
I 

 

 

 

 

Engineering multimeric CTB5 complexes 
for membrane cross-linking and fusion 

 

 

 

Wenyue Dai 

 

 

 

Submitted in accordance with requirements for the degree 
of Doctor of Philosophy 

 

 

The University of Leeds 

School of Chemistry 

March 2023 

 

 

 



II 

 

The candidate confirms that the work submitted is her own, except where work which 

has formed part of jointly-authored publications has been included. The contribution of 

the candidate and the other authors to this work has been explicitly indicated below. The 

candidate confirms that appropriate credit has been given within the thesis where 

reference has been made to the work of others.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

This copy has been supplied on the understanding that it is copyright material and that 

no quotation from the thesis may be published without proper acknowledgment.  

 

©2023 The University of Leeds and Wenyue Dai 



I 

 

Acknowledgments  

Completing my PhD has been an invaluable life experience for me, and I wish to express my 

gratitude to everyone who supported me during this journey I am deeply grateful to the staff 

members of 1.49 lab for providing a peaceful laboratory environment that allowed me to 

conduct my scientific research. I extend special thanks to Charlotte Stevens and Alexandra 

Tamasa for their warm assistance in the biolab. Secondly, I would like to acknowledge my 

husband and colleague, Tomasz Kaminski, whose guidance and advice have been 

instrumental in advancing my projects and personal growth. Working alongside him, I have 

learned many invaluable qualities that make for a successful peer scientist. Furthermore, I 

am thankful to James Ross for inspiring me with his passion for computational biology. I am 

also grateful to my collaborators, Chunyue (Spring) Wang and Ralf Richter, for their 

unwavering support when I needed it most. During my secondment, Erik Kempmann and 

Francesca Rosato provided me with invaluable and time-consuming guidance. I also want to 

thank Andrew Booth for his intuitive advice on lipid research. I wish to express my 

appreciation to Winfried Roemer and Paul Beales for granting me the opportunity to study in 

their labs, which proved to be invaluable experiences. It was a pleasure working with Natalia 

Danielewicz, George Heath, and Maria Nikolova, and I am grateful for their direct 

contributions to my research. 

Thanks to my family, especially to my brother Wenzhao Dai, who occasionally meets with me 

on the continent far from China and travel with me. 

I wish to express my profound gratitude to my supervisors, Bruce Turnbull and Michael 

Webb, for their unwavering support throughout my PhD journey. Bruce has been an 

invaluable source of guidance, providing valuable ideas and expertise while going above and 

beyond to assist me in overcoming any challenges that I encountered during my research. 

His willingness to leverage his vast network of contacts to facilitate my collaborations was 

particularly noteworthy. Michael's insightful thoughts and clear communication style greatly 

aided me in navigating bottlenecks in my research. I appreciated his direct approach to 

research discussions, which allowed for efficient communication and problem-solving. 

I am grateful for the Marie Skğodowska-Curie ITN scholarship, which provided me with a 

generous salary that allowed me to fully focus on my research without financial concerns. 

Additionally, I would like to express my appreciation to Sarah King for her assistance with the 

synBIOcarb ITN programme.   



II 

 

Abbreviations 

AF Alexa fluor 

AFM Atom force microscopy 

AP Antiparallel coiled coil 

AUC Sedimentation velocity analytical ultracentrifuge 

BoNT Botulinum neurotoxin 

BSTG BioScreening Technology Group 

CBD Carbohydrate binding domain 

CD Circular dichroism 

CTA1 Cholera toxin A1 subunit 

CTA2 Cholera toxin A2 subunit 

CTB5 Cholera toxin B pentame 

CTx Cholera toxin 

DOL Degree of labelling 

DOPC 1,2-Dioleoyl-sn-glycero-3-phosphocholine 

DOPE 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine 

DSC Differential scanning calorimetry 

ER Endoplasmic reticulum 

FC Flow cytometry 

FCS Foetal calf serum 

FPLC Fast protein liquid chromatography 

FRET Förster resonance energy transfer 

GFP Green fluorescent protein 

GIDs Gastrointestinal diseases 

GUV Giant unilamellar vesicle 

HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 

HUS Haemolytic ureamic syndrome 

IPTG Isopropyl ɓ-D-1-thiogalactopyranoside 



III 

 

ITC Isothermal titration calorimetry 

Kd Dissociation constant 

KIH Knob-into-holes 

LB Lysogeny broth 

LTx Heat-labile enterotoxins 

LUV  Large Unilamellar vesicle 

MBP Maltose-binding protein 

MS Mass spectroscopy 

MW Molecular weight 

NHS N-hydroxysuccinimide 

Ni-NTA Nickel nitrilotriacetic acid 

NSF N-ethylmaleimide-sensitive factor 

OD Optical density 

PAGE Polyacrylamide gel electrophoresis 

PBS Phosphate buffered saline 

PCR Polymerase chain reaction 

PDB Protein Data Bank 

PDI Protein disulfide isomerase 

PEG Polyethylene glycol 

pI Isoelectric point 

PP Parallel coiled coil 

PT Pertussis toxin 

r.p.m Revolutions per minute 

r.t. Room temperature 

RNA Ribonucleic acid 

SDS Sodium dodecyl sulfate 

SEC Size exclusion chromatography 

SEC-MALS Size exclusion chromatography ï Multiple light scattering 

SLB Supported lipid bilayer 



IV 

 

SNAP25 Synaptosomal-associated protein 25 

SNARE Soluble NSF attachment protein 

ST Shiga toxin 

STEC Shiga toxigenic E.coli strain 

SUV Small unilamellar vesicle 

TCEP Tris(2-carboxyethyl)phosphine 

TEMED Tetramethylethylenediamine 

TEV Tobacco Etch Virus 

UV Ultra-violet 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



V 

 

 

Abstract  

A comprehensive understanding of cell-cell interactions is critical for elucidating various 

cellular processes, including the complexities of membrane fusion. Natural proteins, such 

as SNARE proteins, mediate membrane fusion by forming coiled-coil bundles that bring 

two membranes into close proximity. Synthetic analogues inspired by the properties of 

natural proteins have been developed to mimic SNAREs and trigger membrane fusion. 

However, limited attention has been devoted to reengineering lectins, such as bacterial 

toxins for this purpose, despite their potential for developing drug delivery systems that 

can selectively target specific sugars expressed on cell surfaces. Previous researchers in 

the Turnbull and Webb labs have found that a streptavidin-(CTA2B5)n construct, with two 

(or more) CTB5 assembled together through streptavidin-biotin interaction, could 

successfully lead to membrane fusion between two giant unilamillar vesicles (GUVs). 

However, the factors that could explain the membrane fusion caused by this protein 

complex have not been fully understood.  

In this project, I elaborated on the mechanisms of membrane fusion induced by the 

streptavidin-(CTA2B5)n construct. Furthermore, to build a more controllable CTB5 

assembly, the coiled-coil motif was selected as the mediator to construct a CTB5 dimer 

whose membrane behavior could be more directly related to the architecture of the 

protein complex. Last, I investigated whether antibody-like proteins (Affimers) selected 

against CTB5 could also form a complex capable for membrane fusion. This approach 

could in the future be modified to use Affimers selected against lectins other than CTB5. 
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Chapter I  Introduction 

I.1 Overview 

Nanoparticle drug delivery systems possess favorable pharmacokinetic properties that 

render them highly promising in the field of biomedicine. These properties include the 

ability to extend drug circulation time within the bloodstream, safeguard against drug 

degradation, and selectively accumulate within target tissues for enhanced drug 

uptake[1]. Lipid-based nanoparticles, such as liposomes, offer advantages such as ease 

of preparation, biocompatibility, ability to carry large payloads, ease of transport across 

membranes and extended half-life in blood. When creating nanoparticles, various 

biological and chemical components can also be added to improve vesicle 

characteristics like mobility and target specificity. These factors make lipid-based NPs 

the most prevalent class of nanomedicine drugs recognized by the FDA[2].  

Despite the fact that the drug delivery system itself has been the subject of extensive 

research, the precise transport of the drug-loaded liposome to a particular site and the 

efficient release of the drug remains challenges. In cells, vesicle fusion can efficiently 

transport molecules across membranes, as in viral invasion and neuronal exocytosis. It 

would therefore be beneficial if we could mimic the biological membrane fusion 

phenomenon and develop liposome-based drug delivery systems that could target 

specific cell type, i.e., neural cell, and in which drug molecules are delivered via 

membrane fusion. 

In nature, interactions between proteins and glycans are frequently used to achieve 

specific recognition[3, 4]. For instance, sialic acid-containing oligosaccharides are 

recognized by the receptor-binding domain of the spike protein on SARS-CoV-2, 

facilitating SARS-CoV-2 entry into cells[5]. The abnormal glycosylation of tumor cells is 

also a target for some selective therapies for cancer[6].  

In this project, we have investigated whether membrane fusion can be achieved by using 

the cholera toxin ï a lectin which interacts with GM1 gangliosides. GM1 is found on the 

surface of neurons[7], and its fucosyl form is aberrantly present on small-cell lung cancer 

cells[8]. This will aid in the creation of lectin-based targeted drug delivery systems. 
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I.2 Introduction to membrane fusion 

I.2.1 Membrane fusion induced by natural proteins 

Membrane fusion is crucial for many physiological activities including fertilization[9], 

synaptic transmission[10], vesicle trafficking and invasion of viruses[11],[12]. Membrane 

fusion is not a spontaneous process and the energy barrier and hydration shell between 

two opposing bilayers needs to be overcome to achieve it. Natural fusion machinery 

contributes to membrane fusion by ensuring membrane intermediate stability or to help 

to overcome the energy barrier by protein-lipid interplay[13]. Several natural amphiphilic 

proteins are able to promote membrane fusion by inducing local disorder of 

phospholipids. Annexin, for example, can produce local disruption in the hydrophilic-

hydrophobic boundary and also bridge membrane surfaces by forming disulfide-linked 

dimers[14]. Furthermore, some small molecules[15-17] and peptides[18], can also 

disorder membrane organization.  

 

Figure I-1 According to the lipid stalk model, a schematic representation of the transitional states during 

membrane fusion. Figure based on Ref[19]. 

By far the most popular theory of membrane fusion is the stalk mechanism, which refers 

to the kinetic process of membrane fusion as stalk formation (Figure I-1)[20]. In 

accordance with this theory, the emergence of point-like protrusions trigger the start of 

membrane fusion because they make it easier for two nearby lipid bilayers to approach 
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one another by reducing the hydration repulsion between them. Next, the outer leaflets of 

the membranes merge, but the inner leaflets of the membranes do not, resulting in the 

formation of a stalk. This process involves the lipid membrane going from a lamellar to a 

hexagonal phase, which is a crucial prerequisite for stalk formation. Certain lipid 

molecules that exibit negative spontaneous curvature, such as DOPE 

(dioleoylphosphatidylethanolamine), facilitate the stalk formation and stabilization of this 

transition (Figure I-2). In the middle of the stalk, radical expansion eventually takes place, 

resulting in a phenomenon known as a hemifusion, in which the outer leaflets of the 

membranes fuse, but inner leaflets of the membrane form a new lipid bilayer. The two 

vesicles eventually combine into one as the hemifusion diaphragm experiences pore 

formation. 

 

Figure I-2 The chemical composition of DOPE and DOPC (left) and the shape of the lipid molecule that 

contributes to the formation of intrinsic curvature (right). DOPE could favor negative curvature with a 

monolayer formed with higher negative curvature stress (R1 is smaller compared to R2 formed by DOPC). 

Fusion of two vesicles can be mediated by natural proteins, among which SNAREs 

(soluble N-ethylmaleimide-sensitive factor attachment protein receptor) are well 

characterized. SNAREs belong to a superfamily with more than 100 subtypes spread 

across animals, yeast and plants[21, 22]. These proteins play a critical role in facilitating 

vesicle-associated membrane fusion events during both exocytosis and endocytosis 

processes, which involve organelle compartmentalization[23]. SNARE proteins have a 

60ï70 amino acid cytosolic conserved motif, which forms into a coiled coil. The neuronal 

SNAREs core complex is composed of syntaxin-1 (Qa-SNARE), SNAP-25 (Qb and Qc-

SNARE), and synaptobrevin (R-SNARE) in which SNAP-25 supplies two Ŭ-helices and 

the others each provide one helix for coiled coil bundle formation (Figure I-3). 

Synaptobrevin, contains three portions: C-terminal transmembrane domain (TMD) that 
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anchors into a synaptic vesicle, a short linker, and N-terminal SNARE motif which can 

form coiled coil with its partners. Syntaxin-1 is located in the neuronal terminal plasma 

membrane. Neuronal SNAP-25 lacks a transmembrane portion but replaces it with 

palmitoylation post-translational modification for membrane tethering[24, 25].  

 

Figure I-3 Neuronal SNARE core complex (pdb: 1SFC). (a) Crystal structure of the neuronal SNARE core 

complex, which is composed of syntaxin-1 (red), SNAP-25 (green), synaptobrevidin (blue). (b) The 

orientation of the bundle is from N-terminal (red) to C-terminal (blue).  

The isolated SNARE proteins are unstructured in solution[26]. However, under the 

regulation of Sec1/Munc18-like protein, the synaptobravin interacts with SNAP25 and 

syntaxin 1 and compose a four-helix bundle called a loose trans-SNARES core complex. 

Thus, the distance between vesicle and presynaptic membrane is decreased and 

thereafter a zipper-like interaction brings the proteins (and thus membranes) even closer 

together. The fusion stalk and hemifusion intermediate are then formed with water 

excluded between two membrane surfaces. Next, late regulatory proteins such as 

complexin and synaptotagmin can then participate in forming tight trans-SNARES 

complexes. Two alternatives might occur after this point: The vesicle might choose to 

ñkiss and runò with a little neurotransmitter being transferred out of the presynaptic 

membrane or finish the full fusion process with complete content exchange.   

Based on the knowledge of how SNARE proteins are assembled for membrane fusion, 

several simple model systems and SNARE mimics have been synthesized to help in 

understanding the mechanism of membrane fusion[27, 28]. 
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I.2.2 Synthetic tools to understand membrane fusion 

Many constructs that mimic the tetramer bundles of SNARE proteins have emerged to 

exploit the benefits coiled coil brings to vesicle fusion through zipper-like oligomerisation 

or recognition complexes. For example, molecular recognition between a boronic acid 

and a cis-diol together with a coiled coil was used to induce membrane fusion[29-31], 

with one such example shown in Figure I-4.  The functional groups are linked with a pH-

sensitive coiled coil which was anchored to the membrane through a stearic acid group. 

No fusion was observed under physiological pH because the peptides were unstructured 

and act as a spacer between pilot and target vesicles. However, when the pH dropped to 

5, a coiled coil can be formed. Hence the distance between two vesicles was shortened 

and fusion occurred[29, 30]. These experiments emphasized the importance of distance 

control in membrane fusion. 

 

Figure I-4 Scheme of membrane fusion using the interaction between boronic acid and cis-diol, and the 

formation of coiled coil which is pH-sensitive. (Redrawn from Ref [30]) The peptide (red) are incorporated in 

pilot vesicles through stearic acid groups at the N-terminus, and there is a phenylboronic acid located at the 

CC-terminus of peptide to recognize the cyclic cis-diol group from a different vesicle. The peptide forms 

random coils at physiological pH, whereas it is rearranged to coiled coil under endosomal pH conditions and 

drag the pilot vesicle close to target liposome before inducing them to fuse. 

DNA-lipid hybridization has also been popular for membrane fusion, in which lipidated 

DNA[32-34] was used to incorporate the DNA into soft materials. Hººk et al. controlled 
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membrane fusion (Figure I-5) by using a target miRNA to interact with its partnered DNA 

hairpin, which further reveals the sticky end of the double stranded DNA (ds-A/B) 

incooperated in the pilot vesicle. The sticky end of one single strand from the pilot vesicle 

can interact with its complemented DNA strand from target vesicle, and during the 

displacement the two vesicles can be dragged in close proximity[35]. This study is based 

on their previous study on using DNA to mediate vesicle fusion on liposome[36, 37] and 

supported lipid bilayers[38].  

 

Figure I-5 An illustration of how miRNA can be used to speed up DNA-mediated membrane fusion (Redrawn 

from Ref [35]). The sticky end of the double strand (ds)-A/B can interact with the ds-C/D to bring two 

liposomes together and ultimately cause membrane fusion. 

A heterodimeric coiled coil comprising the negative charged peptide E (EIAALEK) 3 (E3) 

and complementary cationic peptide K(KIAALKE)3 (K3), was investigated as simplified 

SNARE core domains to achieve efficient and leakage-free fusion. Membrane fusion was 

observed by combining more than ten liposomes with diameter around 100 nm each into 

a single liposome with around 10 ɛm size[39]. Each E3 and K3 peptide was linked with a 

DOPE lipid anchor and a PEG12 spacer, forming two types of lipopeptides (e.g., LPE and 

LPK) which are mutually compatible with each other and ready to be incorporated into 

vesicles (Figure I-6). The formation of coiled coils was able to bring the membranes 

closer and initiate membrane fusion, which has been demonstrated to be a promising 

drug delivery system for targeting living cells[39]. Atomistic molecular dynamics 

simulation showed that the LPE and LPK lipopeptides not only interact with each other 

by hydrophobic interaction by hydrophobic and ionic interactions, but also with 

membrane head groups[40]. The peptide-lipid interaction is especially emphasized in 

LPK, which could create positive local curvature and disrupt membrane order by 

interacting with a negatively-charged membrane under neutral conditions[41]. 

Furthermore, the efficiency of E3 binding to K3 was enhanced by increasing the spacer 
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length. For K3, both PEG4 and PEG8 can assist in destabilizing the outer leaflet of the 

membrane while PEG12 would assist in the fusion process[42]. Apart from DOPE, Kros 

and co-workers also used cholesterol as the lipid anchor to build CPK4 and CPE4, where 

the coiled coil was elongated to four heptad units and more efficient membrane fusion 

was observed[43]. Then they did a similar experiment by changing the length of 

spacer[44] and lipid anchor position[45] to study different roles of K and E peptide in 

membrane fusion.  

 

Figure I-6 Schematic representation of targeted membrane fusion mediated by coiled coil formation between 

E3 and K3 peptide. This image is redrawn from Ref[39]. The peptide can be fused with PEG linker at the C -

terminus, followed by either DOPE or cholesterol as lipid component for incorporating in vesicles. 

Inspired by how SNARE proteins associate by zipping, it was thought that the parallel 

orientation of two coiled coils is the essential condition to induce membrane fusion. The 

importance of coiled coil orientation on membrane fusion was also tested by other 

groups. Pahler et al. found that membrane fusion occurred in vesicles by forming a three-

heptad parallel coiled coil[46]. Whereas for the antiparallel counterpart, there was only 

slow, but consistent, lipid mixing. The conclusion of this experiment is similar to that of 

the Simonsson group[38] who utilized DNA hybridization as a recognition motif. 

However, some SNARE mimics were found to lead to membrane fusion in both 

antiparallel non-zipper and parallel zipper arrangement[47]. 

In addition to directly mimicking SNARE core domains, some studies anchor ɓ-peptide 

nucleic acids in the membrane using the transmembrane domain from synaptobrevin and 

syntaxin to achieve complete fusion[48, 49], which is an alternative way to apply SNARE 

mimics in membrane fusion. Small molecule recognition systems, such as the 

vancomycin/D-Ala-D-Ala motif[50] and the cyanuric acid/melamine interaction which 
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exploits hydrogen bonding[17], have also been used to bring two membranes into close 

proximity for fusion. 

I.3 Introduction of AB5 toxins 

I.3.1 The AB5 toxins 

AB5 toxins are notorious for causing various human diseases including gastrointestinal 

diseases with life-threatening symptoms. Different classes of AB5 toxin possess distinct 

modus operandi to disrupt cellular machinery. There are four AB5 categories according to 

their origin, sequence homology and biological activity[51]. The cholera toxin family, the 

members of which are cholera toxin (CTx) from Vibrio cholerae and heat-labile 

enterotoxins (LTx) from Escherichia coli, is malicious for inducing copious watery 

diarrhea. The shiga toxin family (STx) expressed from Shigella dysenteriae and Shiga 

toxigenic E. coli strain (STEC), the members of which are Shiga toxin 1 (Stx1) and Shiga 

toxin 2 (Stx2), is the culprit of haemolytic uremic syndrome (HUS). Pertussis toxin (Ptx) 

produced by Bordetella pertussis can bring about whooping cough. Furthermore, a novel 

AB5 toxin named subtilase cytotoxin (SubAB) secreted from O113:H21 STEC strain was 

defined to be the reason for HUS in South Australia in the late 20th century[52].  

Each AB5 protein contains an A-subunit and five B proteins assembled in a pentameric 

ring (Figure I-7). The A-subunit of AB5 toxins usually consists of two domains: A1 and A2 

linked by disulfide bonds and non-covalent interactions. After the holotoxin is 

endocytosed by binding to their corresponding glycolipid receptor (Gb3 for STx and GM1 

for CTx), the B-subunit enables retrograde trafficking to the Golgi and Endoplasmic 

reticulum (ER). The disulfide bond between A1 and A2 is presumed to be reduced by 

protein disulfide isomerase (PDI) once in the ER, and the A1 segment is therefore 

released from the rest of the toxin complex into the cytoplasm to proceed with its 

catalytic activities. For CTx and LTx, the A1 can be translocated into the cytosol through 

the Sec61p channel, , where it disrupts G-protein-coupled receptors by ADP-ribosylating 

them[53]. For the A-subunit in Stx, its RNA N-glycosidase activity digests an adenine 

base from 28S ribosomal RNA that hence blocks normal protein synthesis and finally 

leads to cell death[54]. STx was divided by two subclasses: Stx1 and Stx2, which share 

55% identity by protein sequence alignment. Interestingly, Stx2 is prone to be more 

virulent by making people with more fragile microvascular endothelial cells more 

susceptible to HUS[52]. 
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Figure I-7 Comparison of three characterized AB5 toxin families. The B-subunit is shown in red cartoon. The 

A2 Ŭ-helix is in green. The A1 portion of different AB5 family has discriminated activities ï the SubAB family 

has subtilase activity (blue), Stx family has RNA N-glycosidase (purple) and Cholera toxin (orange) and LTx 

(cyan) have ADP-ribosyl transferase activity. 

Varied in structure and function, the toxicity of different AB5 toxins not only depends on 

the special catalytic activity exerted by their own catalytic A1 domain, but also relies on 

how the holotoxins, especially B-subunit, interact with glycans expressed on cell 

membranes and hence induce endocytosis and translocation intracellularly. The B-

pentamer from Shiga toxin type 1 (Stx1) and cholera toxin (CTx), named Stx1B5 and 

CTB5 respectively, are the main topics of the sections that follow.  

Both Stx1B5 and CTB5 can bind glycolipids in lipid microdomains before being 

transported into the endosome. The B-subunit is connected to the catalytic A1 domain 
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via the A2 subunit. In CTx this A2 peptide (CTA2) is a single continuous alpha-helix 

which threads through the pore in the middle of the CTB5 pentamer. In contrast, the A2 

domain in Stx1 (Stx1A2) is made up of an alpha-helix and a beta-sheet combined. 

Although the structure and stability of CTB5 pentamers are not altered by the binding of 

CTA2[55], the process of CTB monomer assembling to form pentamer can be 

accelerated by a factor of three when CTA2 is present[56]. 

 

Figure I-8 (A) The side view of the crystal structure of Shiga toxin B subunit with its receptor Gb3 (pdb: 

1bos). The receptors binding with three different binding sites are colored blue (site 1), green (site 2) and 

yellow (site 3) separately. (B) The bottom view of Shiga toxin B subunit with its receptor, with W34 colored 

cyan. (C) Symbolic representation of Shiga toxin receptor globotriaosylceramide (Gb3). 
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Figure I-9 The bottom view of crystal structure of Cholera toxin B subunit with its receptor GM1 

pentasaccharide (green) and Lewisx (yellow) (pdb: 2chb, 6hjd) binding in different sites, with symbolic 

representation of GM1 ganglioside and Lewisx on the side. 

The monomer from CTB5 and STx1B5 differ in size (10.6 kDa and 7.7 kDa respectively, 

Figure I-8 and Figure I-9), but both contain two three-stranded beta-sheets and one Ŭ-

helix, while CTB5 has an additional Ŭ-helix at its N-terminus. CTB5 can bind the GM1 

ganglioside headgroup at the bottom[57] and Lewisx and Lewisy at the side[58], whereas 

the Stx1B5 has three binding sites per monomer with different affinity for 

glycosphingolipid Gb3[52].  

I.3.2 Membrane curvature and cross-linking induced by AB5 protein toxins 

CTB5 and STxB5 subunits have multiple carbohydrate binding domains (CBD) facing in 

the same direction, hence they can exploit and cluster the glycosphingolipids to induce 

curvature on cell membrane and further achieve endocytic internalization. The topology 

of CTB5 and StxB5 was recently considered to be the main driving force for forming 

spontaneous curvature in an all-atom molecular dynamics simulation[59, 60]. CTB5 and 

StxB5 are similar in size, with radii of 3.6 nm and 3.0 nm respectively. CTB5 has five 

binding sites for GM1 ganglioside on is lower face, with a single CTB-GM1 interaction 

having a 40 nM dissociation constant (Kd)[61].  In contrast, StxB5 has three binding sites 
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for Gb3 per monomer (fifteen in total) which allows it to reach a strong avidity in the 

nanomolar range even though binding to single Gb3 receptor has a 1 mM Kd[62]. It is 

supposed that the interaction between toxin and membrane exerts an asymmetric 

pressure on the bilayer [59] and hence helps in deforming the membrane.  

The shape of these toxins also assist in deforming the membrane. The bottom of CTB5 

has around 1.5 nm of protruding Ŭ-helix located around the central pore - which provide 

a downward pushing force. For StxB5, the height difference between binding site I, II and 

binding site III (Figure I-8-a) to Gb3 provide reshaping force for membrane. The height 

difference between binding site III and binding site I in StxB5 should also lead to the 

center of the toxin having a deeper insertion to the membrane in than at its edge[59, 60]. 

The arrangement of B-subunit binding sites is also important for formation of membrane 

curvature. A StxB-W34A mutant (Figure I-8-b), with the binding site III changed, had 

similar binding affinity in HeLa cell and giant unilamellar vesicle (GUV) experiments 

compared with original Stx, but with cytotoxicity decreased[63]. More importantly, StxB-

W34A cannot lead to invagination anymore. Also, StxB-W34A could decrease the height 

difference between membrane and protein from 2.2 ± 0.4 nm to 1.6 ± 0.3 nm. All of these 

observations indicated that the binding site III is an additional element to recognize Gb3 

after Stx is bound to membrane already and it plays a vital role in assisting membrane 

curvature by recruiting Gb3 and creating membrane curvature by the topology in the 

binding interface[64, 65].  

Interestingly, one study demonstrated that a heterogenous CTB5 complex capable of 

binding to only one GM1 ganglioside could still be endocytosed, but at far lower 

efficiency than wild-type CTB5[66]. It is thus possible that multivalency and induction of 

membrane curvature are not strictly necessary for CTB5 to function as a cell entry 

vehicle. Note that this phenomenon could also be explained by the increasing local 

concentration of weaker binding receptors (such as GM2, fucosyl-GM1 and GD1b) which 

can provide effective attachment to CTB5[67].  

After inducing membrane curvature, toxins cluster in lipid rafts[68], a dynamic 

microdomain on membranes accumulated with glycosphigolipids, cholesteol and 

receptors, which then form membrane tubules. The StxB5 could cluster on cell 

membrane, exerting asymmetric compressive stress[59] on the outer leaflet of the 

bilayer, and causing membrane bending. The mechanisms behind it, such as lectin-

induced local curvature from lipid chain length mismatch, are still under debate. Another 
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proposed driver of membrane curvature is line tension, present at the boundary between 

lipid rafts and the rest of the cell membrane ï but this hypothesize is under questioned 

by computational simulation[59]. Instead, the author promoted that it is the membrane 

fluctuation-induced force that leads to lectin, at least Shiga toxin, clustering[59]. Also, in 

this paper, the authors questioned the conventional hypothesis of lectin clustering and 

claimed that line tension which is the interfacial energy between lipid domains formed by 

compositional mismatch, is not responsible for toxin clustering. Pezeshkian further tested 

practically the line tension hypothesis by using 30% Gb3 and 70% DOPC under low 

membrane tension and still found StxB5 clustering and tubulation formed, which proves 

the inadequacy of the line tension theory[59, 69]. Moreover, he concluded that the 

successful clustering of StxB5 is driven by mechanical force arising from tight coupling 

between toxin and membrane. 

Furthermore, the length and saturation of glycosphingolipid[63, 70], and the rigidity of 

membrane[71] should also be considered as factors to affect membrane curvature and 

formation of membrane tubules. First, the composition of lipids in the membrane matters. 

The decrease in membrane rigidity by cholesterol and the asymmetrical distribution of 

cholesterol between outer and inner membrane layer were found to be crucial in StxB5-

induced invagination[72]. Similarly for cholera toxin, experiments showed that switching 

plasma membrane sphingomyelin to ceramide or deletion of cholesterol would attenuate 

the endocytosis process[73], which all demonstrate the significance of membrane 

composition on protein-lipid interplay. Secondly, the structure of the lipid receptor cannot 

be ignored. When Gb3 C22:1 with an unsaturated acyl chain was changed to lyso-Gb3 in 

which the fatty acyl chain was not present, or Gb3 22:0 with a saturated acyl chain, the 

tubules cannot be formed although the binding between GUVs and StxB5 still works[63]. 

However, the saturation state of GM1 gangliosides exerts less effect on CTB5 binding, as 

the radius of curvature formed by the interaction between GM1 and CTB5 is still around 

36 nm with both saturated and unsaturated lipids in all-atom dynamic simulations[60]. 

Therefore, while StxB5 and CTB5 use a similar mechanism to induce membrane 

curvature, the saturation state of the lipid receptor might have different influence on toxin 

clustering and membrane tubule formation for StxB5 and CTB5. 

I.3.3 Changing the architecture of membrane-binding lectins to achieve new membrane 

modifying behaviour 

Multivalency is an intrinsic property of most carbohydrate-binding proteins (lectins), 

including AB5 toxins, and it plays an important role in achieving higher affinity to 
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glycosylated membrane receptors and changing membrane behavior by redistributing 

glycosphingolipids. Some studies have focused on modifying the number of binding sites 

in lectins and hence observed how it influenced membrane behavior. RSL (Ralstonia 

solanacearum lectin) is a trimeric lectin with a six bladed ɓ-propeller structure and is able 

to induce membrane invagination in GUV experiments in a similar way to CTB5[74]. 

Interestingly, it was found that some RSL mutants with only two carbohydrate-binding 

sites could also induce membrane invagination[75]. The topology of proteins can also 

determine membrane behaviour. Some lectins with binding sites that point in opposing 

directions can facilitate membrane crosslinking and form prototissues. For example, 

tetravalent fucose-binding LecB and LecA from P. aeruginosa, and VVL (Vicia villosa 

lectin)[76] are able to achieve crosslinking (Figure I-10-b) while StxB5 (Figure I-10-a) and 

an antibody dimer cannot[74]. A chimeric lectin with bispecific binding ability called a 

óJanusô protein was engineered by combining RSL (fucose binding domain) and CAM40 

(sialic acid binding domain) connected by a flexible linker sequence 

GGGGSGGGGS[77]. This construct was proven to be able to crosslink heterogenous 

GUV vesicles to form tissue-like structures[78] (Figure I-10-c).  
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Figure I-10. Different carbohydrate binding sites distribution leads to different membrane behaviors, with their 

corresponding GUV behavior cited from Ref[76, 77, 79]. (a) Shiga toxin type 1 B-subunit (Stx1B5), with all 15 

Gb3 binding sites arranged on one side of protein, leads to homogenous binding to GUV coated with Gb3. 

(b) LecA with two Gb3 binding sites on each side of the rigid body, contributes to heavy crosslinking of Gb3-

GUVs. (c) Janus lectin (image redrawn from Ref[77]) which combines RSL (fucose binding domain) and 

CAM40 (sialic acid binding domain) through flexible glycine-rich linker, mediated GUV coated with different 

carbohydrate crosslinking. 

Previous researchers in the Turnbull lab (Daniel Williamson, University of Leeds) and 

Römer lab (Sarah Wehrum, University of Freiburg) were pioneering in identifying that a 

simple change in CTB5 arrangement could lead to different membrane behavior by 

building a multimeric CTB5 assembly mediated by streptavidin-biotin interactions[80] 

(Figure I-11).  

 

Figure I-11 Construction of a strep-(CTA2B5)n complex. The CTA2B5 protein was expressed as a MBP fusion 

which was later removed by TEV protease. The N-terminal serine was exposed to be oxidized to an 

aldehyde. The alkoxyamine-PEG4-biotin group, as a carbonyl-reactive cross-linker, reacted with the 

aldehyde to attach the biotin group to form biotin-CTA2B5 which was then mixed with commercial streptavidin 

(labelled with Alexa Fluor 488) to build strep-AF 488-(CTA2B5)n construct. 

In this strep-(CTA2B5)n construct, multiple CTB5 proteins were assembled into one 

protein complex through streptavidin-biotin interactions, and this protein assembly was 

used to interact with GM1-functionalized giant unilamellar vesicles (GUV). In addition to 

cross-linking vesicles, as seen previously for the Janus lectin, the strep-(CTA2B5)n 

construct was also found to enable hemi-fusion and fusion of GUVs (Figure I-12). Figure 

I-12-a shows transfer of fluorescent lipid (red) from a labelled to an unlabelled GUV 

indicating hemifusion occurred. This was followed by exclusion of the protein complex 

(green) at the interface between two vesicles (Figure I-12-b), which eventually lead to full 

fusion (Figure I-12-d)[80].  
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Figure I-12 The hemifusion, complex, rupture and fusion process induced by strep-(CTA2B5)n (fluorescently 

labelled with Alexa Fluo 488). The vesicles contained 2.5 mol% GM1 and either have 0.5 mol% DHPE-

TxRed (red) dye or not. After treating the vesicles with strep-(CTA2B5)n, different vesicle behaviors were 

observed. (Figure reproduced from Ref[80] under a Creative Commons CCBY4.0 licence1. (a+b) Hemifusion 

occurred between labelled lipids and unlabeled vesicles (yellow arrows), which resulted in an interface (b, 

white arrow) in which protein complexes were excluded (blue arrow). (c) During this process, rupture was 

observed as well. (d) Finally, two vesicles were fused into one (white circle), and some protein complex 

excluded from interface was seen (blue arrow).  

Even though both the Janus protein and the strep-(CTA2B5)n construct contain multiple 

carbohydrate biding domains connected by flexible linkers, they ultimately result in 

different membrane phenomena. This means that we must use more controlled methods 

to investigate the circumstances necessary for membrane fusion. Even proteins with rigid 

structures are not always capable of fusing with membranes. LecA, for instance, has the 

opposing Gb3 binding site, but it can only cause heavy membrane crosslinking, not 

membrane fusion. This implies that, either alone or in combination, endogenous 

membrane curvature, linker flexibility, distance, etc. brought about by the re-engineered 

lectin may be involved in membrane fusion.  

 
1 http://creativecommons.org/licenses/by/4.0/ 
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I.4 Tools to study membrane fusion 

I.4.1 Liposomes as models for studying membrane fusion  

Unilamellar vesicles of various sizes, such as gaint unilamellar vesicles (GUV, diameter 

>1 µm), large unilemellar vesicles (LUV, 100 nm ï 1 µm), and small unilamellar vesicles 

(SUV, diameter < 100 nm), can be exploited in membrane fusion studies[81]. The most 

direct effect of the different vesicle sizes is to produce different membrane curvatures, 

which is one factor important for inducing membrane fusion[12, 82]. The available 

techniques also influence the choice of different vesicle sizes; GUV is frequently 

combined with confocal microscopy because its size makes it easier to observe directly. 

However, preparation of GUVs is relatively difficult, as neither the commonly used 

hydration nor electroformation methods guarantees completely unilamellar and uniformly 

sized vesicles.  LUVs and SUVs, on the other hand, can be used in plate assays to 

measure the fusion of vesicle populations quantitatively or in fluorescence correlation 

spectroscopy to study protein binding to phospholipid vesicles[83], hence the information 

such as fusion efficiency and protein-liposome interaction could be obtained. However, 

one drawback of LUVs and SUVs is that it is difficult to observe vesicle fusion in real time 

due to the limitation of the resolution of microscopy in order to learn more about the 

mechanism of membrane fusion; this challenge can be conquered by combining 

LUV/SUV studies with GUVs studied under confocal microscopy[84, 85]. Other 

membrane-mimic platforms, like supported lipid bilayers (SLB) or lipid monolayers (LMs), 

have the advantage of being compatible with Colloidal Probe Microscopy (CPM)[86], 

Quartz Crystal Microbalance with Dissipation monitoring (QCM-D)[87], Atom Force 

Microscopy (AFM) or Electrochemical Impedance Spectroscopy (EIS)[88] to assess 

protein-membrane interactions. The limitation is that an accurate representation of how 

proteins interact with curved vesicles cannot be achieved due to an insufficient curvature 

and high membrane rigidity of plenary lipid layers. Finally, lipid nanodisks could also 

been employed. An experiment demonstrating membrane fusion using SNARE mimic 

proteins showed that lipid nanodiscs provide a more efficient membrane fusion than 

using LUVs[89, 90]. Nevertheless, the drawback of this system is that it requires some 

amphipathic proteins, such as membrane scaffold proteins (MSPs)[91], to wrap the lipid 

membrane, which makes it more challenging to prepare comparing to a pure lipid-

composed system. 
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I.4.2 Techniques to study membrane fusion 

Studies on the process of membrane fusion can be roughly divided into two categories: 

one involves developing a kinetic model of the fusogen by analyzing the general 

behavior of the vesicle population. The alternative method involves analyzing the 

behavior of individual vesicles in order to deduce the precise mechanism of membrane 

fusion that takes place. Lipid mixing, content mixing, and content leakage assays based 

on fluorescence are popular for the former, and these will be discussed in the Chapters 

that follow, where they will be used. The latter will rely more on the higher precision of 

fluorescence microscopy for the study of individual vesicles. Confocal microscope, for 

instance, can used to observe the membrane behavior of GUVs. However, confocal 

microscopy detection is difficult for some studies involving the physiological membrane 

fusion phenomena, such as the fusion of synaptic vesicles and plasma membranes, as 

the signal on the cell surface is easily obscured by fluorescence from the main body of 

the cell. Here, total internal reflection fluorescence (TIRF) microscopy can be applied, 

which has the benefit of selectively activating fluorophores attached close to the cell 

surface while suppressing fluorescence from intracellular regions[92].  

I.5 Project Objectives 

The main objectives of the project as a whole were: to assemble multiple fusogenic CTB5 

proteins in various ways; to investigate the phenomenon of membrane fusion from the 

resulting protein complexes; and to determine which characteristics of protein 

architecture facilitate membrane fusion more efficiently. 

To start off, we looked more closely at the mechanism by which the streptavidin-

(CTA2B5)n complex directs membrane fusion, which was inspired by the membrane 

fusion experiments described in section I-3.3. In the original study[80], the researchers 

attempted to combine streptavidin and biotin-CTA2B5 into a complexes in a 1-to-2 ratio, 

as they believed that to be the optimal fusogenic species. This assertion was further 

examined in my project. Furthermore, instead of using the commercial streptavidin 

tetramer, I made use of a series of defined streptavidins which had one, two, three, or 

four alive monomers per tetramer[93]. By mixing such streptavidin species with 

biotinylated CTA2B5, the different species of streptavidin-(CTA2B5)n complexes were 

obtained with a more controllable number and orientation of CTB5 units. In turn, this 

allowed investigation of whether the number of CTB5 per streptavidin and the binding 
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orientation had an impact on the membrane fusion effect. This work was described in 

Chapter II. 

Furthermore, the use of a coiled coil as a linker presents an attractive motif to assemble 

multiple CTA2B5. The coiled coil is a well characterized protein structure, and its 

conformation is stabilized by the interaction between hydrophobic interactions and salt 

bridges between Ŭ-helices. The length, orientation, dissociation energy and 

oligomerization could be controlled by rational arrangement of amino acids. Therefore, it 

was served as an oligomerization unit in my project to combine two cholera toxins in a 

non-covalent way to achieve controllable lectin complexes.  

Last but not least, I used non-antibody scaffold proteins called Affimers[94] as the 

mediator to link two CTB5 proteins together. An Affimer is a small protein (~14 kDa) with 

two hypervariable loops that can be generated via phage display against target proteins. 

Matthew Balmforth in Turnbullôs lab has screened out several Affimers targeting CTB5 

with different binding affinity[95]. In this project, I used Matthew's screened Affimer to 

assemble a CTB5 dimer complex, and the obtained super-lectin was used for studying its 

possibility for membrane fusion. I intended to lay the groundwork for using Affimers to 

combine different lectins together as in future project, which will be useful for fusing 

vesicles coated with various types of carbohydrates. 
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Chapter II  Structure-activity relationships of defined streptavidin-

(CTA2B5)n complexes  

As described in section I.3.3, Daniel Willamson (University of Leeds) used chemical 

ligation to biotinylate CTA2B5 and exploited the streptavidin-biotin interaction to build 

protein complexes. SEC-MALS and ITC results revealed the formation of a multimeric 

CTA2B5 complex, and the GUV experiments indicated the ability of such a protein 

complex to induce membrane fusion. However, there are a couple caveats to this study: 

Firstly, it was unclear exactly how many CTA2B5 participated in each complex, and how 

heterogeneous the population of protein complexes was. Although the ITC result 

indicated an ñaverageò of 2-3 CTA2B5 binding per streptavidin tetramer, the membrane 

fusion observed from the GUV experiment induced by such a product might only be 

driven by certain species in the mixture. Interpreting the mechanism behind membrane 

fusion can be challenging without quantifying and understanding the composition of the 

protein mixture. 

Moreover, since only qualitative GUV experiments were performed, we lacked the solid 

quantitative data, which limited the conclusions we can draw. To determine which 

component from the streptavidin-(CTA2B5)n complex is responsible for membrane fusion, 

we need to separate these species and study their membrane behaviour individually. 

Hence, in this chapter, different streptavidins, possessing either 1, 2 or 3 active binding 

pockets per streptavidin tetramer, were expressed and purified (Figure II-1). These 

subspecies of streptavidin are essential for constructing different streptavidin-(CTA2B5)n 

complexes for subsequent tests (Figure II-2). Instead of using ITC or SEC-MALS to 

characterize binding stoichiometry, mass photometry was exploited to determine the 

protein composition in a higher resolution. The extraordinary high affinity of biotin to 

streptavidin means dissociation of the biotin-CTA2B5 complex is negligible under the 

working concentration of mass photometry (<200 nM). The difference between the mass 

of complexes with one or two of the biotin-CTA2B5 complexes bound is 65 kDa, resulting 

in a suitable resolution to distinguish the composition of the complexes.   
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Figure II-1 The diagram illustrates the differentiation between cis- and trans- streptavidins. Streptavidin (PDB: 

1LCV), which comprises four active binding pockets, interacts with norbiotin (depicted in orange as sticks). 

The cis and trans orientation of streptavidin enables norbiotin to be allocated in different directions. 

 

Figure II-2 An illustration of how biotinylated CTA2B5 and defined streptavidin were prepared. The main 

interest is in the cis-, trans-, and trivalent-streptavidins, which would be combined with biotinylated CTA2B5 

to produce corresponding streptavidin-(CTA2B5)n. 
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II.1 Assembly of defined Streptavidin with biotinylated CTA2B5 

The following chapter will demonstrate how to make streptavidin-(CTA2B5)n with a 

defined number and orientation of CTB5.  

II.1.1 Preparing biotin-CTA2B5 

Initially MBP-CTA2B5 was expressed by me using the plasmid[80] previously engineered 

by James Ross (Plasmid sequence in Appendix VIII.1.1a), and the details about the 

expression and purification of MBP-CTA2B5, TEV protease digestion and oxime ligation 

can be found in the Method & Material sections VII.4.3, VII.5.1, and VII.6.1 respectively. 

Briefly, the protein purification was conducted using consecutive amylose and nickel 

resin chromatography (Figure II-3).  

In parallel with my project, Natalia Danielewicz (enGenes Biotech, Austria) worked on 

optimizing the expression of MBP-CTA2B5 and provided purified protein for some of the 

experiments including GUV experiment (section II.2) and Lipid mixing assay (section 

II.3). The provided MBP-CTA2B5 was first expressed from a customized plasmid[96] in a 

E. coli V1[97] strain originated from BL21(DE3) and exported to extracellular media. By 

re-engineering the plasmid provided by our lab[80] which could express the MBP-

CTA2B5 protein, Natalia increased the yield of this protein by 11-fold (168 mg/L vs. 15 

mg/L). In order to confirm that the expressed protein was correctly folded, Dr. Iain 

Manfield used ITC to check whether the binding affinity between MBP-CTA2B5 and GM1 

expressed from different plasmids and cell strains varied, and I perform the ITC analysis 

(Appendix VIII.4). I then biotinylated CTA2B5 protein by cleaving off the MBP domain 

with TEV protease, exposing an N-terminal serine residue on the CTA2B5 in the process. 

This residue is further oxidized with periodate, and derivitised with the biotin-PEG4 group 

via oxime ligation (Figure II-4). 
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Figure II-3 Scheme representing the structure of MBP-CTA2B5 and the purification process. (a) Wild-type 

Cholera toxin holotoxin (PDB: 1xtc). The toxic CTA1 subunit and the CTA2 peptide linker, whose C-terminus 

enters the cavity of the CTB5 subunit, are joined by a disulfide bond. The catalytic CTA1 subunit is switched 

out for an MBP-tag in order to allow the complete CTA2B5 complex to be purified using Amylose resin (b). 

For the second stage of purification, CTB5 can be further captured by nickel resins using native accumulated 

histidines. A flexible linker with Factor Xa and TEV protease cutting sites is present between MBP tag and 

CTA2 helix. Following purification, the MBP tag can be removed with TEV protease, exposing the N-terminal 

serine residue for the subsequent oxime ligation process. 

 

Figure II-4 The scheme of oxime ligation on the N-terminus of CTA2 peptide. The terminal serine residue 

was oxidised by sodium periodate into aldehyde, which reversibly forms a hydrate (diol) with the participation 

of water. The aldehyde further interacts with aniline and forms iminium ion as an intermediate, which reacts 

with the biotin aminooxy group in the next step to add the biotin group on CTA2B5. 
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Figure II-5 The ES-MS spectrum of oxime ligation on CTA2 peptide. 

The process was monitored by electrospray mass spectrometry (Figure II-5), and the 

molecular weight of CTA2 shifted from the original unmodified 5084 Da to 5071 Da after 

the N-terminal serine was oxidised and finally reached 5470 Da when the biotin-PEG4 

group was attached. During the oxime ligation, a side product might develop when the 

sodium periodate concentration is too low or after long reaction times (Figure II-6). To 

prevent this, it is necessary to use a concentration of at least 40 µM CTA2 and limit the 

reaction time to 5-10 min. 

 

Figure II-6 The amide nitrogen in the glycine residue reacts as a nucleophile with the aldehyde group, which 

results in an irreversible side product. 

After biotinylation was verified, the processed protein was exchanged to HEPES buffer 

using a PD-10 desalting column. The biotin-CTA2B5 complex needed to be fluorescently 

labelled with NHS ester (N-hydroxysuccinimide ester) Alexa FluorTM 488 before mixing 

with streptavidin. Labelling the biotin-CTA2B5 rather than streptavidin was essential to 

allow the degree of labelling (DOL) in the final protein conjugate to reveal the number of 

CTA2B5 per streptavidin, as will be demonstrated in section II.1.4. Given that NHS ester 

bioconjugation could target both the primary amine group at the N-terminus and the 
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many lysine residues (Figure II-7), it was necessary to prevent excessive labelling, which 

could cause a problem for both microscopy images and binding to the GM1. 

 

Figure II-7 Distribution of lysine residues (yellow sphere) in the CTA2B5 protein complex. 

NHS ester bioconjugation is highly dependent on pH which determines the amine 

groups' protonation states[98]. A pH of 8.3-8.5 is ideal for this modification reaction since 

the amine has been deprotonated and is ready for nucleophilic attack. If the pH is too 

high (>9), the NHS ester will rapidly undergo hydrolysis and lose its function. 

 

Figure II-8 Total ion mass chromatogram and mass spectra of biotin-CTA2B5 fluorescently labelled with NHS 

ester-AF488.In the elution from ion mass chromatography, there are two main peaks visible. The first peak, 

with a deconvoluted mass of 11612 Da, is primarily made up of CTB monomer, and the second peak, with a 

deconvoluted mass of 5470 Da, is made up of biotinylated CTA2 peptide. The increase of about 515 Da 

showed that the labeling with NHS eater Alexa fluor 488 was successful. I only choose a small portion of the 
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first peak to deconvolute, along with the entire second peak, in order to display both subunit in the same 

panel with a discernible peak height. 

Mass spectrometry was used to check if the NHS ester labelling was successful and 

whether there was excessive labelling (Figure II-8). The labelled protein was collected 

and exchanged into HEPES buffer to remove excess fluorescent reagent before the 

absorbance under 280 nm and 495 nm were collected using Nanodrop. Then the degree 

of labelling per biotin-CTA2B5 was further calculated as 0.42 according to the method 

described in section VII.6.2. 

II.1.2 Preparation of streptavidins with defined numbers of binding sites 

Howarth and co-workers have previously described a strategy to prepare streptavidin 

proteins complexes with different numbers of active binding sites[93]. To obtain 

streptavidin with a defined orientation and a certain number of alive pockets, e.g., cis- 

divalent, trans- divalent and trivalent streptavidin, the alive monomer (SA) and dead 

monomer with insertion of aspartate loop (Dd) were expressed separately by 

transforming the plasmids obtained from Addgene (reengineered from plasmid #46367, 

original plasmid #46368) to E. coli BL21-CodonPlus (DE3)-RIPL cell, denatured from 

inclusion bodies with guanidine hydrochloride, mixed in a one-to-one ratio, and refolded. 

Details of the gene and protein sequence are in Appendix VIII.1.2.a and VIII.1.2.b, and 

the procedure for protein expression and purification are in Appendix VII.4.5. Ion 

exchange chromatography using a 5-mL HiTrap® Q Fast Flow resin (Cytiva) was applied 

to separate distinct streptavidins by their Isoelectric Point (pI), which was heavily 

influenced by the aspartate loop. SDS-PAGE analysis of the eluted peaks (Figure II-9) 

indicated the successful separation of trivalent- streptavidin (SA3Dd1), trans-streptavidin 

(1,3/1,4-SA) and cis-streptavidin (1,2-SA) by comparison of their relative electrophoretic 

mobilities with the published paper[93].  
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Figure II-9 (a) Figure redrawn based on the cartoons from the literature[93]: denatured alive streptavidin 

monomer (SA) and dead streptavidin monomer with aspartate loop (Dd) were mixed and refolded into 

streptavidin tetramer with different compositions. (b) Ion exchange chromatography on HiTrap® Q Fast Flow 

resin (Cytiva). (c) 16% Commassie stained SDS-PAGE of the trivalent- (SA3Dd1), trans- (1,3/1,4-SA) and 

cis- (1,2-SA) streptavidin fractions comparing the mobility of proteins with and without boiling the samples 

prior to electrophoresis. Despite having molecular weights of 13.3 kDa and 14.5 kDa for SA and Dd 

monomer, respectively, the migration of tetramers did not correspond to their molecular weight in non-boiled 

protein samples due to their intact tetrameric structure. This phenomenon was attributed to the negatively 

charged aspartate loops present in Dd monomers, which allowed divalent streptavidin with two Dd molecules 

to migrate faster than tetravalent streptavidin. Boiling the protein samples with SDS resulted in the 

linearization of individual monomers and uniform negative charging, enabling their migration according to 

their molecular weight. SDS-PAGE analysis revealed a slightly higher proportion of SA in the SA3Dd1 boiled 

sample relative to other divalent streptavidin samples. 

II.1.3 Optimisation of conditions for Streptavidin:biotin-CTA2B5 assembly 

After successfully obtaining cis-, trans-, and trivalent-streptavidin, the subsequent 

objective was to identify the ideal temperature and incubation time for saturating the 

binding pockets with biotinylated CTA2B5. While theoretically, increasing the biotin-

CTA2B5: streptavidin monomer ratio could improve saturation, this approach is not 

feasible due to the intricate production of biotin-CTA2B5. Consequently, the emphasis 

should be on maximizing the binding efficiency by determining the optimum temperature 

and incubation time. A mixture was prepared by combining various types of defined 
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streptavidin that were purified through ion exchange chromatography in section II.1.2, 

along with the commercial product of streptavidin tetramer. The mixture was then treated 

with 8 equivalents of biotin-CTA2B5, resulting in a final concentration of 200 nM defined 

streptavidin tetramer and 1600 nM biotin-CTA2B5. 

The protein mixtures were initially incubated at 37 °C overnight to determine whether the 

defined streptavidin species could reach saturation using mass photometry (Figure II-10-

a). Although trans- streptavidin was fully saturated in both binding sites with minimal 1-

bound complex remaining, cis- streptavidin exhibited a higher proportion of 1-bound 

impurities. Trivalent- streptavidin was capable of forming both divalent and trivalent 

complexes, with little monovalent impurity observed. To investigate the feasibility of 

achieving a desirable saturation level with a lower temperature of 25°C and shorter 

incubation time of 1 hour, the procedure was repeated and analyzed using mass 

photometry (Figure II-10-b). This was done with the aim of optimizing the speed of 

producing different streptavidin and biotin-CTA2B5 complexes. After comparing the 

results of the two incubation conditions, it was found that they produced similar levels of 

saturated defined streptavidin. Therefore, the more efficient procedure of incubating for 1 

hour at 25 ºC was chosen for the preparation of the protein complex. 

 

Figure II-10 Mass photometry profiles of different defined streptavidin-(CTA2B5)n complexes following 

incubation of different defined streptavidin (200 nM tetramer concentration) with biotin-CTA2B5 (1600 nM) at 

(a) 37 ºC overnight, or (b) 25 ºC for 1 h. Shown here are the results of a single experiment.  
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Figure II-11 (a) The diagram shows some ideal case distances for (a) trans- and (b) cis- streptavidin-

(CTA2B5)2 ï some measurement of the distance was obtained by using Pymol. The maximum distance of the 

streptavidin (pdb: 4bx5) monomer is approximately 3.5 nm, while the distance between the center-of-mass of 

two streptavidin monomers is approximately 2 nm. To determine the distance of CTA2B5, CTA1 was 

abstracted from the holotoxin structure (pdb: 1xtc). Based on the assumption that CTA2 is a helix, the 

distance from the N-terminal end of CTA2 to the GM1 binding surface of CTB5 was measured to be 4.3 nm, 

whereas the width of CTB5 is approximately 6.5 nm. In addition, the length of the Alkoxylamie-PEG4-biotin 

linker is 2.9 nm according to the statement on the Thermofisher website. In the end, the combination of this 

information gives us a rough idea of the size of the streptavidin in complex with CTA2B5. 

What is the underlying cause of the difference in saturation levels between the binding of 

biotin-CTA2B5 to trans- streptavidin and cis- streptavidin? The discrepancy in binding 

stoichiometries is attributed to the architecture of trans- and cis- streptavidin, which 

dictates whether the initial attachment of CTA2B5 would impede the addition of a second 

molecule. For trans-streptavidin (Figure II-11-a), binding of the first biotin-CTA2B5 to the 

alive pocket will not inhibit the second since it is located at the other side of the 

streptavidin tetramer. However, for cis-streptavidin (Figure II-11-b), the binding of the first 

biotin-CTA2B5 can potentially block the second protein binding since it can interfere with 

the space near the second alive pocket. Furthermore, different binding directions result in 

products with a variety of sizes. After interacting with biotin-CTA2B5, it makes sense that 

trans-streptavidin can form a longer structure than cis-streptavidin. Additionally, the 

CTA2B5 in trans- has a greater freedom for space exploration when compared to the 

CTA2B5 in cis-. 
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II.1.4 Preparation and characterization of streptavidin-(CTA2B5)n  assemblies 

As discussed in section II.1.3, 8 equivalents of biotin-CTA2B5 was used to incubate with 

either cis-, trans-, or trivalent-streptavidin. The resulting mixtures were further purified 

using a size-exclusion chromatography system (SD200, 16/60). 

 

Figure II-12 Size exclusion chromatography (SD200, 16/60) of different types of streptavidin interacting with 

biotin-CTA2B5. 

The slight shift of the elution volume for different types of streptavidin-(CTA2B5)n is 

consistent with the different saturation states of the final protein complex. Comparing the 

mixtures of biotin-CTA2B5 with trans- and cis-streptavidin, the slightly earlier elution 

volume of trans-complexes indicates more dimeric occupation compared to the cis-

complex, which also corresponds to the mass photometry results (Figure II-10).  

Furthermore, the disparity in hydrodynamic radius between trans-complexes and cis-

complexes can also be used to explain this phenomenon. The previous illustration 

(Figure II-11) shows that the distance between the two CTB5 in trans-complex can even 

get as large as 18 nm, which is roughly twice the size of cis-complex. Hence, the trans- 

might retain for a shorter time in column and eluted earlier. 

The eluted streptavidin-(CTA2B5)n complexes were concentrated using a spin 

concentrator, and their absorbances at 280 nm and 495 nm were measured to calculate 

the concentration of each final protein complex.  
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We have previously calculated the degree of labelling (DOL) of fluorescent biotin-

CTA2B5 alone to be 0.42, allowing us to use determine the overall DOL of the trans-

complex or cis-complex. We need to first assume that the final trans-complex or cis-

complex product only contains two mixturesðone 1-bound and the other 2-boundðand 

that their respective contents percentages can be set to 1-x and x as the unidentified 

component (Figure II-13). The DOL of the complex (named DOL1) can be calculated by 

detecting the absorbance at 495 nm and 280 nm using Nanodrop and applying the 

values in the given formula (Method section VII.6.2, Equation 3, Equation 4). The 

alternative way of calculating DOL requires to define the DOL of complex mixture as 

0.42*(1-x)+0.42*2x using the DOL of biotin-CTA2B5, which is then taken as DOL2. 

Remember that DOL1 and DOL2 are equal, hence we can deduce the value of x. While 

still applicable to trivalent-complex systems, this method is less accurate because it 

counts on the final solution to only have 3-bound and 2-bound components, not 1-bound 

ones. 
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Figure II-13 Example of calculating the percentage of different compositions of streptavidin-(CTA2B5)n 

complex. The Correction factor (CF) from NHS ester Alexa fluor 488 is 0.11. The extinction coefficient of 

streptavidin tetramer at 280 nm is 167760 M-1 cm-1, CTA2B5 is 60905 M-1 cm-1. Accordingly, the extinction 

coefficient for monovalent complex (Ů1-bound) is 228665 M-1 cm-1, divalent complex (Ů2-bound) is 289570 M-1 cm-

1, trivalent complex (Ů3-bound) is 350475 M-1 cm-1
. ‐ὰὥὦὩὰ is equal to 73,000 M-1 cm-1, as the extinction coefficient 

of the NHS ester - Alexa fluor 488 label.  
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According to the calculation method in Figure II-13, the percentage of fully saturated 

streptavidin can be obtained (Table II-1). The majority of the binding pockets for trans-

streptavidin were occupied, compared to only 61% occupation for cis-streptavidin ï 

which agrees with the mass photometry result shown in  and the elution volume from 

size exclusion chromatography .  

Table II-1. The quantity of monovalent, divalent, and trivalent protein complexes. The various protein 

complexes are obtained using SEC purification (section II.1.4). The ratios of the different valent complexes 

were calculated by employing the earlier described method (Figure II-13). Finally, the DOL of the entire 

protein complex is counted, which shows the level of labelling per molecule. The calculation is based on the 

product obtained from the previous section utilizing a ratio of 1:8 for streptavidin tetramer to biotin-CTA2B5,  

followed by size exclusion chromatography. It does not reflect the maximum purification capability of the 

stipulated streptavidin and biotin-CTA2B5 system. 

Streptavidin monovalent complex divalent complex trivalent complex DOL of final 
complex 

trans- 8% 92% - 0.81 

cis- 39% 61% - 0.68 

trivalent- - 29% 71% 1.28 

II.2 GUV experiment  

The preliminary experiments comparing different defined streptavidin-(CTA2B5)n 

complexes was done by Erik Kempmann and me while I was on secondment in the 

University of Freiburg. After I left, Erik further completed the GUV replication tests with 

the supervision of Lina Siukstaite (University of Freiburg). The images used in the 

following sections are from his experimental results during experiment replications. 

GUVs functionalised with 5 mol% ganglioside GM1 were made by the electroformation 

method as described in section VII.12, and a negative control was employed to 

demonstrate that the GUVs exist as discrete spherical vesicles in the absence of protein 

(Figure II-14). The cis-, trans- or trivalent-streptavidin-(CTA2B5)n fluorescently labelled 

with Alexa Fluor 488 was collected directly from size exclusion chromatography shown in 

Figure II-12. According to the calculation in Table II-1, the protein complexes from 

different species were diluted to a final CTB5 concentration of 400 nM to ensure the 

behavior of GUV could be analysed based on the amount of CTB5 present. 
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Figure II-14 A negative control was performed by solely incorporating GUVs (comprising of 0.3 mol% 

Atto647-labelled lipid, 64.7 mol% DOPC, 30 mol% cholesterol, and 5 mol% GM1) without the presence of 

any protein. 
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Figure II-15 Confocal microscopy images of GM1-GUVs at three time points (t = 0, t å 1 hour and t å 2 hours) 

after the addition of trans-complex to GM1-GUV (final CTB5 concentration was 400 nM). Two types of GUV 

(either 65 mol% DOPC, 30 mol% cholesterol, and 5 mol% GM1; or 0.3 mol% Atto647-labelled lipid, 64.7 

mol% DOPC, 30 mol% cholesterol, and 5 mol% GM1) were mixed before loading in the microscope 

chamber. The red channel shows the fluorescently-labelled lipid and the green channel shows the Alexa488-

labelled trans-streptavidin-(CTA2B5)n. The arrow points to an initially no dye-GUV with red fluorephore 

transferred evidenced by obviously weak red fluorescence compare with the neighboring dye-GUV. 

Presented here are one of the result image obtained from four times of repeats. 

 

Figure II-16 Confocal microscopy images of GM1-GUVs at three time points (t = 0, t å 1 hour and t å 2 hours) 

after the addition of cis-complex to GM1-GUV (final CTB5 concentration was 400 nM). The red channel 

shows the fluorescently-labelled lipid and the green channel shows the Alexa488-labelled cis-streptavidin-

(CTA2B5)n. The arrow points to an initially no dye-GUV which gradually turns red, indicating its lipid 

exchange with the neighboring dye-GUV. Presented here are one of the result image obtained from four 

times of repeats. 
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Figure II-17 Confocal microscopy images of GM1-GUVs at three time points (t = 0, t å 1 hour and t å 2 hours) 

after the addition of trivalent-complex to GM1-GUV (final CTB5 concentration was 400 nM). The red channel 

shows the fluorescently-labelled lipid and the green channel shows the Alexa488-labelled trivalent-

streptavidin-(CTA2B5)n. The arrow points to a fusion event occurred between a dyed GUV and no dye GUV. 

Presented here are one of the result image obtained from four times of repeats. 
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Figure II-18 The percentage of events triggered by different defined streptavidin-(CTA2B5)x complex, e.g. 

trivalent- (red), trans- (blue), and cis- (yellow) respectively, determined through quantifying the frequency of 

events in a GUV population. Data was extracted from a unified dataset of 316, 403, and 425 GUVs from 4-

time repeat experiment for trivalent-, trans-, and cis- streptavidin-(CTA2B5)x, respectively. Specifically, upon 

addition of the trivalent- complex, 19% of the 316 GUVs underwent lipid exchange compared to only 0.24% 

and 0.70% for the trans- and cis- complexes, respectively. Additionally, 3.47% of GUVs incubated with the 

trivalent- complex underwent fusion, while only 0.4% of GUVs experienced fusion with the cis- complex, and 

no fusion events were observed for the trans- complex. 

Comparing the vesicle performances among trans-, cis- and trivalent-streptavidin-

(CTA2B5)n showed that the trivalent-species (Figure II-17) allowed more crosslinking 

than either cis- (Figure II-16) or trans-complexes (Figure II-15) on the same time scale. In 

contrast to trans- or cis-complexes, which resulted in individual and separated vesicles, 

the trivalent-complex contributed to more crosslinking, as evidenced by the flattened 

interfaces between vesicles. Although trans- and cis- complexes successfully bound to 

the vesicles, there did not seem to be much interaction between the liposomes as the 

incubation time increases.  

After 2h incubation time, the trivalent-streptavidin-(CTA2B5)n eventually provoked 

membrane fusion, while such an event was not observed for either cis- or trans-

complexes during the experiments. Nevertheless, although no noticeable crosslinking 

was witnessed for either trans- or cis-streptavidin complexes, lipid exchange was still 

observed in both experiments which increased with time, as indicated by the white arrow 

in Figure II-15 and Figure II-16. These observations were further assessed by quantifying 

the total number of GUVs and the incidence of events such as lipid exchange, fusion, 
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and rupture over a 2-hour incubation period in repeated experiments (Figure II-8). 

Specifically, the trivalent- complex demonstrated a significantly greater number of lipid 

exchange and fusion events compared to the trans- and cis- complexes, while rupture 

events were equally distributed among the three species. 

Since a mediator is required for lipid exchange between liposomes, cis- and trans-

complexes, despite their inability to cause cross-linking, still hold the promise that lipid 

exchange can take place without the need for lengthy, flattened cross-linked interfaces.  

It is considered that for both cis- and trans-complexes, a maximum of two CTA2B5 are 

linked to one streptavidin tetramer through a biotin-PEG4 flexible linker. Intuitively, we 

expected these two CTB5 could interact with different vesicles and drag the liposomes 

close enough for fusion. Moreover, the trans-complex would be expected to exercise the 

function more efficiently than cis-complex since the CTB5 could explore the opposing 

position more readily than the cis-complex, but what if both CTB5, no matter whether cis- 

or trans-complex, predominantly bind to the same vesicle plane? This would result in 

little unbound CTB5 facing towards the solution and available to interact with a 

neighbouring liposome and could potentially explain why there is little crosslinking for cis- 

and trans-streptavidin-(CTA2B5)n. On the contrary, it would be much easier for trivalent-

streptavidin-(CTA2B5)n to possess at least one free CTB5 for membrane crosslinking. 

Building on this point, the fusion efficiency could be expected to be maximal when all four 

binding pockets of streptavidin are occupied since the fourth biotin-CTA2B5 would need 

to overcome an even stronger geomatric restraints and conformational energy barrier to 

be able to interact with the same membrane plane in parallel with the other three CTB5. 

II.3 Lipid mixing assay 

Confocal microscopy experiments allow a visual understanding of the behaviour of the 

membrane, but quantitative analysis of the data is more informative. Therefore, to obtain 

a quantitative measure of the relative ability of each complex to fuse and hemi-fuse 

vesicles, the complexes were evaluated in a lipid mixing assay (Figure II-19). The lipid 

mixing assay was performed based on the measurement of Fluorescence Resonance 

Energy Transfer (FRET) between NBD and Rhodamine. At least two types of 800 nm 

Large Unilamellar Vesicles (LUV) were made by extruding method: The first is FRET-

LUV with NBD-DOPE and Rhodamine-DOPE incorporated in membrane with 0.25 mol% 

for each. The second is blank-LUV without any fluorescence dye; Both LUVs contain 5 

mol% GM1, which allows CTB5 to interact and bind to membrane. The FRET-LUV and 
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blank-LUV were mixed in a 1:4 ratio to achieve a final concentration of 133 µM lipid 

concentration (6.65 µM GM1 concentration). The mixed LUVs were then exposed to 

different concentrations of protein from 0 h to maximum 8 h. The value for full lipid mixing 

control was obtained by treating the LUVs mixture with 0.2% Triton-X100, which 

represents the maximum dilution of the NBD and Rhodamine in membrane for our 

experiment. Furthermore, the LUVs mixture without the addition of any protein was 

observed as a control for the liposome self-fusion, and only the time period during which 

the percentage of self-fusion is low are used to calculate the lipid mixing rate induced by 

protein candidates (usually within 5h).  

 

Figure II-19 (a) Schematic illustration of trivalent-streptavidin-(CTA2B5)n-mediated liposome fusion based on 

proximity-dependent fluorescence resonance energy transfer (FRET). After lipid exchange with probe-free 

liposomes, the distance between the NBD (Donor) and Rhodamine (Receptor) in FRET-LUV is lengthened. 

(b) A diagram showing the FRET signal. The NBD has a 470 nm absorbance and a 520 nm emission 

wavelength. This falls within the rhodamine absorbance range and thus contributes to the signal that 

rhodamine emits, which peaks at 585 nm. (c) A comparison of the fluorescence signal between the pre- and 

post-lipid exchange states at wavelengths between 500 and 640 nm. The relative fluorescence intensity at 
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530 nm rises as a result of quenching because the fluorescence emitted by NBD is not effectively 

transmitted to excite rhodamine. 

When FRET-LUV is fused or hemifused to blank-LUV and the average distance between 

NBD and Rh molecular increases (Figure II-19-a), the intensity of NBD's emission light at 

520 nm increases while Rh's emission light at 585 nm decreases in the detected 

fluorescence region (500 nm - 650 nm), leading to a dequenching phenomenon. The 

dequenching percentage can hence be deduced the relative fluorescence intensity at 

520 nm and 585 nm, which serves as key value for calculating the lipid mixing 

percentage and rate. (Details on the calculations and experiment setting are in the 

Method and Material section VII.14).  

It's critical to remember that the lipid mixing assay, as opposed to measuring the 

efficiency of membrane fusion, evaluates only the efficiency of lipid exchange ï which 

can be caused from both hemifusion and fusion events. The difference between 

hemifusion and fusion, however, is whether the inner membrane has been disrupted and 

pore formation to allow the content interchange between two vesicles, which would need 

to use either content mixing or by quenching the outer membrane signal to distinguish. 

Different defined streptavidin (tetra-, trivalent-, trans- and cis-) were mixed with biotin-

CTA2B5 in a 1-to-1 ratio of alive streptavidin monomer to biotin-CTA2B5 (Figure II-20-a). 

After the protein mixtures were incubated at 25 ºC for at least one hour, each was diluted 

to 200 nM streptavidin tetramer concentration and 2 µl of protein solution was mixed with 

18 µl HEPES buffer on top of a mass photometry glass chip to detect the composition 

(Figure II-20-b). It should be emphasized that the protein complexes used in lipid mixing 

assay were simply prepared by mixing streptavidin and biotin-CTA2B5, and they were not 

further purified by SEC, hence there was unbound biotin-CTA2B5 in solution. For cis- and 

trans-streptavidin, there were maximumly two biotin-CTA2B5 attached to one streptavidin 

tetramer, the trans-streptavidin having more of the divalent component. For trivalent- and 

tetravalent-streptavidin, the maximum binding sites occupied per tetramer was three and 

four, respectively. Overall, compared with the previous GUV incubation test where biotin-

CTA2B5 was used at a higher concentration (Tabel II-1), the percentage of full saturation 

for each four types of streptavidin was decreased. Nevertheless, the mixtures used here 

still allowed a comparison of the lipid mixing abilities of complexes with the same 

maximum numbers of biotin-CTA2B5. 
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Figure II-20 (a) The final concentration of different protein mixtures. (b) Overlay of mass photometry results 

for all four different defined streptavidins interacting with biotin-CTA2B5. Each colored curve corresponds to a 

single mass photometry experiment. 

To quantify the lipid exchanging rate from different streptavidin-(CTA2B5)n species, the 

tetra-, trivalent-, cis- and trans-streptavidin-(CTA2B5)n protein mixtures were prepared as 

in Figure II-20-a and diluted to 6 µM CTB5 concentration. Large Unilamellar Vesicles 

(LUVs) were obtained by extrusion according to the description in Method section 

VII.14.1. 5 µl of 400 µM LUV, containing the mixture of no dye-LUV and FRET-LUV in a 

ratio of 4:1, was loaded into the low volume 384-well plate manually, and the solution 

was topped up with 10 µl of protein mixture to reach a final concentration as 133 µM lipid 

(6.65 µM GM1) and 4 µM CTB5. A series of protein samples with decreasing 

concentrations of CTB5 from 4 µM to 0.0625 µM were created by successive two-fold 

dilution, and the protein was mixed with a final concentration of 133 µM lipid (6.65 µM 

GM1). While a negative control replacing protein solution with buffer was set to monitor 

the self-fusion of the liposome. 
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Figure II-21 Lipid mixing results were obtained by exciting at 460 nm and fluorescence detection at 500 nm, 

530 nm, 560 nm, 590 nm and 620 nm, respectively. The total data collection lasted for 6.5 h, and the ratio of 

fluorescence intensity under 530 nm to 590 nm could reflect the lipid mixing efficiency. The image presented 

here is one representative result from three-time repeats. 

 

Figure II-22 Lipid mixing results of El Tor CTB5 and CTA2B5, obtained by exciting at 460 nm, and 

fluorescence detection at 500 nm, 530 nm, 560 nm, 590 nm and 620 nm respectively.  The total data 

collection lasted for 6.5 h. The image presented here is one representative result from three-time repeats. 
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Figure II-23 Lipid mixing rate of different protein mixtures under various protein concentrations. Calculated by 

using the timepoints within 5 h incubation time from three repeat experiments. 

The fluorescence intensity measured at five wavelengths from 500 to 620 nm was 

overlaid for each well across 6.5 h detection time (Figure II-21, Figure II-22). Detailed 

information related to the lipid exchanging rate can be obtained by comparing the change 

in the ratio of fluorescence intensity at 530 nm and 590 nm. The lipid mixing rate (i.e., the 

increase of lipid mixing percentage per minute) for each sample was calculated using a 

global fit of three repeats of each experimental condition (Appendix VIII.5.2). The 

resulting lipid mixing rate for each protein species across different protein concentrations 

is plotted in Figure II-23, to emphasise how the lipid mixing rate differs as a function of 

protein concentration and when comparing one protein to the other. The rate of lipid 

mixing for each streptavidin-(CTA2B5)n complex was found to be concentration-
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dependent. Depending on the complex, the maximum rate of lipid mixing was attained at 

CTB5 concentrations of 0.5ï1 µM. Lower lipid mixing rates were observed at higher 

protein concentrations. In the GUV experiments, the lipid concentration was around 50 

nM (including 2.5 nM GM1), while the protein complex's CTB5 concentration was 400 

nM, finally resulting in a protein-to-GM1 ratio as 160. If we want to achieve the same 

protein-to-GM1 ratio in the lipid mixing experiment as used in GUV, given that the lipid 

concentration in this experiment was 133 µM (including 6.65 µM GM1), the solution 

protein concentration would need to be about 1 mM. Because there were so much more 

protein used in GUV experiment than we currently use in lipid mixing experiments, the 

lipid mixing rate in GUV expriments should be very low, which would further explain why 

it is more challenging to observe hemi-fusion and fusion events for all protein complexes. 

When only streptavidin was incubated with the LUV, the lipid mixing rate across different 

streptavidin concentrations was not significantly increased, which means streptavidin 

itself cannot induce lipid exchange between FRET-LUV and blank-LUV. However, when 

biotin-CTA2B5 was used individually as a control, the lipid mixing rate increased in a 

concentration-dependent manner (Figure II-23). Furthermore, the unmodified CTA2B5 

cannot induce significant lipid exchange by itself (Figure II-22, Figure II-23). This fact 

implies the addition of a biotin-PEG4 linker might assist the lipid exchange, albeit there is 

no evidence of what is the exact membrane behaviour it induced. It is important to 

remember that to trigger lipid exchange from one vesicle to the other, the external 

mediator must be able to connect to both liposomes in a way that can disrupt the local 

lipid bilayer. As CTA2B5 cannot do so, the biotin-PEG4 linker presumably can weakly 

interact with the neighbouring liposome or even penetrate through the bilayer as the 

mediator. A disturbance on the lipid bilayer, even if it is a subtle force for individual biotin 

groups, could accumulate in a lipid-rich environment and finally induce membrane fusion. 

A negative control experiment could be set up by adding the same amount of biotin-

PEG4 alone to explore whether it is due to the existence of a biotin-PEG4 linker or the 

fact that biotin-PEG4-CTA2B5 conjugate leads to the increase of lipid mixing efficiency.  
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Figure II-24 Scheme demonstrating how biotin-CTA2B5 could interact between two lipid bilayers and induce 

lipid exchange. 

Since the formation of a minute fusion pore depends on the distance between two lipid 

bilayers less than 3 nm[99], biotin-CTA2B5 need to reduce the space between two 

membranes for membrane fusion or lipid exchange to occur. A local negative curvature 

caused by CTB5-liposome interaction will be accompanied by a positive curvature 

nearby, which is presumably able to bring two lipid bilayers closer together. For biotin-

CTA2B5, the overall length of the CTA2B5 protein region is around 4.3 nm, and the 

accumulation of negative curvature from multiple copies of biotin-CTA2B5 on the 

neighbouring region could further sink the protein inwards and drag the opposing 

liposome closer ï which creates the chance for lipid exchange.  

However, as indicated by the few fusion events seen in the GUV experiments, cis- and 

trans-streptavidin-(CTA2B5)2 appear to have more difficulty overcoming the distance 

barrier and induce membrane fusion (Figure II-15, Figure II-16). A possible explanation 

for why their lipid mixing rates are lower than those of their tetra- or trivalent- complex 

counterparts: despite the fact that the final concentration of biotin-CTA2B5 is the same in 

all samples, both CTB5 from the same cis- or trans-streptavidin could bind to the same 

membrane surface, preventing an additional CTB5 from reacting with the neighboring 

surface. Additionally, cis- or trans-streptavidin crosslinking between two liposomes 

creates a longer distance for excess biotin-CTA2B5 to stretch between neighbouring 

vesicles, which could attenuate any fusion or hemifusion induced which could be 

potentially induced by biotin-CTA2B5 (Figure II-25). 
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Figure II-25 Scheme showing why cis-streptavidin-(CTA2B5)2 cannot induce high lipid exchange rate. (a) 

Distance measurement of the biotin-CTA2B5 having a length of 7.2 nm, and the length of streptavidin is 4.3 

nm. (b) The protein-membrane interaction is induced by the cis-streptavidin-(CTA2B5)2 mixture, with excess 

biotin-CTA2B5 in the solution.  

 

Figure II-26 Lipid exchange could still happen from the reconstitution of divalent CTA2B5 complex. Any 

partially complexed cis- streptavidin could potentially form a cross-link between membranes bound to biotin-

CTA2B5. 

The protein interplay on the surface of the membrane could be more complicated. Since 

not all trans- or cis-streptavidin binding sites are occupied, any free biotin-CTA2B5 from 

solution bound to the neighbouring membrane could interact with a free streptavidin 

binding site to connect and bring two liposomes closer (Figure II-26). Nevertheless, if it is 

preferable for any free biotin-CTA2B5 to interact with the free streptavidin binding sites in 

the same liposome, then that would disfavor membrane crosslinking and thus lipid 

exchange. Therefore, even though there might be lipid exchange induced from this 

mechanism, the proportion is still limited. 
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Figure II-27 Scheme showing a mechanism for trivalent-streptavidin-(CTA2B5)3 inducing membrane fusion. 

(a) The trivalent- complex crosslinks the two membranes and induces membrane bending, which creates a 

closer distance for the third CTB5 to bind the neighboring liposome and induce lipid exchange. (b) The 

inhibition effect from having excess CTB5 in the system will arise from complete binding of the GM1 on the 

isolated vesicles. Hence even though there might be free CTB5 binding sites available, they cannot bind to 

the opposing membrane and induce lipid exchange. 

Trivalent-streptavidin-(CTA2B5)3 can crosslink two liposome with higher efficiency (Figure 

II-27), and from the lipid mixing result, the tetramer-streptavidin-(CTA2B5)4 can induce 

even higher lipid exchange rate than the trivalent- counterpart. According to the mass 

photometry result in Figure II-20, it is explainable by the overall larger population of 

trivalent and tetravalent complexes by incubating tetramer streptavidin with biotin-

CTA2B5, which was deduced to be the main driving force for membrane crosslinking and 

lipid exchange. However, when there is excessive amount of protein, the lipid mixing rate 

from both trivalent- and tetramer- complexes decrease. One explanation is the protein 

complex would preferably land on the vesicles before stretching out the additional CTB5 

for neighboring vesicle, when the GM1 is fully occupied by the overwhelmingly CTB5, 

little is avaible to interact with the neighboring CTB5 for vesicle crosslinking (Figure II-27). 

II.4 Conclusion and future works 

In this project, various defined streptavidins were purified that only have either one, two, 

or three alive monomers per streptavidin tetramer, from which the trans- divalent, cis- 

divalent, and trivalent- streptavidin were used to interact with biotin-CTA2B5 for creating 

multiple CTB5 complex. We were able to determine the composition of each complex 
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through direct measurements using mass photometry and calculations based on the 

degree of fluorescence labeling of the complexes. Furthermore, we observed how 

different complexes behave on membranes through GUV experiment; While trivalent 

compounds can cause hemi-fusion and fusion, divalent compounds are ineffective at 

fusing membranes. Finally, I quantified lipid exchange rate induced by different protein 

complexes in lipid mixing experiments, ultimately demonstrating that the divalent 

complexes, which we had hypothesized to play a significant role in membrane fusion in 

the previous publication[80], were actually the least active species, whereas the trivalent 

and tetravalent complexes were more effective at membrane cross-linking and fusion. It 

is important to remember that in earlier research, we did find evidence in the SEC-

MALLS data for the existence of trivalent complexes. As a result, this project examines 

the mechanism of the membrane fusion brought on by the streptavidin-(CTA2B5)n 

complex in detail and acts as a blueprint for the development of future CTB5 assemblies 

that can perform membrane fusion more effectively. 

To achieve efficient membrane fusion, it is essential to have an anchor in one membrane 

and an excess of free bindable CTB5 that can interact with ganglioside GM1 at opposing 

membranes in order to crosslink membranes. Divalent CTB5 complexes assembled with 

PEG4 flexible linkers make this process more challenging because the two CTB5 units in 

the same streptavidin complex can interact with the same membrane surface and hence 

cannot be used to interact with the opposite membrane. Furthermore, when the CTB5: 

lipid ratio is high, particularly when the concentration of CTB monomers is higher than 

the total concentration of GM1 on the vesicle surface and the Kd for the CTB-GM1 

interaction, one cannot be certain that there is free GM1 on each liposome. This is 

because GM1 is quickly occupied by the CTB5 from the same streptavidin-(CTA2B5)n 

complex. In other words, divalent streptavidin-(CTA2B5)2 complex could not be effectively 

used for crosslinking neighboring liposomes. 

One strategy to overcome this dilemma is to force at least one protein facing towards a 

solution using the privilege of protein topology, as in the case of trivalent- and tetra-

streptavidin-(CTA2B5)n. However, this cannot solve the problem that the GM1 in the 

same liposome can be quickly occupied under high protein concentration since there are 

always two CTB5 standing and recruiting the GM1 in the same liposome plane. 

To achieve the maximum fusion efficiency per protein construct, the best way is to 

establish a semi-rigid linker-based, heterodimeric protein complex in which the two 

connected proteins can possess affinity for different carbohydrates. This way, the two 
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sides of the complex would never bind to the same vesicle, nor would easily saturate all 

the glycans on a vesicle make it unable to link and fuse with another one.  

The next step involved using coiled coils to construct the CTB5 complex with increased 

rigidity to determine whether this linker could be employed by minimizing the second 

CTB5 from the same protein assembly interacting with GM1 in the same membrane 

plane. Theoretically, the antiparallel coiled coil shall make it easier for the second CTB5 

from the same protein assembly facing towards the opposing planes, which could 

increase the chance of contacting any free GM1 before it is occupied by CTB5 

complexes in solution. 
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Chapter III  Construction of coiled coil mediated CTB5 assembly 

In the last chapter, we discussed several examples of using the biotinylated CTA2B5 and 

defined streptavidin to mediate the GUV crosslinking and membrane fusion processes. 

However, the PEG4 linker used in the above cases is flexible to the extent that both CTB5 

from cis- and trans-streptavidin-(CTA2B5)2 appear to be predominantly interacting on the 

same membrane surface. To further understand if the orientation of carbohydrate-binding 

sites in CTB5 dimer affects the ability to achieve membrane fusion, both parallel and 

antiparallel coiled coils were instead employed to assemble CTB5 together with the aim 

they would behave as rigid linkers (Figure III-1).  

 

Figure III-1 The coiled coil-(CTA2B5)2 super-lectin. Protein assemblies composed of multiple CTA2B5 

bacterial toxin proteins using coiled coils to achieve different orientation of the carbohydrate-binding 

domains.  

III.1 Introduction to coiled coils 

The coiled coil is one of the best understood protein motifs, and the length, flexibility, 

oligomerization and affinity between helical pairs (procoils) can be modified by rational 

arrangement of amino acid residues. Coiled coils have been used in many applications 

including acting as molecular spacers, inducing membrane vesicle tethering and fusion, 

performing catalytic activity, providing allosteric regulation and acting as molecular 

scaffolds[100]. Furthermore, the incorporation of such a domain into CTA2B5 involves 

only genetic modification, and chemical ligation is not necessary after obtaining the 

protein ï which simplified the preparation of CTA2B5 and at the same time, assembling 

the CTA2B5 in a controlled manner. 


































































































































































































































































































































































































