPDAAK GSHMEFVMK 21 1 3.12E-12 121         

Cpx1 Cpx1 DMGKMLGGDEEKDPDAAK GSHMEFVMKQALGGATK 21 9 1.45E-08 27         

Cpx1 Cpx1 DMGKMLGGDEEKDPDAAK KEEERQEALR 21 36 5.59E-03 11         

Cpx1 Cpx1 DMGKMLGGDEEKDPDAAK YAKMEAER 21 57 8.36E-06 12         

Cpx1 Cpx1 EAEAQAAMEANSEGSLTR AKYAKMEAER 93 54 4.27E-02 4 4.27E-02 4     

Cpx1 Cpx1 EAEAQAAMEANSEGSLTRPK KAKYAK 98 54 7.50E-03 4 7.50E-03 4 1.70E-04 2 

Cpx1 Cpx1 EAEAQAAMEANSEGSLTRPKK DKYGIK 101 72 1.12E-04 14 1.68E-04 20 3.77E-05 10 

Cpx1 Cpx1 EAEAQAAMEANSEGSLTRPKK DKYGIKK 101 76 1.51E-02 7 3.70E-03 4     

Cpx1 Cpx1 EAEAQAAMEANSEGSLTRPKK GSHMEFVMK 101 1 4.04E-03 3         

Cpx1 Cpx1 GSHMEFVMK DKYGIK 1 72 4.60E-08 41 1.09E-07 16 1.27E-11 15 
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 replicate 1 replicate 2 replicate 3 

protein 1 protein 2 sequence 1 sequence 2 residue 1 residue 2 score # spectra score # spectra score # spectra 

Cpx1 Cpx1 GSHMEFVMK YAKMEAER 1 57 5.57E-07 22 2.41E-09 9     

Cpx1 Cpx1 GSHMEFVMKQALGGATK AKYAKMEAER 9 57 3.15E-03 5 8.29E-02 2     

Cpx1 Cpx1 GSHMEFVMKQALGGATK DKYGIK 9 72 1.42E-04 4         

Cpx1 Cpx1 GSHMEFVMKQALGGATK MLGGDEEKDPDAAK 9 29 9.40E-05 13         

Cpx1 Cpx1 KAIPPGCGDEPEEEDESILDTVIK DKYGIK 102 72 5.46E-07 107 5.01E-10 124 2.12E-09 33 

Cpx1 Cpx1 KAIPPGCGDEPEEEDESILDTVIK DKYGIKK 102 76 5.26E-05 42         

Cpx1 Cpx1 KAIPPGCGDEPEEEDESILDTVIK DMGKMLGGDEEKDPDAAK 102 21 6.67E-09 21         

Cpx1 Cpx1 KAIPPGCGDEPEEEDESILDTVIK EAEAQAAMEANSEGSLTR 102 93         2.47E-12 2 

Cpx1 Cpx1 KAIPPGCGDEPEEEDESILDTVIK GSHMEFVMK 102 1 4.93E-10 31 2.22E-06 7     

Cpx1 Cpx1 KAIPPGCGDEPEEEDESILDTVIK KAKYAK 102 54     4.70E-03 32     

Cpx1 Cpx1 KAIPPGCGDEPEEEDESILDTVIK MLGGDEEKDPDAAK 102 29 2.06E-06 35 6.58E-12 33 1.13E-04 20 

Cpx1 Cpx1 KAIPPGCGDEPEEEDESILDTVIK MLGGDEEKDPDAAKK 102 35 4.97E-06 32         

Cpx1 Cpx1 KAIPPGCGDEPEEEDESILDTVIK QALGGATKDMGK 102 17 3.17E-05 45 6.15E-06 23 1.55E-02 13 

Cpx1 Cpx1 KAIPPGCGDEPEEEDESILDTVIK YAKMEAER 102 57 4.96E-08 76 1.84E-11 36 5.15E-07 25 

Cpx1 Cpx1 KEEERQEALR DKYGIK 36 72 3.34E-02 1         

Cpx1 Cpx1 KEEERQEALR GSHMEFVMK 36 1 1.27E-06 7         

Cpx1 Cpx1 KEEREAEAQAAMEANSEGSLTRPK DKYGIK 78 72 1.74E-02 19         

Cpx1 Cpx1 KEEREAEAQAAMEANSEGSLTRPK KAKYAK 78 54 2.40E-02 2         

Cpx1 Cpx1 KEEREAEAQAAMEANSEGSLTRPK QGIRDKYGIKK 78 76 2.23E-06 79         

Cpx1 Cpx1 KEEREAEAQAAMEANSEGSLTRPK YAKMEAER 78 57 1.14E-03 1         

Cpx1 Cpx1 MLGGDEEKDPDAAK DKYGIK 29 72 2.89E-04 14 2.53E-06 20 2.29E-08 15 

Cpx1 Cpx1 MLGGDEEKDPDAAK GSHMEFVMK 29 1 1.24E-08 97 7.67E-07 21     

Cpx1 Cpx1 MLGGDEEKDPDAAK KAKYAK 29 54 4.08E-02 12 3.07E-01 6     

Cpx1 Cpx1 MLGGDEEKDPDAAK KEEERQEALR 29 36     3.76E-04 14     

Cpx1 Cpx1 MLGGDEEKDPDAAK YAKMEAER 29 57 2.22E-04 9 7.12E-05 7 4.57E-05 4 

Cpx1 Cpx1 MLGGDEEKDPDAAKK DKYGIK 35 72 9.12E-05 4         

Cpx1 Cpx1 MLGGDEEKDPDAAKK GSHMEFVMK 35 1 3.41E-07 17         

Cpx1 Cpx1 MLGGDEEKDPDAAKK QALGGATKDMGK 35 17 4.18E-02 14 2.47E-02 7     

Cpx1 Cpx1 MLGGDEEKDPDAAKK YAKMEAER 35 57 4.52E-04 8 1.34E-04 3     

Cpx1 Cpx1 MLGGDEEKDPDAAKKEEER QALGGATKDMGK 29 17 8.72E-05 37 2.95E-04 25     

Cpx1 Cpx1 PKKAIPPGCGDEPEEEDESILDTVIK KAKYAKMEAER 101 54 1.59E-04 70 1.14E-05 67     

Cpx1 Cpx1 PKKAIPPGCGDEPEEEDESILDTVIK YAKMEAER 101 57 3.98E-04 33         
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 replicate 1 replicate 2 replicate 3 

protein 1 protein 2 sequence 1 sequence 2 residue 1 residue 2 score # spectra score # spectra score # spectra 

Cpx1 Cpx1 QALGGATKDMGK DKYGIK 17 72 8.43E-03 6 5.22E-06 8 3.85E-09 16 

Cpx1 Cpx1 QALGGATKDMGK DKYGIKK 17 76 5.97E-02 2         

Cpx1 Cpx1 QALGGATKDMGK GSHMEFVMK 17 1 4.63E-06 62 2.80E-05 16 4.11E-07 6 

Cpx1 Cpx1 QALGGATKDMGK KAKYAK 17 54 7.67E-01 1         

Cpx1 Cpx1 QALGGATKDMGK YAKMEAER 17 57 7.42E-05 8 8.24E-03 4     

Cpx1 Cpx1 YAKMEAER DKYGIK 57 72 2.71E-03 46 3.95E-07 43 2.79E-16 89 

Cpx1 Cpx1 YAKMEAER DKYGIKK 57 76 2.27E-03 5 1.01E-05 8 1.30E-07 4 

Cpx1 Cpx1 YLPGPLQDMFK DKYGIK 126 72 2.51E-07 8 2.51E-07 8     

Cpx1 Cpx1 YLPGPLQDMFK KAKYAK 126 54 1.93E-04 18 1.93E-04 18     

Cpx1 Cpx1 YLPGPLQDMFKK DKYGIK 137 72 2.30E-05 33 1.76E-07 23 5.39E-07 6 

Cpx1 Cpx1 YLPGPLQDMFK GSHMEFVMK 126 1 2.58E-06 1 2.58E-06 1     
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Supplementary Table 6. Cross-links identified in SNARE:Cpx1 complex. The protein names, the peptide sequences of the cross-linked peptides and the cross-
linked residues are given. Cross-linked residues are highlighted (bold) in the peptide sequences. The pLink score and the number of acquired tandem mass spectra 
are given for each cross-link in each replicate. 

 replicate 1 replicate 2 replicate 3 

protein 1 protein 2 sequence 1 sequence 2 residue 1 residue 2 score # spectra score # spectra score # spectra 

homomultimeric cross-links 

Cpx1 Cpx1 GSHMEFVMK GSHMEFVMK 1 1 2.71E-04 9         

Cpx1 Cpx1 DMGKMLGGDEEKDPDAAKK DPDAAKK 21 35 2.52E-01 10         

Cpx1 Cpx1 YAKMEAER YAKMEAER 57 57     4.93E-01 3     

Cpx1 Cpx1 DKYGIK DKYGIK 72 72         2.42E-07 4 

SN25(CtoS) SN25(CtoS) DLGKSSGLFISPSNK NLKDLGK 86 82     7.02E-02 1     

SN25(CtoS) SN25(CtoS) KAWGNNQDGVVASQPAR KAWGNNQDGVVASQPAR 106 106 1.34E-03 4         

SN25(CtoS) SN25(CtoS) IMEKADSNK ADSNKTR 187 192     3.37E-02 1     

Stx(1-262) Stx(1-262) HSAILASPNPDEKTK KHSAILASPNPDEK 73 60 1.32E-03 7 5.47E-04 3 1.84E-02 1 

Stx(1-262) Stx(1-262) LKSIEQSIEQEEGLNR LKSIEQSIEQEEGLNR 97 97 1.45E-03 14 1.24E-03 6 1.69E-05 3 

Stx(1-262) Stx(1-262) KHSAILASPNPDEK KHSAILASPNPDEK 60 60 8.70E-11 12 3.03E-05 5     

Stx(1-262) Stx(1-262) KTQHSTLSR KTQHSTLSR 120 120 1.80E-04 15 2.66E-04 9     

Stx(1-262) Stx(1-262) TAKDSDDDDDVTVTVDR TAKDSDDDDDVTVTVDR 15 15 6.10E-05 33         

Stx(1-262) Stx(1-262) TAKDSDDDDDVTVTVDR DSDDDDDVTVTVDR 15 17 1.70E-03 4         

Stx(1-262) Stx(1-262) TAKDSDDDDDVTVTVDR DSDDDDDVTVTVDR 17 17 9.26E-04 2         

Stx(1-262) Stx(1-262) TKEELEELMSDIKKTANK TANKVR 87 91     7.73E-01 1     

Stx(1-262) Stx(1-262) KFVEVMSEYNATQSDYR KFVEVMSEYNATQSDYR 129 129 1.67E-05 11         

Syb(1-96) Syb(1-96) VNVDKVLER VNVDKVLER 55 55 4.48E-04 23 2.77E-02 11 1.11E-05 7 

Syb(1-96) Syb(1-96) DQKLSELDDR DQKLSELDDR 62 62 1.71E-03 22 4.45E-06 11 6.60E-09 7 

Syb(1-96) Syb(1-96) ADALQAGASQFETSAAKLKR RKYWWK 86 90 3.69E-04 28 2.42E-06 39 8.47E-05 5 

Syb(1-96) Syb(1-96) 
GSHMSATAATVPPAAPAGEGGP
PAPPPNLTSNR 

GSHMSATAATVPPAAPAGEGG
PPAPPPNLTSNR 

1 1 1.26E-09 21         

Syb(1-96) Syb(1-96) ADALQAGASQFETSAAKLK ADALQAGASQFETSAAKLK 86 86     2.32E-02 5     

intermolecular cross-links 

Cpx1 SN25(CtoS) QALGGATKDMGK NLKDLGK 17 82 3.30E-01 4 9.84E-05 8 2.16E-05 4 

Cpx1 SN25(CtoS) QALGGATKDMGK LKSSDAYK 17 99 1.26E-03 7 5.21E-05 7 4.66E-04 5 

Cpx1 SN25(CtoS) MLGGDEEKDPDAAK NLKDLGK 29 82 2.83E-02 3 7.32E-03 6     

Cpx1 SN25(CtoS) YAKMEAER NLKDLGK 57 82     7.14E-05 4 3.61E-09 6 

Cpx1 SN25(CtoS) YAKMEAER LKSSDAYK 57 99 4.06E-03 4 2.04E-04 5     
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 replicate 1 replicate 2 replicate 3 

protein 1 protein 2 sequence 1 sequence 2 residue 1 residue 2 score # spectra score # spectra score # spectra 

Cpx1 SN25(CtoS) YAKMEAER SSDAYKK 57 105 4.89E-03 7 1.72E-08 7     

Cpx1 SN25(CtoS) EAEAQAAMEANSEGSLTRPKK SSDAYKK 101 105 8.21E-04 7 2.70E-03 5     

Cpx1 SN25(CtoS) QALGGATKDMGK SSDAYKK 17 105 1.12E-02 5         

Cpx1 SN25(CtoS) DMGKMLGGDEEKDPDAAK KAWGNNQDGVVASQPAR 21 106     1.04E-04 6     

Cpx1 SN25(CtoS) MLGGDEEKDPDAAK LKSSDAYK 29 99     5.09E-03 3     

Cpx1 SN25(CtoS) EAEAQAAMEANSEGSLTRPKK KAWGNNQDGVVASQPAR 101 106 1.25E-01 3         

Cpx1 SN25(CtoS) KAIPPGCGDEPEEEDESILDTVIK KAWGNNQDGVVASQPAR 102 106 7.67E-23 30         

Cpx1 Stx(1-262) QALGGATKDMGK TANKVR 17 91 9.23E-02 6 2.27E-03 5 7.87E-02 3 

Cpx1 Stx(1-262) QALGGATKDMGK KTQHSTLSR 17 120 1.32E-05 10 6.73E-06 9 6.12E-06 8 

Cpx1 Stx(1-262) MLGGDEEKDPDAAK KTQHSTLSR 29 120 4.90E-05 28 7.81E-08 25 4.00E-07 6 

Cpx1 Stx(1-262) MLGGDEEKDPDAAK AVKYQSK 29 259 3.60E-03 22 1.27E-06 18 5.75E-04 8 

Cpx1 Stx(1-262) YAKMEAER AVKYQSK 57 259 1.02E-02 3 1.68E-09 6 2.10E-03 2 

Cpx1 Stx(1-262) KAIPPGCGDEPEEEDESILDTVIK LKSIEQSIEQEEGLNR 102 97 1.13E-05 2 4.48E-05 1 8.70E-03 1 

Cpx1 Stx(1-262) GSHMEFVMK YQSKAR 1 263 2.44E-06 12     6.52E-15 13 

Cpx1 Stx(1-262) QALGGATKDMGK YQSKAR 17 263 4.99E-02 6     1.06E-01 5 

Cpx1 Stx(1-262) DMGKMLGGDEEKDPDAAK TAKDSDDDDDVTVTVDR 21 15 1.58E-05 10 2.50E-05 4     

Cpx1 Stx(1-262) DMGKMLGGDEEKDPDAAK KHSAILASPNPDEK 21 60 1.19E-02 4 5.39E-06 3     

Cpx1 Stx(1-262) DMGKMLGGDEEKDPDAAK KTQHSTLSR 21 120 8.81E-06 8 6.22E-07 10     

Cpx1 Stx(1-262) MLGGDEEKDPDAAK YQSKAR 29 263 3.77E-03 9     2.44E-03 8 

Cpx1 Stx(1-262) YAKMEAER TANKVR 57 91 1.71E-02 9 5.07E-10 8     

Cpx1 Stx(1-262) YAKMEAER YQSKAR 57 263 6.54E-02 4     6.72E-02 4 

Cpx1 Stx(1-262) KAIPPGCGDEPEEEDESILDTVIK KTQHSTLSR 102 120 6.06E-19 23 2.45E-07 16     

Cpx1 Stx(1-262) GSHMEFVMK KTQHSTLSR 1 120 1.11E-06 10         

Cpx1 Stx(1-262) GSHMEFVMK AVKYQSK 1 259 2.08E-05 12         

Cpx1 Stx(1-262) QALGGATKDMGK AVKYQSK 17 259     8.56E-04 7     

Cpx1 Stx(1-262) DMGKMLGGDEEKDPDAAK YQSKAR 21 263 7.56E-03 8         

Cpx1 Stx(1-262) YAKMEAER AVSDTKK 57 255         2.86E-02 3 

Cpx1 Stx(1-262) DKYGIK TANKVR 72 91 6.98E-04 6         

Cpx1 Stx(1-262) EAEAQAAMEANSEGSLTRPKK KTQHSTLSR 101 120 4.21E-04 6         

Cpx1 Stx(1-262) EAEAQAAMEANSEGSLTRPKK AVSDTKK 101 255 6.47E-03 7         

Cpx1 Stx(1-262) KAIPPGCGDEPEEEDESILDTVIK TAKDSDDDDDVTVTVDR 102 15 9.03E-24 25         

Cpx1 Stx(1-262) KAIPPGCGDEPEEEDESILDTVIK KFVEVMSEYNATQSDYR 102 129 9.21E-04 1         
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 replicate 1 replicate 2 replicate 3 

protein 1 protein 2 sequence 1 sequence 2 residue 1 residue 2 score # spectra score # spectra score # spectra 

Cpx1 Stx(1-262) KAIPPGCGDEPEEEDESILDTVIK HSEIIKLENSIR 102 207 1.65E-02 2         

Cpx1 Stx(1-262) YLPGPLQDMFKK YQSKAR 136 263 1.59E-01 6         

Cpx1 Syb(1-96) MLGGDEEKDPDAAK YWWKNLK 29 94 5.00E-03 17 1.53E-02 12     

Cpx1 Syb(1-96) QALGGATKDMGK YWWKNLK 17 94         1.68E-05 4 

SN25(CtoS) Cpx1 KAWGNNQDGVVASQPAR QALGGATKDMGK 106 17 3.54E-03 9 6.05E-04 9 5.87E-11 7 

SN25(CtoS) Cpx1 KAWGNNQDGVVASQPAR YAKMEAER 106 57 4.27E-05 20 2.06E-05 6 1.42E-04 3 

SN25(CtoS) Cpx1 DLGKSSGLFISPSNK QALGGATKDMGK 86 17 2.21E-02 3 2.08E-02 4     

SN25(CtoS) Cpx1 KAWGNNQDGVVASQPAR GSHMEFVMK 106 1 3.85E-06 10         

SN25(CtoS) Cpx1 KAWGNNQDGVVASQPAR MLGGDEEKDPDAAK 106 29 1.05E-03 4         

SN25(CtoS) Cpx1 IMEKADSNK YAKMEAER 187 57     5.03E-05 1     

SN25(CtoS) Stx(1-262) MLQLVEESKDAGIR KTQHSTLSR 43 120 2.29E-04 10 2.33E-04 9 1.86E-04 2 

SN25(CtoS) Stx(1-262) DLGKSSGLFISPSNK AVKYQSK 86 259 2.18E-04 15 5.99E-06 16 1.33E-15 10 

SN25(CtoS) Stx(1-262) KAWGNNQDGVVASQPAR KTQHSTLSR 106 120 8.52E-07 13 9.53E-09 13 3.31E-09 5 

SN25(CtoS) Stx(1-262) KAWGNNQDGVVASQPAR AVKYQSK 106 259 7.20E-05 10 1.87E-04 4 1.55E-03 2 

SN25(CtoS) Stx(1-262) DLGKSSGLFISPSNK YQSKAR 86 263     1.44E-02 5 4.55E-04 6 

SN25(CtoS) Stx(1-262) LKSSDAYK AVKYQSK 99 259     3.94E-04 4 1.75E-03 4 

SN25(CtoS) Stx(1-262) KAWGNNQDGVVASQPAR KHSAILASPNPDEK 106 60 3.28E-05 8 1.50E-04 4     

SN25(CtoS) Stx(1-262) KAWGNNQDGVVASQPAR LKSIEQSIEQEEGLNR 106 97 2.86E-07 18 1.15E-07 7     

SN25(CtoS) Stx(1-262) KAWGNNQDGVVASQPAR YQSKAR 106 263 2.02E-04 9 2.25E-04 5     

SN25(CtoS) Stx(1-262) MLQLVEESKDAGIR KHSAILASPNPDEK 43 60     3.53E-05 5     

SN25(CtoS) Stx(1-262) NLKDLGK YQSKAR 82 263         3.02E-02 2 

SN25(CtoS) Stx(1-262) DLGKSSGLFISPSNK KTQHSTLSR 86 120     7.97E-04 6     

SN25(CtoS) Stx(1-262) LKSSDAYK TANKVR 99 91 1.30E-02 1         

SN25(CtoS) Stx(1-262) KAWGNNQDGVVASQPAR GFIDKIAENVEEVK 106 49 1.66E-03 4         

SN25(CtoS) Stx(1-262) KAWGNNQDGVVASQPAR TKEELEELMSDIKK 106 86 2.93E-03 6         

SN25(CtoS) Stx(1-262) KAWGNNQDGVVASQPAR KTANKVR 106 91 2.80E-02 5         

SN25(CtoS) Stx(1-262) KAWGNNQDGVVASQPAR HSEIIKLENSIR 106 207     2.26E-03 5     

SN25(CtoS) Stx(1-262) KAWGNNQDGVVASQPAR IEYNVEHAVDYVER 106 238     1.02E-06 6     

SN25(CtoS) Syb(1-96) DLGKSSGLFISPSNK VNVDKVLER 86 55 2.07E-02 2 1.43E-01 1     

SN25(CtoS) Syb(1-96) KAWGNNQDGVVASQPAR DQKLSELDDR 106 62 1.78E-05 8 1.78E-04 5     

SN25(CtoS) Syb(1-96) MLQLVEESKDAGIR VNVDKVLER 43 55 1.81E-02 13         

SN25(CtoS) Syb(1-96) DLGKSSGLFISPSNK DQKLSELDDR 86 62 5.39E-02 1         
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protein 1 protein 2 sequence 1 sequence 2 residue 1 residue 2 score # spectra score # spectra score # spectra 

SN25(CtoS) Syb(1-96) DLGKSSGLFISPSNK YWWKNLK 86 94 1.82E-04 2         

SN25(CtoS) Syb(1-96) SSGLFISPSNKLK VNVDKVLER 97 55 4.13E-02 9         

SN25(CtoS) Syb(1-96) KAWGNNQDGVVASQPAR VNVDKVLER 106 55 2.83E-01 3         

Stx(1-262) Cpx1 TAKDSDDDDDVTVTVDR YAKMEAER 15 57 1.36E-05 25 6.82E-07 12 1.70E-19 8 

Stx(1-262) Cpx1 KHSAILASPNPDEK YAKMEAER 60 57 3.36E-05 11 1.11E-04 6 1.88E-06 2 

Stx(1-262) Cpx1 KTQHSTLSR YAKMEAER 120 57 8.31E-07 22 4.28E-15 16 2.32E-06 9 

Stx(1-262) Cpx1 KTQHSTLSR DKYGIK 120 72 1.42E-06 10 1.33E-13 11 3.07E-07 8 

Stx(1-262) Cpx1 KFVEVMSEYNATQSDYR YAKMEAER 129 57 3.68E-05 23 5.88E-07 8 1.83E-03 2 

Stx(1-262) Cpx1 TAKDSDDDDDVTVTVDR GSHMEFVMK 15 1 9.45E-07 19 6.59E-07 12     

Stx(1-262) Cpx1 TAKDSDDDDDVTVTVDR QALGGATKDMGK 15 17 9.69E-03 13 8.60E-04 6     

Stx(1-262) Cpx1 TAKDSDDDDDVTVTVDR MLGGDEEKDPDAAK 15 29 3.46E-06 14 2.48E-04 5     

Stx(1-262) Cpx1 TAKDSDDDDDVTVTVDR DKYGIK 15 72 7.27E-05 14     8.65E-04 6 

Stx(1-262) Cpx1 KHSAILASPNPDEK QALGGATKDMGK 60 17 1.69E-02 3 3.06E-03 4     

Stx(1-262) Cpx1 LKSIEQSIEQEEGLNR GSHMEFVMK 97 1 6.74E-09 11 2.73E-10 7     

Stx(1-262) Cpx1 LKSIEQSIEQEEGLNR QALGGATKDMGK 97 17 3.83E-04 11 1.37E-02 5     

Stx(1-262) Cpx1 LKSIEQSIEQEEGLNR YAKMEAER 97 57 3.30E-05 23 1.40E-11 12     

Stx(1-262) Cpx1 KFVEVMSEYNATQSDYR QALGGATKDMGK 129 17 3.20E-03 12 1.12E-03 5     

Stx(1-262) Cpx1 FVEVMSEYNATQSDYR KAKYAK 135 54 4.54E-02 10     2.73E-02 2 

Stx(1-262) Cpx1 HSEIIKLENSIR GSHMEFVMK 207 1 7.76E-05 8 1.68E-04 12     

Stx(1-262) Cpx1 HSEIIKLENSIR YAKMEAER 207 57     4.87E-03 4 6.52E-04 3 

Stx(1-262) Cpx1 TAKDSDDDDDVTVTVDR DPDAAKK 15 35 4.59E-03 10         

Stx(1-262) Cpx1 IAENVEEVKR YAKMEAER 58 57 1.91E-04 4         

Stx(1-262) Cpx1 TKEELEELMSDIKK YAKMEAER 86 57 1.83E-04 12         

Stx(1-262) Cpx1 LKSIEQSIEQEEGLNR DKYGIK 97 72 6.44E-05 20         

Stx(1-262) Cpx1 KFVEVMSEYNATQSDYR MLGGDEEKDPDAAK 129 29 2.79E-04 8         

Stx(1-262) Cpx1 KFVEVMSEYNATQSDYR DKYGIK 129 72 3.38E-05 12         

Stx(1-262) Cpx1 FVEVMSEYNATQSDYR KAKYAK 137 54     1.65E-03 6     

Stx(1-262) Cpx1 IEYNVEHAVDYVER QALGGATKDMGK 238 16     2.04E-04 10     

Stx(1-262) Cpx1 YQSKAR DKYGIK 263 72     4.58E-02 1     

Stx(1-262) SN25(CtoS) TAKDSDDDDDVTVTVDR LKSSDAYK 15 99 9.87E-06 7 1.82E-03 3 5.39E-06 3 

Stx(1-262) SN25(CtoS) KTQHSTLSR NLKDLGK 120 82 3.22E-04 9 1.25E-08 8 6.48E-06 6 

Stx(1-262) SN25(CtoS) KTQHSTLSR LKSSDAYK 120 99 7.74E-06 10 1.36E-10 10 5.07E-08 9 
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Stx(1-262) SN25(CtoS) TAKDSDDDDDVTVTVDR NLKDLGK 15 82 5.75E-03 9 2.14E-02 3     

Stx(1-262) SN25(CtoS) TAKDSDDDDDVTVTVDR SSGLFISPSNKLK 15 97 7.38E-03 5 1.68E-04 4     

Stx(1-262) SN25(CtoS) TAKDSDDDDDVTVTVDR KAWGNNQDGVVASQPAR 15 106 2.18E-07 20     2.24E-04 1 

Stx(1-262) SN25(CtoS) LKSIEQSIEQEEGLNR LKSSDAYK 97 99 9.47E-06 6 2.83E-04 5     

Stx(1-262) SN25(CtoS) KFVEVMSEYNATQSDYR NLKDLGK 129 82 6.47E-04 11 1.61E-03 5     

Stx(1-262) SN25(CtoS) KFVEVMSEYNATQSDYR KAWGNNQDGVVASQPAR 129 106 4.19E-07 7 1.23E-03 2     

Stx(1-262) SN25(CtoS) AVKYQSK NLKDLGK 259 82     7.94E-05 5 4.59E-04 2 

Stx(1-262) SN25(CtoS) TAKDSDDDDDVTVTVDR MLQLVEESKDAGIR 15 43 1.95E-03 3         

Stx(1-262) SN25(CtoS) TAKDSDDDDDVTVTVDR SSDAYKK 15 105 6.16E-03 6         

Stx(1-262) SN25(CtoS) KHSAILASPNPDEK NLKDLGK 60 82     1.27E-02 2     

Stx(1-262) SN25(CtoS) KHSAILASPNPDEK SSDAYKK 60 105 3.23E-03 6         

Stx(1-262) SN25(CtoS) LKSIEQSIEQEEGLNR NLKDLGK 97 82     2.71E-03 4     

Stx(1-262) SN25(CtoS) KTQHSTLSR IMEKADSNK 120 187     1.70E-06 12     

Stx(1-262) SN25(CtoS) KFVEVMSEYNATQSDYR MLQLVEESKDAGIR 129 43 3.34E-03 6         

Stx(1-262) SN25(CtoS) KFVEVMSEYNATQSDYR DLGKSSGLFISPSNK 129 86 7.31E-04 1         

Stx(1-262) SN25(CtoS) KFVEVMSEYNATQSDYR SSGLFISPSNKLK 129 97 1.25E-03 9         

Stx(1-262) SN25(CtoS) IEYNVEHAVDYVER NLKDLGK 238 82     3.06E-03 6     

Stx(1-262) SN25(CtoS) IEYNVEHAVDYVER ADSNKTR 238 192     1.12E-01 2     

Stx(1-262) Syb(1-96) KHSAILASPNPDEK VNVDKVLER 60 55 8.65E-03 6 1.12E-01 6 4.10E-01 2 

Stx(1-262) Syb(1-96) LKSIEQSIEQEEGLNR VNVDKVLER 97 55 6.79E-04 11 1.33E-03 5 3.52E-03 6 

Stx(1-262) Syb(1-96) LKSIEQSIEQEEGLNR DQKLSELDDR 97 62 2.58E-04 6 1.37E-03 2 6.45E-05 3 

Stx(1-262) Syb(1-96) TAKDSDDDDDVTVTVDR DQKLSELDDR 15 62 1.83E-04 9 9.75E-03 2     

Stx(1-262) Syb(1-96) TAKDSDDDDDVTVTVDR VNVDKVLER 15 55 3.42E-03 7         

Stx(1-262) Syb(1-96) KHSAILASPNPDEK DQKLSELDDR 60 62 2.99E-03 3         

Stx(1-262) Syb(1-96) LKSIEQSIEQEEGLNR YWWKNLK 97 94     7.20E-03 4     

Stx(1-262) Syb(1-96) HSEIIKLENSIR VNVDKVLER 207 55     8.05E-02 3     

Stx(1-262) Syb(1-96) IEYNVEHAVDYVER VNVDKVLER 238 55     3.83E-02 1     

Syb(1-96) Cpx1 ADALQAGASQFETSAAKLK MLGGDEEKDPDAAKK 86 29 3.82E-04 20 1.86E-03 16     

Syb(1-96) Cpx1 ADALQAGASQFETSAAKLK YAKMEAER 86 57 3.53E-03 6 5.31E-03 4     

Syb(1-96) Cpx1 
GSHMSATAATVPPAAPAGEGGP
PAPPPNLTSNR 

KAIPPGCGDEPEEEDESILDTVI
K 

1 102 5.06E-08 14         

Syb(1-96) Cpx1 VNVDKVLER YAKMEAER 55 57 1.53E-02 5         
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Syb(1-96) Cpx1 VNVDKVLER DKYGIK 55 72     5.89E-05 4     

Syb(1-96) Cpx1 ADALQAGASQFETSAAKLK DMGKMLGGDEEKDPDAAK 86 21 8.53E-04 7         

Syb(1-96) SN25(CtoS) VNVDKVLER LKSSDAYK 55 99 1.93E-03 9 4.58E-08 10 6.25E-10 7 

Syb(1-96) SN25(CtoS) VNVDKVLER SSDAYKK 55 105 6.32E-03 9 3.19E-07 5 7.74E-15 7 

Syb(1-96) SN25(CtoS) VNVDKVLER IMEKADSNK 55 187 3.83E-04 14 2.03E-05 10 6.66E-13 8 

Syb(1-96) SN25(CtoS) VNVDKVLER NLKDLGK 55 82 7.88E-03 6 9.27E-03 4     

Syb(1-96) SN25(CtoS) DQKLSELDDR NLKDLGK 62 82 1.87E-05 6 5.68E-03 2     

Syb(1-96) SN25(CtoS) 
GSHMSATAATVPPAAPAGEGGP
PAPPPNLTSNR 

KAWGNNQDGVVASQPAR 1 106 1.95E-10 23         

Syb(1-96) SN25(CtoS) VNVDKVLER EAEKNLK 55 79 8.78E-02 4         

Syb(1-96) SN25(CtoS) DQKLSELDDR IMEKADSNK 62 187 1.35E-02 1         

Syb(1-96) SN25(CtoS) ADALQAGASQFETSAAKLK NLKDLGK 86 82 1.20E-01 6         

Syb(1-96) SN25(CtoS) ADALQAGASQFETSAAKLK DLGKSSGLFISPSNK 86 86 4.76E-04 4         

Syb(1-96) SN25(CtoS) ADALQAGASQFETSAAKLK LKSSDAYK 86 99 7.65E-03 3         

Syb(1-96) SN25(CtoS) ADALQAGASQFETSAAKLK KAWGNNQDGVVASQPAR 86 106 1.11E-03 10         

Syb(1-96) Stx(1-262) VNVDKVLER KTQHSTLSR 55 120 2.24E-04 6 4.64E-04 6 2.29E-05 5 

Syb(1-96) Stx(1-262) VNVDKVLER AVKYQSK 55 259 3.73E-02 4 3.19E-07 7 2.68E-06 4 

Syb(1-96) Stx(1-262) ADALQAGASQFETSAAKLK AVKYQSK 86 259 1.56E-06 43 7.21E-12 29 3.10E-20 15 

Syb(1-96) Stx(1-262) VNVDKVLER YQSKAR 55 263     1.45E-02 5 1.01E-06 6 

Syb(1-96) Stx(1-262) DQKLSELDDR KTQHSTLSR 62 120 1.33E-03 1 6.17E-05 2     

Syb(1-96) Stx(1-262) ADALQAGASQFETSAAKLK KTQHSTLSR 86 120 1.07E-04 15 4.20E-05 10     

Syb(1-96) Stx(1-262) ADALQAGASQFETSAAKLK YQSKAR 86 263 1.57E-03 23 1.25E-06 22     

Syb(1-96) Stx(1-262) 
GSHMSATAATVPPAAPAGEGGP
PAPPPNLTSNR 

TAKDSDDDDDVTVTVDR 1 15 1.04E-16 23         

Syb(1-96) Stx(1-262) 
GSHMSATAATVPPAAPAGEGGP
PAPPPNLTSNR 

KHSAILASPNPDEK 1 60 1.29E-22 70         

Syb(1-96) Stx(1-262) 
GSHMSATAATVPPAAPAGEGGP
PAPPPNLTSNR 

LKSIEQSIEQEEGLNR 1 97 1.29E-19 38         

Syb(1-96) Stx(1-262) 
GSHMSATAATVPPAAPAGEGGP
PAPPPNLTSNR 

KFVEVMSEYNATQSDYR 1 129 1.59E-19 39         

Syb(1-96) Stx(1-262) 
GSHMSATAATVPPAAPAGEGGP
PAPPPNLTSNR 

HSEIIKLENSIR 1 207 2.22E-17 24         

Syb(1-96) Stx(1-262) DQKLSELDDR YQSKAR 62 263         2.26E-05 2 

Syb(1-96) Stx(1-262) ADALQAGASQFETSAAKLK TAKDSDDDDDVTVTVDR 86 15 7.39E-05 11         

Syb(1-96) Stx(1-262) ADALQAGASQFETSAAKLK LKSIEQSIEQEEGLNR 86 97 1.30E-07 10         
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protein 1 protein 2 sequence 1 sequence 2 residue 1 residue 2 score # spectra score # spectra score # spectra 

Syb(1-96) Stx(1-262) ADALQAGASQFETSAAKLK KFVEVMSEYNATQSDYR 86 129 9.57E-03 4         

intramolecular cross-links 

Cpx1 Cpx1 QALGGATKDMGK GSHMEFVMK 17 1 1.05E-05 50 6.77E-08 79 5.95E-25 34 

Cpx1 Cpx1 QALGGATKDMGK YAKMEAER 17 57 8.81E-04 9 3.28E-04 13 5.63E-11 7 

Cpx1 Cpx1 QALGGATKDMGK DKYGIK 17 72 4.23E-02 10 7.39E-03 6 3.85E-07 8 

Cpx1 Cpx1 YAKMEAER DKYGIK 57 72 1.51E-13 13 2.40E-09 13 5.92E-18 14 

Cpx1 Cpx1 GSHMEFVMK YAKMEAER 1 57 3.57E-06 16 8.27E-16 31     

Cpx1 Cpx1 GSHMEFVMK DKYGIK 1 72 4.21E-04 4     8.44E-19 3 

Cpx1 Cpx1 DMGKMLGGDEEKDPDAAK GSHMEFVMK 21 1 2.64E-06 25 9.32E-12 83     

Cpx1 Cpx1 DMGKMLGGDEEKDPDAAK YAKMEAER 21 57 1.42E-04 12 2.42E-05 10     

Cpx1 Cpx1 MLGGDEEKDPDAAKKEEER QALGGATKDMGK 29 17 6.06E-03 39 8.32E-05 34     

Cpx1 Cpx1 MLGGDEEKDPDAAK YAKMEAER 29 57 1.06E-04 9 6.21E-04 7     

Cpx1 Cpx1 DMGKMLGGDEEKDPDAAK GSHMEFVMKQALGGATK 21 9     3.05E-06 4     

Cpx1 Cpx1 MLGGDEEKDPDAAK GSHMEFVMK 29 1 6.41E-05 33         

Cpx1 Cpx1 MLGGDEEKDPDAAK DKYGIK 29 72     2.14E-03 3     

Cpx1 Cpx1 EAEAQAAMEANSEGSLTRPK KAKYAK 98 54 3.25E-01 2         

Cpx1 Cpx1 EAEAQAAMEANSEGSLTRPKK YAKMEAER 101 57     1.15E-04 5     

Cpx1 Cpx1 KAIPPGCGDEPEEEDESILDTVIK YAKMEAER 102 57 2.58E-04 22         

Cpx1 Cpx1 KAIPPGCGDEPEEEDESILDTVIK DKYGIK 102 72 5.12E-04 41         

SN25(CtoS) SN25(CtoS) MLQLVEESKDAGIR NLKDLGK 43 82 9.37E-04 28 7.69E-05 23 3.08E-04 14 

SN25(CtoS) SN25(CtoS) DLGKSSGLFISPSNK LKSSDAYK 86 99 2.37E-06 40 4.78E-08 34 3.65E-22 16 

SN25(CtoS) SN25(CtoS) DLGKSSGLFISPSNK SSDAYKK 86 105 9.07E-05 22 6.64E-07 12 8.28E-06 9 

SN25(CtoS) SN25(CtoS) SSGLFISPSNK NLKDLGK 87 82 6.98E-03 8 7.27E-03 10 3.08E-05 11 

SN25(CtoS) SN25(CtoS) SSGLFISPSNK NLKDLGK 93 82 3.91E-02 9 3.43E-02 15 3.53E-03 5 

SN25(CtoS) SN25(CtoS) SSGLFISPSNKLK SSDAYKK 97 105 2.65E-08 55 3.36E-08 41 5.79E-20 44 

SN25(CtoS) SN25(CtoS) KAWGNNQDGVVASQPAR EAEKNLK 106 79 1.63E-03 17 1.89E-05 7 2.37E-16 5 

SN25(CtoS) SN25(CtoS) KAWGNNQDGVVASQPAR NLKDLGK 106 82 4.96E-07 38 7.70E-08 26 4.64E-16 25 

SN25(CtoS) SN25(CtoS) KAWGNNQDGVVASQPAR SSGLFISPSNKLK 106 97 3.79E-07 55 7.02E-08 35 5.00E-16 7 

SN25(CtoS) SN25(CtoS) KAWGNNQDGVVASQPAR LKSSDAYK 106 99 1.88E-09 57 1.12E-09 32 2.29E-21 24 

SN25(CtoS) SN25(CtoS) KAWGNNQDGVVASQPAR IMEKADSNK 106 187 1.42E-05 25 1.83E-05 10 3.88E-11 4 

SN25(CtoS) SN25(CtoS) IMEKADSNK NLKDLGK 187 82 1.36E-02 7 8.57E-04 6 1.86E-03 4 

SN25(CtoS) SN25(CtoS) IMEKADSNK LKSSDAYK 187 99 1.77E-04 12 1.67E-06 10 1.88E-03 2 
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SN25(CtoS) SN25(CtoS) MLQLVEESKDAGIR SSDAYKK 43 105 4.42E-03 13 3.28E-05 12     

SN25(CtoS) SN25(CtoS) MLQLVEESKDAGIR IMEKADSNK 43 187 5.94E-03 15 1.54E-03 14     

SN25(CtoS) SN25(CtoS) MLQLVEESKDAGIR ADSNKTR 43 192 2.55E-01 7 9.94E-02 6     

SN25(CtoS) SN25(CtoS) NLKDLGK SSDAYK 82 100     2.61E-03 3 7.32E-05 4 

SN25(CtoS) SN25(CtoS) DLGKSSGLFISPSNK MLQLVEESKDAGIR 86 43 8.51E-05 16 1.14E-05 3     

SN25(CtoS) SN25(CtoS) DLGKSSGLFISPSNK IMEKADSNK 86 187 4.97E-03 11 8.24E-04 4     

SN25(CtoS) SN25(CtoS) SSGLFISPSNK LKSSDAYK 87 99 1.53E-03 11 1.23E-05 7     

SN25(CtoS) SN25(CtoS) SSGLFISPSNKLK NLKDLGK 97 82 2.37E-08 54 6.35E-09 44     

SN25(CtoS) SN25(CtoS) SSGLFISPSNKLK SSDAYK 97 100     7.48E-05 9 6.43E-05 8 

SN25(CtoS) SN25(CtoS) LKSSDAYK EAEKNLK 99 79 2.60E-03 9 1.29E-07 9     

SN25(CtoS) SN25(CtoS) LKSSDAYK NLKDLGK 99 82     5.87E-10 24 5.34E-28 32 

SN25(CtoS) SN25(CtoS) KAWGNNQDGVVASQPAR MLQLVEESKDAGIR 106 43 5.36E-05 31 2.53E-05 16     

SN25(CtoS) SN25(CtoS) IMEKADSNK SSDAYKK 187 105 1.29E-03 26 5.31E-05 7     

SN25(CtoS) SN25(CtoS) MLQLVEESKDAGIR EAEKNLK 43 79 2.08E-02 18         

SN25(CtoS) SN25(CtoS) MLQLVEESKDAGIR SSGLFISPSNKLK 43 97 1.74E-03 19         

SN25(CtoS) SN25(CtoS) VEEGMNHINQDMKEAEK MLQLVEESKDAGIR 75 43 4.04E-06 30         

SN25(CtoS) SN25(CtoS) VEEGMNHINQDMKEAEK NLKDLGK 75 82 1.24E-02 81         

SN25(CtoS) SN25(CtoS) VEEGMNHINQDMKEAEK DLGKSSGLFISPSNK 75 86 1.20E-04 16         

SN25(CtoS) SN25(CtoS) VEEGMNHINQDMKEAEK SSDAYKK 75 105 5.78E-05 10         

SN25(CtoS) SN25(CtoS) VEEGMNHINQDMKEAEK KAWGNNQDGVVASQPAR 75 106 4.48E-08 27         

SN25(CtoS) SN25(CtoS) VEEGMNHINQDMKEAEK ATKMLGSG 75 204 8.80E-03 10         

SN25(CtoS) SN25(CtoS) SSGLFISPSNK LKSSDAYK 93 99 1.17E-01 2         

SN25(CtoS) SN25(CtoS) SSGLFISPSNKLK EAEKNLK 97 79 5.51E-04 16         

SN25(CtoS) SN25(CtoS) SSGLFISPSNKLK SSDAYK 97 104     1.74E-02 9     

SN25(CtoS) SN25(CtoS) SSDAYKK NLKDLGK 105 82         6.27E-16 15 

SN25(CtoS) SN25(CtoS) KAWGNNQDGVVASQPAR SSGLFISPSNK 106 93     5.95E-03 1     

SN25(CtoS) SN25(CtoS) KAWGNNQDGVVASQPAR SSDAYK 106 100 1.91E-06 18         

SN25(CtoS) SN25(CtoS) KAWGNNQDGVVASQPAR ADSNKTR 106 192     2.75E-01 5     

SN25(CtoS) SN25(CtoS) ADSNKTR NLKDLGK 192 82     4.28E-02 2     

Stx(1-262) Stx(1-262) TAKDSDDDDDVTVTVDR GFIDKIAENVEEVK 15 49 4.23E-06 13 1.09E-05 5 1.10E-07 2 

Stx(1-262) Stx(1-262) TAKDSDDDDDVTVTVDR KHSAILASPNPDEK 15 60 1.04E-07 22 2.81E-07 12 8.72E-09 8 

Stx(1-262) Stx(1-262) TAKDSDDDDDVTVTVDR TKEELEELMSDIKK 15 86 2.88E-06 26 1.52E-05 16 8.01E-06 11 
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protein 1 protein 2 sequence 1 sequence 2 residue 1 residue 2 score # spectra score # spectra score # spectra 

Stx(1-262) Stx(1-262) TAKDSDDDDDVTVTVDR LKSIEQSIEQEEGLNR 15 97 4.94E-29 75 1.47E-08 13 9.29E-15 8 

Stx(1-262) Stx(1-262) TAKDSDDDDDVTVTVDR SSADLR 15 112 7.08E-06 4 2.50E-03 5 6.66E-04 3 

Stx(1-262) Stx(1-262) TAKDSDDDDDVTVTVDR KTQHSTLSR 15 120 5.56E-18 61 6.99E-21 44 8.58E-25 31 

Stx(1-262) Stx(1-262) TAKDSDDDDDVTVTVDR AVKYQSK 15 259 1.20E-05 8 5.10E-07 8 8.79E-17 5 

Stx(1-262) Stx(1-262) TAKDSDDDDDVTVTVDR YQSKAR 15 263 7.90E-04 13 8.87E-03 5 1.70E-03 5 

Stx(1-262) Stx(1-262) GFIDKIAENVEEVKR KHSAILASPNPDEK 49 60 1.60E-36 52 2.54E-12 52 3.81E-21 14 

Stx(1-262) Stx(1-262) GFIDKIAENVEEVKR TANKVR 49 91 2.73E-06 197 1.37E-11 162 2.90E-19 93 

Stx(1-262) Stx(1-262) KHSAILASPNPDEK TKEELEELMSDIK 60 75 8.86E-07 15 8.26E-10 28 5.52E-11 8 

Stx(1-262) Stx(1-262) KHSAILASPNPDEK TANKVR 60 91 1.08E-03 17 2.44E-03 13 2.21E-03 9 

Stx(1-262) Stx(1-262) KHSAILASPNPDEK KTQHSTLSR 60 120 9.78E-07 15 1.47E-09 12 1.60E-09 6 

Stx(1-262) Stx(1-262) KHSAILASPNPDEK HSEIIKLENSIR 60 207 4.43E-05 16 4.70E-07 13 9.78E-03 6 

Stx(1-262) Stx(1-262) KHSAILASPNPDEK AVKYQSK 60 259 2.66E-03 8 4.13E-04 7 4.69E-06 2 

Stx(1-262) Stx(1-262) LKSIEQSIEQEEGLNR KHSAILASPNPDEK 97 60 3.26E-14 29 5.88E-10 11 2.56E-03 7 

Stx(1-262) Stx(1-262) LKSIEQSIEQEEGLNR TKEELEELMSDIKK 97 86 7.66E-27 18 1.11E-08 43 5.39E-20 22 

Stx(1-262) Stx(1-262) LKSIEQSIEQEEGLNR TANKVR 97 91 1.77E-05 69 3.02E-04 49 3.08E-13 42 

Stx(1-262) Stx(1-262) LKSIEQSIEQEEGLNR KTQHSTLSR 97 120 9.17E-17 118 8.66E-19 93 8.89E-47 79 

Stx(1-262) Stx(1-262) LKSIEQSIEQEEGLNR TQHSTLSR 97 121 1.09E-05 15 3.47E-11 15 1.09E-14 10 

Stx(1-262) Stx(1-262) LKSIEQSIEQEEGLNR TQHSTLSR 97 125 3.52E-04 33 9.15E-06 33 6.83E-08 21 

Stx(1-262) Stx(1-262) LKSIEQSIEQEEGLNR HSEIIKLENSIR 97 207 2.98E-06 31 1.66E-07 25 2.41E-13 17 

Stx(1-262) Stx(1-262) LKSIEQSIEQEEGLNR AVKYQSK 97 259 6.92E-05 13 3.39E-05 10 8.63E-19 6 

Stx(1-262) Stx(1-262) KTQHSTLSR SSADLR 120 112 3.00E-06 25 2.77E-04 31 1.05E-09 14 

Stx(1-262) Stx(1-262) KFVEVMSEYNATQSDYR GSHMKDR 129 5 4.31E-04 27 5.77E-05 42 1.66E-11 31 

Stx(1-262) Stx(1-262) KFVEVMSEYNATQSDYR KHSAILASPNPDEK 129 60 3.90E-13 22 1.87E-07 10 1.54E-05 5 

Stx(1-262) Stx(1-262) KFVEVMSEYNATQSDYR TANKVR 129 91 5.52E-03 24 1.15E-03 14 2.10E-03 8 

Stx(1-262) Stx(1-262) KFVEVMSEYNATQSDYR KTQHSTLSR 129 120 4.30E-07 40 1.65E-09 28 1.05E-07 20 

Stx(1-262) Stx(1-262) KFVEVMSEYNATQSDYR AVKYQSK 129 259 3.93E-05 15 2.86E-06 13 9.28E-23 8 

Stx(1-262) Stx(1-262) KFVEVMSEYNATQSDYR YQSKAR 129 263 3.59E-03 30 3.75E-03 18 3.78E-06 17 

Stx(1-262) Stx(1-262) HSEIIKLENSIR KTQHSTLSR 207 120 2.03E-06 20 2.20E-08 18 7.53E-28 14 

Stx(1-262) Stx(1-262) HSEIIKLENSIR QALSEIETR 207 196 1.49E-01 6 1.14E-04 17 6.14E-05 4 

Stx(1-262) Stx(1-262) IEYNVEHAVDYVER AVKYQSK 238 259 2.90E-01 1 4.45E-08 16 3.35E-05 5 

Stx(1-262) Stx(1-262) TAKDSDDDDDVTVTVDR GSHMKDR 15 5 2.11E-03 28 1.20E-05 44     

Stx(1-262) Stx(1-262) TAKDSDDDDDVTVTVDR TQHSTLSR 15 121     3.18E-04 1 4.43E-02 3 
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 replicate 1 replicate 2 replicate 3 

protein 1 protein 2 sequence 1 sequence 2 residue 1 residue 2 score # spectra score # spectra score # spectra 

Stx(1-262) Stx(1-262) TAKDSDDDDDVTVTVDR TQHSTLSR 15 125     2.79E-02 4 1.56E-01 2 

Stx(1-262) Stx(1-262) GFIDKIAENVEEVK KTQHSTLSR 49 120 6.45E-07 26 9.88E-08 17     

Stx(1-262) Stx(1-262) HSAILASPNPDEKTK TANKVR 73 91 3.63E-02 5 1.71E-02 3     

Stx(1-262) Stx(1-262) HSAILASPNPDEKTK KTQHSTLSR 73 120 4.99E-04 6 2.86E-04 5     

Stx(1-262) Stx(1-262) TKEELEELMSDIK HSEIIKLENSIR 75 207 1.13E-04 3 2.54E-07 9     

Stx(1-262) Stx(1-262) TKEELEELMSDIKK KHSAILASPNPDEK 86 60 4.56E-05 17 3.11E-07 25     

Stx(1-262) Stx(1-262) TKEELEELMSDIKK KTQHSTLSR 86 120 4.45E-06 18 1.73E-08 26     

Stx(1-262) Stx(1-262) LKSIEQSIEQEEGLNR GFIDKIAENVEEVK 97 49 2.20E-06 3 2.40E-03 1     

Stx(1-262) Stx(1-262) LKSIEQSIEQEEGLNR TQHSTLSR 97 127 3.74E-03 12 1.09E-05 13     

Stx(1-262) Stx(1-262) LKSIEQSIEQEEGLNR IEYNVEHAVDYVER 97 238 1.58E-05 4 1.19E-09 5     

Stx(1-262) Stx(1-262) SIEQSIEQEEGLNR TANKVR 98 91 6.33E-03 10 1.87E-02 7     

Stx(1-262) Stx(1-262) KTQHSTLSR AVKYQSK 120 259 1.06E-07 6 1.26E-05 1     

Stx(1-262) Stx(1-262) KFVEVMSEYNATQSDYR TAKDSDDDDDVTVTVDR 129 15 5.84E-31 208 2.78E-08 6     

Stx(1-262) Stx(1-262) KFVEVMSEYNATQSDYR IAENVEEVKR 129 58 3.43E-28 321 1.23E-11 206     

Stx(1-262) Stx(1-262) KFVEVMSEYNATQSDYR TKEELEELMSDIKK 129 86     8.51E-07 7 8.04E-07 3 

Stx(1-262) Stx(1-262) KFVEVMSEYNATQSDYR LKSIEQSIEQEEGLNR 129 97 8.78E-31 47     7.56E-04 2 

Stx(1-262) Stx(1-262) KFVEVMSEYNATQSDYR HSEIIKLENSIR 129 207 1.81E-05 21 1.33E-06 11     

Stx(1-262) Stx(1-262) HSEIIKLENSIR SSADLR 207 112     4.58E-03 3 5.42E-06 2 

Stx(1-262) Stx(1-262) HSEIIKLENSIR AVKYQSK 207 259     3.28E-03 5 3.64E-03 5 

Stx(1-262) Stx(1-262) IEYNVEHAVDYVER TKEELEELMSDIKK 238 86     2.18E-05 4 8.31E-11 2 

Stx(1-262) Stx(1-262) TAKDSDDDDDVTVTVDR TANKVR 15 91 5.25E-03 20 5.50E-02 10     

Stx(1-262) Stx(1-262) TAKDSDDDDDVTVTVDR IEYNVEHAVDYVER 15 238 3.65E-05 1 3.08E-08 7     

Stx(1-262) Stx(1-262) KHSAILASPNPDEK AVSDTKK 60 255     6.63E-02 5 4.45E-04 2 

Stx(1-262) Stx(1-262) TAKDSDDDDDVTVTVDR IAENVEEVKR 15 58 5.27E-04 14         

Stx(1-262) Stx(1-262) TAKDSDDDDDVTVTVDR HSAILASPNPDEKTK 15 73 4.44E-06 8         

Stx(1-262) Stx(1-262) TAKDSDDDDDVTVTVDR SIEQSIEQEEGLNR 15 98 3.07E-03 3       

Stx(1-262) Stx(1-262) TAKDSDDDDDVTVTVDR SIEQSIEQEEGLNR 15 102 4.97E-02 2       

Stx(1-262) Stx(1-262) TAKDSDDDDDVTVTVDR SSADLR 15 113 3.95E-05 10       

Stx(1-262) Stx(1-262) TAKDSDDDDDVTVTVDR TQHSTLSR 15 124 2.98E-02 6       

Stx(1-262) Stx(1-262) TAKDSDDDDDVTVTVDR HSEIIKLENSIR 15 207     8.34E-05 2   

Stx(1-262) Stx(1-262) TAKDSDDDDDVTVTVDR AVSDTK 15 252 2.56E-01 1       

Stx(1-262) Stx(1-262) TAKDSDDDDDVTVTVDR AVSDTKK 15 255 1.11E-04 11       
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 replicate 1 replicate 2 replicate 3 

protein 1 protein 2 sequence 1 sequence 2 residue 1 residue 2 score # spectra score # spectra score # spectra 

Stx(1-262) Stx(1-262) DSDDDDDVTVTVDR KTQHSTLSR 17 120 8.08E-04 2         

Stx(1-262) Stx(1-262) GFIDKIAENVEEVK GSHMKDR 49 5     1.82E-03 9     

Stx(1-262) Stx(1-262) GFIDKIAENVEEVK YQSKAR 49 263 2.94E-02 6         

Stx(1-262) Stx(1-262) IAENVEEVKRK TQHSTLSR 58 121 1.50E-03 9         

Stx(1-262) Stx(1-262) KHSAILASPNPDEK GSHMKDR 60 5 1.38E-02 7         

Stx(1-262) Stx(1-262) KHSAILASPNPDEK YQSKAR 60 263 2.15E-03 10         

Stx(1-262) Stx(1-262) KHSAILASPNPDEK TQHSTLSR 62 121     7.99E-03 7     

Stx(1-262) Stx(1-262) TKEELEELMSDIKK GSHMKDR 86 5     1.31E-04 14     

Stx(1-262) Stx(1-262) TKEELEELMSDIKK TANKVR 86 91     2.27E-06 250     

Stx(1-262) Stx(1-262) TKEELEELMSDIKK HSEIIKLENSIR 86 207     3.14E-06 20     

Stx(1-262) Stx(1-262) LKSIEQSIEQEEGLNR GSHMKDR 97 5     2.86E-06 26     

Stx(1-262) Stx(1-262) LKSIEQSIEQEEGLNR HSAILASPNPDEKTK 97 73 1.62E-04 7         

Stx(1-262) Stx(1-262) LKSIEQSIEQEEGLNR KTANKVR 97 87     3.18E-01 1     

Stx(1-262) Stx(1-262) KTQHSTLSR TANKVR 120 91 2.80E-06 5         

Stx(1-262) Stx(1-262) KTQHSTLSR QALSEIETR 120 196     2.17E-02 4     

Stx(1-262) Stx(1-262) 
TTTSEELEDMLESGNPAIFASGII
MDSSISKQALSEIETR 

TKEELEELMSDIKK 192 86 5.29E-21 2         

Stx(1-262) Stx(1-262) HSEIIKLENSIR TANKVR 207 91 2.11E-01 9         

Stx(1-262) Stx(1-262) IEYNVEHAVDYVER KTQHSTLSR 238 120     4.42E-10 1     

Syb(1-96) Syb(1-96) VNVDKVLER YWWKNLK 55 94 6.39E-05 32 4.35E-04 20 1.32E-05 13 

Syb(1-96) Syb(1-96) DQKLSELDDR VNVDKVLER 62 55 6.86E-11 65 7.53E-06 50 1.17E-15 31 

Syb(1-96) Syb(1-96) ADALQAGASQFETSAAKLK VNVDKVLER 86 55 3.85E-03 25 5.18E-04 10 6.33E-04 7 

Syb(1-96) Syb(1-96) DQKLSELDDR YWWKNLK 62 94 4.05E-04 14 1.49E-07 9     

Syb(1-96) Syb(1-96) ADALQAGASQFETSAAKLK YWWKNLK 86 94 5.47E-04 19     2.11E-08 11 

Syb(1-96) Syb(1-96) 
GSHMSATAATVPPAAPAGEGGP
PAPPPNLTSNR 

VNVDKVLER 1 55     3.78E-04 8     

Syb(1-96) Syb(1-96) 
GSHMSATAATVPPAAPAGEGGP
PAPPPNLTSNR 

DQKLSELDDR 1 62 2.01E-14 42         

Syb(1-96) Syb(1-96) VNVDKVLER LSELDDR 55 64 6.49E-01 1         

Syb(1-96) Syb(1-96) ADALQAGASQFETSAAKLK DQKLSELDDR 86 62     1.85E-05 7     
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